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High-pressure transitions of trigonal a-ZrMo ,04
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High-pressure synchrotron x-ray powder-diffraction studies show that trigesZaMo,0Og transforms to a
monoclinic symmetry phases{ZrMo,0Og) at 1.06—1.11 GPa. The space group was determinézlfm. A
further high-pressure transition from the monocligito a triclinic e phase occur at 2.0-2.5 GPspace group
P1 or PT). Both transformations are reversible. The volume compressibilities are similar far tred &
phase, and five times lower for thephase.

This study was performed as part of high-pressure investhereafter a-ZrMo,0Og), and monoclinié® (hereafter
tigations onM X,0g andM X,0; compounds M =Zr, Ti, Hf  8-ZrM0,0g). The structure ofr-ZrMo,0Og was solved from
and X=P, V, Mo, W). The interest in these types of com- single-crystal data by Auragt al® and Serezhkirt al® The
pounds during the last years is mainly due to the isotropiGtrycture has the space-group symme?8c with unit-cell
negative_thermal-expansion properties of, e.g., ZDy/* parameters, a=10.13916), ¢=11.7084(8) A and V
HfW,0g,> ZrV,0,,° and cubic ZrMgQOg.* Several different =1042.2(2) &. It is a two-dimensional network with lay-
polymorphs of ZrMgQOg have previously been reported in ers perpendicular to the axis. The layers are built from
the literature: cubit (hereafter y-ZrMo,Qg), trigonaP®  ZrOq octahedra linked together by MgQetrahedra. Each
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FIG. 1. The high-pressure transformationsae¥ZrMo,Og up to FIG. 2. The high-pressure transformationsaeZrMo,0g up to

9.54 GPa. Pressures are given on the left in gigapascal. The tdh52 GPa. Pressures are given on the left in gigapascal. The three
diagram is collected at decreasing pressure. Sample-detector di®p diagrams are collected at decreasing pressures. Sample-detector
tance was 450 mm. distance was 500 mm.
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TABLE I. The high-pressure unit-cell dimensions @f, §- and e- ZrMo,Og. Estimated standard devia-
tions are given in parenthesis.

P (GPa a(A) b (A) c(R) a (°) B () y (%) v (A%

0.203) 10.09732) 11.65832) 1029.372)
0.263)% 10.103%6) 11.594211) 1025.0015)
0.323) 10.09111) 11.60923) 1023.802)
0.423)  10.09641) 11.55763) 1020.323)
0.563) 10.08761) 11.47102) 1010.902)
0.633) 10.10021) 11.44163) 1010.834)
0.713% 10.09187) 11.333516) 999.6111)
0.713% 9.8443) 6.0802) 5.323914) 92.393) 318.4514)
0.723)  10.09442) 11.389%4) 1005.065)
0.803) 10.08931) 11.33783) 999.494)
0.903) 10.084%1) 11.27714) 993.24)
1.063) 10.08894) 11.21848) 988.9010)
1.1(3) 10.17665) 10.92689) 980.019)
1.113)  9.95513) 5.99742)  5.44042) 92.7683) 324.441)
1.183) 9.84143) 5.94542)  5.36632) 92.8153) 313.611)
1.484)  9.79433) 5.96012)  5.301G2) 93.0022) 309.022)
1.534) 9.77413) 5.95642)  5.27932) 93.0513) 306.922)
1534 0.76168)  5.96846)  5.32997) 91.93611) 310.354)
1.534)2 5.42026) 10.3202) 5.12519) 97.69710) 93.6285) 101.45211) 277.256)
1.644) 9.75683) 5.95811)  5.25862) 93.0813) 305.251)
1.794)  9.73834)  5.96572)  5.24123) 93.1133) 304.062)
1.874) 9.72193) 5.96522)  5.22682) 93.1393) 302.672)
2.284) 9.67625  5.97673)  5.16494) 93.095) 298.263)
2.284) 5.43777) 10.232%13) 5.12648) 94.96412) 93.56G47) 103.05112 275.857)
2.394)  9.65306) 5.97224)  5.14905) 93.10G6) 296.4G4)
2.394)  5.42997) 10.224210) 5.11885) 94.9629) 93.5538) 103.0829)  274.795)
2.524)  9.638310) 5.97017)  5.13577) 93.1397) 295.076)

2.524)  5.43118) 10.216410) 5.116G6) 94.97710) 93.58910) 103.1079)  174.445)
2.655)  5.42687) 10.2552) 5.12346) 97.15512) 93.3949) 101.45013) 276.258)
2.955) 5417511 10.1873) 5.11269) 97.12915 93.31816) 101.50316) 273.3511)
3.957) 5.40347) 10.188217) 5.08026) 97.28512) 93.21611) 101.19112) 271.247)
4.908) 5.38517) 10.138917) 5.05586) 97.31312 93.12112 101.05011) 267.847)
5.839) 5.35516) 10.062611) 5.02635) 97.4878) 92.6827) 100.4218)  263.425)
6.7310) 5.35167) 10.029015) 5.00376) 97.58410) 92.89712 100.43110) 261.046)
7.5612 5.34127) 10.010315) 4.98286) 97.68710) 92.80812) 100.0689)  259.246)
8.3914) 5.32868) 10.000817) 4.96187) 97.76711) 92.74814) 99.74811) 257.517)
9.5415 5.301112) 9.9802) 4.920112) 97.85G14) 92.54519) 99.42314) 253.7710)

#Decreasing pressures.

tetrahedral molybdate group is linked via three of the oxygerdehydrating zirconium molybdenum oxide hydroxide hy-
atoms to three different zirconium atoms. The fourth oxygendrate [ ZrMo,0,(OH),(H,0),], prepared as described by
in the MoQ, tetrahedron points into the interlayer region. Clearfield and Blessint The crystalline starting material
The oxygen atoms form a cubic close-packed anion arrangevas heated to 450°C for 18 h in a platinum crucible and was

ment in the structure. subsequently quenched. X-ray powder pattern of the pre-
Comprehensive studies on the high-pressure properties pared sample were identical to previously published Bata.
ZrW,0q have previously been performé¥;'? showing a The x-ray-diffraction experiments were carried out at the

transition from cubica- to orthorhombicy-ZrW,0g at 0.21  high-pressure beamline 1D30, European Synchrotron Radia-
GPa, and amorphization progressively from 1.5 to 3.5 GPation Facility (ESRF. X rays from two phased undulators
High-pressure studies up to 0.6 GPa have been performed avere monochromatized tv=0.42496 A using a channel-
cubic y-ZrMo,0Og.* However, no phase transition was re- cut Si-crystal operated in vacuum. The x-ray beam was col-
ported. We report here two reversible high-pressure transiimated down to 0.0880.080 mni. A membrane driven
tions for trigonal a-ZrMo,Og in a study performed up to diamond-anvil cef* (MDAC) equipped with 600.m diam-
9.54 GPa. eter diamond culets was used. Methanol-ethgdadl) was
Powder samples of trigonal ZrM®g were prepared by used as pressure transmitting medium. The samples were
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1050 g TABLE Il. Comparison of unit-cell axis and volume compress-
0-ZiMo,O ibilities (Ref. 29 for ZrMo,0g and ZrW,Og. Values have the di-
1000 28 mension 102GPa!. Below the volume compressibilities esti-
= mated bulk moduli, obtained by fitting the Birch equation of state
g 950 (Ref. 28 to the volume data, are given in brackets.
E 8—ZI'M0203
3 oo Phase Ba  Bo B By
L. @-ZMW,0, (Ref. 12 0.47(1) 1.391)
= €-ZtMo,0g y-Zr'W,05 (Ref. 12 0.531) 0.471) 0471  1.531)
800 1 y-ZrMo,QOg (Ref. 4 2.241)
@-ZrMo,0g 0.341) 4.261) 5.071)
750 T e [17.03) GP4
o 1t 2 3 4 5 6 7 8 9 10 5-ZrMo,0g 1.501) -0.321) 3.081) 4.241)
Pressure (GPa) [19.1(3) GP4q
€-ZrMo,04 0.391) 0.351) 0.521) 1.1012)

FIG. 3. The change in unit-cell volume versus pressure for
a-ZrMo,0g. The solid lines are least-squares fits to the volume [741) GP4
data. The open squares are derived from decreasing pressure data.

Unit-cell volume data for theéS and e phases were multiplied by 3
for comparison withe-ZrMo,Og. merit, M(20)=212° It has not been possible to distinguish
between the two possible space-group symmetids,and

loaded into gasket holes of 25Am diameter together with  P1. At higher pressures the peaks get broader and higher-
pressure medium and a small ruby crystal. The ruby fluoreserder reflections disappear, which probably is due to the in-
cence techniqué was used to determine the pressure. creasing nonhydrostatic conditions for the methanol-ethanol

Images of the powder diffraction rings were collected mixture above 8 GPa. Another possiblility is that the struc-
with an image-plate detectdr (image size: 240 ture becomes x-ray amorphous. Higher pressatove 8
X300 mnf, pixel size: 0.0%0.08 mnf) placed at 450 GP3 investigations using a pressure medium with better hy-
and 500 mm from the sample. The aperture of the MDACdrostatic characteristics (Nor Ar) are clearly needed. As
limits the data collection to @ angles<23°. The images can be seen from Fig. 2 the transitions are fully reversible,
were corrected for spatial distortion and nonlinear features inwith a slight peak broadening remaining from the higher
the background, and subsequently integrated over the entifgressures.
powder rings using the softwarer2p.!’ The unit-cell parameters obtained from the profile fits in

The pressure induced changes in the diffraction pattern ofsas are listed in Table |, and the unit-cell volume changes
a-ZrMo,0g are shown in Figs. 1 and 2. Already at 0.53 GPaversus pressure are shown in Fig. 3. The discontinous unit-
(Fig. 1) new peaks appear at, €.9./28.5, 9.5, and 13.5°. cell-volume decrease in the transition from the to
However, these peaks are compatible with the ambient pres-ZrMo,Og is 4.9%. This is comparable to the 5% volume
sure phase and can be indexed using the trigonal space-grodpcrease in the-y transition of ZrW0g.2° In Table I, the
symmetry P3c. A major change in symmetry occurs be- volume compressibiliti€$ of ZrMo,0g and Zr\W,0g are
tween 1.06 and 1.11 GPgig. 2), subsequently analyzed shown. The volume compressibility afZrMo,Og up to the
using TREOR97(Ref. 18 andbicvoLe1.'® The pattern at 1.53 transition at 1.1 GPa is twice as high as compared to
GPa in Fig. 1 was regarded as a pure phase and was used fpiZrMo,0Og, and more than three times higher than for
indexing. Initial trials resulted in a number of possible ortho-a-ZrW,0g. As can also be seen from Table I, the linear
rhombic unit cells, with a low figure of merit and unindexed compressibility of thec axis is, as compared to tteaxis,
lines. Only by going to monoclinic symmetry could all peaks responsible for most of the volume compressibility of
in the patterns be indexed, resulting in the figure of merit,a-ZrMo,0Og. This can be understood by considering that the
M (33)=17 (Ref. 20 and F(33)=772! Subsequently, pro- structure is built up of layers stacked in tbeirection. After
file fitting (Le Bail method? was performed usingsas?  the transition thea axis of §-ZrMo,Og displays higher com-
The reflection conditions for the indexed monoclinic high- pressibility, while in thec direction the compressibility is
pressure phaséhereafters-ZrMo,0Og) indicate that a pos- comparable to the axis of «-ZrMo,0Og. However, theb axis
sible space-group symmetry could 8&/m. This choice of of the § phase increases slightly with press(Fable Il). The
space-group symmetry is further corroborated by preliminarywolume compressibility of thed phase is similar to
structural refinements. a-ZrMo,0Og. In the transition fromd- to e-ZrMo,Og at 2

A second high-pressure transition occurs at 2.0-2.5 GP&Pa the decrease of the unit-cell volume is 10%, and the
(Figs. 1 and 2 After indexing the pattern at 2.95 volume compressibillity of thee phase becomes 1.10
GPa with several autoindexing program@ReOR97® X 1072 GPa ! (Table Il). Thus, thee phase is considerably
picvoLoL,'%oHL,?* and LzoN (Ref. 29] linked in the harder than the lower-pressure phases, as could be expected
CRYSFIRE Suite?® a reasonable triclinic unit cell was found. because of the higher density and closer packing of atoms.
Attempts to find a possible supercell failed, or the unit cellSignificant hysteresis is observed for both transitidfig. 3
became unreasonably large. This phadéereafter and Table ). At decreasing pressures the triclinic and mono-
€-ZrMo,0g) show similar unit-cell dimensions to thé  clinic phases remain down to 1.53 and 0.71 GPa, respec-
phase and all lines were indexed with a resulting figure otively. In fact, the triclinic phase is also visible in the pattern
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at 0.71 GPa, but could not be reliably indexed due to overat 2.0—2.5 GPa, have been found. In view of these transitions
lapping peaks from the trigonal and monoclinic phases.  and because of the lower density, it is highly likely that the

In summary, fully reversible high-pressure transforma-cubic y-ZrMo,Og will show transformations at pressures
tions from the ambient pressure phaseZrMo,Og, to a  above the previously investigated pressure range of 0-0.6
monoclinic§ phase at 1.06—1.11 GPa, and a tricliniphase ~ GPa?
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