UDC 536.42:669.297

Yahya Al-Khatatbeh" *, Khaldoun Tarawneh',
Hussein Al-Taani?, Kanani K. M. Lee®

'Department of Basic Sciences, Princess Sumaya University
for Technology, Amman, Jordan

2School of Basic Sciences and Humanities, German Jordanian
University, Amman, Jordan

*Department of Geology and Geophysics, Yale University,
New Haven, Connecticut, USA

*y.alkhatatbeh@psut.edu.jo

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 (HfO,) at high pressures.
Our computations, using the generalized gradient approximation (GGA), predict a
phase transition from OII to a Fe,P-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 (TiO;) and zirconia (ZrO,) at
extreme pressure-temperature conditions. Importantly, our theoretical prediction for
the OIl — Fe,P transition in HfO, is experimentally supported by the re-analysis of X-
ray diffraction patterns of HfO, 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 Fe,P-type phase while less compressible than the OII phase is
nearly identical in hardness, indicating that none of the HfO, phases qualify as super-
hard.

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

INTRODUCTION

Hafnia (HfO,) is characterized by its structural stability as well as
its dielectric properties as a high-k dielectric material. Therefore, HfO, 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, HfO,
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 HfO,. The first-principles computations [9, 22, 25] predict that HfO, 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 HfO, is very similar to that
of zirconia (ZrO,) [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 (TiO,) 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 (OIl) 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 Fe,P-type structure phase (see Fig. 1) is denser and more stable than
OII for TiO, [39] and ZrO, [40] at high pressures. For example, experimentally,
Fe,P phase becomes stable at (210 GPa, 4000 K) [39] and (175 GPa, 3000 K) [40]
for TiO, and ZrO,, respectively. Theoretically, the generalized gradient ap-
proximation (GGA) computations predict the OIl — Fe,P transition to occur at 161
GPa (for TiO,) [39] and at 143 GPa (for ZrO;) [40]. For HfO,, 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 HfO,, with no claim of transition to a new phase (Fe,P) in that study [9].
Additionally, the Fe,P structure has been predicted for Ti(Zr/Hf),0O¢ photocatalysts
using first-principles computations [41].
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Fig. 1. Crystal structures and summary of the structural properties of HfO, phases [62]. The
larger spheres represent the Hf atom, while the smaller spheres represent the O atom. The OII
phase has been observed in TiO,, ZrO,, and HfO, [9, 11, 27-29, 32, 34, 35, 63] while Fe,P phase
has been previously observed in TiO, [39] and ZrO, [40].

While other structures can be theoretically tested at high pressure for HfO,, our
focus is on Fe,P-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 Fe,P-HfO, 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 Fe,P
is not unexpected for HfO,, 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 Fe,P-HfO, at
noticeably lower p, T-conditions compared to similar TMDs TiO; and ZrO,.

THEORETICAL METHODS

To study the phase stability and the EOSs of HfO,, 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 511)66L9250l2 for Hf and 2s22p4
for O. Following previous high-pressure computations performed on HfO, [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 I'-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 HfO, phases: 4x8x4 for OII and 6x6x10 for Fe,P. 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 HfO, 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 Fe,P phases of HfO, as well as
reported values from previous work on similar TMDs TiO; [39] and ZrO, [40] are
summarized in Table 1. The calculated bulk modulus we have obtained for Fe,P—
HfO, using the second-order BM-EOS [52] is 288 (2) GPa, which is ~6.3 %
higher than our calculated K, of OII-HfO,. Therefore, Fe,P is the most incom-
pressible phase of HfO, proposed thus far, consistent with its TiO, and ZrO, coun-
terparts.

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

Table 1. Theoretical EOSs of Oll and Fe,P phases of TiO,, ZrO,, and HfO,
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]. 16 uncertainties

are given in parentheses

Dioxide |Phase Equation of state ol = FezPstL::;\gsmon Pres- | Refer-
ence
Vo, A |Ko, GPa| Ko' experiment | theory (GGA)
TiO, (0)1} 26.20 239.9 4.2 210 GPa 161 GPa [39]
Fe,P 26.70 272.1 4 and 4000 K
710, (0)1} 30.66 258 4 (fixed) 175 GPa 143 GPa [40]
30.78 242 4.24 and 3000 K
Fe,P 3034 272 4 (fixed)
30.43 260 4.18

HfO, OIl 30.06 (0.06) 271(3) 4 (fixed) Close 120 GPa (using This work
30.25(0.05) 239(5) 4.52(0.09) to105GPa  second-order

Fe,P 29.69 (0.03) 283(2) 4 (fixed) and 1800 K*  BM-EOS)
29.74 (0.01) 270 (1) 4.32(0.02) and 140 GPa

(using third-
order BM-EOS)

*See Results and Discussion.

It is important to note that we compare our calculated K, of Fe,P-HfO, with
previous computations rather than measurements in order to ensure a fair compari-
son, and although experiments have confirmed the stability of the Fe,P phase for
both TiO, [39] and ZrO, [40], the EOS of Fe,P-HfO, has not been measured. Our
comparison (see Table 1), using our second-order BM-EOS parameters, shows that
the increase in K, between OII and Fe,P is ~ 9.2 % and ~5.4 % for TiO, [39] and
Zr0O;, [40], respectively, which is in good agreement with our calculations (~ 6.3 %)
for HfO,.

Additionally, to better understand the compressional behavior of the newly pre-
dicted Fe,P-HfO, in comparison to the experimentally confirmed Fe,P—ZrO, [40],
in Fig. 2 we show the change in the normalized unit-cell parameters (a/ay and c/cy)
for Fe,P—HfO, as a function of pressure as determined by GGA calculations. Our
computations suggest anisotropic compression in the Fe,P-type crystal structure for
HfO, as the unit-cell parameter ¢ is noticeably more compressible (linear modulus
Ko = 209 (5) GPa) than parameter a (linear modulus Ky, = 340 (3) GPa) when fit
to a Birch-Murnaghan-like fit to the respective lattice parameters [54] which nicely
agrees with Fe,P—ZrO, 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 Fe,P occurs at ~ 120 GPa (~ 140 GPa) using the second-
(third-) order BM-EOS [52] (Fig. 3), suggesting that Fe,P is the highest-pressure
phase among known HfO, polymorphs. This prediction agrees well with previous
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measurements and computations performed on similar dioxides TiO, [39] and ZrO,
[40] that have confirmed the OII Fe,P 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 — Fe,P transition under extreme conditions of pressure and temperature,
where Fe,P has been observed at (210 GPa, 4000 K) [39] and (175 GPa, 3000 K)
[40] for TiO, and ZrO,, respectively. Furthermore, static DFT computations using
GGA have predicted this transition to occur at 161 GPa [39] and 143 GPa [40] for
TiO, and ZrO,, respectively. Thus, the trend in the transition pressure to the Fe,P
phase supports our findings that the OIl — Fe,P transition in HfO, is likely to oc-
cur at lower pressures than it does for TiO, or ZrO,.
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Fig. 2. The change in the normalized unit-cell parameters (a/ay and c/cy) for Fe,P-HfO, as a
function of pressure as determined by GGA calculations. Dotted lines indicate the third-order
linear BM-EOS [52] for a/ay (upper curves) and c/cy (lower curves) axes (see Table 2). Our
calculations are in excellent agreement with recent measurements [40] on TMD Fe,P-ZrO, (a/ay:
solid triangles and c/cy: 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 Fe,P—ZrO,,

Table 2. Calculated linear second- (third-) order BM-EOSs for the unit-cell
parameters (a and c) of Fe,P-HfO,. 16 uncertainties are given
in parentheses

Linear EOS of unit-cell parameter a|Linear EOS of unit-cell parameter ¢
ao, A |K03, GPa| KOa’ Co, A | Koc, GPa | Koc'

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)

Equation of State|

Additionally, experimentally, the most extreme p, T-conditions that have been
achieved on HfO, 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 HfO, formula unit as
determined by GGA calculations. The transition pressure from OII to Fe,P 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 OIl — Fe,P. Therefore, we have
reviewed the room-temperature, post-heated at 1800 K XRD pattern of HfO,
(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 Fe,P phase (201
and 101 reflections) and the shoulder-like peak is likely to belong to Fe,P 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 Fe,P-structured HfO,. More-
over, the measured d-spacing values that correspond to the three peaks yield small
residuals (< £0.0085 A) 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 OIl — Fe,P transition in HfO, and additional experimental
evidence that supports our computations for OIl — Fe,P transition at p, 7-
conditions greater than (but near to) 105 GPa and 1800 K.

We note that the OII — Fe,P transition in HfO, 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 (AH/AP) for this transition is
~32710%eV-GPa"' (~-0.032 kJmol'-GPa') and ~1.22:10" eV-GPa'
(~—0.012 kJ-mol ".GPa ') using the second- (third-) order BM-EOS [52], respectively
(see Fig. 3). This is similar to the value obtained for ZrO, (~—0.016 kJ -molfl-GPafl) [40]
and the value obtained for TiO, (~—0.032 kJ-mol ' GPa') [39]. Consequently, this
may indicate a sluggish transition across the OIl — Fe,P transition in HfO, 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).
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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 HfO, formula unit and the unit-cell parameters

Expected Measured | Difference between expected
hkl . .
d-spacing, A | d-spacing, A and measured values, A
201 1.8088 1.8173 —0.0085
101 2.5178 2.5146 +0.0032
110 2.6003 2.5974 +0.0029
Volume, A 23.71 (0.18)
Unit-cell parameters, A a=15.2005 (0.0182), ¢ =3.0366 (0.0170)

Volume change

As shown in Fig. 5, the OIl — Fe,P transition in HfO, 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 Fe,P 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 Fe,P is the densest known phase of HfO, in good agreement with recent
GGA calculations where Fe,P phase is found to be 1.9 % and 1.0 % denser than
OII phase (Table 1) for TiO, [39] and ZrO, [40], respectively. Furthermore, the
slight volume drop across OIl — Fe,P transition has been also observed in recent
measurements for both TiO, [39] and ZrO, [40] and it has been concluded that
Fe,P is the densest phase at these conditions among TiO, and ZrO, 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 OIl — Fe,P transition. For instance, the OI — OII
transition in HfO, 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 Fe,P-HfO, at equilibrium
and compare it with that of the other crystal structures of HfO,. 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 (R;), where R; is
found to be nearly independent of phase [9, 27, 53, 61] with values of 1.78 A and
1.07 A for Hf and O, respectively, using GGA calculations [9].
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As expected, since Fe,P-HfO; is slightly denser than OII-HfO,, our computed
Hf-O bond lengths in Fe,P-HfO, are found to be slightly shorter in OII-HfO,,
where both phases have the same CN; thus, a slight increase in hardness is ex-
pected for Fe,P 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 Fe,P is 10 GPa which is only ~2 % higher than that of OIl. Furthermore,
the fact that Fe,P does not qualify to be potentially superhard has been also con-
firmed for TiO, 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 Fe,P-HfO, 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 Fe,P
is the highest pressure and the densest phase of HfO, determined thus far. Our pre-
diction of the new phase is consistent with previous measurements and calculations
performed on similar TMDs TiO; [39] and ZrO, [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 HfO, at extreme conditions (105 GPa, 1800 K) [9] has shown that the
experimental OIl — Fe,P 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 TiO; [39] and ZrO, [40]. Addi-
tionally, our mechanical hardness estimations of the dense Fe,P-HfO, phase
clearly show that the newly predicted phase is not a candidate for a superhard ma-
terial.
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Bukopucmosyiouu pospaxynku 3 nepuwux npuHyunie meopii @yuxyionana
WINLHOCMI, CNPOSHO308AHO OMPUMAHHSA 30 BUCOKO20 MUCKY HOBOI (Pa3u NOCH-XA0pUOY CEUHYIO
(OIl) — 06ookucy eaghuiro (HfO,). Hawi po3paxyuku, 3 BUKOPUCAHHAM HAOTUNCEHHS. Y3a2albHe-
Ho20 epadienma, nepeobauaioms @azosuii nepexio 6i0 Ol 0o cmpykmypu muny Fe,P npu
~ 120 I'Tla (~ 140 I'Tla) 3 negenuxoio 3minoio 06 ’emy 3 nepenadom mucky ~ 0,2 % (~ 0,1 %) mixc
dgoma pazamu 3 BUKOPUCMAHHAM Opy2020 (mMpembo2o) nopaoky pieusuus Birch-Murnaghan.
IIpoecno3ysanns HOBOI (aszu y32002CYEMbCA 3 OCMAHHIMU eKCNEPUMEHMAMU MA PO3PAXYHKAMU,
nposedenumu Ha nodionux dioxcudax mumany (TiO,) ma yuproniio (ZrO,) npu excmpemanvHux
memnepamyprux ymosax. Bascaueo, wo naw meopemuunuii npocno3 ons nepexody OIl — Fe,P
6 HfO, excnepumenmanvho niomeepodicyemocs NOGMOPHUM AHANIZ30M PEHM2eHOCHPYKMYPHUX
kapmun HfO, 3a excmpemanvuux mucky ma memnepamypu. Kpim mozo, 6yro pospaxosano
pienanns cmany i meepoicms nepedbavysanoi gasu ma noxazano, wo ¢asa muny Fe,P, xoua
mana menuty cmucaugicmo, nioe gasza OII, € npakmuyno i0eHMUYHOW 3 OCMAHHBIO 3a Meepoic-
mro, i ye 8Kazye, wjo s#oowna 3 ¢paz HfO, ne € Haomeepdoro.

Knrouosi cnosa: paszosi nepexoou, pisusanus cmamy, meepoicmo, nepeuHHi
NPUHYUNU, PEHM2EHIBCbKA Oudparyus, ¢azoea cmabinbHicmb.

HCYZO}le’yH BbIYUCTICHUSL U3 NEPBbLX NPUHYUNOE meopuu (!)yHKL{MOH(lﬂ(l niom-
Hocmu, npe()CKaaaHO nojiyyeHue npu 6blCOKUx 0a8IeHUsIX HOBOU ¢a3bl nocm-xﬂopuda ceunya

22 http://stmj.org.ua



(OIl) — osyoxucu cagnus (HfO,). Hawu pacuemvl, ucnonwvsya npubnudicenue 0600ujenno2o
epaduenma, npeockaszvieaiom ¢hazoeviii nepexoo om OIl xk cmpykmype muna Fe,P npu
~ 120 I'Tla (~ 140 I'Tla) npu nebonvuiom uzmenenuu obdvema npu oaeienuu nepexooa ~ 0,2 %
(~ 0,1 %) mesncdy osyms gazamu ¢ UCHOIb308AHUEM YPAGHEHUL COCMOSIHUSL 6MOPO20 (Mmpenmbe-
20) nopsioka Birch-Murnaghan. IIpedckasanue nogotl ¢hazvl coenacyemcs ¢ HeOaBHUMU dKCHe-
PUMEHMAMU U pacyemami, 8bINOTHEHHBIMU HA aHanocuunblx ouoxcudax mumana (1i0) u yup-
KoHus (ZrO;) 6 SKCMpeMAanbHbIX MEeMNEpanypHbIX YCi08usx. Basxcno ommemums, umo Hauie
meopemuueckoe npedckazanue 0ns nepexooa OIl — Fe,P ¢ HfO, sxcnepumenmaivuo noo-
MeepHcOaemcs NOSMOPHbIM AHATUOM PEeHM2eHO8CKUx ougpakmozpamm HfO, npu sxcmpe-
ManbHbIX OasieHuu u memnepamype. Kpome moeo, 0viio 8bIMUCIEHO YPABHEHUE COCMOAHUA U
meepooCns NPedCKa3anHol Gasel U nokazaumo, umo gasza muna Fe,P, xoms umena MeHbULYIO
corcumaemocms, yem paza Ol noumu udenmuuna ¢ nOCIeOHe No meepOOCmu, SMOYKA3bIBAem
Ha mo, umo Hu 00Ha u3 ¢asz HfO, ne sensemcs ceepxmsepooil.

Knrouegwie cnosa: ¢asosvie nepexooul, ypasHuenue coCmoaHus, meepoocmy,
nepevle NPUHYUNGI, PEHM2EHOBCKAA OUPPaKyus, pazoeasn ycmouiusocme.
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