Tantalum doping in HfO,: Orthorhombic phase formation at ambient

conditions and change in path of pressure induced structural evolution
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A systematic study of orthorhombic phase formation at ambient conditions beyond a critical concentration of
dopant Tantalum (Ta) in HfOs is reported. The effect on the path of structural evolution due to Ta doping in
HfO, was also investigated. Studies on Ta doped HfO5 samples and their path of structural evolution under
compression has significant implications for materials undergoing -decay. The effect of continual doping due
to B-decay from geophysical point of view is discussed.

It is well known that HfO5 exhibits polymorphism un-
der high pressure and temperature and it has remained a
topic of interest for the application potential in different
fields'2. Experimental studies reveal that HfO, has bad-
deleytile structure with monoclinic symmetry (P2;/c¢) at
ambient conditions. Transformation to orthorhombic-
I, orthorhombic-1I and tetragonal structural phases oc-
cur sequentially under high pressure conditions®?*. As
there exists disagreement regarding phase boundaries
and their space groups, experimental and theoretical en-
deavors continues till date for understanding the proper-
ties of HfO5. In situ X-ray diffraction experimental stud-
ies of HfO, by Adams et al.® mentioned that the phase
transformation from initial monoclinic phase begins at
2.6 GPa and the diffraction peaks could be indexed on
an orthorhombic cell (Pbem, Z=4) for the new phase.
Though Jayaraman et al.?> and Arashi® from their Raman
scattering studies on a single crystal specimen observed
that phase transformation occuring at a higher pressure
of 4.3 £ 0.3 GPa, they were in agreement regarding
orthorhombic-I phase belonging to the space group, Pbcm
with Adams et al.>. Kourouklis et at.” did not observe
pressure-induced phase transformation upto 12 GPa in
their Raman scattering experiment with HfO,, appar-
ently due to poor optical quality of their investigated
powder sampleS. On the other side, Legar et al.* ob-
served the transformation at higher pressure, around 10
GPa and indicated the orthorhombic-I phase to be Pbca.
Ohtaka et al.® reported the space group as Pbca for
orthorhombic-1I phase of HfO5 sample synthesized at high
temperature and pressure. Several experimental stud-
ies have been carried out with HfO, samples quenched
from higher temperature and pressure'® ¥, where the
sample exists far from thermodynamical equilibrium and
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cotunnite structure has been reported as the high pres-
sure orthorhombic-II phase. But pressure induced in situ
experiments with HfO5 have not shown any signature
of cotunnite structure as the orthorhombic-II phase®*.
We may conclude from these reports that there is un-
certainty regarding initiation of orthorhombic-I phase as
a high pressure phase of HfO5 and possibly depends on
sample preparation or impurity present in the samples.
Moreover the ambient monoclinic phase of HfOs coexist
in pressure range where orthorhombic-I phase has been
observed, so unambiguous determination of space group
of orthorhombic-I has been difficult.

Following reports on HfO5 systems exhibiting ferro-
electric properties'® interest in orthorhombic phase of
HfO5 renewed. Extensive studies continued in search of
ferroelectricity with different dopants e.g., Si'6 19, A120,
Y2l Gd?2, La??4, Sr?% in HfO,. First principle calcula-
tions indicated low free energies and spontaneous electric
polarization for two orthorhombic polar phases (space
groups Pca2; and Pmn2;) and thus are considered as
the most viable ferroelectric phases of hafnia?®. Investi-
gation on Si-doped HfOq (Si:HfO2) powders with 3, 5,
or 9 at.% doping showed minimal impact of doping on
lattice parameters?”. Applied pressure in these samples
induced monoclinic to orthorhombic phase transition at
a relatively higher pressure in the range of 7 to 15 GPa
compared to undoped samples. However, space group of
the orthorhombic phase was not reported.

A recent study on HfO, using time differential per-
turbed angular correlation (TDPAC) technique®® re-
ported observation of orthorhombic phase in HfO5 at am-
bient condition. This invoked the possibility that Tan-
talum could be the inducing agent for the orthorhom-
bic phase. In TDPAC experiments, radioactive '8'Hf
isotope, the probe nuclei are introduced in the sample
by irradiation or through chemical route. The probe
I81Hf undergoes nuclear 3~ -decay leading to formation of
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FIG. 1. (a) XRD patterns of undoped and Ta-doped HfO,
in lab Cu-Kq1 X-ray source and (b) enlarged figure. A new
peak with low relative intensity between most intense -111 and
111 monoclinic peaks for minimum 1% Ta doping in HfOs is
marked with arrow and it is signature of orthorhombic-I phase
formation.

daughter '®1Ta in an excited state. In the de-excitation
process through gamma emission, there is emission of two
gamma photons 133-482 keV in cascade with an interme-
diate state with life time of 10.8 ns?®. This characteristic
property of cascade gamma emission with a suitable in-
termediate state life-time makes ®1Hf — 181Ta suitable
as a TDPAC probe. Hyperfine interaction of the '8'Ta
nucleus at this intermediate 5/2% state of the gamma
cascade with electron field gradient (EFG) of HfO, at
the decaying nucleus gives information about the elec-
tronic environment around the probe nuclei. Thus any
sample studied using '®'Hf as TDPAC probe gets nat-
urally doped with Ta following '®'Hf—!81Ta S~ -decay.
So, HfO5 sample studied by TDPAC technique also con-
tains '81Hf probe and eventually gets doped with Ta. It
is well known that doping can induce phase transforma-
tion and a few examples of systems exhibiting such trans-

formation are listed here3?33. The possibility of phase

transformation due to Ta doping in HfOs is explored in
this work.

Ta-doped samples with 0.05%, 0.1%, 0.5%, 0.7%, 1%,
5%, 10%, 20% and 30% doped (mol%) HfOy were syn-
thesized by solid state reaction route using precursors
such as HfO; and TasOs5. The required quantity of re-
actants were grinded, mixed and pelletised. The pellets
were heated stepwise at various temperatures of 1200°C,
1300°C and 1400°C for ~ 20 hours each and soaked for
12 hours at each temperature. Before heating at next
higher temperature, the process of grinding, mixing and
pelletisation was repeated. Energy dispersive X-ray spec-
troscopy (EDS) analysis shows ~ 7% of Zr-impurity in
the doped samples.

TABLE 1. Volume of monoclinic cell and proportion of
orthorhombic-I phase formation in HfOs with different con-
centration of Ta doping determined from Cu-K,; XRD ex-
periment

Monoclinic

3 Orthorhombic-I
Cell volume (A”)

phase percentage®

Concentration
of Ta doping

1% 138.039(6) 1%
5% 138.454(12) 23%
10% 138.911(19) 47%
20% 139.707(28) 19%
30% 140.625(21) 9%

2 Estimated error in the phase percentage values are ~ 3%

Laboratory XRD experiment at ambient condition us-
ing Cu-K,; source was performed at BARC, Mumbai.
The measurements were performed with Bragg-Brentano
geometry using Rigaku Smart Lab diffractometer and
diffracted rays were detected by D/teX Ultra 250 1D
silicon strip X-ray detector3*. The diffraction patterns
for undoped and the doped samples are shown in Fig.
1(a). In the enlarged figure [Fig. 1(b)] appearance of
a new peak between the most intense monoclinic -111
and 111 peaks for 1% doped HfO5 sample is clearly ob-
served. With increasing Ta doping concentration to 5%
and 10% the relative intensity of this peak, identified as
signature orthorhombic-I 111 peak of HfO3%3%, increased
indicating enhancement of orthorhombic-I phase forma-
tion in the samples. 10% Ta doping showed maximum
transformation, ~ 50%. However, as the doping concen-
tration increased to 20% and 30%, relative intensity of
the orthorhombic-I peak decreased as shown in Fig. 1(a).
The unit cell volume determined from X-ray diffraction
data of HfO, with increasing Ta-doping concentration
remains nearly same up to 1% doping and increases by
very small proportion beyond it [Table I] indicating that
there is not much distortion in the crystal structure of
HfO5. Thus orthorhombic-I polymorph is formed by Ta
doping in ambient conditions co-existing with the mono-
clinic phase and formation of this orthorhombic-I phase
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FIG. 2. Synchrotron XRD patterns of (a) 1% Ta:HfO, and (b) 10% Ta:HfOs. Asterisk shows the most intense 111 peak
of orthorhombic-I phase. Arrows indicate principle -111 and 111 peaks of monoclinic phase and the crossed arrows depict
appearing 111 peak from tetragonal phase at the highest pressures.

depends on the concentration of the dopant Ta in HfOs .

An orthorhombic-I polymorph formation similar to the
high pressure phase of undoped HfO5 invoked an interest
for a study on these newly formed materials (Ta:HfOs)
under compression. Angle Dispersive X-ray Powder
Diffraction (ADXRPD) experiment was performed at Ex-
treme Condition Beamline (ECB)3¢ in the brilliant syn-
chrotron facility of PETRA-III (spectral brightness >
10%! photons/(s mm? mrad? 0.1% bw)). Monochromatic
(42.7 keV; AE/E ~ 2x10*) and highly focussed (diver-
gence: 0.26 mrad x 0.25 mrad) beam with minute beam
size (~ 8(V) pm x 3.2(H) pm) was produced at the sam-
ple position. Symmetric diamond anvil cell (DAC) with
300 pym anvil size was used in the experiment. ~ 60 ym
diameter hole was laser drilled inside Rhenium (Re) gas-
ket and fixed on the diamond anvil with glue. Sample was
loaded in the hole along with silicone oil and ruby grains
which acts as pressure transmitting medium and pres-
sure calibrant respectively. Pressure was applied using a
gas membrane after locking the DAC. Pressure gradient
appears in silicone oil at 3 GPa and its rapid increase
beyond 12 GPa, probably due to a phase transition®7
makes the system environment quasi-hydrostatic. Fast
area scintillator (CsI) detector XRD 1621 (Perkin-Elmer)
detected the diffracted beam. The experiment was per-
formed in axial geometry, i.e., the beam was passing
through the diamond in the parallel direction of its load
axis. The sample to detector geometry was calibrated
with powder X-ray diffraction (XRD) of standard CeOq
(NIST) and the 2D diffraction images were integrated to

1-20 patterns using Dioptas program38.

Structural evolution of 1% and 10% Ta-doped HfOq
samples were studied under quasi hydrostatic condition
upto ~ 32 GPa pressure in this experimental set up and
the XRD patterns are shown in Fig. 2. The relative in-
tensity of the major 111 peak of orthorhombic-I phase
increases with pressure indicating increased conversion
to the orthorhombic-I phase and diminution of the mon-
oclinic phase occurs simultaneously. Around 30 GPa,
the monoclinic phase diminishes and a new peak appears
for both 1% and 10% Ta:HfO, samples at ~ 26 = 6.1°,
recognised as 111 diffraction peak of high pressure tetrag-
onal phase of HfO5. So a phase transition occurs from
orthorhombic-I to tetragonal structure around 30 GPa
confirming the stability of orthorhombic-I phase in the
pressure range starting from ambient conditions. It is to
be noted that no signature indicating the orthorhombic-
IT phase formation has been observed in the Ta-doped
samples under pressure.

Rietveld refinement of the XRD patterns at ambient
and high pressures were performed using General Struc-
ture Analysis System GSAS??. Very low texture coef-
ficients (J) found from Rietveld refinement indicate ab-
sence of preferred orientation in the samples. Refinement
of the synchrotron XRD pattern for 1% Ta-doped HfO5
is shown in Fig. 3 having reduced y?= 1.06. Definitive
determination of space group was not possible from this
XRD analysis, but a better fitting parameter indicated
Pbcem symmetry for the orthorhombic-I phase. Though
proportion of orthorhombic-I phase for 10% Ta-doped
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FIG. 3. Rietveld refinement of synchrotron XRD pattern for
1% Ta:HfO2 at ambient condition. Line below the fitting pat-
tern shows difference between observed and fitted intensity.
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FIG. 4. Variation of transformed orthorhombic-I (OI) phase
proportion with pressure for 1% and 10% Ta:HfO>. Estimated
error in the phase proportion values are ~ 1%. Dot’s indicate
highest pressures reached in this experiment.

HfO5 sample (~ 50%) is comparatively much higher than
1% doped sample (~ 0.7%) at ambient condition, rate
of conversion to orthorhombic-I phase with pressure is
much faster for 1% doped sample as shown in Fig. 4.
Orthorhombic-I phase reaches to a saturation for both
1% and 10% doped samples ~ 30 GPa pressure.

The study of pressure induced structural evolution
gives information regarding bulk modulus. Bulk mod-
ulus (By) and its derivative (By') at ambient condi-
tion were evaluated by fitting unit cell volume with
pressure for both the monoclinic and orthorhombic-I
phases in 1% and 10% Ta:HfO, [Fig. 5] with 3rd or-
der Birch-Murnaghan equation®*’. 10% Ta:HfO, has
higher bulk modulus relative to 1% doping for mono-
clinic phase whereas the value is similar for both the
doping percentages in case of orthorhombic-I phase[Table
IT1]. Bulk moduli of the respective phases observed in
doped sample Ta:HfO5 are higher than reports on un-

1.00 1 1% Ta:HfO, (M)
. 1% Ta:HfO, (OI)
0.96 | _
092
= o88| @ . . . . .
> - o Ta:
100l ——10% Ta:HfO, (M)
L . SO .. 10% Ta:HfO, (OI)
096~ T I
o2 T
088 ® 1 e 1 1

Pressure (GPa)

FIG. 5. 3rd order Birch-Murnaghan fitting to volume vs pres-
sure variation for monoclinic (M) and orthorhombic-I (OI)
phases for (a) 1 % Ta:HfO; and (b) 10% Ta:HfO,.

TABLE II. Bulk modulus (Bp) and its derivative (By’) at am-
bient condition for monoclinic (M) and orthorhombic-I (OI)
phases in 1% and 10% Ta-doped HfO4

Parameters M oI
1% Ta Bo 213+5 305+ 14
B, 20405 0.0+1.0
10% Ta Bo 259+9 31349
B, 15405 29+1.0

doped HfO, existing in monoclinic phase®*~4® and high
pressure orthorhombic-I phase*#1™44 Our preliminary
study based on semi-empirical model of hardness (H)*6
indicates that the orthorhombic-I phase formed is harder
than the monoclinic phase.

In summary, formation of orthorhombic-I phase of
HfO5 occurs at ambient condition for minimum 1 mol %
or higher concentration of Ta doping and this phase for-
mation increases with enhanced Ta doping upto 10 mol
%. Further increase in the doping concentration (20%
and 30%) results decrease in the orthorhombic-I phase
formation. The path of structural phase evolution for
Ta-doped HfO5 under compression is different from un-
doped HfOs as no signature of orthorhombic-IT phase is
observed in high pressure condition. The orthorhombic-I
phase is relatively more stable over a wide pressure range.
Understanding the dynamics of phase transformation in-
duced by Ta doping in HfO2 needs further investigations.

This study has special significance from geophysical
point of view considering radioactive decay in the Earth.
It is claimed that the heat from radioactive decays
contributes about half of Earths total heat flux*". Due
to radioactive decays the composition of the Earth



would change; particularly in case of [-decay atomic
number of the constituents would change by one unit.
This study implies that stuctural evolution may take a
different path deep inside the Earth where high pressure
condition exists. A highly radioactive zone over a span of
time would have a different composition and structural
evolution is expected to be different compared to the
inactive zones.
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