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New polymorph of HfMo,0Og synthesized using a high-pressure
and high-temperature toroid anvil setup
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We report the synthesis and characterization of a new polymagsptof HfMo,0g. This phase is synthe-
sized from the trigonal 4) HfMo,0Og by application of high pressures and high temperatures. The sample
obtained is characterized by powder x-ray diffractiofRD) and the details of high-pressure and high-
temperature phase are explained. The Rietveld analysis of the powder XRD data reveals Shlfthe, Og
crystallizes in a monoclinic lattice with unit cell parametars11.41386), b=7.910%4), c=7.439%3), A
and =122.3%50)°. The B-HfM0,0g is found to be isostructural to the room-temperature phase of
B-ZrMo,0g. The coordination numbers of Hf and Mo atoms with oxygen atoms are eight and five, respec-
tively. The nature and sharing of Hf and Mo polyhedra are entirely differegtrimodification compared to that
in the a phase.
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I. INTRODUCTION Il. EXPERIMENT

Recently compounds having the framework structures Trigonal a-HfMo, O is prepared by a conventional solid
s . , ., state reaction of Hf@ and MoQ, at 650°C for 18 h. The

such asMX,0g (M =2Zr Gf‘nd Hf 1 andM;(XO4)3 (M"  sample is reground and further heated at the same tempera-
= trivalent cations X=Mo°" and W) have drawn consid- yre for 8 h. The product thus obtained is characterized by
erable research interest due to their structural flexibility topowder x-ray diffraction(XRD) and found to consist of
facilitate the negative thermal expansithThe compound mainly trigonal HfMo,Og (JC-PDS 38-1467and a small
ZrW,0g is reported to exhibit a large isotropic negative ther-amount of HfQ (JC-PDS 34-10% The high pressure and
mal expansion over a wide temperature ra(@8-1050 K.>  room temperature experiments are carried out on a Bridgman
Such framework materials are used as components of thenvil apparatus ¢ of face 12.7 mm*® in which the sample
composites for attaining tunable thermal expansion valueds pressed inside a pyrophilite gasket by two faces of the
The preparation and applications of these composites somenvil. The sample is held at 7 GPa for 44 h and then retrieved
times change the local pressures inside the compositeafter releasing the pressure. The high pressure and high tem-
which may affect the stability of the above materials. There{erature experiments are carried out on toroid aKvA)
fore, high-pressure studies of these negative thermal expa@pparatus ¢ of face 31 mm,¢ of cavity 13.5 mm."’ The
sion materials have acquired a significant importance. Cubigowdered sample, pressed into a cylindrical pellet of ap-
ZrW,0g undergoes an irreversible transformation to theProximately 4 mm diameter and 5.5-mm length, is encapsu-
orthorhombic phase at about 0.2 GPa, and amorphizes und@ted in a alumina (AlOz) sample holder and placed at the
further compression above 1.5 GPaUnder the application center of a graphite heater assembly. The TA apparatus is
of both pressure and temperature, the cubic ZByvtrans-  Pressure calibrated using B- Il and Yb hcp - bectransi-
forms to ana— UzOg type phasé.ZrMo,Og and HfMo,0g ~ tiOns at 2.65 and 4 GPa,_ respectively. In j[he_ experiments, the
in general do not crystallize in the cubic phase. Howeverfequired pressure is attained gradually within a span of about
they have cubic metastable modificatidrisin which they 30 min. Thereafter the temperature is raised slowly at the
show a negative thermal expansion behavior. ZsBlpex-  ate _of 10°C/min. The pressurized sample |s_held at the
ists in a monoclinic lattice, which undergoes a reversible'equired pressure and temperature for 10 min and then
transition to the trigonal phase at about 913 Rhe mono-  guenched by cutting off the heater power. The sample is
clinic ZrMo,0Og (B form) (Ref. 10 is found to be denser retngved by slowly reIegsmg the pressure. The samples thus
than the high temperature, trigonal Zrp@, (a form).* The obt'a.uned are characterlzed by powder XRD, recorded on a
trigonal (@) form is found to be the only stable modification Philips x-ray diffractomete(Model PW1710 with mono-
as far as HfMgOg is concerned? chromatized CKa radiation, in the two-theta range of

The structural and phase evolution @fZrMo,Og have ~ 10°—=70°.
been extensively studied at various pressties. But no
reports pertaining to the high pressure studyweHfMo,0g,
are available so far. Lindt al® have reported that cubicyj
HfMo,0Og undergoes a first order phase transition to a mono- All the observed reflections of the starting materials can
clinic modification on compression. But no detailed informa-be indexed on a trigonal lattice with the unit cell parameters:
tion of the high pressure phase is given. In this paper, wa=10.100(1) ancc=11.738(1) A which are in agreement
report the results of the high-pressure and high-temperatunsith the reported unit cell parametera=10.1005 andc
experiments carried out om-HfMo,0Og. =11.7230 A° This phase is iso-structural ta-ZrMo,Og

IIl. RESULTS AND DISCUSSIONS
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FIG. 1. (a) Powder XRD patterns of the original sample gbg

o . FIG. 2. (a) Powder XRD patterns of the original sample b
after compression in Bridgman anyBA) at 7 GPa, for 44 h. @ P 9 ple &byl

the retrieved sample from TA experiment at 2.15 GPa and 560 °C.

reported by Aurayet all! and Serezhkiret al!® The struc-  experimental method is not suitable to detect them, if they
ture of the trigonal ZrMgOg or HfM0,0g consists of ZrQ  are present in the-HfMo,0Og.
or HfOgz octahedra, which share all the corners with the To study the behavior of-HfM0,0g under the simulta-
MoQ, tetrahedra. Three of the MgQetrahedra apices are neous application of pressure and temperature, the experi-
linked to ZrQy or HfOgz octahedra, while the fourth apex ments are carried out on toroid anvil apparatus. Several trial
points toward the interlayer region. This kind of framework experiments at different pressures and temperatures are car-
arrangement of octahedra and tetrahedra makes this structuied out to find the optimum conditions for the phase trans-
flexible and comparatively less dense. Such frameworormation. The XRD patteriFig. 2) of the sample retrieved
structures are highly amenable to transformations to denséfom 2.15 GPa and the 560 °C toroid anvil experiment shows
phases on compression. the presence of completely new reflections, which could not
The XRD pattern of the product retrieved from the Bridg- be attributed to the starting trigonal phase, Hi@ MoOs;.
man anvil experiment is shown in Fig. 1. The XRD patternThis indicates the formation of a new phase of Hi®g,
of the starting material is also shown along with it for com-which hereafter will be referred g8-HfMo,0g. The XRD
parison. The XRD pattern of the retrieved sample shows gattern of the starting material is also included in Fig. 2 for
significant broadening of the reflections. However, there areomparison.
no extra features observed, which indicates that there is no A careful analysis of the XRD pattern indicates the pres-
change in the unit cell type. The broadening of the reflectiongnce of reflections attributable to the .8k (corundum
indicates that there is a tendency for this compound to unphase, which is used as sample holder. The contamination of
dergo amorphization, which may be due to the nonhydrosample by the sample holder is often unavoidable due to the
static conditions under pressure present in the Bridgemadifficulty in the physical separation of the sample holder and
anvil apparatus. The pressure induced amorphizdBth) is  the sample. All the observed reflections excluding thgOAl
a very common effect in such framework materiffsThe  reflections can be indexed on a primitive monoclinic lattice
present experiment indicates either the possibility of a rewith unit cell parametersa=9.7292), b=7.9012), c
versible or kinetically sluggish amorphization in =7.435(1) A andB=97.892)°. These unit cell parameters
a-HfMo,05. The onset pressure for PIA is reported for cu-are similar to those reported for monoclinig)( ZrMo,0g.°
bic ZrMo,0g and cubic ZrWOg at 1.3 GPgRef. § and 1.5 In addition, a similar satisfactory indexing is possible with a
GPa® respectively, whereas the present compoundC type monoclinic lattice with unit cell parameters:
a-HfMo,0g may amorphize at still higher pressures. A series=11.4183), b=7.9062), c¢=7.438(2) A and g
of pressure induced reversible phase transitions, namely; 122.372)°. Both the unit cells have equal volumes and
monoclinic and triclinic are reported in the ZrMo,0g.2*'* indicate four formula units in the unit cell.e., Z=4). Simi-
Since all these kinds of transitions are reversible, the preseidr two sets of unit cell parameters have been earlier assigned
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TABLE |. The details of Rietveld refinement @-HfMo0,Og.

Phase
Preparation condition

Data collection conditions
Crystal system

Space group

a(A)

b (A)

c(A)

B (%)

V andp

Z .
Wavelength(A), CuK a1, anda?2
No. data points

Two theta range

Step width and step time
No. of reflections

No of refined parameters
Rp, Rwp, Rexp

XZ

RBragg, RF

B-HfM0,04
2.15 GPa and 560 °C
(quencheg
1 atm. and 25°C
Monoclinic
C2/c (No. 15
11.41386)
7.91054)
7.439%3)
122.350)
567.45(5) &, 5.83 gm/cm
4
1.5406 and 1.5444
2951
10-70°
0.02° and 1.25 s.
232/2
26
8.81%, 11.5%, 8.59%
1.81
5.50%, 4.41%

to B-ZrMo,0Og. However, these two unit cells are closely
related’ High pressure studies oa-ZrMo,Og reveal new
phases, namely, monoclinia and triclinic (¢).2*7*° The

structure of §-ZrMo,Og is

related to

HfMo,0Og is not similar to the monoclinicd-ZrMo,0g. It

may be mentioned here that the crystal structurea-oénd
B-ZrMo,0g are not closely related, which indicates a recon-
structive type phase transformation. The x-ray density of
and B modifications of HfMg@Og are 4.79 and 5.84 gm/cin
respectively. Thus the density of the phase increases and t
molecular volume decreases significantly from 172.8 t

141.7 A, in the a to B transformation. This drastic change

Intensity

b
~+ -t N
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40
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the trigonal
a-ZrMo,0g. The present observed monoclinic phase of

(o]
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TABLE Il. Fractional atomic coordinates of various atoms in
B-HfM0,0g.

Atom Site X y z B

Hf 4e 0 0.9825(5) 0.25 0.003
Mo 8f 0.21846) 0.27985) 0.26189) 0.005
o1 8f 0.0822) 0.0983) 0.0734) 0.007
02 8f 0.1682) 0.1613) 0.4394) 0.008
03 8  0.3492)  0.29%3)  0.2264) 0.011
04 8f 0.1252) 0.4543) 0.1733) 0.018

Fixed during the refinement.

in the unit cell volume implies the possibility of a first order
reconstructive type phase transition. A comparison of these
volumes to that of the cubic HfM®g (molar volume

190 }05'3),8 shows that thex (trigona) and 8 (monoclinig
modifications of HfM@Og are the denser phases.

The detailed structural analysis gfZrMo,Og is reported
on the basis of the settings of the unit cell parameters
=11.433,b=7.935,c=7.460 A and 3=122.3°° A theo-
retical pattern calculated using the observed unit cell param-
eters of B-HfMo,0g and the position coordinates of
B-ZrM0,0g,'% appears similar to the experimentally ob-
served XRD pattern, which indicates that {BeHfMo0,0g is
isostructural toB-ZrMo,0Og. The structural analysis is car-
ried out by Rietveld refinement using tif&LLPROF-2K Ri-
etveld refinement prografi. The position coordinates and
thermal parameters of the starting model are taken from
3-ZrM0,04.1% Scale and background parameters are refined
during the initial cycles of Rietveld refinements. The profile
is fitted using pseudo-Vogt function. The half-width param-
eter, mixing parameters and unit cell parameters of both
B-HfM0,05 and ALO; phases are also refined. The pre-
ferred orientation correction is applied by Rietveld function

r%)'[ion provided byruLLPROF package. Finally the position

coordinates of both phases along with scale and unit cell
parameters are refined. The goodness of the refinement is
amply reflected from the observerlvalues(Table ). The
observed and calculated profiles along with the difference
plot are given in Fig. 3. It can be mentioned here that without
refining the thermal parameters a good fit could be obtained.
Further refinements of these thermal parameters are not suc-
cessful, and hence they are kept fixed at their original values.
The refined position parameters are given in Table II.

TABLE Ill. Typical interatomic distancegn A) in B-HfM0,0g.

FIG. 3. The observed and calculated diffraction pattern for - -

B-HfM0o,0g4. The difference plot is shown at the bottom. The ver- Average
tical bars indicate the Bragg position gFHfMo,0Og (uppe) and

a-Al,O3 (lower).

Hf Mo
o1 2.150(27x 2 o1 2.03121)
o1 2.187(32xK 2 02 1.93732)
02 2.184(20x 2 02 1.94825)
03 2.232(25x 2 o3 1.64631)
04 1.65023)
2.19 Average 1.84
04 3.02
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FIG. 6. Projection of3-HfMo,Og along the[010] direction. The
HfOg polyhedra(dark) and[Mo,0g]*~ (white) are shown.

hedra can also be explained as a highly distorted octahedra
considering O4 of another MaQunit at a relatively longer
distance(3.02 A). Two such units are linked together by
sharing 02-02 basal edge forming [#0,05]* dimer,
similar to that present in thg-ZrMo,Og (Ref. 10 and

FIG. 4. Atypical[M0o,0g]*~ unit. The long Mo-Q bond is also K2M03_Olo.2° A typical dimer unit _0f[M0208]47 with two
shown. long distance O4’s is shown in Fig. 4. The Hf@olyhedra
are linked together by sharing one edge forming infinite
chains along thec direction. A typical chain of Hf@ is

The crystal structure gB-HfMo,0g has only one kind of R s .
Hf and Mo atom each. There are four distinct oxygen atom?hown in Fig. S. A(QlO) projection of 8-HfM0,0g indicat-
ing the typical packing of the polyhedra is shown in Fig. 6.

in the unit cell. The typical bond lengths of various atoms ar . i
given in Table lll. The Hf atoms have eight coordinatedeThe HfQ; chains and Mo, O] units are shown as dark

olyhedra, which seems to be more regular compared to Aray and white polyhe(_jrons, respectively. T_he gﬁ@»lyhe-
golghedra in 8-2rM0,0g. The Hf-O bognd IengthPs range dra share two opposite 0O1-O2 edges with two different

from 2.15 to 2.23 A(average distance 2.19)AThe corre- MoO; tetragonal pyramids. The O3 apex of Mp@tragonal

sponding Zr-O bond lengths iA-ZrMo,Og range from 2.12 pyrgmid is connected to th? H§Opolyhe_dra of another
t(§)2.31 ﬁlo The Mo atorgs hal?)e fivefrglc;3 coo?dination poly- chain. Thus th¢Mo,Oq]*" units form the link between the

hedra with Mo-O bond lengths ranging from 1.65 to 2.03 AHfO8 Ch.aln.s. The O4 oxygen of MQ’OU”"L'S free and
(average of 1.84 A which is close to a tetragonal pyramid. Present inside the space between th®,0g]" " units.

The corresponding Mo-O bond lengths gtZrMo,0g are
ranging from 1.68 to 2.04 AOne O1 atom and, two O2 and
O3 atoms form the distorted irregular tetragonal base of the In conclusion we report on a new polymorph of HfM®y
tetragonal pyramid having O4 as the apex. The M@Oly-  synthesized from high-pressure and high-temperature TA ex-

'@ O (@) O OO
"?é@ ©

- e @0 © Se @ @
oG &

FIG. 5. A typical chain of HfQ polyhedra.

IV. CONCLUSIONS

03
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periments. The crystal structure of the phase is found to bgigonal HfMo,0g up to 7 GPa indicates the absence of any
isostructural to the monoclinig3-ZrMo,0g. The new B irreversible phase transition. However, a tendency to amor-
phase of HIM@Og is about 20% denser than the original phization is observed in this compound as against cubic
a-HfM0,0g suggesting a possibility of a first order phaseZrMo,Og and ZrW,Og, which amorphize at much lower
transition. The room temperature high-pressure study of thpressures.
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