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Recently, Gonzales Szwacki et al." investigated the crystal
structure of the rutile form of TiO, (rutile-TiO,”) at
ambient conditions (“room temperature” and normal pressure)
and temperatures below. This was done based on evaluation of
powder X-ray and neutron diffraction (PXRD and PND)
experiments and based on first-principles calculations on
structures (pertaining to the nonvibrating material at 0 K).
The authors' concluded that at these ambient conditions, rutile-
TiO, has the orthorhombic CaCl,-type structure (Strukturber-
icht notation C35) with Pnnm space group symmetry instead of
the classical rutile-type structure (Strukturbericht notation C4)
with P4,/mnm symmetry.” The main arguments were character-
istically hkl-dependent peaks widths in the PXRD/PND data,
which were attributed to reflection-splitting in accordance with
lattice-parameters values a # b, discarding an alternative
interpretation in terms of anisotropic microstrain broadening.
Characteristic displacements of the O atoms appear to
accompany the lattice distortion when evaluating the PXRD/
PND data in terms of the CaCl,-type structure. Moreover, the
first-principles calculations seemed to imply that orthorhombic
atomic geometries can have lower energies than more highly
symmetric tetragonal ones.

The tetragonal rutile-type structure of rutile-TiO, is an iconic
inorganic structure type.’ Its invalidation under ambient
conditions would affect textbook knowledge. Indeed, already
Tomei and Goletti* questioned the conclusion of an
orthorhombic CaCl,-type structure based on undetectable
effects predicted for some optical properties. In their reply, the
original authors” acknowledged “lower optical effects”, and once
again emphasized their theoretical and experimental findings.
Moreover, the authors addressed the relevance of domains in
orthorhombic rutile-TiO,, which obstructed macroscopic
measurements.

In the present comment, the author more generally questions
the interpretation of their PXRD/PND data by Gonzales
Szwacki et al." in terms of presence of a CaCl,-type TiO,. The
present author acknowledges to be able to reproduce the results
of the Rietveld refinements from ref 1 based on the published
diffraction data as it concerns both the CaCl,-type structure
model and the alternatively presented rutile-type structure
model with anisotropic microstrain broadening. The main point of
this comment is that in the view of the present author, the latter
tetragonal structure model with anisotropic microstrain broad-
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ening should be regarded as the more appropriate one. The main
argument is the bigger scientific context on rutile-TiO, and the
typical characteristics of ferroelastic phase transformations.

In all this, the present author focuses to a lesser extent on the
results of the first-principles calculations by Gonzales Szwacki et
al.' Nevertheless, it is emphasized that the maximum
determined energy difference between the, respectively, low-
est-energy CaCl,-type and rutile-type state amounts to only 1.5
meV/atom and lower values, depending strongly on the
calculation settings. In terms of thermal energy, 1.5 meV/
atom corresponds to 17 K. Even if these results would be valid, a
CaCl,-type energy minimum would occur twice (a < band b < a)
in the form of a double-well minimum in the lattice-parameter/
atomic displacement space with a rutile-type saddle point (a =
b). The corresponding detailed energy landscape has not been
explored by Gonzales Szwacki et al,," as it had, e.g,, been done in
an earlier work on isotypic S-PbO,.° In that work a similar
energy difference was encountered by first-principles calcu-
lations, and it was suggested that such a double-well potential is
dynamically averaged out toward a rutile-type f-PbO, at room
temperature. Hence, even if the first-principles calculations
indicate that a low-symmetry orthorhombic CaCl,-type energy
minimum for rutile-TiO, has alower energy than any other high-
symmetry tetragonal rutile-type state, this may be averaged out
by phonons at T > 0 K or even at T = 0 K (zero-point vibrations).
In any case, the first-principles calculations by Gonzales Szwacki
et al.' contrast a series of other detailed first-principles
calculations on rutile-TiO, in the literature. Such calculations
did not only predict the rutile-type structure to be stable at 0 K at
0 GPa but, more importantly, also a transition rutile-type —
CaCl,-type at an elevated pressure of p* = 7.6—13 GPa.”” Such a
transition at room temperature and elevated pressure had already
been predicted by extrapolating pressure-dependent elastic
constants.'’ Experimentally, this transition has not yet been
verified likely due to competing structural transitions observed
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for TiO,,'" as also pointed out in one of the afore-cited
theoretical works.”

Some bigger context for the question for the discussed
transition rutile-type — CaCl,-type structure for rutile-TiO, is
provided by comparison with the pressure-dependent structural
behavior of other dioxides and difluorides, which have a
traditionally well-established rutile-type structure at ambient
conditions: e.g, stishovite-SiO,,'”"* GeO,,'*"* $n0,,'® p-
PbO,,"” NiF,, (f-)MnO,,"*"® Mnglé’19 appear to show phase
transitions to a CaCl,-type structure at room temperature and
elevated pressure. Only for a few chlorides and bromides, for
which the CaCl,-type structure appears to exist at ambient
conditions, does the transition toward a rutile-type structure
occur at an elevated temperature T*: e.g., CaCl, and CaBr,.”"*!
Taking stishovite-SiO, as a model, the typical course of the
rutile-type — CaCl,-type was modeled within Landau theory as a
second-order pseudoproper ferroelastic phase transition, which
involves a necessary symmetry change.”””’ An excellent
agreement with experimental data could be demonstra-
ted.'”'>** Independently of the rutile/CaCl,-type structured
material, it appears that the CaCl,-type polymorph gets
stabilized over the rutile-type polymorph with increasing
pressure and decreasing temperature.

The main point to be made under the above-mentioned
context is that the existence of a CaCl,-type TiO, at room
temperature and normal pressure as proposed by Gonzalez
Szwacki et al." contradicts occurrence of a transition rutile-type
— CaCl,-type at 0 K'~°/room temperature'® and, respectively,
elevated pressure p*. Hence, the low-pressure state should not be
orthorhombic. This contradiction also sheds new light on earlier
works (and actually invalidates them) involving some of the
authors of ref 1, which had proposed presence of a CaCl,-type
structure at ambient conditions based on similar powder
diffraction evidence (mainly PXRD). In these works, even
direct experimental evidence for the ferroelastic transitions at
elevated pressure exist: The first work was on (-)MnO,,**
where a rutile-type — CaCl,-type transition was reported to
occur in other works at 0.3—1.9 GPa'® and later at 4 GPa,'®
using refined data evaluation methodology. The second work
was on f-PbO,,>* where a corresponding transition had been
reported at 4 GPa.'”

After objecting against a CaCl,-type structure for rutile-TiO,
at ambient conditions based on the general pressure- and
temperature-dependent behavior of rutile-TiO, and of similar
systems, now the refined structural parameters by Gonzalez
Szwacki et al." will be scrutinized. This is done in terms of two
parameters used already in that work, which are illustrated in
Figure 1. The metrical distortion r,, (basically quantifying
spontaneous strain) is calculated from the orthorhombic lattice
parameters a and b:

a—1b
Ty =2
ab a+b (1)
The second parameter r,, accounts for the rotation of the O-

octahedra around the Ti atoms and quantifies the difference
between the fractional coordinates x and y of the O atoms as
illustrated in Figure 1:

x—)y
x+y 2)
Whereas r,;, = r,, = 0 holds in the rutile-type structure, in all

considered CaCl,-type structures, they assume the same sign.
The states with (r,4,7,) = — (ra7,) are rotated by 90°; i.e., they

Fay = 2

O
O
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Figure 1. Unit cell of an orthorhombic CaCl,-type structure of TiO,,
shown as the distribution of the atoms within a unit cell viewed
downstream [001]. The lattice parameters a and b as well as the
fractional coordinates x and y are basis calculation of the parameters r,;,
and r,, (egs 1 and 2). In the special case of the tetragonal rutile-type
structure,a=band x =y (r,, = Ty = 0) with the latter implying that the
O atoms are located on the gray lines. With considerable changes
adapted from and redrawn according to ref 1. Copyright 2022 American
Chemical Society.

represent the same structures and in a real microstructure they
can be considered to represent orientational domain states,
corresponding to the two equivalent minima in a double-well
potential as mentioned above and previously considered in ref 6.
In the following, a > b is adopted and thus x > y, i.e,, resulting in
positive r,,r,,. Data from the literature on some dioxides used
for comparison are transformed accordingly.

Figure 2 depicts the values of (rab,rxy) for a series of structure
determinations at elevated pressures or some dioxides from the
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Figure 2. Distortion parameters r,, (eq 1) and Tay (eq2) as determined
experimentally from X-ray powder diffraction data taken at ambient
conditions from rutile-TiO, (squares) and adopting a CaCl,-type
structure (Table 7 of ref 1). These data are contrasted with pressure-
dependent data (at normal temperature) taken above the rutile-type —
CaCl,-type transition pressures p* from Sio,"? (p* = S1.4 GPa; red
triangles), GeO,"® (p* = 25 GPa; blue circles), and Sn0,'° (p* =103
GPa; green inverted triangles). The, respectively, highest and lowest
pressures are indicated by the numbers in GPa. The lowest pressure of
each set of data pertaining to the CaCl,-type phase is larger than the
respectively assessed value of p* due to the discrete character of the
pressures at which the diffraction data were measured.

literature as well as determined' for TiO, based on PXRD at
ambient conditions. The latter values are much smaller than
most of the pressure-dependent values. This does not automati-
cally invalidate the values for TiO,," but the smallness of these
values may raise the suspicion that they are of a different
character than the larger values.
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The data from the other dioxides in Figure 2 correspond to
values recorded at pressures above the pressure p* of the
ferroelastic rutile-type — CaCl,-type phase transitions occurring
with increasing pressure (or decreasing temperature; not
included in Figure 2). According to the above-mentioned
Landau-theory description of the transition,”” there should be a
bilinear coupling of the atomic distortions (the primary order
parameter; corresponding to r,) and the orthorhombic
distortion (the spontaneous strain; here corresponding to r,,).
Hence, above the transition pressure p* (or below the transition
temperature T*) the values are expected to vary according to r,,
~ 1y~ [T* — T]Y* ~ [p — p*]"/* in the orthorhombic structure,
while they are both 0 in the tetragonal structure. Furthermore,
approaching the transition from the tetragonal state from below

p* (above T*) the shear modulus C' = %(C11 - Cp,) (Cyy, Cy

being the components of the 6 X 6 Voigt stiffness matrix)
approaches 0; beyond the transition, the modulus

i( C,, + C,, — 2C,,) pertaining to the orthorhombic structure

increases from 0 to adopt increasingly positive values.
Accordingly, corresponding shear deformations become more
and more easy within the tetragonal phase approaching the
transition, but the corresponding pronounced elastic anisotropy
may also exist quite far from the transition. However, it has to be
emphasized that the Landau-theory-based description of the
pressure- or temperature-dependent crystal structure including
the phase transition corresponds to a mean-field description of
the intrinsic crystal structure. Hence, this description excludes
effects due to (extrinsic) defects/heterogeneities and effects due
to critical fluctuations.

Comparing the (r,,r,,) values determined for rutile-TiO, by
Gonzalez Szwacki et al.” with the pressure-dependent values of
the other dioxides at pressures above the rutile-type — CaCl,-
type phase transition, the small values for rutile-TiO, are only
expected very close to the phase transition. This would imply
that with decreasing temperature or with increasing pressure,
one would expect much larger values. Reports on structure data
do not indicate such behavior, including low-temperature data
by Gonzalez Szwacki et al." (especially as it concerns the values
for r,,; see their Table 6). In any case, as already stated above,
there is experimental and theoretical evidence that the true
ferroelastic transition for rutile-TiO, should occur at elevated
pressures.” "’

In view of the preceding considerations, it is now suggested
that at ambient conditions, rutile-TiO, indeed exhibits the long-
established tetragonal rutile-type structure. Consequently, the
anisotropic line broadening interpreted in terms of a CaCl,-type
structure model Gonzalez Szwacki et al." and corresponding tiny
reflection splitting, should instead be interpreted micro-
structure-induced anisotropic microstrain. Such model was
discarded by Gonzalez Szwacki et al.' Elastic microstress is
expected to occur as soon as there are local structural misfits in a
microstructure, e.g., due to misfitting grains or due to
dislocations.”**” The corresponding microstress-induced mi-
crostrain is expected to more or less exhibit the material’s elastic
anisotropy, e.g., by showing a direction dependence of the line
widths qualitatively similar to the reciprocal of Young’s modulus,
1/E>®*" Conventional values of the experimental elastic
constants determined at ambient conditions adopting standard

tetragonal symmetry”® imply C' = %(C11 — Cy,) = 46 GPa,
which is small but well positive. The next larger shear modulus
resulting from eigenvalue/eigenvector analysis of the stiffness

matrix corresponds to Cy = Css = 124 GPa. The direction
dependence of 1/E as shown in Figure 3 agrees with the broad

0.0068 GPa™

Y 0.0026 GPa™

Figure 3. Projection of the tensor surface of the direction-dependent
reciprocal Young’s modulus, 1/E of rutile-TiO, calculated using elastic
constants determined for ambient conditions adopting tetragonal
symmetry,”” implying E(100) = 148 GPa, E(110) = 373 GPa, and
E(001) = 384 GPa. The large values of 1/E along the [100] is strongly
connected with the small value of C’ = 1/2(C;; — C;,) and is the main
reason for the pronounced anisotropy of the microstrain broadening
(see text).

h00 and narrow hhO Bragg reflections as reported by Gonzalez
Szwacki et al.' and which was the basis for the proposal of
orthorhombicity by these authors. However, it has been shown
by the present author that in the limit of small distortions
microstrain broadening and reflection splitting can lead to
virtually the same diffraction patterns,”” suggesting that other
means are required to justify choice of the appropriate model. It
is the strong theoretical evidence for elastic instability of rutile-
type TiO, and of other oxides and fluorides at elevated pressures
described above, which excludes the presence of the CaCl,-type
structure also at normal pressure.

Anisotropic microstrain broadening has been studied for
materials exhibiting a ferroelastic tetragonal — orthorhombic
phase associated with a small value of C’ in the tetragonal phase.
Notable examples are As,Os,’’ showing a transition with
decreasing T or Pb;O,’" upon following the transition with
increasing pressure. In the case of As,Og the temperature
evolution of (true) orthorhombic splitting below the assessed
transition temperature was shown to be well compatible with
Landau theory adopting a second-order proper ferroelastic
transition. As argued above, the line broadening present above
the transition temperature T* can only be attributed to
anisotropic line broadening, as also done in ref 30. While in
that work the broadening was associated with critical
fluctuations, it has been argued by other authors that
ferroelectric (and ferroelastic) materials behave largely accord-
ing to the mean-field approximation such that critical
fluctuations should be nezgligible.32’33 Instead, emergence of
apparently critical behavior in such materials were instead
attributed to defects/heterogeneities in the material.”> Such
extrinsic defects and heterogeneities are expected to be
omnipresent in real materials. As already described above for
the case of rutile-TiO,, if such defects induce local elastic strains
aka microstrain, this microstrain will reflect the elastic
anisotropy, e.g., in the form of microstrain broadending with
hkl dependence mainly in agreement with direction dependence
of the reciprocal Young’s modulus (see also above). That
modulus is strongly influenced by the small value of C’ which
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approaches 0 when approaching the phase transition from the
tetragonal side.””**

As formulated by Stephens,”* microstrain broadening can be
conceived as resulting from a correlated distribution of lattice
parameters (formulated in terms of the components of the
reciprocal metrical tensor) for whatever reason around an
average, which is regarded as the true lattice parameter. In view
of the present picture, the reason for microstrain is local
microstresses (for the influence of macrostresses which may be
generated in a diamond anvil cell and which might strongly
influence the encountered broadening see Singh®®). Hence, the
“orthorhombic” crystallites apparently generating the ortho-
rhombic distortion are caused by deviatoric stresses. The
resulting elastic strains are well expected to be accompanied by
displacements of the O atoms as reflected by the refined r,,
values' so that this effect can well be reconciled with a truly
tetragonal rutile-type structure of the material unaffected by the
microstress. Thereby, the displacements of the O atoms caused
by an elastic strain can by regarded as a deviation from the
Cauchy—Born approximation stating that the internal atomic
structure follows an elastic strain in a homogeneous fashion.” In
any case, observing such displacements for (elastically) strained
TiO, provides no independent support for an intrinsically
orthorhombic crystal structure.

The present example highlights the importance of acknowl-
edging that the diffraction pattern of some crystalline specimens
always reflects its real structure. This real structure is a
combination of what should be regarded as the actual intrinsic
crystal structure (including equilibrium point defects) which
may be a true minimization of Gibbs energy and extrinsic,
nonequilibrium microstructure, as finite crystallite size, extended
faults as dislocations and planar faults. The microstructure can
cause diffraction line broadening and more complicated
diffraction effects.’®” In some cases, such as the present one
of rutile-Ti0,, the diffraction effects due to microstructure, e.g.,
anisotropic microstrain broadening, can be in principle be
modeled empirically by modifying the model for the intrinsic
crystal structure. However, this leads to a crystal structure model
inappropriately representing the material’s energy landscape.
Taking this into account in the present work, the appropriate
model of the intrinsic crystal structure for rutile-TiO, was
argued to be the classical tetragonal rutile-type structure rather
than the orthorhombic CaCl,-type structure. The line broad-
ening should be attributed as defect/microstress-induced
microstrain, where the anisotropy of the broadening is
compatible with the well-known elastic anisotropy of
(tetragonal) rutile-TiO,.
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