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Decomposition of lanthanum hafnate at high pressures
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Our high pressure x-ray diffraction and Raman scattering studies on lanthanum hafnate (La,Hf,0-) establish
that it decomposes into its constituent oxides beyond ~18 GPa. These results are supported by our first-
principles total energy calculations. Raman scattering results also imply that the products of dissociation are in
an amorphouslike state beyond 50 GPa but crystallize slowly upon release of pressure.
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I. INTRODUCTION

A,B,05 compounds having pyrochlore structure are em-
ployed for a wide range of applications such as in catalysis,'
dielectrics,? thermal barrier coatings,’ fuel cells,* etc. In ad-
dition, due to the structural compatibility with several radio-
nuclides, these pyrochlores have also been perceived as ma-
terials for encapsulation of actinide rich nuclear waste.>™!?
Recently, some of the rare-earth pyrochlores have also been
shown to exhibit spin-ice and spin-liquid behavior.'*

Since several A** and B** cations have suitable ionic radii
[1.8=(r,/r,)=1.46] for the formation of the pyrochlore
structure,'® a large number of pyrochlore oxides known in
the nature are of the (3%,4%) type, i.e., A§+B3+O7. The radius
ratio for lanthanum hafnate is ~1.6 and hence it crystallizes
in the pyrochlore structure.'> The pyrochlore structure be-

longs to Fd3m space group (fcc) with A>* cations occupying
the 16d, B* atoms at 16¢ and oxygen occupying 48f and 8b
positions, respectively (setting 2). As all other atoms occupy
special crystallographic sites, the only internal positional pa-
rameter that can vary is “x” of 48f oxygen atoms. The struc-
ture can be viewed as made of eightfold and sixfold coordi-
nation polyhedra of oxygen atoms around A and B cations
(Fig. 1) and these polyhedra change shape with the value of
x parameter. For pyrochlore structure x lies in the range
0.3125-0.375, and for x=0.375 the structure becomes defect
fluorite.'>

It has been observed that substitution of the B cations
with larger and larger ions progressively increases disorder.'®
Ion irradiation!”!" also introduces disorder including even
eventual amorphization under heavy dosage.?” It is well
known that in many compounds, particularly having polyhe-
dral network structures, amorphization can also be induced
by subjecting the compounds to high pressure.?!=> In all the
cases of pressure induced amorphization, the amorphous
state is a kinetically preferred state. The onset pressure for
many of these is determined by the limiting distances of
nonbonded atoms.?’ In some such cases, the inaccessible
high-pressure equilibrium phase could be the products of the
dissociation.”> Recent studies on pyrochlores have shown
that many of these amorphize at high pressures either di-
rectly or after a precursor crystal to crystal phase
transition.?®-2° Zhang et al. have shown that samarium titan-
ate amorphizes at 51 GPa®®?” and have suggested that the
disorder observed at ~40 GPa may be due to the random
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orientations of TiOg octahedra and not due to the disordering
of Sm** ions. However, gadolinium titanate has been shown
to undergo a subtle isostructural phase transition at
~9 GPa.?® There are mixed reports about the high-pressure
behavior of Tb,Ti,0;, as Apetrei et al.’® have reported that
this compound is stable up to 42 GPa whereas Kumar et al.’!
showed that it transforms to a monoclinic structure at 40
GPa, before becoming amorphous at higher pressures. Re-
cent studies on cadmium niobate’?> have shown appearance
of a small amount of metallic cadmium at ~4 GPa followed
by structural phase transitions to defect fluorite, monoclinic
or orthorhombic phase which, when quenched from
~28 GPa, transforms to a mixture of phases, including
amorphous phase.

So as to further understand the nature of pressure induced
changes occurring in this class of compounds, we have now
carried out detailed studies on La,Hf,0; (LH) using x-ray
diffraction, Raman spectroscopy, and the first-principles cal-
culations.

O {48f position)

O (8b position)

O (8b position)

FIG. 1. (Color online) The coordination of the At (La) and B**
(Hf) atoms with oxygen atoms in a pyrochlore structure.
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FIG. 2. The diffraction patterns of lanthanum hafnate at different pressures. The indices of the sample peaks are shown at the ambient
conditions. The diffraction peaks from the gasket are marked as “g” and those of the pressure marker are marked as ‘Au’ respectively. The
star (*) indicates the diffraction peaks of hafnium oxide (monoclinic phase). The # indicates the most intense peak (211) of hafnium oxide
(orthorhombic phase 1) and the arrows indicate the new diffraction peaks, identifiable with those of the dissociation products.

II. EXPERIMENTAL DETAILS

Lanthanum hafnate was prepared in our laboratory
through the standard solid state route. To remove the mois-
ture and other volatile impurities, analytical reagent (AR)
grade La,O; and HfO, were first heated at 1173 K for about
12 h. Stoichiometric amounts of the reactants were weighed
to get the composition La,Hf,0,. Well ground mixtures were
heated in the pellet form at 1473 K for 36 h. After this, the
materials were reground, repelletized and heated at 1573 K
for 36 h. In order to attain a better homogeneity, the products
obtained after second heating were again ground, pelletized
and heated at 1673 K for 48 h, which was the final annealing
temperature of all the specimens. The heating and cooling
were carried out at a rate of 2 K/min in a static air environ-
ment.

The compound thus formed was characterized with the
help of x-ray diffraction and Raman spectroscopy. The cell
constant of lanthanum hafnate was found to be
10.78 £0.01 A, which is in good agreement with the earlier
reported value of 10.78 A.'> At ambient conditions, we ob-
served a few diffraction peaks which could be ascribed to the
impurity constituent oxide i.e., hafnium oxide (shown by “#”
in Fig. 2) and the Rietveld analysis of our recorded diffrac-
tion pattern gives its abundance to be ~1%.

For x-ray diffraction experiments the powder samples of
lanthanum hafnate along with a few particles of gold (pres-
sure markers) were loaded into a 100 um hole of a prein-
dented tungsten gasket (~70 wm) in a diamond anvil cell.
4:1 methanol-ethanol mixture was used as a pressure trans-
mitting medium and the pressure was determined from the
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known equation of state (EOS) of gold.?? These experiments
were carried out at the XRD1 beamline of the Elettra syn-
chrotron source using the x-rays of wavelength 0.67 A. The
two-dimensional diffraction rings were converted to one-
dimensional diffraction patterns using the FIT2D software.>*
The cell constants were determined by the Le Bail method
using the GSAS software.>> The high-pressure experiments
were carried out up to 30 GPa.

For Raman measurements a single speck of a polycrystal-
line sample of lanthanum hafnate was loaded in a 50 um
hole of a preindented tungsten gasket (~30 wm) in a dia-
mond anvil cell. In this case also we used 4:1 methanol-
ethanol mixture as a pressure transmitting medium but the
pressure was determined from the well known ruby fluores-
cence method.3® High-pressure Raman experiments were car-
ried out up to ~65 GPa using our indigenous micro Raman
system. In this instrument, we have used a 20X objective
with a confocal optics and a CCD based single stage spec-
trograph along with a super notch filter. For the measure-
ments presented here we used 532 nm line of solid state
diode laser as the excitation source. A laser spot of size less
than 10 um could be focused on the desired portion of the
sample inside the gasket hole with the help of a viewing
system. This helps to reduce the background noise contrib-
uted by the diamond and gasket substantially.

III. RESULTS AND DISCUSSION
A. X-ray diffraction experiments

The diffraction patterns of lanthanum hafnate at a few
representative pressures are shown in Fig. 2. It was observed
that at ~6.5 GPa a new diffraction peak (shown by “#” in
Fig. 2) started emerging at 260~ 12.8° and the intensity of the
(111) peak of hafnium oxide (at 26~ 13.8°) started diminish-
ing. Le Bail analysis of the diffraction pattern indicated that
this new diffraction peak may be from the high-pressure
orthorhombic phase (I) of hafnium oxide. (It is the strongest
(211) diffraction peak of this phase). Upon increase of pres-
sure beyond 18 GPa, the appearance of new diffraction peaks
(marked with arrows in Fig. 2) and diminishing intensities of
the diffraction peaks of the initial cubic phase are indicative
of a structural change in this compound.

The experimentally determined pressure-volume behavior
of lanthanum hafnate is shown in Fig. 3. Within the experi-
mental certainty, no unusual changes in the P-V behavior,
ascribable to structural changes, could be observed. The
pressure-volume data were fitted with the third order Birch—
Murnaghan equation of state’’ with the help of the EOSFIT.3
The fits gave K,=147.2 GPa, K’'=7.9. Our equation of state
studies on some other IVB pyrochlores compounds like
Sm,Ti,0; and Gd,Zr,0; had given K,=173.2 GPa, K’
=9.25, K,=153.4 GPa, and K’'=10.5, respectively,® indi-
cating that these compounds are fairly incompressible. These
values of the bulk moduli support the conclusions derived by
Panero et al. about the variation of B with unit cell volume.*’
Relatively larger values of K’ for these compounds are
somewhat similar to the results of recent studies on ZrSiOy
(K=225 GPa) which has K'=6.5.#' Constraining K’ to 4
results in poorer fits, but gives higher bulk moduli for all the
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FIG. 3. (Color online) V/V,, of Lanthanum hafnate as a function
of pressure. The red solid line shows the fit to the third order Birch—
Murnaghan equation of state. The blue dashed line shows the fit to
the second order BM equation of state i.e., K'=4.

compounds mentioned above and, in particular, for lantha-
num hafnate it is 187 GPa.

At ~18 GPa, in addition to the new diffraction peaks, the
diffraction pattern of lanthanum hafnate had all the diffrac-
tion peaks of the initial cubic phase, implying the coexist-
ence of the new and the parent phases. The structure of the
new phase was neither similar to that of the high-pressure
fluorite structure (since the characteristic (002) and (022) dif-
fraction peaks of the fluorite structure were not observed) nor
belonged to the Pc and C2 monoclinic space groups, i.e., the
predicted high-pressure phases of the terbium stannate. We
extended the search of structure through group-subgroup
analysis as implemented in Powder Cell for Windows (PCW)
software.*> However, none of the structures corresponding to
the subgroups were able to provide a good fit to the diffrac-
tion data. A preliminary analysis of the diffraction data
seemed to indicate that the high-pressure diffraction pattern
could be a mixture of the constituent oxides. Hence to deter-
mine whether the new diffraction peaks were indeed arising
due to the constituent oxides we carried out a Rietveld analy-
sis with the help of the GSAS software.*> The refinement was
carried out based on five phases: cubic lanthanum hafnate,
the denser oxides of hafnium and lanthanum, gold (pressure
marker) and tungsten (gasket). The goodness of fit param-
eters at 18 GPa and 26 GPa are R,,=0.048,0.04; R(F?)
=0.099,0.12, respectively. The Rietveld fit at 26 GPa is
shown in Fig. 4. Our refinement results indicate that the
structure of lanthanum oxide is similar to its ambient pres-
sure structure whereas the structure of hafnium oxide is simi-
lar to the high-pressure orthorhombic-II phase (Cotunnite
phase).*> Relevant structural parameters of these phases are
given in Table I. The weight fraction of lanthanum hafnate,
as estimated from Rietveld analysis, decreases
approximately** from 56% to 21% whereas the abundances
of oxides increases from 17% to 42%, when the pressure is
raised from 18 GPa to 30 GPa. The goodness of fit param-
eters as well as the increasing fraction of the constituent
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FIG. 4. (Color online) Rietveld fits to the recorded diffraction
pattern at 26 GPa (red). The green dashed line shows the subtracted
background and vertical bars give the expected positions of the
diffraction peaks from the sample (LH), the gasket (w) and the
pressure marker (Au). The difference in the calculated and experi-
mental diffraction pattern is given at the bottom of the graph (blue).
The diffraction peaks from lanthanum hafnate, hafnium oxide
(orthorhombic-IT) and lanthanum oxide, gold and tungsten are
marked as LH, Hf, La, Au, and W, respectively.

oxides strongly suggest the possibility that lanthanum
hafnate disassociates at high pressures.

As mentioned earlier the pyrochlore structure of lantha-
num hafnate coexists with the new phase up to the highest
measured pressure of 30 GPa. As mentioned above, struc-
tural refinement of lanthanum hafnate in the pyrochlore
phase requires only the refinement of x—Qgg; parameter
which is shown in Fig. 5. These results show that
x-parameter starts increasing beyond 18 GPa and around 30
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FIG. 5. The variation of the “x” parameter of the 48f oxygen for
La,Hf,0-, as a function of pressure.

GPa it is very close to the limit of stability of the pyrochlore
structure, as discussed above. Our refinement suggests that
the remnant pyrochlore structure may transform into the de-
fect fluorite structure at still higher pressures, as also ob-
served in cadmium niobate.’?> However, since the Raman
spectra give a better indication of the fluorite structure, we
carried out Raman scattering studies also on lanthanum
hafnate.

B. Raman measurements

The Raman spectra of the pyrochlore structure have six
Raman active modes, which according to group theoretical
analysis* are ['=A;,+E,+4F,,. At ambient conditions the
modes at 320, 338, 417, 514, and 538 cm™' [Fig. 6(a)] could
be assigned to Fag Bgs Fogs Agg and Fag. respectively, and the
broad band at 767 c¢cm™', which was also observed by Van-
denborre et al., could be due to the distortion of the hafnate
octahedra.*®

The broadening and reduction in intensities of the Raman
modes beyond 18 GPa indicate that the initial sample of

TABLE 1. Structural parameters of the daughter products at 30 GPa.

Hafnium oxide (Pnma) (30 GPa)

Cell constants (A) 5.6268 3.351

Fractional coordinates Hf 0.2462
(0] 0.345
02 0.022

Space group no. 62

Lanthanum oxide (P32/m1) (30 GPa)

Cell constants (A) 3.54 3.54

Fractional coordinates La 0.3333
(0] 0.33333
02 0.000

Space group no. 164

6.612 90° 90° 90°
0.25 0.1125

0.25 0.446

0.75 0.3398

591 90° 90° 120°
0.66666 0.2

0.66666 0.645

0.000 0.000
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FIG. 6. Raman scattering data of lanthanum hafnate at different
pressures (a) increasing pressure. The Raman modes of lanthanum
hafnate are shown in the ambient pressure run. The new modes at
49 GPa are (w;) from La,03 and (v, v,) from HfO,. (b) Decreasing
pressure.

lanthanum hafnate has undergone some significant changes.
The broadening of the Raman modes continued up to 30 GPa
and beyond this pressure, these Raman modes were replaced
by new Raman bands at 445 and 525 c¢cm™'. Our results sug-
gest that the structural transformation which was initiated at
~18 GPa was complete only beyond 30 GPa.

The Raman spectrum of fluorites has a single broad band
as the seven oxygen ions in this structure are randomly dis-
tributed over the eight anion sites, essentially giving rise to
disorder. In fact, the existence of anionic disorder helps sta-
bilization of the defect fluorite structure, as shown by Glerup
et al.'® for Y,Ti,_ Zr,07.*7 However, we did not observe a
single broad band beyond 30 GPa. Instead, two new modes
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were observed at 445 and 525 cm™! overlying a broad back-
ground. Comparison with earlier*® Raman spectroscopic
studies on hafnium oxide strongly suggests that these new
Raman modes may belong to the Raman modes of
orthorhombic-II phase of hafnium oxide. However, in our
spectra these modes are not as well resolved as those ob-
served by Jayaraman et al.*® As the strongest Raman modes
of the high-pressure phase of hafnium oxide are more intense
than the broad Raman band of fluorite, they are easily dis-
cernible over the large broad band of the fluorite phase. Our
high-pressure Raman studies on lanthanum oxide indicate
that it does not undergo any phase transition up to ~26 GPa.
The Raman band of lanthanum oxide also falls close to
430 cm™! and could be coinciding with the Raman band of
HfO,. These results suggest that lanthanum hafnate starts
disassociating into its constituent oxides beyond 18 GPa and
the remnant pyrochlores may be transforming into the fluo-
rite structure beyond 30 GPa.

Upon further increasing the pressure up to 65 GPa the
Raman modes became very broad indicating that the mixture
of new disassociated phases may have transformed to an
amorphous state. The Raman spectra recorded immediately
after the release of pressure was also found to be very broad,
suggesting the retention of the disordered state upon release
of pressure [Fig. 6(b)]. However, the emergence of new Ra-
man modes at 269, 377, 393, 440, 455, 702, and 807 cm™' in
the spectra recorded after ~10 days of release of pressure,
suggests a sluggish transformation of the disordered state to
some new ordered phases. These new modes are quite simi-
lar to the Raman modes of tetragonal HfO, and ZrO,
quenched from 51 and 60 GPa, respectively.**** The mode at
~800 cm™! is quite strong while the other modes at lower
frequencies are weak. This mode may be of the disordered
HfOg4 octahedra, as mentioned earlier. A similar broad mode
was observed in samarium titanate ~40 GPa and was attrib-
uted to the breathing mode of the randomly oriented TiOg
octahedra.?6

C. First-principles total energy calculations on lanthanum
hafnate and its daughter products

To provide further support for the conclusions derived
from our experimental results, we have carried out total en-
ergy calculations. These first-principles density functional
theory (DFT) calculations were performed within the gener-
alized gradient approximation (GGA) (Ref. 50) using projec-
tor augmented wave (PAW) method'”? as implemented in
the Vienna Ab Initio Simulation Package (VASP).>>>* Simu-
lations were performed by explicitly treating 11 valence elec-
trons for La(55%5p%5d'6s?), 10 for Hf(5p®5d%6s%) and 6 for
oxygen (2s?2p*). Brillouin-zone integrations are performed
with a Gaussian broadening of 0.1 eV during all structural
optimizations. A Monkhorst-Pack k-point mesh of 4 X4
X 4 and plane-wave cutoff of 600 eV were found to provide
good convergence of the computed ground-state properties.
Structural optimizations were continued until the forces on
the atoms had converged to less than 1 meV/A and the pres-
sure on the cell had minimized within the constraint of con-
stant volume.
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FIG. 7. Calculated total energy versus volume per formula unit
for lanthanum hafnate and its disassociation products.

The initial structures used in these simulations were the
same as determined from our x-ray diffraction studies men-
tioned above. The total energy E(V) was calculated as a
function of the volume, for each of the three phases viz.,
La,Hf,0,, La,0; and HfO, (monoclinic and orthorhombic
(O-II), respectively). At each volume, the positional coordi-
nates were optimized by structure relaxation and the struc-
ture with the lowest energy was obtained. At nonzero tem-
peratures the stable structure corresponds to minimum Gibbs
free energy (G=E+PV-TS). However, since these calcula-
tions were carried out at 7=0 K the structural stability is
related to enthalpy.

For comparison with total energy of La,Hf,05, the total
energy and volume of the mixture of products of dissociation
[i.e., La,0O3+HfO, (O-II)] is calculated as
Aproduct = 2 X A(HfO,) + A(La,05), where A=E or V.
Figure 7 shows the total energy E as a function of volume
(per formula unit of lanthanum hafnate) in the composite and
disassociated phases. The solid and dashed lines are fits of
the computed data of parent and daughter states to the Mur-
naghan equation of state given below:>

E(V)=Eo+

%
M[(VO/V) ) 1} BN,

B) | Bj—-1 B)-1’

where E is the minimum energy for the initial volume V.
By and Bj=4.1 are the bulk modulus and pressure derivative
of bulk modulus, respectively. The equation of state of lan-
thanum hafnate determined from these first-principles calcu-
lations when fitted to Birch-Murnaghan EOS gives B
=165 GPa, B/, which is reasonably close to the experimen-
tal value. The sum of total energies of the disassociated prod-
ucts at zero pressure is higher than that of lanthanum hafnate
by 175 meV. However, below a volume of 137 A3 the total
energy of the disassociated phase is always lower than that of
the parent phase.
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FIG. 8. Calculated enthalpy versus pressure for lanthanum
hafnate and its disassociation products.

The calculated enthalpy as a function of pressure is given
in Fig. 8 which shows that beyond ~20 GPa the disassocia-
tion products are more stable than lanthanum hafnate. Thus
the results of our first-principles calculations strongly sup-
port the conclusions deduced from our experimental mea-
surements.

D. Discussion

Dissociation of a compound into a mixture of its constitu-
ents at elevated pressures is likely to be primarily controlled
by the atomic diffusion which is generally high only at high
temperatures. It is well known that even if the constituent
daughter products have a lower total energy than the parent
compound at high pressures, decomposition may not be re-
alized, as the volume per formula unit of the daughter com-
pounds may be larger than that in the parent compound. The
existence of a potential barrier on the transformation path to
the daughter phases/products would lead to kinetics frustra-
tion, eventually driving the system to an amorphous/
disordered state.” However, in the present case the volume
considerations are favorable for the decomposition. The vol-
umes per formula unit of lanthanum hafnate, lanthanum ox-
ide (LO) and hafnium oxide (HO) determined from our x-ray
diffraction data at 18 GPa are 142.85, 64.25, and 30.96 A3,
respectively. Hence the fractional decrease in the volume
upon decomposition is [Vig—(Vio+2"Vuo)l/ Vin, ie.,
~12%. In fact from the first-principles calculations also the
computed volume drop at the transition pressure was deter-
mined to be 11%, which is in agreement with the experimen-
tally observed value. Thus, higher density as well as lower
enthalpy of the daughter products at high pressures favor
decomposition in lanthanum hafnate.

In principle, it is possible that the existence of ~1% of
high pressure polymorph of HfO, could act as a nucleation
center and aid the decomposition. However, decomposition
at high pressures has been observed earlier in scheelite struc-
tured lithium gadolinium fluoride®® and a negative thermal
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expansion material zirconium vandate.’’ It is interesting to
note that in zirconium vandate samples, 1 to 2% unreacted
constituent oxides existed, however, from the published data
it is not possible to discern the presence of unreacted com-
ponents in lithium gadolinium fluoride samples. Hence the
evidence at this stage is inconclusive whether the decompo-
sition at high pressures is aided by the presence of a nucle-
ating component. Further experiments are needed to settle
this issue unambiguously.

IV. CONCLUSIONS

In conclusion, our experimental observations, supported
by our first-principles calculations, show that lanthanum
hafnate disassociates into a mixture of HfO, and La,O; be-
yond 18 GPa. These oxides are found to be disordered at 65
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GPa and retain the disordered state upon immediate release
of pressure. However, our results show that this retrieved
amorphous state partially and slowly transforms to a mixture
of crystalline forms of HfO, and La,Os;. The results pre-
sented here are interesting in the sense that this is the first
time that a pyrochlore has been shown to decompose under
high pressures. Since lanthanum hafnate is one of potential
compounds for use in the nuclear waste disposal, (due to the
presence of Hf as a neutron absorber), present results may
have implications on its utility in this context.
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