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ABSTRACT: The symmetry of the material is an important factor determining its
properties. In this work, we demonstrate both experimentally and by numerical simulations
that the actual symmetry of the rutile phase of TiO2 is orthorhombic, described with space
group Pnnm, in contrast to what it is commonly believed that rutile TiO2 has a tetragonal
symmetry, described with space group P42/mnm. We present very precise first-principles
calculations for the determination of the structural properties of rutile TiO2 and highlight
the relevance of using the revised regularized SCAN meta-GGA density functional for the
interpretation and analysis of neutron and synchrotron radiation diffraction measurements.
The lowering of the symmetry has a small but not negligible influence on the elastic,
vibrational, and optical properties of rutile TiO2.

■ INTRODUCTION
Titanium dioxide can exist in different polymorphic forms: as
tetragonal rutile, as anatase, or as rhombic brucite. However,
rutile is the most stable polymorphic form of TiO2.

1−3 In its
pure form, rutile TiO2 is colorless with a bluish tint, but
depending on the impurities, it can be reddish-brown,
sometimes yellowish, bluish, or violet. The characteristic
feature that distinguishes rutile from other phases of TiO2 is
the large birefringence.4 The refractive indices of rutile TiO2
range from about 2.5−3.0 in the visible range of wave-
lengths.5,6 TiO2 is also a very chemically resistant compound.

7

Rutile TiO2 has applications as a white pigment and a
photocatalyst,8,9 and it has interesting electronic and optical
properties (see, e.g., ref 10). The photocatalytic splitting of
H2O by TiO2 has become a paradigm for photocatalysis since
its seminal discovery by Fujishima and Honda in 1972.8 More
recently, rutile TiO2 films are also attracting attention as high-k
dielectric materials for dynamic random access memory
(DRAM).11 These important applications of TiO2 have
stimulated a great deal of experimental and theoretical work
on its properties.7 A common feature of all of the previous
studies related to rutile TiO2 is that they assumed the
tetragonal P42/mnm symmetry of its crystal structure.3,7,12 In
this paper, we present a combined experimental and theoretical
study that suggests that the symmetry of the crystal structure of
rutile-type TiO2 is orthorhombic, with a CaCl2-type structure.

1

The assumed lower symmetry has implications for all of the
properties of this material.
In order to better understand the structure and properties of

rutile nanomaterials,13 it is crucial to understand the structure
of the bulk rutile. TiO2 nanostructures can be synthesized
directly from rutile minerals and industrial-grade rutiles (see,
e.g., ref 14). Nanostructured rutile TiO2 can be used for
selective photocatalytic oxidation of aromatic alcohols to

aldehydes in water (see, e.g., ref 15). Recent studies of the
microfaceting process try to elucidate the nature of the surface
reconstructions on rutile TiO2 surfaces (see, e.g., ref 16). All of
these processes, i.e., growth of rutile TiO2 nanowires, specific
chemical activity with molecules, and surface reconstruction
are most probably related to the symmetry of the rutile crystal
structure. An orthorhombic symmetry could explain an
anisotropic behavior, e.g., along [110] and [11̅0] directions
compared with the tetragonal symmetry.
The high refractive indices at the visible wavelengths

mentioned above are due to the high electronic polarizability
of rutile TiO2. On the other hand, rutile TiO2 has high
dielectric permittivities of 86 along a-axis and 170 along c-
axis.17 The high permittivity for the c-axis is due to the relative
displacements between positive and negative ions described by
the soft A2u phonon mode. The ferroelectric A2u phonon mode
becomes softer with decreasing temperature; however, the
crystal does not undergo a transition to the ferroelectric state
even at temperatures reaching 0 K.18 The experimentally
observed direct band gap of rutile TiO2 is 3.03 eV.

19 The band
gap and other electronic and structural properties of rutile
TiO2 are not sufficiently well described within density
functional theory (DFT) with local density approximation
(LDA) and generalized gradient approximation (GGA).20,21

The DFT approaches based on LDA and GGA predict for
instance that anatase is more stable than rutile.22 Some
improvement can be achieved when using more sophisticated
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DFT approaches including hybrid functionals, DFT plus the
Hubbard U correction (DFT + U), and dispersion-corrected
DFT methods.22,23 The self-interaction error (SIE) has long
been identified as one of the limitations of practical density
functional approximations.24 In addition to SIE, yet another
source of errors may be the assumed symmetry of rutile TiO2
in the theoretical calculations and in the analysis of the
experimental results. To explore the properties of TiO2, we
decided to go beyond the standard DFT calculations that can
be found in the literature18,20,25,26 for rutile-type TiO2. As we
argue in this work, the change of symmetry from tetragonal to
orthorhombic can provide a more accurate description of the
properties of rutile TiO2. This paper is a continuation of earlier
studies of a few other materials also ascribed to the rutile-type
structure: β-MnO2, MnF2,27 and β-PbO2.28

■ METHODS
Theoretical Methods. The pseudopotential plane-wave-

based DFT calculations have been done using the Quantum-
ESPRESSO package.29 The numerical methodology of those
calculations is given in the Supporting Information. Our all-
electron DFT calculations were performed using the highly
accurate full potential linearized augmented plane-wave (FP-
LAPW) method as implemented in the Elk code.30 For the
exchange−correlation (XC) potential, we have used the
Perdew−Zunger (PZ),31 the Perdew−Burke−Ernzerhoft
(PBE),32 and the revised PBE for solid (PBEsol)33 functionals
and also the r++SCAN functional, which is a more recent
variant of the strongly constrained and appropriately normed
(SCAN) meta-generalized gradient approximation (meta-
GGA) exchange−correlation functional.34 The r++SCAN
functional, which is available through an interface to the
Libxc library,35 largely improves SCAN’s numerical perform-
ance while keeping its high accuracy for lattice constant
prediction for solids.34 Basis functions are expanded in
combinations of spherical harmonic functions inside non-
overlapping spheres at the atomic sites (muffin-tin spheres)
and in plane waves in the interstitial regions. The muffin-tin
radii for oxygen (O) and titanium are taken to be 1.56 and
2.08 au, respectively. The interstitial plane-wave vector cutoff
Kmax is chosen such that RmtKmax equals 9 for all of the
calculations (Rmt is the smallest of all atomic sphere radii). The
convergence parameter RmtKmax controls the size of the basis.
The valence wave functions inside the spheres are expanded up
to lmax = 10, while the charge density was Fourier expanded up
to Gmax = 18. We found the optical spectra to be sufficiently
well converged with a 11 × 11 × 17 k-point grid (324 and 189
k-points for the Pnnm and P42/mnm crystal symmetries,
respectively) in the irreducible Brillouin zone (BZ), and self-
consistency was achieved by an iterative process with energy
convergence up to 2.72 × 10−5 eV. The highest-accuracy
vhighq option in Elk is used for accurate stress tensor
calculations during structural optimization of both atomic
positions and lattice vectors. The phonon frequencies are
calculated for the Γ-point of BZ by using the finite-
displacement method (supercell method).
Materials and Experimental Methods. Two commercial

powder samples of rutile TiO2 provided by Alfa Aesar (referred
to as S1) and Aldrich (referred to as S2) were used for
synchrotron X-ray powder diffraction (SXRPD) studies.
Powder patterns were collected at the BL04-MSPD beam-
line36,37 of ALBA synchrotron in the MYTHEN position
sensitive setup.38 The X-ray wavelength 0.44275(4) Å was

calibrated using Si NIST standard reference. The measured
angular range 4° < 2θ < 50° corresponds to the scattering
vector range 0.16 Å−1 < Q < 1.90 Å−1. We use the convention
of the scattering vector Q calculated as Q = (2/λ)sin θ = 1/d,
where 2θ is the scattering angle and d is the inteplanar
distance. The powder TiO2 samples S1 and S2 were sealed in
borosilicate capillaries of 0.5 mm diameter for SXRPD
measurements at room temperature (RT). The instrumental
contribution to peakwidths was determined by measuring a
Na2Ca3Al2F14 reference standard.

39 Sample S1 contains only
the rutile phase, and sample S2 contains 5.5(2)% mass of
anatase. Anatase fraction in sample S2 was refined, but the
structural parameters of anatase were not analyzed in the
present study.
The powder TiO2 sample S1 was also characterized by

neutron powder diffraction (NPD) at 10, 150, and 300 K using
the high angular resolution diffractometer D2B at the Institut
Laue Langevin in Grenoble. The powder sample S1 was placed
in 8.5 mm diameter thin-walled vanadium container. The
measurements were done with open collimation in the 2θ
range 10°< 2θ < 160°; however, we have analyzed the data for
10° < 2θ < 122° because of the less good resolution at high 2θ
angles. The analyzed 2θ range corresponds to 0.11 Å −1 < Q <
1.10 Å−1.
The NPD diffraction pattern of rutile TiO2 sample S1 at RT

was used for wavelength calibration. By using the lattice
constants determined with SXRPD on the same sample at RT
the neutron wavelength of 1.5947(1) Å was determined.
The synchrotron radiation (SR) and neutron powder

diffraction data were analyzed by using the aniostropic Bragg
peak broadening model. The Bragg peaks were fitted with a
pseudo-Voigt profile. The obtained integral breadths, β and full
widths at half-maximum, FWHM were determined by using
the program WinPLOTR.40 We have also done full-pattern
Rietveld refinements41,42 using the programs Jana200643 and
FullProf.44

■ RESULTS AND DISCUSSION
Pseudopotential Plane-Wave-Based Method. To study

the possible lowering in the symmetry of rutile TiO2, which is
suggested by our experiment, it is assumed that the crystal
structure of the rutile TiO2 phase is described by the space
group Pnnm with Ti atoms occupying 2a sites (0, 0, 0) and
with the O atoms occupying 4g sites (x, y, 0). A good measure
of the degree of distortion is given by the rab parameter, which
is the relative difference of lattice parameters (in orthorhombic
setting)

=
+

r
a b
a b

2ab (1)

and the rxy parameter, which is the relative difference of the
refinable position coordinates of oxygen (x, y, 0)

=
+

r
x y
x y

2xy
(2)

It was reported in the literature23 that the combined use of
van der Waals interactions and the Hubbard U term for the Ti
3d orbital in the DFT calculations correctly reproduces the
relative stability of rutile, brookite, and anatase. There are also
recent reports in the literature45 that employ DFT + U to
study, among others, the electronic properties of TiO2
polymorphs. Therefore, besides standard exchange−correla-
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tion functionals (PW and PBEsol), we used a vdW-DF
functional (rVV10) in our pseudopotential calculations. We
have also tested the DFT + U approach with U = 3, 6, and 9
eV. To our surprise, the obtained parameters rab and rxy were
very close to those for U = 0.
In Table 1, the computed equilibrium lattice parameters are

listed for three exchange−correlation functionals. The
deviation from the experimental lattice constants is about 1%
at most. Our pseudopotential calculations predict modest but
not negligible structural distortions for rutile-type TiO2.
Moreover, there is no substantial difference between the PW
and PBEsol functionals and the rVV10 functional in the
description of the structural properties of rutile TiO2. The
parameter rxy is underestimated but is the closest to the

measured values for the vdW-DF method. The GGA functional
corrects the LDA disagreement with the experiment
concerning the rxy parameter, but the GGA result is only
marginally better that the LDA result. Both LDA and GGA
underestimate the unit cell volume, whereas vdW-DF over-
estimates it. The results for P42/mnm-TiO2 are in excellent
agreement with previous density functional calculations.18,20,26

An important and often used property of TiO2 is a very high
refractive index.6 The experimentally obtained ordinary and
extraordinary refractive indices plotted as a function of the
wavelength are shown in the bottom panel of Figure 1. The
computed refractive indices for tetragonal and orthorhombic
TiO2 plotted as a function of wavelength are also shown in
Figure 1. The refractive index in the ab-plane has for each

Table 1. Comparison of Structural Parameters Obtained within the Pseudopotential Plane-Wave Method for the Pnnm and
P42/mnm Models of Rutile TiO2

a

LDA (PW) GGA (PBEsol) vdW-DF (rVV10)

Pnnm P42/mnm Pnnm P42/mnm Pnnm P42/mnm

a 4.54385 4.54386 4.58281 4.58263 4.64331 4.64040
b 4.54373 4.54386 4.58251 4.58263 4.63832 4.64040
c 2.91738 2.91657 2.93737 2.93737 2.98160 2.98150
ΔEtot 0.034 0.002 0.004
rab 0.00003 0 0.00006 0 0.00107 0
x 0.30396 0.30394 0.30439 0.30433 0.30469 0.30426
y 0.30393 0.30394 0.30433 0.30433 0.30388 0.30426
rxy 0.00010 0 0.00021 0 0.00266 0

aThe lattice constants a, b, c are in angstroms and the total energy difference (ΔEtot) is in meV per unit cell (6 atoms). The positive value of ΔEtot
indicates that Pnnm-TiO2 is lower in energy. x and y are the fractional coordinates of oxygen ions. The experimental values for TiO2 at 10 K are a =
4.5885(3) Å, b = 4.5849(3) Å, c = 2.9533(1) Å, x = 0.3075(10), and y = 0.3015(10) (see Table 5).

Figure 1. Refractive indices for tetragonal (left) and orthorhombic (right) rutile TiO2 were obtained using the rVV10 functional and plotted as a
function of the wavelength. At the left panel, we have also added experimental results for the ordinary (no) and extraordinary (ne) refractive indices
taken from ref 6 (adapted with permission from ref 6 Copyright 1997, AIP Publishing). At the right panel, the consequences of the lowering of
symmetry are shown: the refractive index in the ab-plane is split into two values, na and nb, along the a- and b-lattice directions, respectively.

Table 2. Calculated Elastic Constants Cij (GPa), Bulk Modulus B (GPa), Young’s Modulus E (GPa), Shear Modulus G (GPa),
and Poisson’s Ratio v for Rutile Pnnm-TiO2 Together with Experimental Results at Room Temperature (RT) and 4 K

C11 C22 C33 C12 C13 C23 C44 C55 C66 B E G v note

278.4 278.0 495.1 197.3 165.3 165.9 120.7 119.7 231.5 229.5 286.9 111.4 0.288 PBEsol
265.8 262.9 454.4 187.3 151.7 148.8 116.0 115.8 217.3 214.2 272.5 106.1 0.284 rVV10

experiment
268 484 175 147 123.8 190.2 212 113 0.274b ref 46 (RT)
271.4 484.0 178.0 149.6 124.4 194.8 215.5 287.4a 124.4 0.258b ref 47 (RT)
288.6 197.0 227.2 ref 47 (4 K)

230 ref 48 (RT)
aFrom eq 5 in ref 47. bv = (3B − 2G)/(6B + 2G).
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wavelength only one value in the case of tetragonal TiO2 (see
the left panel of Figure 1), whereas it is split into two values, na
and nb, along the a- and b-lattice directions, respectively, for
the case of orthorhombic TiO2 (see the right panel of Figure
1).
Table 2 represents the comparison of calculated elastic

constants (Cij), bulk modulus (B), Young’s modulus (E), shear
modulus (G), and Poisson’s ratio (v) for rutile Pnnm-TiO2
with experimental results.46−48 The theoretical values for B, E,
G, and v are calculated using the Voigt−Reuss−Hill
approximation.49 We have verified that our calculated elastic
constants Cij satisfy the necessary and sufficient elastic stability
criteria (Born conditions) for an orthorhombic system.50

Although the anisotropy (e.g., C11 ≠ C22) at the PBEsol level is
tiny (C11 = 278.4 GPa and C22 = 278.0 GPa), assuming lower
symmetry one gets a more consistent agreement between
theoretical and experimental values than previously reported51

for rutile P42/mnm-TiO2. Furthermore, according to our
results at the rVV10 level, the anisotropy of the elastic
constants is not negligible: C11 = 265.8 and C22 = 262.9 GPa.
We also get a very good result for the bulk modulus, B = 214.2

GPa, which is very close to the experimental value of B = 215.5
GPa reported in ref 47.
Highly Accurate All-Electron FP-LAPW-Based Meth-

od. Motivated by the recent success of the SCAN family of
exchange−correlation functionals in describing the properties
of TiO2,

24,52,53 we have employed the r++SCAN to study the
structural properties of TiO2. In Table 3, the equilibrium
lattice parameters are listed for r++SCAN and three other
exchange−correlation functionals. All of the results for the
lattice constants are in reasonable agreement with the
experiment. The parameter rxy is very close to the measured
value for the r++SCAN functional. We notice that the PZ
functional corrects the PBE and PBEsol disagreement with the
experiment concerning the rxy parameter, but the PZ result is
only marginally better than the PBE and PBEsol results. The
PZ, PBE, and PBEsol functionals underestimate the rab
parameter, whereas r++SCAN overestimates it. The results
for P42/mnm-TiO2 are in excellent agreement with previous
density functional calculations.20

The lattice dynamics of rutile has been the subject of a
number of experimental54−57 and theoretical20,58 investiga-
tions. Traylor et al.12 used coherent inelastic neutron scattering

Table 3. Comparison of the Structural Parameters Obtained within the Highly Accurate All-Electron FP-LAPW Method for
Pnnm and P42/mnm Models of Rutile TiO2

a

PZ PBE PBEsol r++SCAN

Pnnm P42/mnm Pnnm P42/mnm Pnnm P42/mnm Pnnm P42/mnm experiment

a 4.5462 4.5457 4.6386 4.6381 4.5838 4.5849 4.5916 4.5772 4.5886(3)
b 4.5443 4.5457 4.6362 4.6381 4.5829 4.5849 4.5653 4.5772 4.5849(3)
c 2.9207 2.9216 2.9686 2.9690 2.9424 2.9426 2.9534 2.9553 2.9533(1)
ΔEtot 7.2 8.0 7.8 9.1
rab 0.0004 0 0.0005 0 0.0002 0 0.0057 0 0.0008(1)
x 0.3042 0.3040 0.3054 0.3053 0.3046 0.3045 0.3054 0.3032 0.3075(9)
y 0.3040 0.3040 0.3053 0.3053 0.3045 0.3045 0.3009 0.3032 0.3015(10)
rxy 0.0007 0 0.0005 0 0.0005 0 0.0148 0 0.020(1)

aThe lattice constants a, b, and c are in angstroms, and the total energy difference (ΔEtot) is in meV per unit cell (6 atoms). The positive value of
ΔEtot indicates that Pnnm-TiO2 is lower in energy. x and y are the fractional coordinates of oxygen ions. The experimental values are taken from
Table 5.

Table 4. Calculated Γ-Point Phonon Frequencies (in cm−1) of Bulk Pnnm-TiO2 Compared to Available Experimental Data,
Which Assumes That TiO2 Has P42/mnm Symmetrya

mode theory experiment

Pnnm P42/mnm PBE PBEsol PZ r++SCAN neutrons IR and Raman

Au (S) B1u (S) 1.9 53.0 97.3 94.4 113
Ag (R) B1g (R) 156.4 145.2 125.7 115.4 142 143 (143)
B3u (I) Eu (I) 1.3 84.3 131.5 156.2 189 183
B2u (I) 1.6 86.2 132.2 159.3
B1u (I) A2u (I) i37.3 68.2 140.7 178.8 173 (142) 167 (144)
B2u (I) Eu (I) 353.9 366.4 381.3 394.3 not found 388
B3u (I) 354.1 366.6 381.6 398.3
Au (S) B1u (S) 358.3 375.9 392.7 415.9 406
B1g (R) A2g (S) 420.7 418.6 422.0 432.2 not found
B2g (R) Eg (R) 429.9 448.5 464.6 460.7 445 447 (455)
B3g (R) 430.3 448.9 464.7 460.7
B2u (I) Eu (I) 467.7 476.1 485.2 493.2 494 500
B3u (I) 468.3 476.4 485.5 494.0
Ag (R) A1g (R) 565.5 589.8 611.0 610.2 610 612 (611)
B1g (R) B2g (R) 769.9 796.0 818.1 827.0 825 827

aThe inelastic neutron scattering data are taken from ref 12, and the Raman and infrared (IR) data are taken from refs 54−56, respectively. The
values given in parentheses correspond to frequencies measured at low temperature (4 K). The Raman-active, IR-active, and inactive modes are
labeled by R, I, and S, respectively.
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to measure the phonon dispersion relation along the principal
symmetry directions of its Brillouin zone. Furthermore, they
determined how the frequency of the transverse optical (TO)
A2u mode varies with temperature over the range of 4−300 K.
Raman54,55 and infrared56 spectroscopies have been used to
detect the frequencies of the Γ-point vibrational modes, and
the results are in good agreement with the inelastic neutron
scattering data. Samara and Peercy57 have investigated the
temperature [(4−500) K] and hydrostatic pressure [(0−4)
kbar] dependence of vibrational frequencies of the Raman-
active modes B1g, Eg, A1g, and B2g. They also deduced the
temperature and pressure dependences of the infrared-active
A2u mode from measurements of the static dielectric constants.
All of those studies confirm that the A2u mode is always stable.
Our calculated Γ-point phonon frequencies of rutile TiO2

are collected in Table 4. The results are presented for Pnnm-
TiO2 since those for the P42/mnm symmetry are not
substantially different. In general, for both symmetries, we
have obtained (with one exception) positive phonon
frequencies. This means that TiO2 has two minima in the
total energy profile but the minimum for Pnnm-TiO2 is lower
in energy according to all functionals used in our tests (see
Table 3). The PBE functional predicts the frequency of the A2u
mode, which is the ferroelectric mode along the c-axis, to be
imaginary (ω = i37.3 cm−1). In other words, according to the
PBE functional, TiO2 rutile is unstable with respect to a
distortion along this vibrational mode, and the ground state of
rutile is incorrectly predicted to be ferroelectric. The PBEsol
functional predicts this frequency to be only slightly positive
(ω = 68.2 cm−1), in quantitative disagreement with the
experimental data. This frequency is, however, well described
by the PZ and r++SCAN exchange−correlation functionals.
The overall best agreement with the experiment is obtained
with the r++SCAN functional especially for higher frequency
modes. This gives us additional confidence about the
predictive power of the r++SCAN functional with respect to
structural properties of rutile TiO2.
In our previous study focused on the symmetry of β-PbO2,28

we have identified the Raman-active mode B1g as the
fingerprint of the lowering of symmetry from P42/mnm to
Pnnm. This mode is soft at higher symmetry according to our
study. In the case of rutile TiO2, the frequency of the B1g mode
is quite high (see Table 4) and the crystal structure could, in
principle, remain stable at the higher symmetry. To further
experimentally analyze the symmetry of rutile TiO2 more
precise analyses of Raman spectra should be done in which the
different features of the spectrum are not categorized according
to the P42/mnm symmetry.59 For instance, the A2g mode which
involves a similar lattice distortion as the B1g mode (see Figure
2) is neither Raman-active nor infrared-active according to the
P42/mnm symmetry; however, it becomes Raman-active if the
lower Pnnm symmetry is considered.
Rietveld Refinements. Main Structural Results. We have

performed Rietveld refinements of NPD of TiO2 sample S1
measured at 10, 150 and 300 K as well as Rietveld refinements
of SXRPD of samples S1 and S2 at RT. Refinements were done
assuming both the tetragonal rutile structure (space group
P42/mnm) and the orthorhombic CaCl2-type structure (space
group Pnnm). In the unit cell of the CaCl2-type structure, there
are two Ti4+ ions at (0, 0, 0) and (1/2, 1/2, 1/2) and four O2−
ions at (x, y, 0), (−x, − y, 0), (1/2 + x, 1/2 − y, 1/2), and (1/
2 − x, 1/2 + y, 1/2). The structure factors squared for peaks
with h + k + l = 2n are equal

{ + }I f f hx ky2 4 cos(2 )cos(2 )hkl Ti O
2

(3)

while for peaks with h + k + l = 2n + 1,

{ }I f hx ky4 sin(2 )sin(2 )hkl O
2

(4)

The analysis of the orthorhombic CaCl2-type structure is
based on the observation of relatively narrow (hhl) peaks with
two intensity contributions of equal intensity and at the same
position and of slightly broadened (hkl) peaks with h ≠ k
because of the different positions of (hkl) and (khl)
contributions and the different intensity contributions, i.e.,
I(hkl) ≠ I(khl) if x ≠ y as given by eqs 3 and 4. In the case of
an increasing difference of x and y, one can expect an
increasing difference of the intensities I(hkl) and I(khl), i.e.,
also to an increasing peakshape asymmetry of the merged (hkl)
+ (khl) peaks observed in the NPD and SXRPD patterns.
For neutrons, f Ti = b(Ti) = −3.438 fm and f O = b(O) =

5.803 fm are of different signs, while for X-rays, the atomic
form factors of Ti4+ and O2− are both positive. This is why for
some peaks with h + k + l = 2n, the peakshape asymmetry seen
with NPD can be reversed compared with that seen with
SXRPD (see eq 3). For peaks with h + k + l = 2n + 1 (see eq
4), one should observe the same type of peakshape asymmetry
both in NPD and SXRPD.
The results of NPD refinements of sample S1 are shown in

Tables 5 and 6. The refinements with NPD were done for all
Bragg peaks, i.e., for peaks with both even and odd h + k + l
sums. The initial setting of a ≥ b was chosen in all refinements.
Isotropic displacement parameters were refined for both Ti
and O.
In every NPD refinement using orthorhombic symmetry of

TiO2, we obtain a positive sign for both rab and rxy as reported
in Table 5. The tetragonal lattice parameters of rutile TiO2
(both S1 and S2 samples) at RT given in Table 7 agree within
less than ±0.001 Å with the results of neutron time-of-flight
study of rutile TiO2 by Burdett et al.

3

We keep the convention to arbitrarily choose a ≥ b for the
starting parameters, and in every case, we get x ≥ y in the
refinement results. The same correlation with positive rab and
rxy signs

1 was observed, e.g., in β-MnO2, MnF2,27 and β-
PbO2

28 at ambient conditions and also in high-pressure
studies, e.g., β-MnO260 and NiF2.61
For SXRPD, anisotropic displacement parameters for Ti and

isotropic parameters for O were refined. The refinemnent of
SXRPD data with all Bragg peaks gives a small difference
between x and y oxygen coordinates with relatively large
statistical error. This large error is due to the weak dependence
of peakshape asymmetry due the difference between I(hkl) and
I(khl) on x and y coordinates. This is mainly due to the small

Figure 2. B1g and A2g modes of vibration (indicated by arrows) of
rutile-type TiO2. The full and empty circles represent Ti and O ions,
respectively. In the Pnnm symmetry, the modes are classified as Ag and
B1g, respectively, and both are Raman-active.
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value of the x- and y-dependent part weighted by f O as
compared with the larger contribution weighted by f Ti for h +
k + l even (see eq 3). To overcome this problem and try to
determine the x and y coordinates with greater precision, we
have performed Rietveld refinements of SXRPD patterns
limited to peaks with odd sums h + k + l = 2n + 1 only (see eq
4). The results of these refinements are referred to as “orth.
(odd)”. The results of SXRPD refinements at RT are shown in
Tables 7 and 8. The tetragonal lattice parameters of rutile TiO2
(both S1 and S2 samples) also agree within less than ±0.001 Å
with the neutron time-of-flight study by Burdett et al.3

The quality fit indicators for the ortorhombic structure are
slightly smaller than those for the tetragonal one. Please note

that the rutile TiO2 samples S1 and S2 show considerably
different degrees of distortion: rab = 0.0083(6) and rab =
0.0012(11), respectively. The observed distortion can be due
to sample preparation methods. Similar sample-dependent
different degrees of distortion were reported in studies of β-
PbO2,

28 α-Fe2O3,62 and calcite.63 It is shown in the next
sections that despite different numerical values of the
distortion, both S1 and S2 samples show an orthorhombically
distorted network of Ti−O bonds.
Agreement of Peakshape Asymmetries between NPD and

SXRPD Data → Distorted Geometry of Ti−O Bonds. In order
to obtain more information about the oxygen ions’ positions,

Table 5. Lattice Parameters a, b, and c and Oxygen Coordinates (x, y, 0) Obtained by Rietveld Refinements of NPD Patterns of
Rutile TiO2 at 300, 150, and 10 Ka3

a (Å) b (Å) c (Å) x y wRp (%)

ref 3 300 K tetr. 4.59308(4) = a 2.95889(3) 0.30476(6) = x
S1−300 K tetr. 4.59390(10) = a 2.95870(9) 0.3049(2) = x 7.28
S1−300 K orth. 4.59568(31) 4.59213(31) 2.95870(9) 0.3067(13) 0.3030(14) 7.17
S1−150 K tetr. 4.58893(10) = a 2.95484(9) 0.3048(2) = x 7.65
S1−150 K orth. 4.59075(28) 4.58712(28) 2.95484(9) 0.3069(11) 0.3025(12) 7.50
S1−10 K tetr. 4.58673(10) = a 2.95331(9) 0.3046(3) = x 7.95
S1−10 K orth. 4.58856(28) 4.58493(27) 2.95331(9) 0.3075(9) 0.3015(10) 7.77
ref 3 15 K tetr. 4.58666(4) = a 2.95407(3) 0.30469(6) = x

a“tetr.” and “orth.” refer to the tetragonal P42/mnm and the orthorhombic Pnnm space groups, respectively. The last column shows the fit quality
indicator wRp. The present results are compared with the reference time-of-flight NPD study at 300 and 15 K.3

Table 6. Unit Cell Volume, rab and rxy (See Text) Calculated for Rutile TiO2 at 300, 150, and 10 K with Parameters from Table
5

vol (Å3) rab rxy wRp (%)

S1−300 K tetr. 62.4402(25) 0 0 7.28
S1−300 K orth. 62.4403(35) 0.00077(13) 0.012(8) 7.17
S1−150 K tetr. 62.2238(25) 0 0 7.65
S1−150 K orth. 62.2239(34) 0.00079(11) 0.014(7) 7.50
S1−10 K tetr. 62.1322(25) 0 0 7.95
S1−10 K orth. 62.1323(34) 0.00079(11) 0.020(6) 7.77

Table 7. Lattice Parameters a, b, and c and Oxygen Coordinates (x, y, and 0) Obtained by Rietveld Refinements of SXRPD of
Rutile TiO2 Samples S1 and S2 (See Text) at RTa

a (Å) b (Å) c (Å) x y wRp (%)

ref 3 300 K tetr. 4.59308(4) = a 2.95889(3) 0.30476(6) = x
S1-RT tetr. 4.59379(9) = a 2.95873(6) 0.3052(5) = x 6.83
S1-RT orth. 4.59565(17) 4.59182(18) 2.95872(6) 0.3059(22) 0.3044(22) 6.30
S1-RT orth. (odd) 4.59579(17) 4.59239(17) 2.95895(6) 0.3077(13) 0.3037(13)
S2-RT tetr. 4.59392(4) = a 2.95881(3) 0.3049(4) = x 9.40
S2-RT orth. 4.59419(24) 4.59362(25) 2.95881(3) 0.3087(32) 0.3011(32) 9.40
S2-RT orth. (odd) 4.59435(22) 4.59385(21) 2.95893(3) 0.3065(26) 0.3042(26)

a“tetr.” and “orth.” refer to the tetragonal P42/mnm and the orthorhombic Pnnm space groups, respectively. The last column shows the fit quality
indicator wRp. Orth(odd) refers to a refinement with h + k + l odd peaks only (see text).

Table 8. Unit Cell Volume, rab and rxy (See Text), Calculated for Rutile TiO2 Samples S1 and S2 at RT with Parameters from
Table 7

vol (Å3) rab rxy wRp (%)

S1-RT tetr. 62.4379(20) 0 0 6.83
S1-RT orth. 62.4360(36) 0.00083(6) 0.005(14) 6.30
S1-RT orth. (odd) 62.4360(36) 0.00074(5) 0.013(8)
S2-RT tetr. 62.4428(8) 0 0 9.40
S2-RT orth. 62.4426(15) 0.00012(11) 0.026(20) 9.40
S2-RT orth. (odd) 62.4426(15) 0.00011(9) 0.0070(17)
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we performed Rietveld refinements with for a set of selected
fixed x and y coordinates given as

= +
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑx x

r
( ) (avg) 1

2
xy

(5)

=
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑy x

r
( ) (avg) 1

2
xy

(6)

where x(avg) is the oxygen position obtained for the tetragonal
symmetry and rxy is obtained for the best fit with orthorhombic
CaCl2-type structure (see eq 2). The distortion parameter ξ
drives the deformation; for ξ = 0, we get the tetragonal
symmetry with x = y = x(avg), while for ξ = 1, we get the best
fit orthorhombic structure with x − y = x(avg) rxy. Rietveld
refinements were done by using FullProf.44 The values of x and
y obtained by eqs 5−6 for each ξ were fixed while instrumental
peakshape and background parameters were refined. The
lattice constants were also refined but kept within (a − b) ≈
a(avg) rab ≥ 0. It means that refinements with (a − b) < 0 were
discarded. Refinements of the NPD patterns (with all peaks)
and SXRPD patterns (with only h + k + l odd peaks) were
done for x and y calculated for −1.6 < ξ < 2.2 in steps of 0.2.
The resulting values of χ2 versus x(O) for NPD and SXRPD
are shown in Figures 3 and 4, respectively. Both NPD and

SXRPD data or the S1 sample show a clear minimum of χ2
near the best orthorhombic solution with x(O) ≈ 0.3075 (near
ξ = 1) located relatively far from the tetragonal value of x(avg)
= 0.3045 (ξ = 0, shown with a vertical line). The S2 sample
SXRPD shows a similar minimum at a slightly different value
x(O) ≈ 0.310. The agreement of χ2 minima observed for both
NPD and SXRPD is an indication of the orthorhombic
distortion of the Ti−O bond geometry of TiO2 between RT
and 10 K. Please keep in mind that the peakshape asymmetry
of peaks with h + k + l even is reversed between NPD and
SXRPD (see eq 3). Despite this difference due to the negative

neutron scattering length of b(Ti), both refinements of NPD
and SXRPD data give the same values of x(O) and y(O). It
means that the peaks in NPD show a reversed asymmetry as
those in SXRPD.
Agreement of Peakwidths between NPD and SXRPD Data

→ Similar Orthorhombic Unit Cells. The Bragg peaks from
ND and SXRPD patterns, measured with sufficient statistical
accuracy, were refined by a pseudo-Voigt profile, given as a
function of the scattering angle 2θ. In order to have an
approximate description of the instrumental contribution to
the peak widths a Caglioti-type,64 smooth 2θ function given in
eq 7 was refined to the observed values FWHMobs(2θ)

= { + + }U V WFWHM (2 ) tan ( ) tan( )UVW F
2

F F
1/2

(7)

In a similar way, the observed integral breadth βobs(2θ) is
refined with a similar function

= { + + }U V W(2 ) tan ( ) tan( )UVW
2 1/2

(8)

In principle, one should also add a Lorentzian contribution
proportional to X tan(θ) for SXRPD data, but it was neglected
in order to get a comparable treatment of both SXRPD and
NPD data. The refined Cagliotti-type functions, given by eqs 7
and 8 describe the sum of isotropic crystallite-size contribu-
tions, isotropic microstrain-type contributions, and the
instrumental contributions.
Next, we subtract the refined functions from the observed

values in order to get the “corrected” widths

=FWHM (2 ) FWHM (2 ) FWHM (2 )cor obs UVW (9)

=(2 ) (2 ) (2 )cor obs UVW (10)

The FWHMcor and βcor provide information about the
anisotropic broadening due to the sample microstructure as
discussed, e.g., in refs 65,66. In order to compare peakwidths

Figure 3. χ2 vs oxygen coordinate x(O) obtained for rutile TiO2
sample S1 obtained from NPD at several temperatures using Rietveld
refinement for all Bragg peaks (orthorhombic CaCl2-type structure
with space group Pnnm). The vertical line shows the value of x(avg)
(see text).

Figure 4. χ2 vs oxygen coordinate x(O) obtained for rutile TiO2
samples S1 and S2 obtained from SXRPD at RT using Rietveld
refinement for Bragg peaks with h + k + ⟨i⟩l⟨/i⟩ = 2n + 1 only
(orthorhombic CaCl2-type structure with space group Pnnm). The
vertical line shows the value of x(avg) (see text).
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measured at different wavelengths, we transform the widths
given in 2θ (in degree units) to the common scale of the
scattering vector length, Q, where Q = (2/λ) sin θ (in Å−1)

= i
k
jjj y

{
zzzi

k
jjj y

{
zzzQFWHM ( )

1
180

FWHM (2 )cos( )cor cor (11)

= i
k
jjj y

{
zzzi

k
jjj y

{
zzzQ( )

1
180

(2 )cos( )cor cor (12)

The procedure explained above was applied to the present
SR and neutron powder diffraction data of rutile (sample S1)
TiO2 at RT (see Figure 5), as well as for older β-PbO2 data
published earlier,28 also at RT (see Figure 6).
The FWHMcor and βcor values measured for the same sample

at D2B@ILL as well as MSPD@ALBA give satisfactory
agreement. The locally most narrow are peaks of (hhl)-type,
while locally most broad are those of (h0l)-type. The
agreement for FWHMcor is better than that for βcor.
Taking into account differences in wavelength, about 0.443

and 1.595 Å in SXRPD and NPD, respectively, differences of
the illuminated sample size, differences of instrumental
resolution, absorption, and other instrumental effects between
MSPD@ALBA and D2B@ILL, the quantative agreement of
the hkl-dependent broadening, i.e., NPD vs SXRDP for both
FWHM and β shown in Figures 5 and 6 is a strong indication

that the orthorhombic distortion of both oxides is a robust
effect.

■ CONCLUSIONS
Neutron and SR diffraction studies as well as DFT calculations
demonstrate that rutile TiO2 has an orthorhombic CaCl2-type
structure at temperatures from 10 to 300 K. The DFT
calculations based on the plane-wave pseudopotential method
and LDA, GGA, and dispersion-corrected exchange−correla-
tion functionals are not sufficiently sensitive to small crystal
structure details, whereas more accurate computations based
on the highly accurate all-electron FP-LAPW method and
LDA, GGA, and meta-GGA (r++SCAN) exchange−correla-
tion functionals confirm the symmetry lowering of rutile TiO2.
The best agreement with the experimental data was obtained
by using the r++SCAN functional. We have established that
the rutile-type TiO2 has, in fact, two minima in the total energy
profile corresponding to the P42/mnm and Pnnm symmetries,
but the minimum for Pnnm-TiO2 is lower in energy being,
therefore, a global minimum. The lowering of the symmetry
brings consequences on the elastic, vibrational, and optical
properties of rutile TiO2. The elastic and optical responses are
different along the main crystallographic directions for this
material, which was established by calculating the elastic
constants and the refractive indices along the a-, b-, and c-axes.

Figure 5. Plot of the peakwidths, i.e., FWHMcor(Q) (left panel) and βcor(Q) (right panel) of Bragg peaks obtained for rutile TiO2 sample S1 with
SXRPD (open symbols) and NPD (solid symbols). Peakwidths are given in Q units (Å−1) (see text). The broken lines are shown to guide the eye.
Tetragonal (hkl) indices are shown in the left panel only.

Figure 6. Plot of the peakwidths, i.e., FWHMcor(Q) (left panel) and βcor(Q) (right panel) of Bragg peaks obtained for β-PbO2 with SXRPD (open
symbols) and NPD (solid symbols) data published in ref 28. Peakwidths are given in Q units (Å−1) (see text). The broken lines are shown to guide
the eye. Tetragonal (hkl) indices are shown in the left panel only.
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For the refractive indices, the relative relationship is nb ≥ na ≥
nc although the difference between na and nb is rather modest.
The A2g mode, which is neither Raman-active nor infrared-
active according to the P42/mnm symmetry, becomes Raman-
active in the Pnnm symmetry; therefore, this mode may serve
as the fingerprint of the rutile TiO2 symmetry lowering.
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