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A high-pressure Raman spectroscopic study of hafnon, HfSiO,
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ABSTRACT

Raman spectra of synthetic HfSiO, were determined to pressures of 38.2 GPa. Changes in the
spectra indicate that HfSiO, undergoes a room-temperature phase transition from the hafnon structure
(14,/amd space group) to the scheelite structure (/4,/a space group) at a pressure of ~19.6 GPa. Upon
release of pressure to ambient conditions, the spectra indicate that the sample retains the scheelite
structure. Zircon has been classified previously as the least compressible tetrahedrally coordinated
silicate known. However, pressure derivatives of the peak positions in hatnon are smaller than those in
zircon, and suggest that hafnon is more incompressible than zircon. Furthermore, the pressure deriva-
tives also suggest that the high-pressure, scheelite-structured HfSiO, phase is more incompressible
than the scheelite-structured ZrSiO, (reidite). Thus, the post-hafnon phase appears to be even more
incompressible than hafnon, which would make it the least compressible tetrahedrally coordinated

silicate known to date.
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INTRODUCTION

Hafnon is the naturally occurring phase of hafnium silicate,
HfSiO,, and is isomorphous with zircon, ZrSiO,. It is not plentiful
enough to be considered an ore of Hf; however, there has been
recent interest in its physical properties. Oxides with a medium
dielectric constant and wide band gap are required to replace
SiO, as the gate insulator in future complementary metal oxide
semiconductor (CMOS) devices. New materials are currently
being developed to replace the SiO, gate dielectric; however,
alloying many of the binary oxides with SiO, increases the crys-
tallization temperature of the dielectric at the cost of lowering the
dielectric constant (Wilk et al. 2000). One promising candidate
is hafnium silicate, HfSiO,, and some of its non-stoichiometric
HfSi,0, pseudobinary mixtures because the interface between
silicon and HfSiO, is stable against SiO, formation (Johnson-
Steigelman et al. 2002).

In addition, hafnon and its isomorphs (zircon, thorite, and
coffinite) appear to be effective “radiation-resistant” materials
suitable for fission-reactor applications (Meldrum et al. 1998) and
for use as a waste form for 2*Pu resulting from the dismantling
of nuclear weapons. In the cascading events that occur during
ion radiation, extremely high pressures and temperatures exist
in very localized environments for short time periods. For this
reason, efforts have been directed toward understanding the
thermodynamics and transformations of these materials at high
pressure and high temperature (cf. Meldrum et al. 1998, 1999a,
1999b; Rios and Boffa-Ballaran 2003). Most of the research,
however, has been focused on zircon.

In the natural state, hafnon (HfSiO,) is always “contaminated”
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by Zr** and in some cases by U*, Th*, or Y** (Anthony et al.
1995) and forms a complete chemical solid solution with zircon
(Ramakrishnan et al. 1969). Because Hf** and Zr** have similar
atomic radii, hafnon and zircon “cannot be distinguished by
X-ray diffraction” (Anthony et al. 1995). However, Nicola and
Rutt (1974) observed significant differences between their Ra-
man spectra due to the large difference in mass between Hf and
Zr, and they were able to make some Raman mode assignments.
Hoskin and Rodgers (1996) demonstrated a positive correlation
between Hf content and frequency of stretching modes. Using
Raman spectroscopy, Zhang et al. (2000) (as well as Wopenka
et al. 1996; Nasdala et al. 1995, 1996, 1998) showed that the
phase changes induced by radiation damage in natural zircon
does not result in the bulk chemical dissociation of ZrSiO, into
710, and SiO,.

Hazen and Finger (1979) determined the crystal structure and
compressibility of zircon at pressure and concluded that it was
the least compressible tetrahedrally coordinated silicate known
at the time. Reid and Ringwood (1969) demonstrated that zircon
undergoes a phase transformation at elevated temperature and
pressure conditions. Using Raman spectroscopy and X-ray dif-
fraction (XRD), Knittle and Williams (1993) reported that zircon
undergoes a quenchable phase transition at ~23 + 1 GPa to the
scheelite structure with space group /4,/a, a subgroup of the
symmetry of zircon (/4,/amd). The transformed phase is about
10% more dense than zircon. Phase transitions at high pressure
and room temperature are usually hampered by sluggish kinetics,
prompting Knittle and Williams (1993) to suggest that the transi-
tion of zircon displays an anomalous and possibly unique silicate
transformation mechanism. Knittle and Williams (1993) used a
mixture of methanol, ethanol, and water as a pressure medium,
which is frozen and nonhydrostatic above 15 GPa. The zircon
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transformation also has been observed in shock experiments
(Mashimo et al. 1983; Kusaba et al. 1985), and in other diamond
anvil studies (Liu 1979; Ono et al. 2004; van Westrenen et al.
2004). The transformed phase subsequently has been found in
meteorite impact debris and has been named reidite (Glass et
al. 2002). The presence of reidite and its transformation pres-
sure from zircon can be used as a geobarometer. Liu (1979) and
more recently Tange and Takahashi (2004) reported that zircon
dissociates into ZrO, and SiO, at pressures higher than 20 GPa
and elevated temperatures.

There is, however, some debate on the compressibility of
zircon and its transition pressure. The early work on natural
samples produced a bulk modulus for zircon of K, = ~227 +
2 GPa. However, van Westrenen et al. (2004) used a synthetic
sample with a neon pressure medium and obtained a value that
is 12% lower, (K, = 199 + 1 GPa), and a transformation pres-
sure of 19.7 GPa, which is 3 GPa lower than previous studies.
They suggested that the earlier studies were conducted under
nonhydrostatic pressure conditions, a small range of investigated
pressure, and with a significant Hf content in the zircon. Because
the unit-cell volume of Hf is smaller than for zircon, then by
the Birch Law it is probable that the bulk modulus of hafnon
should be greater than for zircon. This is also consistent with
the observation that the Raman stretching frequencies of the Si-
O bond for hafnon are greater than for zircon (Nicola and Rutt
1974; Hoskin and Rodgers 1996). Therefore, zircon that contains
significant amounts of Hf should have a larger bulk modulus.
Ono et al. (2004) obtained a statistically identical bulk modulus
(K, = 205 + 8 GPa) for a natural zircon that was heated after
each pressure increase to reduce the effects of nonhydrostatic
conditions in the diamond-anvil cell. Their sample transformed
to the reidite phase at ~10 GPa while heating. They did not report
the chemistry of their sample.

In this paper, we present the Raman spectra of synthetic, pure
HfSiO, as a function of pressure to 38.2 GPa at room temperature.
Because of the similarities in the room condition structures of
ZrSiO, and HfSiO,, we investigated whether a transformation
similar to the zircon-to-reidite one also is observed in the hafnium
silicate and compare the spectra of the two materials.

EXPERIMENTAL METHODS

Single crystals of synthetic, pure HfSiO, hafnon were kindly provided by Alex
Speer. The crystal structure of this sample was previously studied by single-crystal
XRD (Speer and Cooper 1982) and shown to be extremely well crystallized with
cell parameters a = 6.5725 + 0.0007 A, ¢ = 5.9632 + 0.0004 A, V = 257.597 A%,
and space group symmetry /4,/amd. In the present study, the sample was ground
to a powder with particle sizes of ~3 um and loaded into a high-pressure diamond-
anvil cell (DAC) with 400 pm diameter culets. A T301 steel gasket was used with
a sample chamber hole pre-indented to 47 um in initial thickness and 150 um in
diameter. Ruby chips were loaded with the sample and pressures were determined
by the pressure-dependent spectral shift of the sharp ruby fluorescence R1 line (Mao
et al. 1986), excited by an argon ion laser with a wavelength of 514.5 nm. Any
pressure medium maintains the sample at a high hydrostatic state only at relatively
low pressure, but at pressures >15 GPa, the state mostly becomes quasi-hydrostatic
due to the solidification of the pressure medium, including liquid and gas. In this
study, no pressure medium was employed; however, such a sample loading may
lead to a pressure gradient across the sample chamber. Therefore, the focused laser
spot on the sample was close to a ruby chip, to ensure that the pressures subjected
to the sample and the ruby chips were similar.

Raman spectra were collected in a back-scattering arrangement at room tem-
perature using a high throughput holographic imaging spectrograph with volume
transmission grating, holographic notch filter, and thermoelectrically cooled CCD
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detector (Physics Spectra) with a resolution of 4 cm™'. The spectrometer and Raman
spectra were calibrated using the Raman lines of diamond and sulfur as well as the
neon emission spectrum. A Ti**-sapphire laser pumped by an argon ion laser was
tuned at 785 nm. The laser power was operated at 100 mW at low pressures and
300 mW at high pressures, and the incident laser beam was focused to a spot size of
5 um using a 20x objective. Each exposure time was 7 min with 2 accumulations.
The total wavenumber range covered was from 180 to 2000 cm™.

RESULTS AND DISCUSSION

Speer and Cooper (1982) refined the structure of hafnon, in
the tetragonal system with space group /4,/amd, in the second
setting, in which the Hf atoms are located on the 4a sites (0, 3/4,
1/8), Si on the 4b sites, and O on the 16h sites. Group theory
analysis gives 12 Raman active modes for hafnon, represented
as 2A,,+ 4B, + B,, + 5E,. Only eight of the modes in the Ra-
man spectrum of hafnon were observed (Fig. 1). Nicola and Rutt
(1974) observed two additional modes, at 159 and 148 cm™. Both
of these frequencies are below the wavenumber range that can
be detected in this work with our instrumental setup. The Raman
vibrational frequencies at ambient pressure with their mode as-
signments (Syme et al. 1977) are given in Table 1. The modes
observed in the region 400—1100 cm™ are internal stretching
and bending vibrations of the (SiO,)* tetrahedra whereas the
modes observed at 351.3 and 214.2 cm™ are external modes.
Knittle and Williams (1993) noted that zircon exhibits a high
Raman frequency for an SiO-stretching vibration (1006 cm™),
and we point out that this frequency in hafnon (1021.5 cm™),
the (SiO,)* antisymmetric stretching vibration, is even higher.
The high values of the SiO stretching frequencies in zircon were
attributed to coupling with strong ZrO vibrations (Knittle and
Williams 1993).

Raman spectra were collected at one atmosphere and at
elevated pressures, and are illustrated in Figure 2. The Raman
peaks increased in width and became more indistinct with
increasing pressure, as is typical for a sample that is examined
without a pressure medium. Consequently, only the five most
intense modes were followed as a function of pressure. Fitted
peak positions for one atmosphere are recorded in Table 1, and
plotted in Figure 3. Additional peaks first appear in the spectrum
recorded at 20.6 GPa. The pressure derivatives of the peak posi-
tions below 20.6 GPa are computed by linear fits and are listed
in Table 1. In hafnon, the individual vibrational mode shifts are
statistically identical to those of the four corresponding peaks
observed in zircon by Knittle and Williams (1993). However, the
214 cm™ peak, which was only measured at ambient conditions
in the zircon study, has a negative pressure derivative in hafnon
and displays soft mode behavior. Knittle and Williams (1993)

TABLE 1. Observed Raman modes and their pressure dependences
of hafnon, HfSiO,, at room conditions, together with the

peak assignments that were made according to Syme et

al. (1977)
Frequencies dv/dP dv/dP Assignment
(Acm™) (cm~'/GPa) hafnon (cm~'/GPa) zircon
2142 -0.5 - E,+Bq
3513 2.7 3.2 E,
400.2 Ey
450.3 1.1 1.1 Ay
639.5 Big
934.9 Ey
985.7 4.1 4.1 Ay
1021.5 4.6 4.8 Big
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suggested that there should be an external mode in zircon because
the average spectroscopic Griineisen parameter computed in their
study was much larger than estimates of the thermodynamic
Griineisen parameter, and the difference between the two could
be resolved if a peak in zircon existed with negative pressure
derivative. Nicola and Rutt (1974) assigned the 214 cm™' peak to
the E, libration mode of the SiO, group. This mode corresponds
to the 201 cm™ line in zircon. In their single-crystal Raman study
of the high-pressure transformations of TbVO, and DyVO, from
the zircon to the scheelite structure, Duclos et al. (1989) observed
two soft modes in the zircon-structure phases. One of the soft
modes corresponds with the one that we observed in the pres-
ent study, whereas the other was found at ~150 cm™', below the
wavenumber range detected in the present work. When pressure

Strain-activated

l l l mode

Recovered phase
scheelite-
structured

HfSiOy4

Arbitrary intensity

Hafnon

200 400 600 800 1000
Frequency (Aem™)

FIGURE 1. Ambient-pressure Raman spectra for HfSiO, (hafnon
structure = *) starting material and for the sample quenched from 38.2
GPa and 300 K, which has converted to the scheelite-structured HfSiO,
phase (arrows). Peak assignments for the two spectra are given in Tables
1 and 2. The high-pressure resulting spectrum is clearly distinct from the
spectrum obtained from the hafnon (starting material) and similar to the
reidite spectrum decompressed from the zircon phase transformation.
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increases, a negative shift for the peak centered at 214 cm™ was
observed. This peak is an overlap of E,+B;, modes; these modes
have different pressure shifts and hence appear to split at high
pressures at 14.3 GPa (Fig. 2).

At pressures up to 18.7 GPa, all Raman peaks can be assigned
to hafnon. At 20.6 GPa, an additional broad and weak peak ap-
pears at ~618 cm™. Knittle and Williams (1993) also observed
the appearance of a similar peak (610 cm™) at the onset of the
zircon-reidite transformation. Another new peak, located at ~510
cm™!, appears on the shoulder of the 450 cm™' peak, and becomes
separate and distinct at 34.3 GPa with the frequency 526.2 cm™'.
In addition, the two highest frequency vibrations become broad
and indistinct with increasing pressure, and cannot be clearly
located in the spectrum recorded at ~38.2 GPa. These changes in
the Raman spectrum are consistent with the zircon-reidite phase
transition previously observed by Knittle and Williams (1993),
and indicate the transformation of hafnon to the scheelite-struc-
tured HfSiO,. The transformation pressure for hathon at room
temperature is then given as (18.7+20.6)/2 = 19.6 + 1 GPa. Knittle
and Williams (1993) reported that the transformation from zircon
to reidite occurred at 23 + 1 GPa. However, in their XRD study
at pressure, van Westrenen et al. (2004) reported a transformation
at 19.7 GPa for a synthetic, pure zircon. They suggested that the
higher transformation pressure recorded by Knittle and Williams
(1993) is a consequence of composition and impurities in their
natural sample. It is clear from our study that the Hf content does
not increase the transformation pressure.

The vibrational modes of the scheelite-structured HfSiO, were
measured to 38.2 GPa and on decompression. Figure 4 illustrates
the Raman spectra during decompression, and pressure shifts of
these modes are tabulated in Table 2 and plotted in Figure 5. As
illustrated in Figure 4, the low-frequency vibrations decrease
continuously on decompression, whereas the high-frequency
SiO, internal modes are not resolved until pressures below 5.5
GPa are reached, at the same pressure a peak appeared at about
893 cm™'. Upon complete decompression, and especially at low
frequencies, several additional peaks are resolved in the spectrum

FIGURE 2. Raman spectra

Appearance of new bands
consistent with the phase 382GPa  through the phase transition from
transformation 343GPa  hafnon to scheelite-structured
HfSiO,. The spectrum at 20.6
Reidite structure GPa shows the first appearance
e 255GPa  of a vibration of the scheelite-
g structured phase at 618 cm™,
) 237GPa and the spectrum at 25.5 GPa
E shows the appearance of a second
— 20.6 GPa . .
N & peak in the scheelite-structured
s 18.7Gpa  Phase at 525 cm™'. The peak
= observed at 214 cm™' (1 atm)
b=l 18.0 GPa
Off: became undetectable and the
S % .
< | £ 143GPa 351 3 ey peak disappeared after
Hafnon 25.5 GPa.
7.0 GPa
3.7GPa
2.0 GPa
/. Soft mode . ] : - 0 GPa
200 400 600 800 1000

Freauency (Acm™)
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and appear as weak peaks or shoulders of relatively stronger
peaks. Eight modes were observed at 1 atm in HfSiO, with
I4,/amd, in comparison with 11 modes that were observed over
the same spectral region in the recovered phase (/4,/a). The in-
situ high-pressure Raman study has shown an irreversible phase
transition from hafnon to scheelite-structured HfSiO,; note that
no hafnon modes were observed upon pressure decrease to ambi-
ent conditions, the phase transformation was complete. Group
theory analysis predicts 13 Raman active modes arising from
the new tetragonal HfSiO, phase (scheelite-structured HfSiOy,),
represented as 3A,+ 5B, + 5E,, and 11 modes are observed.
The high-pressure scheelite structure of HfSiO, is similar
to that of the high-pressure structure (reidite) of ZrSiO,, so
we assigned the highest frequency Raman vibration in HfSiO,
(scheelite-structured HfSiO,) to the v; antisymmetric stretch
(B, symmetry), with the weak shoulder as the v, symmetric
stretch (A, symmetry). In the 800-900 cm™ region, two peaks
appear in the new high-pressure scheelite-structured HfSiO,,
although similar compounds with the scheelite structure have

only one predicted mode in that region (Vandenborre et al. 1989).
0 10 20 30 40
1200 ! ! ! 1200
1000 r 1000
L
E 800 - r 800
3
) A —-—A
3 Ly o —mm === o - =0
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FIGURE 3. Raman frequencies of HfSiO, as a function of pressure.
Up to 18.7 GPa, HfSiO,, has the hafnon structure. The appearance of a
new vibrational mode at 618 cm™ at the pressure of 20.6 GPa indicates
that the transition to scheelite-structured hafnon has occurred.

TABLE 2.
ZrSiO,, reidite (Knittle and Williams 1993)
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Therefore, we assigned the band observed at 884.4 cm™ to the
antisymmetric stretch v; (E, symmetry). The band observed at
853.5 cm™ may be a strain-induced mode, as suggested by Knittle
and Williams (1993) and Scott (1968). The peaks observed in
the region 420-650 cm™ were assigned to internal SiO,-bending
modes. The external modes are observed at frequencies lower
than 420 cm™'.

Comparison of the frequency shifts of the Raman modes suggests
that hafnon is more incompressible than zircon (Table 1). Further-
more, the pressure derivatives also suggest that the high-pressure
phase of HfSi0, is more incompressible than reidite (ZrSiO,), which
would make it the least compressible tetrahedrally coordinated sili-
cate known at this time. Finally, we notice that the hafhon Raman
peaks shift more after the phase transition, which might be due to the

W o

W 33.5 GPa
=t 28.9GPa
wv
c
[
et
£
= 206 GPa
S
© W\/\
S
h=d <
o) S5GPa
S
<

0 GPa
300 400 Sty (EI1) T
Frequencies (A cm"}

FIGURE 4. Raman spectra
of scheelite-structured \_/_H,—/"PJ ggg gga

. .. a
HfSiO, upon release of ‘2 / 28.9 GPa
pressure to room conditions. g 20.6 GPa
The transformation of hafnon = ‘/‘_/_ff/—/r 5.5 GPa
to a scheelite-structured E
HfSiO, type is quenchable. =

. = 0 GPa

The inset shows that the < M
high-frequency SiO, internal

modes of the scheelite-
structured HfSiO, are not
resolved until pressures
below 5.5 GPa are reached.

800 900 1000 1100

Frequencies (A cm™)

Observed Raman modes and their pressure dependences of the Scheelite-structured HfSiO, at room conditions, together with

Frequencies (Acm™) dv/dP (cm™'/GPa)
Scheelite-structured Scheelite-structured

Frequencies
(Acm™) ZrSiO,, reidite

dv/dP (cm™'/GPa)
ZrSi0,, reidite

Assignment
Knittle and Williams (1993)

HfSiO, HfSiO, Knittle and Williams (1993) Knittle and Williams (1993)

154 External mode

196 External mode

216 External mode
3404 320 External mode
361 343 External mode
4124 225 392 37 External mode
449.1 424 1.5 SiO, bend
466.8 1.69 456 2.2 SiO, bend
562.1 225 552 2.6 SiO, bend
618.0 604 SiO, bend
853.5 842 Strain-activated mode
884.4 3.57 880 3.7 SiO, antisymmetric stretch
981.6 967 SiO, symmetric stretch
1019.5 432 1001 5.0 SiO, antisymmetric stretch

Note: The peak assignments are made according to Knittle and Williams (1993).
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FIGURE 5. Pressure shifts of the vibrational frequencies of scheelite-
structured HfSiO, obtained on compression and decompression. The
high-frequency SiO, internal modes of the scheelite-structured HfSiO,
are not resolved until pressures below 5.5 GPa are reached.

volume change effects on this mixed phase sample. It is also possible
that Raman modes of both phases overlap.
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