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Size-Dependent Pressure-Induced Amorphization in Nanoscale TiO,
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We investigated the size-dependent high-pressure phase transition behavior of nanocrystalline anatase
TiO, with synchrotron x-ray diffraction and Raman spectroscopy to 45 GPa at ambient temperature.
Pressure-induced amorphization results in a high-density amorphous (HDA) form when the starting
crystallite size is <10 nm. The HDA-TiO, transforms to a low-density amorphous form at lower
pressures. Harnessing the nanometer length scale thus provides a new window for experimental inves-
tigation of amorphization in poor glass formers and a synthesis route for new amorphous materials.
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Pressure-induced amorphization (PIA) has been ob-
served for many classes of materials [1,2]. The phenome-
non involves metastable transformation of crystalline
materials into amorphous solids by application of pressure
(P) at a temperature (7') that is sufficiently low to preclude
nucleation and growth of stable crystalline phases. It is a
kinetically controlled event correlated with a frustrated
attempt by the crystal to reach its stable packing at high
density. Mechanical instabilities developed in the meta-
stably compressed crystal can give rise to spinodal behav-
ior, and PIA can also take on a thermodynamic character,
such as the glass transition approaching the Kauzmann
limit [3]. PIA has been mostly described among tetrahe-
drally coordinated solids (e.g., Si0,, H,O, and Si) [1,2]. In
the cases of H,O and Si, PIA results in new high-density
amorphous (HDA) forms that can either be recovered
metastably to ambient P or transformed to low-density
amorphous (LDA) structures during decompression [1,4].
The HDA-LDA polyamorphism is usually linked to an
underlying density-driven liquid-liquid phase transition
[4]. In this Letter, we report PIA leading to HDA and
LDA forms among nanocrystalline samples of the octahe-
drally coordinated TiO,.

Bulk TiO, is a poor glass former. Amorphous TiO,
(a-TiO,), an important technological material, is usually
obtained via sol-gel techniques. a-TiO, could be obtained
by PIA, but the application of pressure (compression,
decompression, or shock-wave) is not known to amorphize
bulk TiO, crystals. However, surface vs bulk free energy
contributions within nanocrystalline materials (TiO,,
Zr0,, Al,O3, etc.) are known to result in reversals of
normal stability relations among bulk phases [5,6], and
may stabilize the amorphous form at high pressures.
Recently, it was reported that pressure-induced phase tran-
sitions in nanocrystalline (nc) anatase (tetragonal space
group I4,/amd, designated r-TiO,) are particle size de-
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pendent [7] (Fig. 1). Crystallites with sizes >50 nm trans-
form to thermodynamically stable TiO,-II (a-PbO,
structure, Pbcn; 0-TiO,) at P > 5 GPa. Twelve to 50 nm
nc-t-TiO, particles transform to monoclinic baddeleyite-
structured TiO, (P2,/c; m-TiO,) at 12—20 GPa. Materials
obtained by high-P treatment of smaller ( < 10 nm) nano-
crystals appeared to be amorphous [7]. Here, we examined
the P-dependent changes in nc-t-TiO, with crystallite
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FIG. 1 (color online). (a) Size-dependent pressure stability of
nc-t-TiO, (modified after Ref. [7]). The average transition
pressures of the three phase transition regimes are shown.
Nanocrystals of size <10 nm undergo PIA and remain amor-
phous (a-TiO,) upon further compression and decompression.
Approximately 12-50 nm crystallites transform to m-TiO, upon
compression, which then transforms to 0-TiO, on decompres-
sion. Coarser crystallites transform directly to o0-TiO,. The
compression-decompression paths of the two samples of this
study are indicated. (b) Known stable P-T relations [9,19-21] in
the bulk TiO, system.
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sizes <10 nm using angle-dispersive synchrotron x-ray  a-TiO, recovered to ambient P is noncrystalline but has
diffraction (XRD) and Raman spectroscopy in diamond- a structural relationship to 0-TiO,. The a-TiO, formed by
anvil cells (DACs) at ambient 7 and P up to 45 GPa [8].  PIA at high-P is likely to be structurally related to m-TiO,
Starting materials included nc-anatase with average sizes  (Figs. 3 and 4). In that case, the data indicate a polyamor-

4 = 1 nm (sample A) or 8§ = 2 nm (sample B) (Fig. 1). phic transformation occurring during decompression of
Samples A and B exhibit similar behavior during com- a-TiO, between an HDA form produced by PIA and an
pression to 45 GPa and subsequent decompression to am-  LDA polyamorph that is recovered at ambient P. This is

bient P. The ¢-TiO, structure is retained metastably to similar behavior to H,O and a-Si produced by PIA of
P = 20-24 GPa during compression, with PIA occurring  nanocrystalline porous-Si materials [12,13]. Interestingly,
beyond this pressure range (Fig. 2). During a typical  the high- and low-P XRD spectra of a-TiO, are similar to
compression-decompression cycle, the nc-anatase XRD  those obtained at similar pressures from a chemically
peaks broadened and weakened with increasing P to synthesized sample during a decompression run from simi-
~20 GPa; spectra obtained following decompression  lar peak pressure (Ref. [8], Fig. S1). The two amorphous
from 45 GPa showed very broad features typical of  structures show distinct pressure dependencies as seen in
a-TiO,. The broad features in the high-P (>20 GPa) the pressure evolution of their major broad feature in the
XRD spectra could not be correlated with the diffraction XRD spectra (Ref. [8], Fig. S4).

patterns of any known TiO, phases stable in this pressure In order to characterize the pressure-dependent
range [e.g., m-TiO, [9], OI (Pbca) [10], or OIl (Pnma) a-TiO, structures, we obtained Raman spectra during
[11]]. Weak peaks occurring in the spectrum of sample B compression-decompression cycles. Raman spectroscopy

on decompression to 0 GPa may suggest increased order- is highly sensitive to phase changes occurring in nc-TiO,
ing in the a-TiO, (Fig. 2). Again, the broad bands observed ~ [7], and it provides a detailed structural probe of local
for sample A resemble the diffraction peaks of 0-TiO,.  coordination environments [12]. In Fig. 3 we present

However, transmission electron microscopy and electron ~ Raman spectra of nc-f-TiO, and a-TiO, materials mea-
diffraction studies do not indicate the presence of any  sured during compression and decompression of sample A.
crystalline material [Fig. 2(d)]. We suggest that the  (Additional data are presented in Ref. [8], Figs. S2 and S3.)
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FIG. 2 (color online). Synchrotron XRD data obtained during compression and decompression of nc-t-TiO, particles. (a) PIA takes
place in sample B (8 nm particles) at ~20 GPa (left column). The amorphous phase is recovered to ambient conditions, but subtle
changes in the XRD pattern, including increased ordering at low pressures, are observed upon decompression (right column).
(b) Integrated XRD data of sample B during compression or decompression runs. Anatase (#-TiO,) reflections are indicated by “up”
arrow; arrows labeled “0” and “g” represent 0-TiO, and Au diffraction positions at 0 GPa. (c) Integrated XRD data of sample A
(4 nm) obtained during decompression. Calculated XRD spectra (for wavelength A = 0.3344 A) of 0-TiO, and m-TiO, are given for
comparison. The 0 GPa (outside the DAC) spectrum of pressure-amorphized sample A exhibits diffuse scattering background
characteristic of a highly disordered material, with perhaps structural similarity to o-TiO,. Electron diffraction (d), however, confirms
the amorphous nature of the material at a length scale of that of a crystalline unit cell (~1 nm).
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The strong £, Raman mode of nc-anatase at ~144 cm™lis

observable to 20—24 GPa. Raman spectra obtained above
this pressure exhibit a broad density-of-states function
with broad weak maxima near 225-290 cm™ ' and
495-540 cm™! [Fig. 3(a)]. During decompression, new
broad features began to emerge at high (550-650 cm™')
and low wave numbers (100-300 cm™!) below P =
15-16 GPa for both samples, indicating the presence of a
LDA polyamorph. The new peaks grew and redshifted with
decreasing pressure, evolving into a distinct LDA spectrum
below P ~ 10 GPa [Fig. 3(b)]. The ambient P spectra from
recovered material are different from those of sol-gel
produced a-TiO, that has been shown to be structurally
related to brookite or anatase [14]. Upon recompression,
the LDA-TiO, spectrum transformed back into that of the
HDA polyamorph above P ~ 15 GPa, suggesting the pos-
sibility of a reversible HDA-LDA polyamorphic transition
such as that observed for a-H,O and a-Si [12,13] (Ref. [8],
Fig. S3).

Comparison of the XRD and Raman spectra obtained at
high and low pressures from a-TiO, with that of various
crystalline phases reveals that the HDA and LDA forms
might be structurally related to m-TiO, and o-TiO,, re-
spectively (Fig. 4). The o0-TiO, structure consists of a
planar arrangement of distorted TiOg octahedra sharing
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FIG. 3 (color online). Raman spectra of sample A measured
during compression and decompression. (a) Compression. The
bottom three spectra show the pressure evolution of anatase
(nc-t-Ti0O,) Raman modes. PIA occurs at P > 20 GPa. (b) Dur-
ing decompression, spectral changes indicate structural modifi-
cation within the a-TiO, materials produced via PIA.

edges to form zigzag chains along the ¢ direction that are
linked through octahedral corners [15]. m-TiO, has a dis-
torted fluorite structure in which each Ti atom is coordi-
nated to 7 oxygens [9]. The 0-TiO,-m-TiO, phase tran-
sition in the bulk material at ambient 7 and P ~ 12 GPa
[9] involves a 6 to 7 Ti-O coordination change, accompa-
nied by a volume reduction of ~9%. The structural sim-
ilarities between low- and high-P crystalline phases and
the corresponding LDA/HDA polyamorphs suggest similar
density differences [16]. Based on these observations, we
suggest that a-TiO, produced via PIA from nanoscale
materials exhibits P-dependent structural variations with
an 0-TiO,-type component dominating at low pressures
(<16 GPa) and an m-TiO,-type component stabilized at
higher pressures, and that a P-induced LDA-HDA transi-
tion may occur between the two polyamorphic forms.
Future experiments are needed to determine the exact
nature of the transition.

PIA leading to the HDA and LDA forms in nc-t-TiO,
described above is similar to that reported for ice (H,O)
[13] and for porous Si [12]. The telltale signs of a system
with potential for PIA and a density-driven polyamorphic
transition include melting with a negative Clapeyron
(—dT,,/dP) slope or the appearance of maxima in the
melting curve [16] and negative thermal expansion of
low-pressure crystals observed among flexible framework
structures [17]. A thermodynamic explanation of PIA in-
volves interception along the compression or decompres-
sion path of the metastable extension of the melting curve
(with negative slope or a maximum); this approach has
been successfully applied to understand the phenomena in
ice [13], silica [18], Si [12], and other materials [16]. We
cannot yet test this proposition for TiO, because the avail-
able high-P, T phase relations [9,19-21] do not include
melting curve determinations, and stable vs metastable
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FIG. 4. Comparison of low- and high-P Raman spectra of
a-TiO, with those of crystalline polymorphs. (a) Raman spec-
trum of a-TiO,/LDA (sample B) decompressed to 0 GPa.
(b) Raman spectrum of a-TiO,/HDA (sample A) at 34 GPa.
(c) Raman spectrum of nc-0-TiO, (~11 nm) at 0 GPa.
(d) Raman spectrum of nc-m-TiO, (~30 nm) obtained at
34 GPa [26].
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transformations for TiO, polymorphs, including melting,
are strongly modified by surface energy contributions
within nanocrystalline materials [5,22—-24]. Our results
indicate that PIA can occur for nanoparticles among sys-
tems that are poor glass formers, and that this process could
yield useful amorphous ceramics and nanocomposites.

Our study represents a recognition and demonstration of
the critical role of finite-particle size determining PIA and
possible polyamorphism within poor glass-forming mate-
rials. The recently proposed mechanism involving forma-
tion of “ferroelastic glass’ through the stress-related dis-
integration into randomly oriented nanoscale domains [25]
is not appropriate here, because PIA was observed in sub-
10 nm nanocrystals that are unlikely to undergo further
fracturing. Coarser TiO, nanocrystals were shown to pre-
serve crystallite integrity during pressure cycling across
various structural transitions [26]. The observed PIA is size
sensitive in that crystallites coarser than ~10 nm undergo
crystal-crystal transitions, instead of PIA. Finely balanced,
size-dependent bulk vs surface energetics are at work here;
these also determine the kinetics of stable vs metastable
transitions occurring among the crystalline and amorphous
materials [5,12,23,24].

Our results presented here and in Ref. [7] allow for a
rationalization of the disparate high-pressure data on nc-Si
[12,27,28] as due to size-dependent phase selectivity:
nanocrystals of size less than ~5 nm undergo PIA into
an HDA form followed by subsequent HDA-LDA trans-
formation during decompression; coarser crystallites
undergo stable and metastable crystal-crystal transforma-
tions [12]. The thermodynamic/kinetic arguments ad-
vanced for Si and H,O [12,13] could apply for TiO, as
well. The PIA phenomenon in Si was linked to the nega-
tively sloping melting curve of the low-P phase (diamond-
structured Si) that varied as a function of nanocrystallite
size [12]. We could envisage a similar picture for TiO,,
perhaps analogous to melting relations established among
substances such as SiO, that exhibit PIA and polyamor-
phism associated with melting curve maxima among tetra-
hedrally and octahedrally coordinated phases [16,18].
However, that description must await determination of
the melting relations for TiO, phases at high P, T for
bulk phases as well as nanoparticles.

Our studies demonstrate that PIA occurs within TiO,
particles (nanocrystalline anatase-structured #-TiO,) with
size below ~10 nm in dimension. The PIA-produced
a-TiO, material can be recovered to ambient P.
Controlled formation of some TiO, nanocrystals of meta-
stable phases (e.g., 0-TiO,) within the amorphous matrix
could result in new electronic ceramic nanocomposites.
The HDA material formed by PIA at high pressure reverts
to an LDA-TiO, polyamorph during decompression.
Although the exact nature of this transition remains un-
known, this behavior mimics the high-P polyamorphism in
a-Si and a-H,O (in a-Si the HDA-LDA transition was
produced via PIA from nanoparticles). The results show

that PIA of nanocrystalline materials is a useful new
method for preparing amorphous solids among the family
of materials considered to be “reluctant” glass formers,
and also for studying HDA-LDA transformations within a
wide range of polyamorphic systems.
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