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Pressure-induced phase transitions and volume changes in Hf02 up to 50 GPa 
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The phase transformations and pressure-volume dependence of Hf02 have been investigated at room 
temperature by angle-dispersive powder x-ray diffraction under high pressure to 50 GPa in a diamond 
anvil cell. The phase transformation from the monoclinic I (baddeleyite) to orthorhombic phase 11 was 
observed around 10 GPa. This phase is stable up to 26 GPa where it transforms to a new phase 111 with 
another orthorhombic unit cell. At about 42 GPa, a third phase transition occurs to phase IV oftetrago­
nal symmetry. The pressure dependences of the cell parameters and volume have been determined. The 
successive volume discontinuities are 2.5%, 2.5%, and 5%, respectively. The bulk moduli of ali the 
phases have been calculated from Birch's equation of state and are discussed. The high-pressure phases 
were found to be metastable at normal pressure. No orthorhombic cotunnite-type structure was ob­
served under pressure at room temperature. Although the structural properties of Hf02 and Zr02 are 
similar at lower pressures, their evolutions are different above 20 GPa. 

INTRODUCTION 

Hafnia (Hf02 ) is considered to be very similar to zir­
conia (Zr02 ) in chemical, physical, and structural proper­
ties. Thus there have been few studies made on hafnia it­
self, especially at high pressures. Most of the high­
pressure experiments have been devoted to zirconia as 
this compound is extremely important in the production 
of tough ceramics, 1 and the understanding of its phase 
behavior is of prime importance. In this way, high­
pressure studies have been used not only for the deter­
mination of the phase boundaries but also to get informa­
tion about the transition mechanisms.2 - 5 The pressure­
temperature (P-T) phase diagram of Zr02 has been ex­
tensively studied in broad ranges of temperatures and 
pressures (see Ref. 6 and references therein). The similar 
P-T diagram for hafnia, which also has high potential as 
a refractory compound, was studied only up to 6 GPa.7- 9 

Recently, however, a few experiments were made at room 
temperature up to higher pressures, of 12 (Ref. 10) and 20 
GPa, 11 but the volume-dependence results are of limited 
accuracy (see below). A better understanding of the 
high-pressure behavior of Hf02 is important not only to 
clarify its own phase diagram, but also to learn about the 
evolution under very high pressure of similar structures 
at normal pressure. In addition, the identification of 
dense structures is very important from the geophysical 
point of view: the dense packed structures of dioxides 
(e.g., Si02) are still now known. 

At normal pressure, hafnia and zirconia are monoclinic 
at room temperature and transform to a tetragonal struc­
ture at intermediate temperatures (about 1900 and 1300 
K for hafnia and zirconia, respectively) and then to a cu­
bic structure at higher temperatures (about 2800 and 
2700 K, respectively). The crystal structure of Hf02 was 
determined and refined severa! times at room tempera­
ture. 1l-l3 It is basically the same as that of monoclinic 
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zirconia. The cell parameters are a = 5. 1170 Á, 
b =5.1754 Á, c =5.2915 Á, {3=99.21" and the space 
group is P21/c (No. 14).13 

At high pressure, a phase transition was discovered in 
Hf02 at around 800 K and 6 GPa.7 Recent Raman re­
sults14 showed the appearance of a high-pressure phase at 
about 4.3 GPa at room temperature and persistence up to 
the upper limit of those experiments, i.e., 9.5 GPa. The 
structure of this phase was determined by Rietveld 
analysis of x-ray diffraction data from a quenched sample 
at normal pressure.9•15 The best solution was obtained 
with the space group Pbca (No. 61) and lattice parame­
ters: a =10.0172, b =5.2276, and c =5.0598 Á. 9 Until 
now this result was not confirmed by in situ studies. No­
tice that the experiments with lower resolution can easily 
yield the a parameter two times smaller than the correct 
value. There is also a report of another high-pressure 
high-temperature phase which was found to be quench­
able to ambient conditions, for which the lattice parame­
ters are a =3.311, b =5.550, and c =6.461 Á and the or­
thorhombic space group was supposed to be of the Pmnb 
(No. 62) group as in the cotunnite-type structure.2 How­
ever, it is evident that the results obtained from quench­
ing experiments, far from thermodynamic equilibrium, 
should be taken with caution. In addition, the presence 
of shear stresses, the inftuence of the pressure transmit­
ting medium (especially water), and some inaccuracy in 
the est!mation of the pressure and temperature values can 
be present. The scarce in situ results 10• 14 for hafnia under 
pressure are not conclusive about the possible phase tran­
sitions, either by limitations in the highest attainable 
pressure or low resolution in the analytical techniques. 

W ould the similarities between zirconia and hafnia Ílt 
normal pressure manifest into similar behavior at much 
higher pressures? In any case, a rich phase diagram 
could be expected for hafnia as in the case of zirconia. 
Thus we have performed in situ high-pressure x-ray 
diffraction studies up to 50 GPa. 
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EXPERIMENTALPROCEDURE 

The in situ powder x-ray diffraction experiments were 
performed at room temperature using a diamond anvil 
cell of the lever-arm type with diamonds of 500-!Lm flats. 
The hafnium oxide sample was a spectroscopic grade 
powder from Johnson Matthey Co. with a grain size of a 
few micrometers as estimated visually. 

The sample was mixed with silicon oil in order to 
reduce anisotropic stress components at high pressures. 
Indeed, the 4: 1 methanol-ethanol mixture generally used 
as pressure transmitting medium introduces some discon­
tinuities in the resulting data, when it solidifies at room 
temperature at around 10-12 GPa. 16 The silicon-oil­
sample mixture was loaded in the 150-!Lm-diam hole 
drilled in a T301 gasket of initial thickness 250 /Lm, 
preintended to 100 ILm. A single-crystal ruby chip was 
placed on the upper surface of the sample as the pressure 
calibrant. The value of the pressure was calculated from 
the fifth power of the wavelength shift of the R 1 fluores­
cence line17 (fit with anisotropic stress component) al­
though the two maxima of the doublet were always clear­
ly seen. 

The zirconium-filtered molybdenum radiation from a 
fine focus x-ray tube was used. The diameters of the De­
bye rings in the diffraction patterns were measured with a 
micrometer under a low magnification microscope. 16 In 
order to make a more precise evaluation of relative inten­
sities of the strongest lines, optical microdensitometry 
was performed on some films. Most of the experimental 
data were obtained upon increasing the pressure; a few 
additional patterns were recorded upon releasing the 
pressure. The uncertainties are estimated to be ±O. 7% in 
volume and ±0.1 GPa in pressure. 

The powder diagram was indexed using the DICVOL 

program. 18 The diffraction lines which possibly coincid­
ed with the lines from the gasket (mostly iron) were omit­
ted in the discussion of our data and are not plotted in 
the corresponding figure. 

The experimental data on the pressure dependence of 
the relative volume V IVo obtained with increasing pres­
sure were fitted in each phase to Birch's equation of 
state19 (few data were analyzed upon decreasing the pres­
sure because several phases coexisted down to normal 
pressure): 

P =-}B0x (1 +x)512(1 +ax), 

where x =(V /V0 )-213 -l, a={-(Bó -4). Bis the bulk 
modulus and B' its first pressure derivative; the subscript 
zero refers to values at normal pressure. 

RESULTS AND DISCUSSION 

Pressure dependence 
of unit cell parameters and volume 

Ali basic experimental data, i.e. d spacings calculated 
from the position of diffraction lines on the x-ray films, 
are plotted versus pressure in Fig. 1. Four pressure re­
gions are clearly seen; they correspond to different phases 
with transition pressures of about 10, 27, and 40 GPa. 
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FIG. 1. Variations in the interplanar distances d of Hf02 

with pressure. Open symbols: increasing pressure; filled sym­
bols: decreasing pressure; D.: monoclinic phase I; o: ortho­
rhombic phase 11; 0: orthorhombic phase 111; 0: tetragonal 
phase IV. The lines are a guide to the eye. The thick line 
represents the highest-intensity line in each phase. 

The upper two transitions and high-pressure phases were 
not known until now. 

We have been able to record 10, 11, 14, and 7 charac­
teristic lines for the high-pressure phases I, II, III, and 
IV, respectively, which was suflicient in order to allow 
the lines to be indexed. The number of lines effectively 
observed at each pressure could be less depending on the 
quality of the diffraction pattern. The interplanar dis­
tances and their índices hkl, the corresponding lattice pa­
rameters for each phase, are presented in Table I. The 
pressure dependences of the lattice parameters and unit 
cell volume are displayed in Figs. 2 and 3, respectively. 
A few additionallines of the high-pressure range could be 
indexed as lines from the lower-pressure phase, which in­
dicates broad ranges of coexistence between phases. 

The first transition, from phase I (monoclinic) to phase 
II (orthorhombic), appears at much higher pressure (10 
GPa) than the 4.3 GPa observed in experiments with a 
single crystal. 14 However, it is in agreement with Raman 
experiments performed on a pellet of precompacted 
powder where the transition was not detected up to 12 
GPa. 10 Thus the transition pressure is strongly depen­
dent on the crystalline size, the environment of the sam­
ple, and probably its history. A similar dependence has 
already been reported for the equivalent transition in 
ZrOz. 3,4 

The volume data for the diff~rent phases were fitted to 
the Birch equation of state, 19 while assuming the usual 
value of 5 for the first pressure derivative of the bulk 
modulus and using the volumes observed from the 
recovered sample as the reference values for normal pres-
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TABLE I. Interplanar distances (Á) with their índices and unit cell parameters for each phase of Hf02 under high pressure ( *: 
line ofhighest intensity; m: line from the monoclinic phase; ort: line from the orthorhombic phase Ill). 

Phase I 11 
P (GPa) mono ortho 

8.5 17.4 
dobs dcal dobs dcal 

110 3.503 3.520 210 3.503 3.541 
111 3.056* 3.062 m 2.996 
111 2.827 2.813 211 2.866* 2.882 
020 2.547 2.535 020 2.573 2.565 
102 2.477 2.459 400 2.438 2.447 
121 2.120 2.116 021 2.274 2.278 
122 1.758 1.765 420 1.771 1.771 
212 1.602 1.604 230 1.611 1.614 

231 1.543 1.535 
611 1.486 1.484 
041 1.238 1.242 

a (Á) 4.93 9.79(3) 
b (Á) 5.07 5.13(1) 
c (Á) 5.33 4.96(8) 
{3 {o) 97.3 
V/V0 0.953 0.899 
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FIG. 2. Unit cell parameters of Hf02 as a function of pres­
sure. The symbols are the same as in Fig. 1. The monoclinic 
angle of phase I, not presented in this figure, decreases from 
99.2• to 98• at 10 GPa. 

111 IV 
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29.5 42.5 

dobs dcal dobs dcal 

020 3.519 3.515 110 3.529 3.521 
120 2.853* 2.846 ort 2.809 
111 2.570 2.579 111 2.705* 2.714 
200 2.419 2.425 ort 2.54 
210 2.262 2.292 200 2.489 2.490 
040 1.758 1.758 ort 2.40 
002 1.700 1.690 112 1.810 1.822 
300 1.618 1.617 ort 1.737 
022 1.530 1.523 ort 1.688 
320 1.466 1.469 ort 1.607 
150 1.349 1.350 301 1.550 1.547 
331 1.242 1.238 ort 1.524 
400 1.214 1.213 ort 1.410 

103 1.365 1.366 
203 1.207 1.233 

4.85( 1) 4.98(1) 
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FIG. 3. Relative volume of Hf02 as a function of pressure. 
The symbols are the same as in Fig. 1. The lines are from the 
fits to the Birch equation of state with the values of B 0 indicated 
in Table 11. 
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sure (see below). The results are presented in Table 11. 
The bulk rnodulus so obtained for monoclinic hafnia is 
equal to 145 GPa. The only experimental value (of about 
460 GPa) which can be extracted from x-ray data under 
pressure to 20 GPa (Ref. 11) seems dubious: an apparent 
jump in the a parameter without any such discontinuity 
for the b and c parameters is actually obvious at 10-12 
GPa, the solidification pressure of the 4:1 methanol­
ethanol mixture used as pressure transmitting medium. 
Under these conditions, some discontinuities in the data 
and the presence of anisotropic stress components are 
very likely and thus could have produced a large amount 
of error in the measurements. A too high value of the 
bulk modulus would then be expected and this value (460 
GPa) should be taken with caution. 

The experimental value of the bulk modulus for the 
monoclinic phase I, 145 GPa, is lower than the value of 
200 GPa expected from bulk modulus-volume systemat­
ics:20 

B0 (GPa)=700S2ZAZc/V0 . 

In this relationship V0 is the mean molar volume of an 
atomic pair, S is the ionicity (S2=0.5 for oxides), and Zc 
and Z A are the formal charges of the cation and anion, 
respectively. This observed reduction in B 0 shows that 
the monoclinic phase is possibly stabilized by symmetry 
breaking defects, but could also be due to the partial 
softening of an acoustic mode occurring prior to the mar­
tensitic shear transformation. A low bulk modulus was 
also measured for zirconia, 6 which is isostructural with 
Hf02, and theoretical calculations21 did not obtain the 
monoclinic phase as the stable phase at normal pressure. 

The bulk modulus of the orthorhombic phase 11 of haf­
nia is equal to 210 GPa, which is exactly the value ex­
pected from the bulk modulus-volume systematics for 
this phase with such reduced volume (V /V0=0.955). 
The large increase of the bulk modulus with respect to 
the monoclinic phase, B 0 = 145 GPa, confirms the unsta­
ble nature of the baddeleyite structure in these com­
pounds. The bulk moduli of the other higher-pressure 
phases are considerably larger, andare about 475 and 550 
GPa, respectively. Such high values are surprising; how­
ever, no large errors are expected ( ~ 15%) as the initial 
volumes were rneasured experimentally and the first pres­
sure derivative was fixed to 5, its usual value. They can-

T ABLE 11. Bulk modulus and initial relative volume of the 
different phases of Hf02 (the first pressure derivative of the bulk 
modulus was fixed to 5 and the initial volume at normal pres­
sure was obtained from the recovered sample where ali the 
phases were mixed together; the uncertainties are estimated to 
be ± 1% for the relative volume of the high-pressure phase and 
10-15% for the bulk modulus under the above specified condi­
tions). 

Phase 

(V !Volp~o 
B 0 (GPa) 

I 
mono 

145 

11 
ortho 

0.955 
210 

111 
ortho 

0.881 
475 

IV 
tetra 

0.815 
550 

not be explained either by the smaller volume of these 
phases, provided that the nature of the bonding remains 
the same. These values are close to that of diamond, a 
typical example of covalent bonding. The reason for this 
could be an increase in the covalent nature of the bonding 
under pressure; it should be pointed out that at normal 
pressure, partial covalent bonding was already proposed 
to occur in zirconia. 22 

The volume variations of hafnia over the investigated 
pressure range are very large; the relative volume (Fig. 3) 
is reduced to 0.75 at 50 GPa. These variations come 
from the low bulk modulus of the first, monoclinic, phase 
(i.e., its high compressibility) and from the successive 
volume decreases at the different phase transitions of 
about 2.5%, 2.5%, and 5%, respectively. Such a large 
overall volume change was not expected in such a refrac­
tory compound. 

Symmetry of high-pressure phases 

For the normal-pressure phase which is stable up to 10 
GPa, our data are in agreement with literature data; its 
monoclinic structure (P21/c, No. 14) was solved and 
refined severa! times at normal pressure. 11 - 13 

The data obtained for the high-pressure phase 11 (be­
tween 10 and 26 GPa) agree well with the orthorhombic 
structure shown in Ref. 9 to have the space group Pbca 
(No. 61). This is also, as is the monoclinic phase, a slight 
deformation of the parent fluorite-type phase with cubic 
symmetry (observed at high temperatures). Both struc­
tures, I and 11, are the same as those occurring for Zr02. 
However, the similarity between hafnia and zirconia at 
high pressures is limited to these phases. The other 
high-pressure phases are different for both compounds. 6 

Above 26 GPa the small changes in the positions of 
severa} diffraction lines point to a new phase 111 with a 
totally different indexation within a new orthorhombic 
unit cell. The corresponding lattice parameters are close 
to 5, 7, and 3 Â., respectively (for details see Table I and 
Fig. 2). This is not the same phase as orthorhombic 11 in 
Zr02 existing over a similar pressure range. The unit cell 
of phase 111 is related to that of phase 11 by the following 
relations between lattice vectors: am = fa11, 

bm=b11 +cw and cm=f(b11+c11). As the intensities of 
ali lines are not determined accurately, there is no possi­
bility of obtaining the positions of the atoms in the unit 
cell and, consequently, the space group of phase 111. 
However, several space groups can be proposed from the 
partially known extinction rules, e.g., Pbc21 (No. 29), 
Pbcm (No. 57), P22121 (No. 18), Pnm21 (No. 31), and 
Pnmm (No. 59). Moreover, this phase can be retained at 
normal pressure. 

Above about 40 GPa six distinct new lines appeared, 
signaling the transition to phase IV. There are, however, 
nine other lines which can be considered to be lines from 
the previous phase 111. Within this simplest assumption, 
there are no other lines which can be attributed to this 
highest-pressure phase; the new1y observed ditfraction 
lines can be indexed based on a tetragonal cell (see Table 
1). This tetragonal cell is related to the cell of phase 111 
by the relations aiV=fcm and c1v=f(am+bm). lt is in-
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teresting to note that c1v is thus equal to half of the body 
diagonal of the original monoclinic cell (or ftuorite-type 
cubic cell of high-temperature phase). A detailed struc­
ture analysis is necessary to determine the real symmetry 
and space group of phase IV in Hf02• It may be pro­
posed, however, based on a few extinction rules, that the 
space group is one of P42212 (No. 94), P4212 (No. 90), 
P421m (No. 113), or even P4/n (No. 85), P42/n (No. 86), 
and P4/nmm (No. 129). 

In the pressure range between 40 GPa and the highest 
pressure investigated, 47.5 GPa, the orthorhombic phase 
111 coexisted with the tetragonal phase IV, but had a 
smaller volume than obtained by extrapolation (Fig. 3). 

This tetragonal phase of HtD2 has no similarities with 
the highest-pressure phase known for Zr02 around 50 
GPa which was reported as being tetragonal23 but is actu­
ally orthorhombic. 6 With the present tetragonal cell, 
only one line 110 out of the other nine lines observed for 
Zr02 in this pressure range could be indexed. The search 
for a common structure for both compounds in this pres­
sure range was unsuccessful. 

Recovered sample at normal pressure 

Upon decreasing the pressure from 47.5 GPa, the line 
111 from phase IV was still observed at 10 GPa and lines 
from phases 11 and 111 were detected. Finally, after un­
loading, the sample was recovered from the pressure cell 
and a diffraction pattern was recorded under normal con­
ditions with a standard Debye camera. The diffraction 
lines from all the four phases found under high pressure 
were observed (Table 111). Thus a partial back conver­
sion to the lower-pressure phases took place in our exper-

iments. No other phase, such as the cotunnite-type 
phase, could be detected. At normal pressure the relative 
volume, (V /V0 ) p =O• of the quenched phase 111 is equal 
to 0.952, which is in excellent agreement with the value 
obtained from quenching experiments at 6 GPa and tem­
peratures close to 1000 K (0.958).8•9·ll The relative 
volume ofphases 111 and IV, which are also metastable at 
normal pressure, are equal to 0.88 and 0.80, respectively. 
The monoclinic phase I recovered at normal pressure has 
a relative volume close to one, 1.01, which is an indica­
tion of the experimental uncertainties when four phases 
are mixed together. The approximate relative quantities 
ofphases I-IV can be deduced from the observed pattern 
as 1:3:3:2 (Table 111). 

Orthorhombic phase of cotunnite PbCl2 type 

The cotunnite-, PbClrtype, structure was proposed3 

for the orthorhombic-11 phase appearing in Zr02 at 
about 21 GPa at room temperature. In our experiments, 
the lattice parameters of all phases of Hf02 are 
significantly different from those of PbClrtype crystals 
indicating the absence of such a high-pressure structure 
at room temperature. The cotunnite-type structure was 
proposed for a sample of HtD2 recovered at normal pres­
sure after quenching experiment from pressures greater 
than 20 GPa and temperatures above 1300 K.2 However, 
these data could be considered as arising from a mixture 
of several phases as in our own experiment performed at 
room temperature (see Table 111). Moreover, the line at 
d = 2. 77 Â, rather strong in the PbC12 structure 
(I /10 =0.6), was not observed in Ref. 2, supporting the 
hypothesis of the absence of a PbC12-type structure in 

TABLE 111. Diffraction pattern ofHf02 at ambient pressure after pressurization to 47.5 GPa. The 
hkl correspond to the diffraction lines from four phases o f hafnia under high pressure ( * : line o f 
highest intensity in each phase). For comparison the diffraction pattern of the phase quenched from 20 
GPa and 1270 K (Ref. 2) is given. 

Ref. 2 Present work Phases 
d <Ãl 1/10 d l/lo I 11 III IV 

3.623 20 110 
3.25 5 

3.129 35 11T* 
2.950 40 2.959 100 120* 

2.903 100 211* 
2.790 100 2.810 70 111 

2.771 70 111 * 
2.614 40 002 020 111 

2.603 50 2.594 50 020 
2.532 30 200 200 
2.504 40 102 400 
2.325 10 012 021 

2.140 5 2.178 5 121 
2.083 5 212 

2.025 40 
2.002 10 211 
1.829 40 022 112 

1.806 25 1.811 40 220 
1.771 15 040 

(etc.) (etc.) 



98 LEGER, ATOUF, TOMASZEWSKI, ANO PEREIRA 48 

Hf02• This does not rule out the existence of such a 
high-pressure phase at high temperatures. 

CONCLUSION 

In situ powder x-ray diffraction experiments have been 
performed at room temperature up to 47.5 GPa on hafni­
um dioxide. The transition from the monoclinic to or­
thorhombic phase was observed to occur at about 10 
GPa. Above 26 and 42 GPa two previously unknown 
phases, labeled, respectively, as phases Ill and IV (do not 
confuse them with the orthorhombic-11 and -III phases in 
Zr02 ), were discovered. Phase Ill is orthorhombic, while 
the symmetry of phase IV was tentatively assumed as 
tetragonal (however, a lower symmetry is always possi­
ble). No other orthorhombic phase, such as of cotunnite 
type reported from quenching experiments, could be 
detected in the present experiments. On releasing the 
pressure, the reverse transformations are incomplete and 
at normal pressure, the recovered sample consisted of a 
mixture of the four phases observed under pressure. The 
unit cell parameters and the volumes of the four high-
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