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Phase transformations of pure ZrO, at high pressure up to 60 GPa were investigated by using x-
ray diffraction and micro-Raman-scattering methods. The existence of phase transformation at
about 13 GPa was reconfirmed by the spectral change of in situ Raman scattering. A new phase
transformation at 35 GPa was observed from both of the experimental methods employed. A new
high-pressure phase is stable up to 60 GPa and quenchable to ambient conditions. The measured x-
ray diffraction pattern for this high-pressure phase was indexed on the basis of tetragonal symmetry.
Eight Raman bands were observed for the quenched high-pressure phase. Candidate space groups
that are consistent with the obtained experimental results were deduced. The most plausible space
group is considered as one of C},, C$,, D},, or D3, (P4/m, P4,/n, P4/mmm, or P4/mbm). The
molar volume for the new high-pressure phase is smallest in the high-pressure phases so far reported

for ZrO,.

I. INTRODUCTION

Recently, phase transformation of ZrO, under high
pressure has aroused much interest in material and geo-
physical researches. Zirconia ceramics have been investi-
gated with emphasis on their toughness. The toughening
mechanism of zirconia ceramics is explained by a trans-
formation induced by a stress field."> Thus the investiga-
tion of the phase transformation at high pressure in
Zr0,, from a microscopic view point, is considered to be
important. The investigations of pressure-induced phase
transformation of ZrO, is also important in geophysical
implications as the polymorphic structures of ZrO, might
be possible in the high-pressure model for the po-
lymorphs of SiO,.>* The pressure-induced phase transi-
tion of fluorite-type of CeO, has been observed at 30
GPa, and the crystal structure of high-pressure phase was
compared with that of ZrO,.>¢

The polymorphism of ZrO, at high pressures has been
extensively studied.””!” The stable phase of ZrO, at
room-temperature and atmospheric pressure belongs to
the monoclinic system. Two different crystal structures
were reported for the high-pressure phase observed in the
pressure range between 3.5 and 13 GPa at room tempera-
ture.

An orthorhombic crystal structure was deduced from
x-ray diffraction and Raman spectroscopic studies.!® Ku-
doh et al. have made an in situ structural analysis of a
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single crystal ZrO, using a diamond-anvil pressure cell
and concluded that the space group of the high-pressure
phase was orthorhombic Pbcm (D3}})." This result has
recently been confirmed by Heuer et al.? from a
transmission electron microscopic observation of a ZrO,
thin film.

A tetragonal structure that was different from the
high-temperature tetragonal phase was also reported for
the high-pressure phase observed above 3.5 GPa.2!2

At pressures higher than 13 GPa, a different ortho-
rhombic phase with the cotunnite-type structure was re-
ported by Block et al.?! and Liu.® Recently, Ohtaka
et al.?>? have reported that the orthorhombic phase ob-
served above 3.5 GPa (which they newly denoted as ortho
I) transformed to the orthorhombic phase (ortho II) at 16
GPa and 600°C from the quenching experiments of fine
powder of ZrO, containing 2 mol % Y,0;. They have
determined the phase boundary between the ortho I and
ortho II phase and concluded that ortho II had the
cotunnite-type crystal structure.

More extensive investigations at higher pressure are
necessary to resolve these controversies regarding the
crystal structure of high-pressure phases and to clarify
the nature of the successive pressure-induced phase trans-
formations of ZrO,. The purpose of this study is to clari-
fy the phase transformation behavior of ZrO, at the
higher-pressure region above 20 GPa using x-ray
diffraction and micro-Raman-spectroscopic techniques.
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II. EXPERIMENT

Single crystals of ZrO, were grown from PbF, flux us-
ing a platinum crucible in the region of temperature
where the monoclinic phase is stable.

Pressure was generated using a lever-type diamond-
anvil cell?> and measured by using the ruby fluorescence
method.?® Diamond anvils with a 0.5-mm culet were
used. Stainless steel 0.2 mm in thickness was used for
gasketing. After preindention to 40 um in thickness, the
gasket had a hole 100 um in diameter at the center of the
indented region. The powdered ZrO, obtained from
grinding the synthesized single crystal were contained
into the hole of the gasket. For in situ x-ray measure-
ments at high pressures, the powdered ZrO, sample that
passed through a 600 mesh sieve was used. For in situ
Raman measurements and quenching experiments, larger
crystals (40 um in diameter) were used. Distilled water
was employed as pressure transmitting media.

X-ray diffraction measurements were made by using a
high-power rotating-anode x-ray source (Rigaku RU-
200). Mo K, radiation filtered by a Zr foil 50-um thick
was collimated using a collimator with 80 um pinholes.
X-ray diffraction pattern was recopted on a nonscreen
type x-ray film. The d spacings were determined by
measuring the diameter of diffraction rings and the cam-
era constant.

Raman spectra were obtained using a micro-Raman
system, which consists of a double monochromator
(JASCO CT-1000D) combined with an optical micro-
scope. An objective lens with 40 or 10 magnification was
used. For excitation both 514.5- and 488.0-nm oscillation
lines of Ar-ion laser (NEC GLG 3200) were used at a
power level of 300 mW. Spectra were recorded with a
conventional photon counting system.

III. RESULTS AND DISCUSSION

The observed pressure dependence of d spacings of
Zr0O, is presented in Fig. 1. Phase transformation can be
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FIG. 1. Pressure dependence of d spacings of ZrQ,.

H. ARASHI, T. YAGI, S. AKIMOTO, AND Y. KUDOH 41

recognized from the discontinuity of d spacings at about
13 GPa. The diffraction pattern measured at 25 GPa is
shown in Fig. 2(a). The transition pressure is the same as
that reported by Ohtaka et al. However, the diffraction
pattern shown in Fig. 2(a) does not agree with that of Oh-
taka et al.? The phase transformation at 13 GPa was
reconfirmed, but from our experimental results, it is
difficult to conclude that the high-pressure phase that ap-
peared above 13 GPa has the cotunnite-type crystal
structure.

Another phase transformation was observed at about
32 GPa. This high-pressure phase is stable up to 60 GPa,
which is the maximum pressure attained in the present
experiment. The diffraction pattern measured at 55 GPa
is presented in Fig. 2(b) and the obtained d spacings are
shown in the upper part of Table I. The analysis of crys-
tal structure for this high-pressure phase is in progress,
and observed diffraction peaks are indexed on the basis of
tetragonal symmetry as shown in Table 127 It is also
found that this high-pressure phase is quenchable to at-
mospheric pressure when the diamond-anvil pressure cell
is unloaded to atmospheric pressure within 10 min. The
diffraction pattern of the quenched sample is presented in
Fig. 2(c) and the d spacings are also given in Table I(b).
The diffraction pattern is similar to that of measured at
55 GPa. For the quenched sample, micro-Raman spectra
were measured.

Peak shifts of Raman spectra measured at various pres-
sures are presented in Fig. 3. The spectral change at 3.5
GPa, which was already reported, is not shown in Fig. 3.
Phase transformation is confirmed from the spectral
change at about 13 GPa. Sixteen Raman bands are ob-

(c)

FIG. 2. Observed x-ray diffraction pattern of the high-
pressure phase of ZrO,. (a) Measured at 25 GPa (ortho phase).
(b) Measured at 55 GPa (new tetragonal phase). (c) Quenched
sample from 60 GPa. The diffraction pattern is similar to (b).
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TABLE 1. Observed and calculated d spacings for ZrO, in
tetragonal high-pressure phase (Z =4). The upper part was ob-
served at 55 GPa; a=4.52 A, c=5.01 A. The lower part was the
quenched phase from 60 GPa; a=4.66 A, c=524A.

hkli dops (A) dicate (A)
(111) 2.72 2.69
(002) 2.53 2.51
(112) 1.95 1.97
(220) 1.58 1.59
hkl dops ) (A) dcaic (A)
(111) 2.81 2.79
(002) 2.63 2.61
(112) 2.04 2.05
(220) 1.63 1.64

served for the higher-pressure phase at 15 GPa. The
transformation pressure agreed with that reported by Oh-
taka et al.?* From the Raman spectroscopic studies,
there is no experimental evidence to conclude that the
higher-pressure phase observed above 13 GPa has the
cotunnite-type crystal structure. It is reasonable that this
higher-pressure phase belongs to the crystal system hav-
ing the lower symmetry such as orthorhombic from the
large number of observed Raman bands. Further experi-
ments combined with x-ray diffraction are necessary to
clarify the crystal structure of the high-pressure phase
observed above 13 GPa.

In situ Raman spectroscopic studies at the higher
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FIG. 3. Pressure dependence of Raman spectra of ZrO,.

pressures above 40 GPa were intended to clarify the
high-pressure phase, which is found above 35 GPa
through the present in situ x-ray diffraction experiments.
As micro-Raman system for the specimen contained in
the diamond-anvil pressure cell requires an objective lens
with long working distance, the numerical aperture of ob-
jective lens is limited to a small value, which makes the
measurement of weak Raman spectra difficult. General-
ly, Raman intensity becomes weak with increasing pres-
sure, and therefore a reliable in situ Raman spectra was
not obtained in the pressure regions above 30 GPa in
these experiments.

Micro-Raman spectra of the small ZrO, crystal
quenched from 60 GPa are measured at room tempera-
ture using an objective lens with large numerical aperture
(0.65) at ambient condition. The observed spectra shown
in Fig. 4 have eight Raman bands. This small number of
Raman band indicates that the quenched phase has a
crystal structure with high symmetry. This experimental
fact agrees with the result obtained from the preliminary
structural analysis of the quenched sample using x-ray
diffraction techniques. Since distilled water is used as
pressure transmitting media, it is necessary to check the
possibility of the formation of hydrous ZrO, at high pres-
sure. A Raman band near 3300 cm ™! is useful for this
check because the Raman band observed in this region
corresponds to stretching modes of OH-bond contained
in the crystal.”® As no Raman were observed in this wave
number region, the quenched ZrO, crystal remained in a
nonhydrous state.

Using the results obtained from x-ray diffraction and
Raman spectroscopic studies, the plausible crystal struc-
ture for the high-pressure phase newly found above 35
GPa was investigated. Zr atoms are arranged so as to
make a distorted face centered lattice in monoclinic, or-
thorhombic, and tetragonal phases. Assuming that Zr
atoms are also situated on distorted face centered lattice
sites in the high-pressure phase, the possible space group
are deduced from tetragonal symmetry. This assumption
is consistent with the indexing of the observed strong x-
ray diffraction peaks in which the Zr metal is mainly con-
tributed. The indices of strong peaks satisfy the
h + k =2n condition that is required for the atoms situat-
ed at {(0,0,0),(%,4,0),(4,0,1),0,4,4)}, {(0,0,2),(4,%,2)}
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FIG. 4. Micro-Raman spectra of quenched ZrO, from 60
GPa.
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or {(4,0,2),(0,%,2z)} in tetragonal symmetry. The possi-
ble space groups are listed in Table II. The number of
Raman bands and irreducible representations expected
from factor-group analysis for deducing space groups are
also presented in Table II. A large number of Raman
bands are expected for the space group that has no inver-
sion symmetry. As eight Raman bands are observed for
the high-pressure phase as shown in Fig. 4, it is conclud-
ed that the crystal structure of a new high-pressure phase
has an inversion symmetry and the most plausible space
group is one of C},, Ci,, D},, or D}, (P4/m, P4,/n,
P4/mmm, or P4/mbm).

Alzyab et al.?? have been reported that above 4 GPa at
room temperature, pure ZrQO, transformed to a “new”
tetragonal phase, which was different from the one ob-
tained at high temperatures at atmospheric pressure.
They have observed 19 Raman bands for the tetragonal
phase at high pressures. On the other hand, Raman
scattering measurements for the tetragonal high-pressure,
which was newly found from our investigations, showed
eight Raman bands. From the difference in the number
of observed Raman bands, it is concluded that the new
tetragonal phase observed above 35 GPa is different from
the one reported by Alzyab et al.

On the basis of the determined crystal structure, the
pressure dependence of molar volume of a newly ob-
served high-pressure phase is deduced as shown in Fig. S.
In this figure, the values obtained by Ming and Mangh-
nami,'! Liu,? and Ohtaka et al.?* are also shown. The
newly observed tetragonal high-pressure phase has the
highest density. The molar volume change for the phase
transformation at 35 GPa between orthorhombic II and
new tetragonal high-pressure phase is 3.8%. From the
pressure dependence of molar volume, it is concluded
that the compressibility for the tetragonal high-pressure
phase is smaller than that of the orthorhombic I or ortho-
rhombic II high-pressure phase.
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FIG. 5. Pressure dependence of molar volume of high-
pressure phases of ZrO,. O, Ming and Manghnani; /A, Ohtaka
et al.; @, Liu; O, this experiment.

IV. CONCLUSIONS

The phase transformation of pure ZrO, at 13 GPa was
reconfirmed from in situ micro-Raman scattering and x-
ray diffraction experiments. From our experimental re-
sults, it is difficult to conclude that the crystal structure
for high-pressure phase observed above 13 GPa is cotun-
nite type. From the number of observed Raman band, it
can be considered that this high-pressure phase belongs
to crystal system having the lower symmetry such as or-
thorhombic. Another phase transformation of ZrO, was
found at 35 GPa. This new phase is stable up to 60 GPa
and quenchable to atmospheric pressure. Micro-Raman
measurements showed eight Raman bands for the
quenched sample. The space group for the new high-
pressure phase was selected so as to satisfy the x-ray ex-

TABLE II. The space groups which satisfy the extinction rules of x-ray diffraction observed for the
new high-pressure phase of ZrO,. (Z =4). The number of Raman active irreducible representation is

deduced from factor-group analysis.

Raman-active irreducible

Space group Zr sites O sites representations
Ci (P4) la,1b,2¢ 4d,4d 84+7B+9E
Si (P4) la,lc,2g 4h,4h 74+8B+9E
Cin (P4/m) la,1¢,2f 8l 34,+3B,+3E,
Cin (P4/n) 2a,2c 8g 44,+4B,+5E,
Ciw (P4,/n) 4c 8g 34,+3B,+3E,
D} (P422) la,1c,2f 8p 34,+3B,+4B,+9E
D} (P42,2) 2a,2¢ 8g 4A4,+4B,+3B,+9E
Cl, (P4mm) la,1b,2c 4d,4d 6A4,+3B,+4B,+9E
C3, (P4bm) 2a,2b 8d 44,+3B,+4B,+9E
D}, (Pa2m) la,1d,2f 4n,4n 44,+2B,+6B,+9E
D3, (P82,m) 2a,2c 8f 4A4,+4B,+4B,+9E
D3, (P4m2) la,1b,2g 81 44,+3B,+6B,+9E
D3, (P4b2) 2a,2d 8i 34,+4B,+5B,+9E
D}, (P4/mmm) la,1c,2e 8r 24,,+B,+2B,,+3E,
D3, (P4/nbm) 2a,2d 8m 24,,+B,,+3B,,+5E,
D3, (P4/mbm) 2a,2¢ 8k 24,,+B,,+2B,,+3E,
D}, (P4/nmm) 2a,2c¢ 8 34,,+2B,,+2B,,+5E,
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tinction rules and to agree that the observed number of
Raman band with the number expected from factor-
group analysis. The most plausible space group is one of
Cl,, C4y, D}y, or D},. Zr atoms locate at the distorted
face-centered lattice site and are surrounded by eight ox-
ygen atoms in the deduced crystal structure. The density
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of the newly observed tetragonal high-pressure phase is
about 3.8% higher than that of orthorhombic II phase.
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FIG. 2. Observed x-ray diffraction pattern of the high-
pressure phase of ZrO,. (a) Measured at 25 GPa (ortho phase).
(b) Measured at 55 GPa (new tetragonal phase). (c) Quenched
sample from 60 GPa. The diffraction pattern is similar to (b).



