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Theoretical and experimental evidence  
for a post-cotunnite phase transition in hafnia 
at high pressures 

Using first-principles density-functional theory (DFT) computations, 
we have predicted a new post-cotunnite (OII) phase of hafnia (HfO2) at high pressures. 
Our computations, using the generalized gradient approximation (GGA), predict a 
phase transition from OII to a Fe2P-type structure at ~ 120 GPa (~ 140 GPa) with a 
slight volume collapse at the transition pressure of ~ 0.2 % (~ 0.1 %) between the two 
phases using the second- (third-) order Birch-Murnaghan equation of state, 
respectively. The prediction of the new phase is consistent with recent experiments and 
computations performed on similar dioxides titania (TiO2) and zirconia (ZrO2) at 
extreme pressure-temperature conditions. Importantly, our theoretical prediction for 
the OII → Fe2P transition in HfO2 is experimentally supported by the re-analysis of X-
ray diffraction patterns of HfO2 at extreme pressure-temperature (p, T) conditions. 
Additionally, the equation of state and hardness of the predicted phase have been com-
puted and show that Fe2P-type phase while less compressible than the OII phase is 
nearly identical in hardness, indicating that none of the HfO2 phases qualify as super-
hard. 

Keywords: phase transitions, equation of state, hardness, first-
principles, x-ray diffraction, phase stability. 

INTRODUCTION 

Hafnia (HfO2) is characterized by its structural stability as well as 
its dielectric properties as a high-k dielectric material. Therefore, HfO2 has impor-
tant industrial applications in optical coatings [1, 2] and as a gate insulator in 
advanced metal-oxide-semiconductor technology [3–5], and it has attracted interest 
as a suggested candidate for resistive-switching memories [6–8]. As a result, HfO2 
has received a great deal of attention during the last few decades to study its vari-
ous mechanical properties, and one of the ongoing interests is investigating its 
high-pressure/temperature behavior. Thus, many experimental [9–20] and theoreti-
cal [9, 21–25] studies have investigated the high-pressure, high-temperature behav-
ior of HfO2. The first-principles computations [9, 22, 25] predict that HfO2 under-
goes the following sequence in crystal structure on compression: 
baddeleyite → OI → OII in good agreement with measurements [9, 11, 26].  
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It should be noted that the high-pressure behavior of HfO2 is very similar to that 
of zirconia (ZrO2) [9, 11, 22, 25–31] as both dioxides undergo the same high-
pressure phase transition sequence, and the equation of state (EOS) and the me-
chanical hardness of their various phases are comparable. Additionally, this simi-
larity extends to titania (TiO2) where experiments and calculations have shown that 
the three dioxides overlap the same sequence: baddeleyite → OI → OII with com-
parable mechanical properties [24, 32–38]. 

Until recently, the cotunnite (OII) phase (Fig. 1) of the three transition metal 
dioxides (TMDs) has been thought to be the highest-pressure and densest phase 
among these dioxide phases. However, recent high-pressure diamond-anvil cell 
(DAC) experiments and density-functional theory (DFT) computations have 
shown that Fe2P-type structure phase (see Fig. 1) is denser and more stable than 
OII for TiO2 [39] and ZrO2 [40] at high pressures. For example, experimentally, 
Fe2P phase becomes stable at (210 GPa, 4000 K) [39] and (175 GPa, 3000 K) [40] 
for TiO2 and ZrO2, respectively. Theoretically, the generalized gradient ap-
proximation (GGA) computations predict the OII → Fe2P transition to occur at 161 
GPa (for TiO2) [39] and at 143 GPa (for ZrO2) [40]. For HfO2, the most extreme 
conditions that have been achieved thus far is 105 GPa and 1800 K [9], and in spite 
of these conditions, the OII phase was concluded to be the highest-pressure phase 
of HfO2, with no claim of transition to a new phase (Fe2P) in that study [9]. 
Additionally, the Fe2P structure has been predicted for Ti(Zr/Hf)2O6 photocatalysts 
using first-principles computations [41].  

 

 
Fig. 1. Crystal structures and summary of the structural properties of HfO2 phases [62]. The 
larger spheres represent the Hf atom, while the smaller spheres represent the O atom. The OII 
phase has been observed in TiO2, ZrO2, and HfO2 [9, 11, 27–29, 32, 34, 35, 63] while Fe2P phase 
has been previously observed in TiO2 [39] and ZrO2 [40]. 

 
While other structures can be theoretically tested at high pressure for HfO2, our 

focus is on Fe2P-type structure as it has been already experimentally observed for 
similar dioxides. Consequently, and due to the similarity in the three TMDs, we 
test the stability at high pressures and the EOS of Fe2P–HfO2 phase for the first 
time using DFT computations as well as a re-examination of previous measure-
ments for the presence of this phase. However, we should note that although Fe2P 
is not unexpected for HfO2, to our knowledge it has not been experimentally or 
theoretically confirmed yet.  
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In general, the synthesis of new high-pressure phases is an important route to 
produce new materials with enhanced properties, and the synthesis conditions play 
a very important role due to the difficulties in producing ultrahigh p, T-conditions. 
Therefore, reducing the extreme p, T-synthesis conditions could be possible in case 
of synthesizing the same high-p phase for a different material that greatly overlaps 
in the behavior and properties with a material that requires much more extreme 
conditions. As a result, we examine the possibility of synthesizing Fe2P–HfO2 at 
noticeably lower p, T-conditions compared to similar TMDs TiO2 and ZrO2.  

THEORETICAL METHODS 

To study the phase stability and the EOSs of HfO2, we used static first-
principles computations performed within the framework of DFT [42]. The projec-
tor-augmented wave (PAW) formalism [43, 44] was used to treat the interactions 
between the atoms having a core radii of 2.600 bohr for hafnium (Hf) and 1.520 
bohr for oxygen (O) with the valence configuration of 5p66s25d2 for Hf and 2s22p4 
for O. Following previous high-pressure computations performed on HfO2 [9, 22, 
25], the electronic exchange and correlation effects were treated within the GGA 
[45]. We performed our calculations using the VASP software package [46–49] 
with an energy cutoff of 600 eV and Γ-centered k-point meshes [50]. Our computa-
tions yielded sufficient convergence to better than ~ 0.1 meV/atom in the total 
energies for both phases and pressures were converged to better than 0.1 GPa. The 
Brillouin zone integration was performed using the following k-point meshes for 
the HfO2 phases: 4×8×4 for OII and 6×6×10 for Fe2P. Scalar-relativistic effects are 
taken into account in the PAW potentials [43, 51]. For a fixed volume, all internal 
degrees of freedom and unit-cell parameters of the structure were optimized 
simultaneously during the geometry optimizations. The ground-state energy for 
each phase was determined for 15–16 volumes, which encompass the (expected) 
experimental range for each phase. The investigated HfO2 phases remain insulators 
up to the highest pressures achieved in this study. The EOS parameters for each 
phase were obtained by fitting the total energy as a function of volume to a second- 
(third-) order Birch-Murnaghan equation of state (BM-EOS) [52] (Table 1). The 
calculated mechanical hardness for each phase was obtained using a scaling model 
that has been proposed to estimate the hardness in ionic and covalent materials 
[53].  

RESULTS AND DISCUSSION 

Compressibility and equation of state 

The calculated EOS parameters for the OII and Fe2P phases of HfO2 as well as 
reported values from previous work on similar TMDs TiO2 [39] and ZrO2 [40] are 
summarized in Table 1. The calculated bulk modulus we have obtained for Fe2P–
HfO2 using the second-order BM-EOS [52] is 288 (2) GPa, which is ~ 6.3 % 
higher than our calculated K0 of OII–HfO2. Therefore, Fe2P is the most incom-
pressible phase of HfO2 proposed thus far, consistent with its TiO2 and ZrO2 coun-
terparts.  

To our best knowledge, the Fe2P phase has not been tested previously for HfO2 
and, thus, there are no available experimental or theoretical data on Fe2P–HfO2 to 
compare with. However, this phase has been tested using both experiment and 
theory for the other two TMDs TiO2 [39] and ZrO2 [40], and it has been shown that 
Fe2P becomes more stable than OII at high pressures. Because of this similarity, we 
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compare the trends in EOS of OII–HfO2 versus Fe2P–HfO2 with their correspond-
ing EOSs of TiO2 [39] and ZrO2 [40]. 

Table 1. Theoretical EOSs of OII and Fe2P phases of TiO2, ZrO2, and HfO2 
and the calculated and measured transition pressure between the two 
phases for each dioxide. Our EOS is determined from GGA computations 
using the second- (third-) order BM-EOS [52]. For comparison, we list 
other theoretical and experimental results [39, 40]. 1 uncertainties 
are given in parentheses 

Equation of state 
OII → Fe2P transition pres-

sure Dioxide Phase
V0, Å3 K0, GPa K0′ experiment theory (GGA) 

Refer-
ence 

OII 26.20 239.9 4.2 TiO2 

Fe2P 26.70 272.1 4 

210 GPa  

and 4000 K 

161 GPa [39] 

OII 30.66 
30.78 

258 
242 

4 (fixed)
4.24 

ZrO2 

Fe2P 30.34 
30.43 

272 
260 

4 (fixed)
4.18 

175 GPa  

and 3000 K 

143 GPa [40] 

OII 30.06 (0.06)
30.25 (0.05)

271 (3)
239 (5) 

4 (fixed)
4.52 (0.09)

HfO2 

Fe2P 29.69 (0.03)
29.74 (0.01)

288 (2)
270 (1) 

4 (fixed)
4.32 (0.02)

Close  

to 105 GPa 

 and 1800 K*

120 GPa (using 

 second-order  

BM-EOS) 

and 140 GPa 

(using third- 

order BM-EOS) 

This work 

*See Results and Discussion. 
  
It is important to note that we compare our calculated K0 of Fe2P–HfO2 with 

previous computations rather than measurements in order to ensure a fair compari-
son, and although experiments have confirmed the stability of the Fe2P phase for 
both TiO2 [39] and ZrO2 [40], the EOS of Fe2P–HfO2 has not been measured. Our 
comparison (see Table 1), using our second-order BM-EOS parameters, shows that 
the increase in K0 between OII and Fe2P is ~ 9.2 % and ~5.4 % for TiO2 [39] and 
ZrO2 [40], respectively, which is in good agreement with our calculations (~ 6.3 %) 
for HfO2.  

Additionally, to better understand the compressional behavior of the newly pre-
dicted Fe2P–HfO2 in comparison to the experimentally confirmed Fe2P–ZrO2 [40], 
in Fig. 2 we show the change in the normalized unit-cell parameters (a/a0 and c/c0) 
for Fe2P–HfO2 as a function of pressure as determined by GGA calculations. Our 
computations suggest anisotropic compression in the Fe2P-type crystal structure for 
HfO2 as the unit-cell parameter c is noticeably more compressible (linear modulus 
K0c = 209 (5) GPa) than parameter a (linear modulus K0a = 340 (3) GPa) when fit 
to a Birch-Murnaghan-like fit to the respective lattice parameters [54] which nicely 
agrees with Fe2P–ZrO2 measurements (Table 2) [40].  

Phase stability 

We have tested the relative stability of the two phases in this study and find the 
transition from OII to Fe2P occurs at ~ 120 GPa (~ 140 GPa) using the second- 
(third-) order BM-EOS [52] (Fig. 3), suggesting that Fe2P is the highest-pressure 
phase among known HfO2 polymorphs. This prediction agrees well with previous 
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measurements and computations performed on similar dioxides TiO2 [39] and ZrO2 
[40] that have confirmed the OII Fe2P transition at ultrahigh pressures experimen-
tally. Specifically, using high-resolution synchrotron powder X-ray diffraction 
(XRD), high-pressure laser-heated DAC experiments have confirmed the 
OII → Fe2P transition under extreme conditions of pressure and temperature, 
where Fe2P has been observed at (210 GPa, 4000 K) [39] and (175 GPa, 3000 K) 
[40] for TiO2 and ZrO2, respectively. Furthermore, static DFT computations using 
GGA have predicted this transition to occur at 161 GPa [39] and 143 GPa [40] for 
TiO2 and ZrO2, respectively. Thus, the trend in the transition pressure to the Fe2P 
phase supports our findings that the OII → Fe2P transition in HfO2 is likely to oc-
cur at lower pressures than it does for TiO2 or ZrO2. 
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Fig. 2. The change in the normalized unit-cell parameters (a/a0 and c/c0) for Fe2P–HfO2 as a 
function of pressure as determined by GGA calculations. Dotted lines indicate the third-order 
linear BM-EOS [52] for a/a0 (upper curves) and c/c0 (lower curves) axes (see Table 2). Our 
calculations are in excellent agreement with recent measurements [40] on TMD Fe2P–ZrO2 (a/a0: 
solid triangles and c/c0: solid squares). The unit-cell parameter c is predicted to be more com-
pressible than parameter a as pressure increases in excellent agreement with recent measure-
ments [40] on Fe2P–ZrO2.  

 

Table 2. Calculated linear second- (third-) order BM-EOSs for the unit-cell 
parameters (a and c) of Fe2P–HfO2. 1 uncertainties are given  
in parentheses 

Linear EOS of unit-cell parameter a Linear EOS of unit-cell parameter c Equation of State
a0, Å K0a, GPa K0a′ c0, Å K0c, GPa K0c′ 

Second-order BM 5.602 (0.002) 340 (3) 4 (fixed) 3.280 (0.005) 209 (5) 4 (fixed) 

Third-order BM 5.598 (0.002) 360 (5) 3.69 (0.07) 3.286 (0.002) 163 (4) 5.29 (0.11) 

 
Additionally, experimentally, the most extreme p, T-conditions that have been 

achieved on HfO2 thus far is 105 (10) GPa and heated up to ~ 1800 K, where OII 
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Fig. 3. Change in enthalpy with respect to OII phase versus pressure of one HfO2 formula unit as 
determined by GGA calculations. The transition pressure from OII to Fe2P is ~ 120 GPa and 
~140 GPa using a second- (dashed curve) and third- (solid curve) order BM-EOS [52], respec-
tively. 

 
was claimed to be the only phase observed at these conditions [9]. However, 
considering the p, T-trend discussed above as well as the effects of thermal 
pressure [55–57], we infer that the p, T-conditions achieved in this study [9] are 
likely close for the predicted phase transformation OII → Fe2P. Therefore, we have 
reviewed the room-temperature, post-heated at 1800 K XRD pattern of HfO2 
(Fig. 4) at 105 GPa from that study [9], and have noticed that there are three very 
weak unexplained XRD peaks in which one of them appears as a left shoulder to 
the most intense peak of OII phase (OII: 102 reflection). Consequently, our 
analysis has confirmed that the unexplained peaks may belong to Fe2P phase (201 
and 101 reflections) and the shoulder-like peak is likely to belong to Fe2P phase 
(110 reflection). Additionally, these three peaks (201, 101 and 110) correspond to 
the most intense peaks observed in that phase [39, 40], and, therefore, are expected 
to be the first peaks to be observed in an emerging Fe2P-structured HfO2. More-
over, the measured d-spacing values that correspond to the three peaks yield small 
residuals (≤ ±0.0085 Å) from the expected values given the resultant unit-cell 
parameters (Table 3). Additionally, the measured unit-cell parameters and volume 
calculated from these reflections nicely agrees with our computations at 105 GPa 
(Fig. 5, Table 3). This analysis provides us with an important indication for the 
occurrence of the OII → Fe2P transition in HfO2 and additional experimental 
evidence that supports our computations for OII → Fe2P transition at p, T-
conditions greater than (but near to) 105 GPa and 1800 K.  

We note that the OII → Fe2P transition in HfO2 is a first-order transition associ-
ated with a slight volume change (see below) and a small change in enthalpy. The 
change in enthalpy with respect to pressure (ΔH/ΔP) for this transition is 
~ 3.27⋅10–4 eV⋅GPa–1 (~ –0.032 kJ⋅mol–1⋅GPa–1) and ~ 1.22⋅10–4 eV⋅GPa–1  
(~ –0.012 kJ⋅mol–1.GPa–1) using the second- (third-) order BM-EOS [52], respectively 
(see Fig. 3). This is similar to the value obtained for ZrO2 (~ –0.016 kJ⋅mol–1⋅GPa–1) [40] 
and the value obtained for TiO2 (~ –0.032 kJ⋅mol–1 GPa–1) [39]. Consequently, this 
may indicate a sluggish transition across the OII → Fe2P transition in HfO2 due to 
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kinetics which is evidenced by the experimentally observed coexistence of the two 
phases at high p, T-conditions (see Fig. 4). 

 

1.3                  1.5                   1.7                   1.9                   2.1                   2.3                   2.5                   2.7                  2.9 
d�spacing, Å

0 

20 

R
el

at
iv

e 
in

te
ns

it
y 

40 

60 

80 

100 

 
Fig. 4. XRD pattern of HfO2 at ~ 105 GPa after heating to ~ 1800 K [9]. Fe2P–HfO2, OII–HfO2, 
and NaCl B2 Miller indices are shown for respective XRD reflections. Insets show zoomed-in 
regions that are shown in dashed ellipses of the three observed weak XRD reflections of Fe2P 
phase. 
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Fig. 5. Pressure versus volume of one HfO2 formula unit as determined by GGA computations 
using the third-order BM-EOS [52]. The solid line represents the OII phase, whereas the dashed 
line represents the Fe2P phase. The open circle represents the measured volume of Fe2P–HfO2 at 
~ 105 GPa [9], which agrees well with the calculated volume at the same pressure. Our calcula-
tions clearly show the small volume change between the two phases especially at high pressures. 
The volume collapse at the transition pressure between the two phases is shown in the insets 
(upper inset: using the third-order BM-EOS, lower inset: using the second-order BM-EOS). 
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Table 3. The expected versus measured d-spacing values for the three 
observed weak XRD reflections at 105 GPa [9] and the corresponding 
measured volume for one HfO2 formula unit and the unit-cell parameters  

hkl 
Expected  

d-spacing, Å 
Measured 

d-spacing, Å
Difference between expected 

and measured values, Å 
201 1.8088 1.8173 –0.0085 

101 2.5178 2.5146 +0.0032 

110 2.6003 2.5974 +0.0029 

Volume, Å3 23.71 (0.18) 

Unit-cell parameters, Å a = 5.2005 (0.0182), c = 3.0366 (0.0170) 

Volume change 

As shown in Fig. 5, the OII → Fe2P transition in HfO2 is associated with a 
slight volume change of ~ 0.2 % (0.1 %) using the second- (third-) order BM-EOS 
[52] at the transition pressure. In fact, this result is not unexpected since the 
coordination number (CN) of Hf in Fe2P phase remains unchanged upon the transi-
tion from OII phase, where the CN of Hf is 9 in both phases. However, this volume 
difference increases as pressure decreases, and it reaches ~ 1.2 % (1.7 %) using the 
second- (third-) order BM-EOS [52] at zero pressure (see Fig. 5, Table 1) indicat-
ing that Fe2P is the densest known phase of HfO2 in good agreement with recent 
GGA calculations where Fe2P phase is found to be 1.9 % and 1.0 % denser than 
OII phase (Table 1) for TiO2 [39] and ZrO2 [40], respectively. Furthermore, the 
slight volume drop across OII → Fe2P transition has been also observed in recent 
measurements for both TiO2 [39] and ZrO2 [40] and it has been concluded that 
Fe2P is the densest phase at these conditions among TiO2 and ZrO2 polymorphs as 
well, consistent with our predictions.  

Generally, we note that if the transition from one phase to another is associated 
with an increase in the CN of the central atom, a large volume change is expected, 
which is not the case for the OII → Fe2P transition. For instance, the OI → OII 
transition in HfO2 corresponds to an increase of the CN in Hf from 7 to 9, and, 
therefore, a large volume collapse has been reported both experimentally [9, 11, 
26] and theoretically [9, 22, 25].  

Hardness calculations 

For completeness, we introduce a brief discussion on the mechanical hardness 
of TMDs to support our prediction of the post-cotunnite phase. Over the last two 
decades, high-pressure phases of TMDs have been suggested to possess high hard-
ness values (for a recent review, see Ref. [58]). However, recent studies have con-
cluded that none of these phases are qualified to be superhard in spite of their high 
bulk moduli [9, 27, 58–60]. To test this conclusion, we use the Simunek and 
Vackar scaling model [53] to estimate the hardness of Fe2P–HfO2 at equilibrium 
and compare it with that of the other crystal structures of HfO2. In this model, the 
hardness is inversely proportional to average atomic volume, coordination number, 
and bond length, whereas it is proportional to the average number of bonds per 
atom [53]. Based on this model, the hardness is also dependent on the characteristic 
length scale of the charge density distribution about each atom (Ri), where Ri is 
found to be nearly independent of phase [9, 27, 53, 61] with values of 1.78 Å and 
1.07 Å for Hf and O, respectively, using GGA calculations [9].  
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As expected, since Fe2P–HfO2 is slightly denser than OII–HfO2, our computed 
Hf–O bond lengths in Fe2P–HfO2 are found to be slightly shorter in OII–HfO2, 
where both phases have the same CN; thus, a slight increase in hardness is ex-
pected for Fe2P compared to OII. Indeed, our calculated hardness for OII is 9.8 
GPa in excellent agreement with previous calculations [9], whereas our calculated 
value for Fe2P is 10 GPa which is only ~2 % higher than that of OII. Furthermore, 
the fact that Fe2P does not qualify to be potentially superhard has been also con-
firmed for TiO2 with a computed hardness value of less than 20 GPa [59]. There-
fore, our hardness calculations confirm that high-pressure phases of TMDs do not 
qualify to be superhard materials as their hardness is much less than 40 GPa, a 
prerequisite for a material to be superhard. We emphasize that while Fe2P–HfO2 is 
not superhard, it may show other interesting properties; however, the focus of this 
study is on the confirmation of this phase at extreme p, T-conditions, similar to 
other TMDs.  

CONCLUSIONS 

In summary, we have tested the stability of a new post-cotunnite phase at high 
pressures using DFT-based first-principles computations, and concluded that Fe2P 
is the highest pressure and the densest phase of HfO2 determined thus far. Our pre-
diction of the new phase is consistent with previous measurements and calculations 
performed on similar TMDs TiO2 [39] and ZrO2 [40] in terms of the EOS, transi-
tion pressure, and volume change as well as the trends in these outcomes among 
the three TMDs. Importantly, our re-analysis of previous DAC-XRD measure-
ments on HfO2 at extreme conditions (105 GPa, 1800 K) [9] has shown that the 
experimental OII → Fe2P transition pressure is likely to be close to our calculated 
value (~ 120–140 GPa) in agreement with the expected experimental transition 
pressure when compared to the measured values in TiO2 [39] and ZrO2 [40]. Addi-
tionally, our mechanical hardness estimations of the dense Fe2P–HfO2 phase 
clearly show that the newly predicted phase is not a candidate for a superhard ma-
terial.  
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Використовуючи розрахунки з перших принципів теорії функціонала 

щільності, спрогнозовано отримання за високого тиску нової фази пост-хлориду свинцю 
(OII) – двоокису гафнію (HfO2). Наші розрахунки, з використанням наближення узагальне-
ного градієнта, передбачають фазовий перехід від OII до структури типу Fe2P при  
~ 120 ГПа (~ 140 ГПа) з невеликою зміною об’єму з перепадом тиску ~ 0,2 % (~ 0,1 %) між 
двома фазами з використанням другого (третього) порядку рівняння Birch-Murnaghan. 
Прогнозування нової фази узгоджується з останніми експериментами та розрахунками, 
проведеними на подібних діоксидах титану (TiO2) та цирконію (ZrO2) при екстремальних 
температурних умовах. Важливо, що наш теоретичний прогноз для переходу OII → Fe2P 
в HfO2 експериментально підтверджується повторним аналізом рентгеноструктурних 
картин HfO2 за екстремальних тиску та температури. Крім того, було розраховано 
рівняння стану і твердість передбачуваної фази та показано, що фаза типу Fe2P, хоча 
мала меншу стисливість, ніж фаза OІІ, є практично ідентичною з останнью за твердіс-
тю, і це вказує, що жодна з фаз HfO2 не є надтвердою. 

Ключові слова: фазові переходи, рівняння стану, твердість, первинні 
принципи, рентгенівська дифракция, фазова стабільність. 

 
Используя вычисления из первых принципов теории функционала плот-

ности, предсказано получение при высоких давлениях новой фазы пост-хлорида свинца 
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(OII) – двуокиси гафния (HfO2). Наши расчеты, используя приближение обобщенного 
градиента, предсказывают фазовый переход от OII к структуре типа Fe2P при 
~ 120 ГПа (~ 140 ГПа) при небольшом изменении объема при давлении перехода ~ 0,2 % 
(~ 0,1 %) между двумя фазами с использованием уравнения состояния второго (третье-
го) порядка Birch-Murnaghan. Предсказание новой фазы согласуется с недавними экспе-
риментами и расчетами, выполненными на аналогичных диоксидах титана (TiO2) и цир-
кония (ZrO2) в экстремальных температурных условиях. Важно отметить, что наше 
теоретическое предсказание для перехода OII → Fe2P в HfO2 экспериментально под-
тверждается повторным анализом рентгеновских дифрактограмм HfO2 при экстре-
мальных давлении и температуре. Кроме того, было вычислено уравнение состояния и 
твердость предсказанной фазы и показано, что фаза типа Fe2P, хотя имела меньшую 
сжимаемость, чем фаза OII, почти идентична с последнею по твердости, этоуказывает 
на то, что ни одна из фаз HfO2 не является сверхтвердой. 

Ключевые слова: фазовые переходы, уравнение состояния, твердость, 
первые принципы, рентгеновская дифракция, фазовая устойчивость. 
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