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Abstract

In this work we were able to grow small single crystals of NASICON-type LiTi;(PO4)3 of
high quality by means of long-term annealing of polycrystalline specimens synthesized using
conventional solid state reaction. A thorough study of their structural properties and vibrational
dynamics was carried out by means of an integrated experimental and theoretical approach. A
single crystal X-ray diffraction analysis at room temperature allowed to determine the pre-
cise crystal structure and the anisotropic displacement parameters of all atoms. In addition,
all the 25 independent components of the polarizability tensor, expected on the basis of the
group theory for the LiTi,(PO4);3 crystal, were observed using polarized Raman spectroscopy
in backscattering geometry on a micro-crystal, properly oriented by a micro-manipulator. Thus
all the expected Raman modes have been unambiguously identified by determining both their
wavenumber and symmetry throughout an accurate analysis of the spectral profiles observed
in the different polarization configurations. Finally, these experimental findings were fully
corroborated by the results of first-principles calculations performed to determine Raman and

infrared vibrational modes.

Introduction

In recent years, there has been a renewed interest in lithium ion-conducting solids because of
their potential application as solid-state electrolytes in next generation Li batteries.!?> Lithium
compounds based on the NASICON structure (acronym for Nat Super Ionic CONductor) are
object of special interest, since they exhibit high ionic conductivity and are chemically versatile. >

Among the NASICON-type materials, LiTio(POg4)3 (LTP) is one of the most widely investi-
gated. 1919 Although its conductivity has been considered to be too low for practical applications,
several studies have shown that it can be enhanced by the partial substitution of Ti** ions by larger
aliovalent cations modifying the bottlenecks of Li* conduction.?%-?* In contrast, other studies re-
ported a substantial increase of the ionic conductivity of this compound by replacing Ti** ions by

smaller trivalent cations, resulting in the densification enhancement as well as in the increase of



charge carriers and of lithium content at grain boundaries.? 2% In both cases the increase in ionic
conductivity is mainly due to the increase of charge carriers. In addition, to a minor extent the
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substituted trivalent cations influence the ionic transport by steric considerations”" and electronic

polarizability.3! As an example, the series Li; Al Tio_(PO4)3 show a strong increase in conduc-

2532 a5 well as decreasing length of the a- and c-axis>>3 due to the smaller

tivity with increasing x
AI*t ion and a lower electrostatic repulsion between (Al, T1)Og octahedra. As a consequence, the
bottlenecks of Li™ conduction, i.e. the area of the oxygen triangles through which the Li™ ions
have to pass and named as T1 and T2 in Ref.?* or B1 and B2 in Ref.,?! slightly change their size
from 4.52 and 4.62 A2 for x = 0 to 4.54 and 4.58 A2 for x = 0.5, respectively. However, so far it
cannot be decided to which extent the change of the bottleneck size and the differently polarized
bottleneck oxygens - due to the chemical bonding to A>T or Ti** - contribute to the enhanced
conductivities.

The crystal structure of LiTi>(POy4)3 was first investigated by Tran Qui et al.,>? together with
other members of the series Lij,In,Ti;_(PO4)3, but no detailed atomic positions were reported
for the unsubstituted compound. Later the structure was refined by Aatiq et al.3* using neutron
diffraction on polycrystalline material and Bournar et al.** as well as Pinus et al.,'® both using
conventional X-ray diffraction on powders. To our knowledge no single crystal X-ray diffraction
study was performed so far, thus preventing a fully exhaustive elucidation of the site distribution of
mobile atoms. Therefore, more detailed structural investigations should be undertaken to provide
deeper insights into the structure of this compound. Moreover, since the vibrational properties are
extremely sensitive to small changes in the local structure of a compound, Raman spectroscopy can
provide valuable insight into the site occupation in LTP-based materials and, accordingly, on the
mechanism of ionic conductivity. In this regard, a large number of NASICON-type compounds, in

polycrystalline form, have been investigated by infrared and Raman spectroscopy, >>~4?

including
LTP,*3* even though only one study dealt with the synthesis and characterization of LTP single
crystals. %0 Despite this large number of experimental investigations, the vibrational dynamics of

NASICON-type compounds are not yet fully clarified. In particular, no detailed study has been



carried out so far on the vibrational dynamics of LTP, although it represents the reference for
the corresponding NASICON materials with high ionic conductivity. Accordingly, in this work
we performed both an LTP crystal structure refinement by single crystal X-ray diffraction and
an integrated vibrational dynamics study of LTP single crystals, consisting of polarized Raman
scattering measurements and first-principles calculations. An excellent agreement was obtained
between computational and experimental results.

The paper is organized as follows: experimental and computational details are given in Sec. II;
Sec. 111 is dedicated to the experimental results and their discussion; Sec. IV to the computational

results and their comparison with the experimental data; Sec. V to the conclusions.

Experimental and computational details

Materials and powder synthesis

Polycrystalline samples of LiTi»(PO4)3 were synthesized using conventional solid state reaction.
The stoichiometric amounts of Li;CO3; (VWR International, Belgium, 99 %), TiO, (VWR Inter-
national, Belgium, 99 %) and (NH4)H,PO,4 (Merck, 99 %), plus an excess of 10 wt.% Li were
mixed and homogenized in a mortar. The TiO, has first been dried at 600 °C for 6 h, all other
reagents have been used directly as received. Then pellets with a diameter of 13 mm were pressed
with 190 MPa and slowly heated in a Pt crucible with 20 °C/h up to 1000 °C for 6 hours in air and
then cooled down to room-temperature with 50 °C/h. After this calcination step, the pellets were
crushed, homogenized in a mortar and again pressed to pellets. By means of a second heat treat-
ment the pellets were again sintered at 1000 °C for 720 h. During this period the powder particles
grew to grains of nearly cubic shape with crystal edges of up to 150 um.*’ Small single crystals
were easily obtained after crushing the pellet and sieving the coarse powder. In view of both X-ray
diffraction and polarized Raman scattering measurements, individual small crystals were glued on

top of a quartz glass capillary (diameter 0.1 mm).



X-ray diffraction details

Single-crystal X-ray diffraction data were collected at room temperature on a Bruker SMART
APEX CCD-diffractometer. The single crystal to be measured was selected on the basis of its
optical properties (sharp extinctions, regular shape and homogeneity in color). Intensity data were
collected with graphite-monochromatized Mo K, radiation (50 kV, 30 mA); the crystal-to-detector
distance was 40 mm and the detector positioned at —28° 2@ using an @-scan mode strategy at four
different ¢ positions (0°, 90°, 180° and 270°). 630 frames with Aw=0.3° were acquired for each
run. Three-dimensional data were integrated and corrected for Lorentz-polarization and back-
ground effects using the APEX2 software.*® Structure solution using direct methods and subse-
quent weighted full-matrix least-squares refinements on F2 were carried out with SHELX-20124°

1.50

as implemented in the program suite WinGX 2014. More details about both data collection

and structure refinement can be found elsewhere.”!

Raman spectroscopy measurements

Room-temperature polarized micro-Raman spectra of some selected small single crystals were
recorded in quasi-backscattering geometry under excitation of the 514.5 nm line of a mixed Ar-
Kr ion gas laser. The maximum laser power was 10 mW at the sample surface. A long-working
distance objective (Olympus, with a magnification 80X) was used to focus the laser beam onto
the sample surface. The scattered radiation was dispersed by a triple-monochromator (Horiba-
Jobin Yvon, model T64000) equipped with holographic gratings (1800 lines/mm) and coupled to
a nitrogen cooled CCD detector (1024 x256 pixels). The spectral resolution was better than 0.6
cm~!/pixel within the whole spectral range of interest. Proper orientation of the single micro-
crystal, preliminarily mounted on top of a glass capillary, was carefully, although laboriously,
achieved by means of a homemade micro-manipulator, with 6 degrees of freedom, operated under
direct optical inspection of a color camera interfaced to the microscope objective, the same used
to focus the laser beam onto the sample surface. The core of this micro-manipulator was a high

angular-resolution goniometer which allowed for micrometric rotations of the single micro-crystal
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under investigation around its crystallographic c-axis, easily determined for the highly anisotropic
crystal structure of LTP. The advantages provided by this innovative approach exploiting the micro-
manipulator to properly orient single micro-crystals were presented and discussed in recent studies
carried out by the authors on microcrystalline anatase TiO,>? and on crystalline YPOy and ScPOy
orthophosphates.>? It is worth to note that the micro-Raman spectra from the different single LTP
crystals were very reproducible. Anyhow, long integration times (typically some hundreds of sec-
onds) were necessary to get Raman spectra with a satisfactory signal-to-noise ratio. An accurate
wave number calibration of the spectrometer was achieved based on the emission lines of a Ne
spectral lamp.

For the polarization analysis of the Raman scattering from the LTP crystals, spectra in dif-
ferent symmetry configurations were obtained by matching the polarization setting (parallel or
crossed) with proper orientation of the single crystal which was achieved by many micrometric
roto-translation steps of the micro-crystal to align its c-axis either along or perpendicular to the
direction of the electric field of the laser light incident on the sample surface. Accordingly to
Porto’s notation,>* the scattering configurations are indicated as k;(E;, E¢)ks, where k; and k, are
the propagation directions, while E; and E are the polarization directions of the incident and scat-
tered light, respectively. Moreover, in order to have the same laser power at the sample surface, all
spectra were excited without rotating the polarization direction of incident laser radiation, and the
polarization setting was ensured by the scattered radiation analyzer, coupled to a scrambler placed
at the spectrometer entrance. In this way either parallel or crossed polarized spectra were carried
out depending on the alignment of the analyzer plate with respect to the polarizer one (E||E; or
E; LE)).

Several micro-Raman measurements were carried out under the same polarization condition
from different regions of the micro-crystal under investigation, and the spectra showed a very good
reproducibility. In particular, no detectable Raman scattering from crystalline phases other than
the NASICON structure was observed on the analyzed LTP. Likewise, the presence of luminescent

impurities was also ruled out by recording the luminescence spectra from several sample regions



under excitation at different wavelengths. In general, the as-recorded polarized spectra were super-
imposed to a very flat and structureless luminescence background. Moreover, no relevant mosaic
spread (i.e. orientational misalignment of the micro-crystalline domains) in the individual small
crystals was detected by this systematic inspection. Finally, the recorded spectra were processed
to remove artefacts due to cosmic rays, while the luminescence background, due to its relatively

low intensity, was not removed before starting the analysis of the experimental data.

First-principles calculations

The vibrational properties of crystalline LiTi;(PO4)3 have been simulated by first-principles cal-
culations based on density functional theory in the generalized gradient approximation. The simu-
lation will help us in the experimental symmetry assignment of the Raman vibrational modes. The
CRYSTALI14 program package>>° was used in the present computational study. CRYSTAL is
a periodic first-principles program which adopts a Gaussian-type basis set to describe the atomic
orbitals. Further details on basis sets and computational parameters can be found at the CRYSTAL
website.>” In this specific study, all-electron basis sets have been used, with 61-1G contractions
(two s and one p shell) for lithium atoms,>® 86-411(d31)G contractions (one s, four sp and two d
shell) for titanium, 59.60 85 21d1G (one s, three sp, and one d shell) for phosphorus61 and 6-31d1
(one s, two sp, and one d shell) for oxygen.%? Pure density-functional theory calculations have
been performed by using Perdew-Becke-Ernzerhof exchange and correlation functionals revised
for solids.®? The tolerances for Coulomb and exchange sums is controlled by five parameters, for
which (7 7 7 7 14) values have been used. To guarantee a good convergence, self-consistent field
convergence threshold on total energy of 10~° Hartree has been employed in the geometry op-
timization and 10710 Hartree in the frequency calculation. The integration of the Brillouin zone
was conducted with a 6x6x6 Monkhorst-Pack grid centered at the I'-point.%*6> The vibrational
frequencies at the ['-point were obtained within the harmonic approximation by diagonalizing the
mass-weighted Hessian matrix, while the Raman and infrared intensities were calculated via the

Coupled Perturbed Hartree-Fock/Kohn-Sham method. ®6¢7 More details on the computational as-



pects can be found in Refs. %367

Experimental results and discussion

X-ray diffraction

The cell parameters and the atomic coordinates were determined from this single crystal X-ray
diffraction study as well as the anisotropic thermal displacement parameters, and are listed in Tab.
1. Intensity statistics and systematic extinctions were in agreement with space group R3c (Fig. 1),
which is the typical space group symmetry for the NASICON-type materials. The Li positions were
determined from detailed inspection of residual electron density maps (Fig. 2). Structure solution
with direct methods gave the Til on 12¢, P1 on 18e and the two oxygen atom positions O1 and
02, both on 36f, which agree very well with the atomic positional parameters previously published
from neutron powder diffraction data.3370 The largest peak in the residual electron density map
was located at position 0, 0, 0, corresponding to the 65 position. A portion of the unit cell using
the refined atomic positions is shown in Figure 3. Adding Li in full occupation to this site in
pure LTP decreases the Ri-values to 1.67 % and wR, = 4.49 %. Both values indicate the high
quality of the structural refinement. With Lil in 6/ there are no additional evidences in the very
flat difference electron density maps for Li on other possible sites in the NASICON-type structure
(Fig. 2). The "largest" residual electron density peak is +0.34 e/A® with a distance of 0.74 A to
P1. Bond lengths in LTP agree very well with literature data of Aatiq ef al.,>> but deviate to some
extent from those of Bournar et al.3* and Pinus et al. '8 The POy tetrahedron is very regular, both in
terms of angular and bond angle distortion; here the powder X-ray diffraction data exhibit a distinct
more distorted environment, which - in the light of the present study - does not actually reflect the
true PO4 geometry in LiTio(PO4)3. The same is true for the TiOg octahedron, for which we find a
regular geometry, while especially the data of Bournar ef al. >* exhibit much higher elongation and
bond angle variance. Note that the Li atoms have large anisotropic thermal displacements in the

crystallographic ab plane.



Figure 1: Unit cell (space group R3c) of LiTip(POy4);. Yellow elongated octahedra (M;/6b) are
occupied by Lit, blue octahedra (M»/12¢) are occupied by Ti**, green tetrahedra are occupied by
P>t (18e). 0%~ is located at the corners of the polyhedra (small red circles, two Wyckoff positions

361).



Table 1: Crystal structure of LiTip(PO4)3 (Wyckoff positions and lattice parameters) and
anisotropic thermal displacement parameters obtained from the single-crystal X-ray diffraction

study at room temperature.

X y z Ui Uxn Uss Uas Uiz Up Uy
Li 0.0000 0.0000 0.0000 0.066(4) 0.066(4) 0.018(4) O 0 0.033(2) 0.050(3)
Ti 0.0000 0.0000  0.141712) 0.0059(2) 0.0059(2) 0.0056(2) 0 0 0.0030(1) 0.0058(1)
P 0.29052(5) 0.0000 0.2500 0.0053(2) 0.0065(2) 0.0070(2) 0.0016(1) 0.0008(1) 0.0032(1) 0.0061(2)
01 0.1849(1) 0.9957(1) 0.19005(5) 0.0115(5) 0.0139(5) 0.0130(5) 0.0020(4) -0.0038(2) 0.0069(4) 0.0126(2)
02 0.1883(1) 0.1640(1)  0.08094(5) 0.0076(4) 0.0095(4) 0.0098(5) 0.0021(3) 0.0012(3) 0.0016(4) 0.0101(2)
a=8.5179(5) A ¢=20.8584(12) A c/a=2.449
4 0.2
0.1
3
i 0.0
1 0.1
0.2

Figure 2: F,,; — F,; residual electron density maps in the x-y plane calculated for z=1/3. Positions
of atoms and bonds are marked. In (a) the Lil position is excluded from the refinement thus
showing a clear and easy view to locate the residual electron density peak. In (b) Lil is included
and no interpretable residual electron density is left, note the very low residual electron densities
of -0.2< p <0.2eA !

Polarized Raman spectra

As itis shown in Fig. 1, crystalline LiTi;(POg4)3 consists of a three dimensional network of corner-
sharing TiOg octahedra and POy tetrahedra. ! Within this structure Li* ions occupy interstitial
sites, denoted as Lil, according to the XRD refinements above (see also Figure 3). Both Li and
Ti possess octrahedral coordination with respect to the chemical bonding, the POy tetrahedron
consists of two types of oxygen atoms, one of them (O1) is also bound to one Ti**, whereas the

second one (02) is bound to one Ti** and one Li™.
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Figure 3: Part of the NASICON-type LiTiy(PO4); crystal structure. Small circles denote tita-
nium atoms octahedrally coordinated to oxygen atoms (medium ellipsoids). Big ellipsoids indicate
lithium atoms in octahedral sites. Finally small ellipsoids indicate phosphorus atoms tetrahedrally
coordinated to oxygen atoms.

Its vibrational dynamics is usually described in terms of internal and external modes, the first
ones being related to vibrational modes, i.e. stretching and bending vibrations of (PO4)3~ anions,
while the second ones include both the translational modes of the Lit, Ti** and (PO4)>~ ions as
well as the (PO4)>~ librations.?> A different approach describes the vibrational dynamics of the
crystal structure in terms of vibrational modes, regardless to their internal or external character.
Their symmetry can be derived directly from the crystallographic elementary cell, while their
vibrational frequency can be obtained by means of first-principles calculations.>>®® This approach
allows to determine all the vibrational modes of the crystal, and to predict if they are Raman active,
IR active or silent, together with their symmetry.

NASICON-type LiTi»(PO4); crystallizes in the thombohedral space group R3¢ (point group
D34, in Schoenfliess notation), with six formula units per unit cell. Among its 108 degrees of
freedom, originating from the 36 atoms contained in its primitive cell, only 25 are expected to be
Raman active, i.e. 8 Aj, + 17 E,, while 27 are infrared active, i.e., 18 E, + 9 Ay, and 17 are silent

modes, i.e., 8 Ay + 9 Ajy,. Due to the quite high number of modes and to the limited number
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of irreducible representations of the rhombohedral R3¢ space group, the symmetry assignment
of an observed Raman peak at a given wavenumber to a definite type of vibration is, in some
instances, impossible. However, a careful selection of the symmetry of the vibrational modes can
be obtained through a proper polarization analysis of the Raman scattering from the crystal. In
fact, according to Loudon”! in correspondence to each Raman-active mode of NASICON-type

rhombohedral orthophosphates, there is a scattering tensor & having a distinctive symmetry:

a 00
a(Aig)=1 0 a 0 (1)
0 0 b
c 0 O
aEg)=1 0 —c d 2
0 d 0
0 —c —d
O(Eg)=] —c 0 0 )
—-d 0 0

To examine experimentally a given component ;;; the scattering experiment has to be arranged
in such a way that the incident light is polarized in the "i" direction while only the scattered light

nen

with "j" polarization is observed. In order to perform such a polarization analysis of the highly
anisotropic NASICON structure, the first step is the perfect alignment of the crystallographic c-axis
along the direction of the electric field of the laser beam impinging on the sample surface. In this
way it is possible to discriminate the Raman modes with symmetry A;, (total symmetric modes)
from those with E, symmetry by simply switching from the parallel to the crossed polarization
setting. After having determined the crystallographic c-axis direction and performed the above

polarization analyses, the next step consists of a proper rotation of the crystal to align the c-axis

with the propagation direction of the incident laser beam. In fact, this configuration allows for the
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excitation of all the Raman active modes associated with atomic motions in the basal (a,b) plane
of the LTP crystal, regardless to their A, or E, symmetry character. Of course, also in this case, a
more exhaustive and accurate symmetry assignment of the "in-plane" modes can be then achieved
by the polarization analysis carried out in both parallel and crossed settings. This step-by-step
experimental approach was successfully adopted by us to select and assign the symmetry of all the
expected Raman modes.

Figure 4 shows the full set of Raman spectra of an LTP micro-crystal recorded in backscattering
geometry for the different polarization configurations. All spectra were recorded from the same
micro-crystal when its crystallographic c-axis was aligned along (spectra in panels(a) and (b)) or
perpendicular (spectra in panels (c) and (d)) to the electric field direction of the laser beam. The
spectra (a), (b) and (d) were recorded during the same acquisition time of 150 s, while the acqui-
sition time for spectrum (c) was 300 s. Nevertheless, all these spectra turn out to be superimposed
over a weak, very flat and structureless background, which indicates the absence of luminescent
impurities inside the crystal. Both the spectra (a) and (b) are characterized by a stronger scattering
intensity, compared with the spectra (c) and (d), as it can be inferred by the respective full scales.
This finding reveals an overall stronger Raman intensity related to the vibrational modes involving
ion displacements out of rather than within the basal plane of LPT.

In detail, Figure 4(a) shows the spectrum carried out in parallel polarization, with both the elec-
tric field of the incident laser beam and of the scattered radiation aligned along the crystallographic
c-axis of the crystal. Hence only the (z,z) component of the Raman tensor is selected, which, ac-
cording to eq. 1, allows for the observation of the pure Ajg spectrum. In fact, in this spectrum
seven distinct Raman modes of A, symmetry are clearly identified, peaked at about 178, 312.5,
432.5, 450.5, 610, 1018.5 and 1095 cm™!, even if the intensity of the two modes peaked at about
450.5 and 610 cm™! are extremely weak, so that a proper spectral magnification was mandatory
for their unambiguous identification. Besides these 7 A, modes, some small peaks (labeled by a
*) also occur: they are due to the spill-over of forbidden E, modes, as it can be inferred by looking

at the spectrum reported in the panel (b) of the same figure.
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Figure 4: Polarized micro-Raman spectra of an LTP micro-crystal carried out in backscattering
geometry under excitation of the 514.5 nm laser line after preliminary alignment of the crystallo-
graphic c-axis along (spectra (a) and (b)) and perpendicular to (spectra (c) and (d)) the direction
of the electric field of the incident laser radiation. (a) Spectrum recorded in parallel polarization,
showing the Ay, (z,z) symmetry modes, where z coincides with the crystallographic c-axis; (b)
spectrum observed in crossed polarization, displaying the E, (z,x) symmetry modes, where x and
y are orthogonal axes of the basal (a,b) plane of the LTP crystal; (c) spectrum recorded in crossed
polarization, showing the "in-plane" modes of E, (x,y) symmetry, with x and y orthogonal axes of
the basal (a,b) plane of the LTP crystal; (d) spectrum observed in parallel polarization, showing
the "in-plane” modes of either A, (x,x) or E,; (x,y) symmetry. Note the full scale values of Ra-
man intensity adopted to properly display the spectral intensity related to the different polarization.
Parts of the spectra are properly magnified in order to better visualize the Raman peaks with very
weak intensity. Finally, the stars (*) just above individual Raman modes label the main spills of
forbidden modes.
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Figure 4(b) displays the spectrum observed in crossed polarization with the electric field of
the scattered radiation perpendicular to the crystallographic c-axis of the crystal. This scattering
configuration allows for the selection of the (z,x) or (z,y) component of the Raman tensor, where
x and y are orthogonal axes of the basal (a,b) plane of the LTP crystal, and will be hereafter
referred by the notation (z,x). According to egs. 2 and 3, it allows for the observation of the E,
spectrum associated to vibrational modes having a tensor component perpendicular to the basal
plane. This spectrum consists of Raman peaks either very strong, characterized by an extremely
high signal-to-noise ratio, or very weak, so that a proper spectral magnification is required for their
unambiguous identification. It clearly displays twelve different Raman modes peaked at about 92,
139.5, 185, 196.5, 240.5, 274.5, 353, 446.5, 546.5, 969.5, 1007 and 1071 cm~!. This count of
Raman modes does not takes into account the minor spectral component (labeled by a *) resulting
from the spill-over of the strongest A, mode observed in Figure 4(a).

However, in order to get both a more exhaustive selection and an accurate symmetry assignment
of the Raman modes, the polarization analysis should be extended also to Raman scattering related
to vibrational modes involving ion displacements within the basal (a,b) plane, i.e. the so-called
"in-plane" modes of the LTP crystal. In fact, when the propagation direction of the laser beam
matches the c-axis of the crystal, the observed polarized Raman spectra show much more spectral
details than in the case of the previous alignment, in spite of the overall minor spectral intensity.

Panels (c) and (d) of Figure 4 show the typical full Raman spectra having the c-axis of the
crystal aligned along the propagation direction of the incident laser beam for the two (parallel and
crossed) polarization settings. Due to the overall weakness of Raman scattering from in-plane
modes of the LTP crystal, a proper magnification of some spectral region was adopted in order
to ensure a clearer observation of the weakest Raman modes, together with their unambiguous
assignment in symmetry.

The spectrum of Figure 4(c), carried out in crossed polarization shows the "in-plane" modes of
E, (x,y) symmetry, where x and y are orthogonal axes of the basal (a,b) plane of the LTP crystal. It

displays a number of E, symmetry Raman modes higher than that of Figure 4(b). In fact, besides
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the twelve modes observed in the E, (z,x) spectrum, it clearly shows four additional modes: the
first one occurring at about 360 cm ™!, which surpasses in intensity and almost completely overlaps
the peak at 253 cm™! previously identified by analyzing the spectrum of Figure 4(b), where it turns
out clearly visible. The second mode appears as the very weak peak at 591.5 cm~!, while the third

one is the even weaker peak at 656.5 cm™!.

Finally the fourth one is clearly associated to the
strongest peak occurring at 989 cm~!. Therefore, the total number of the detected E, modes turns
out to be sixteen, one less than the expected number for NASICON structure on the basis of group
theory.

In the aim to search for the two missing modes, one A, and one Eg, the parallel polarization
setting was exploited, since it allows for simultaneous selection of both (x,x) or (x,y) components
of the Raman tensor, related to the "in-plane" modes of the LTP crystal. The related Raman spec-
trum will be hereafter referred by the notation (x,x+y). In fact, the spectrum, carried out in this
scattering configuration, according to eqs. 1 and 2, is expected to display both the A, and E,
symmetry modes whose eigenvectors belong to the basal plane of the LTP crystal. In fact, the
observed spectrum, reported in Figure 4(d), is very rich of spectral features showing nearly all (i.e.
24 of 25) of the expected Raman active modes of this crystal. In particular, it shows the presence
of the missing A, mode at ~218 cm~!, clearly visible in the magnified part of the spectrum and
also confirmed by our first-principles calculations (see below). By the way, it should be stressed
that this mode was not detected in the pure Ay, (z,z) spectrum (a) even not after the magnification
of it, due to its negligible intensity in the (z,z) configurational setting. Unfortunately no evidence
of the missing E, can be inferred from the spectrum (d) carried out in parallel polarization. In con-
clusion, the step-by-step approach, consisting of the serial analysis of the polarized micro-Raman
spectra revealed unambiguously both wavenumber and symmetry of twenty-four distinct modes of
the twenty-five expected on the basis of group theory. In particular, all the height A, modes were
clearly contrasted and definitely identified either in wavenumber or in symmetry, while sixteen Eg
Raman modes were identified instead of the seventeen expected ones.

The last chance to find the missing E, relies on the adoption of a different approach based
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on the direct comparative analysis of the spectral profiles observed in the different polarization
configurations. The search of the missing E, mode based on such approach was systematically
carried out by analyzing in detail the spectral profiles in correspondence of different energy re-
gions. Special attention was devoted to profile analysis of the spectral features occurring in the
region between 400 and 500 cm~! were an important overlap of different nearly degenerate Ra-
man modes occurs as already evidenced in the description of Figure 4(b). Figure 5 displays the
plots in the same full scale of the experimental micro-Raman spectra of LTP recorded in the spec-
tral region between 420 and 470 cm~! in the four different polarization configurations accessible
in the backscattering geometry. Regardless to the symmetry character, in this spectral region four
different Raman modes of LTP crystal can be clearly identified. The three modes peaking at about
433, 446.5 and 450.5 cm~! were already clearly detected in the description of the single spectra of
Figure 4 (a), (b) and (d), respectively, and, thus, unambiguously assigned in symmetry. Moreover,
the direct comparison of the spectra reveals the fourth Raman mode, peaking at about 457 cm™!,
which, in spite of very weak intensity of its components, is definitely identified as an E, mode.
It is the missing mode that completes the series of twenty five Raman modes expected for the

NASICON-type LTP crystal according to group theory. Also this latest mode assignment is fully

confirmed by our first-principles calculations, as reported below.

Computational results

As first step, a full geometry optimization was carried out and returned the cell parameters and the
atomic coordinates listed in Tab. 2. The calculated lattice parameters a=b=8.5418 A, ¢=20.5219
A and c/a=2.403, differ from the experimental data reported in Tab. 1 by about 0.3, 1.6, and 1.9
%, respectively. Also the atomic positions in the conventional cell are fully consistent with that
listed in Tab. 1, thus further corroborating the results obtained from the refinement of the X-ray
diffraction data. These structural parameters have been used in the frequency calculations reported

below.
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Figure 5: Experimental micro-Raman spectra of LTP ¢ observed in the spectral region between
420 and 470 cm ™! and carried out in backscattering geometry for the 4 different polarization con-
figurations, quoted in the inset. The spectra are plotted in the same full scale in order to allow for
a clear and unambiguous identification of each single Raman mode and of the related symmetry.
Four different Raman modes of LTP crystal can be clearly identified. The wavenumber value of
each Raman component is indicated at its maximum intensity, as derived by a fitting procedure
based on Gaussian curves. The symmetry character of each Raman mode can be straightforwardly
assessed by considering the intensity of its spectral components observed in the different polariza-
tion configurations. Therefore, according to this procedure, the Raman mode at about 457 cm ™! is

definitely identified as an E; mode despite of very weak intensity of its components.
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The calculated frequencies and intensities of the Raman active modes of LiTi;(PO4)3, com-
pared with the experimental data obtained in the present study, are listed in Tab. 3. Firstly, we
observe that our identification of the two missing modes, one A, and one E, respectively assigned
at about 218 and 457 cm™!, is fully supported by the present computational study, which predicts
the vibrational frequency of these two modes at 225.5 and 448.9 cm™!, respectively.

The overall comparison between calculated (vealy and experimental (v¥*?) Raman frequencies

have been determined by three parameters defined as follows:

TAT 1 Al al ex
Al =5 2 Vi = v @)
i=1
N cal __ \,exXp
|Ar|% = 19 % ex;/l
N = i

| Amax| = maX<|Vical - ViexpD

where i = 1,..., N indicates the 25 Raman modes listed in Table 3, |A| is the average of the absolute

difference, |A,|% the average of the absolute "relative” differences (in percentage), and |A4| is the

maximum difference. The three indices, listed at the end of Table 3, show the excellent agreement
between our calculations and experimental data. This definitely corroborates our experimental

findings and symmetry assignment of the Raman modes.

Table 2: Crystal structure of LiTi(PO4)3 (Wyckoff positions and lattice parameters) obtained from
the present first-principles calculations. The agreement with the crystal structure determined from
X-ray single-crystal diffraction data (see Tab. 1) is very good.

X y z

Li 0.0000 0.0000 0.0000
Ti 0.0000 0.0000 0.1395
P 0.2921 0.0000 0.2500
Ol 0.1902 0.9951 0.1886
02 0.1846 0.1639 0.0768

a=8.5418 A ¢=20.5219 A c/a=2.403

19



In Table 4, we also report the calculated frequencies for all the other vibrational modes at the
center of the Brillouin zone, i.e., the infrared active and silent modes, including the calculated
infrared intensity (quoted within the square brackets). In the literature, there is not a well-defined
assignment of the infrared modes of LTP (and of similar NASICON-type compounds), although
some experimental works have been published on this issue.*>**72 This is due to the broad infrared
bands observed in LTP which does not allow the discrimination of the large number of infrared
modes involved. However, the calculated data reported in Tab. 4 agree with the main features of the

experimental infrared spectra, 34472

so providing additional information on the lattice dynamics
of LTP. For example, according to Tab. 4, we can see that the intense band experimentally observed
between ~950-1050 cm™! is the result of the presence of four intense infrared modes, i.e., 3E,, +

1A, symmetry modes; or the peak of medium intensity at ~1223 cm™!

corresponds to the Ay, (9)
vibrational mode calculated at 1218 cm ™! Again, the three infrared bands observed at about 575,
585 and 644 cm™~! correspond to the infrared modes of medium intensity calculated at ~562, 573
and 628 cm™!, respectively. More confusing is the situation between 200-500 cm~! due to the
discrepancies between experimental data. However, from Tab. 4, the intense bands observed in

this wavenumber range by Refs. 434472

are related to the six intense 3E, + 3A;, symmetry modes
predicted at about 256, 286, 309, 311, 336 and 355 cm L

Before concluding, we point out that from the calculated atomic eigenvectors listed in the Sup-
porting Information, it can be observed that Li atoms are frozen in all the Raman active vibrational
modes (E, and A, symmetry) and in the Ay, silent modes. In contrast, Li atoms vibrate along
the c-axis direction in the Ay, infrared active modes and in the Ay, silent modes, in-phase in the
first case, in phase-opposition in the second one. Finally, in the E, infrared active modes, Li atoms
vibrate on the a-b crystallographic plane. In general, this should be taken into consideration in

the study of the correlation between vibrational properties and Li ions conduction in Nasicon-type

materials.
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Table 3: Experimental and calculated Raman frequencies of LiTi;(POy4)3 (in cm™ 1) as determined
in this study. The calculated Raman intensity (in % of the strongest mode) is reported in the square
brackets and it was computed for the excitation wavelength of 514.5 nm. The three indices |A],
|A;|% and |Auqx| (see text) are reported at the end of the table.

Raman modes Experimental Calculated

E, (1) 92.0 88.4 [0.06]
E,(2) 139.6 130.5 [0.79]
Ap(1) 177.8 1779 [1.11]
E,(3) 185.0 192.2 [1.29]
E,(4) 196.4 196.5 [0.49]
A1,(2) 218.5 225.5[0.13]
E,(5) 240.5 237.6 [2.79]
E,(6) 274.5 271.9 [2.50]
A1,(3) 312.4 293.6 [10.74]
E,(7) 353.1 343.8 [3.92]
E,(8) 360.1 358.2 [10.11]
Ap(4) 4327 416.6 [4.30]
E,(9) 446.4 4213 [7.01]
A1(5) 450.5 436.2 [7.16]
E,(10) 456.8 448.9 [1.63]
E,(11) 546.5 528.0 [0.68]
E,(12) 591.4 576.4[0.61]
A14(6) 610.3 599.1 [0.14]
E,(13) 656.3 645.4 [2.19]
E,(14) 969.5 992.8 [2.02]
E,(15) 989.1 1003.0 [42.24]
E,(16) 1007.3 1017.8 [100.0]
A1(7) 1018.6 1035.6 [43.36]
E,(17) 1071.0 1065.0 [2.16]
A14(8) 1095.0 1081.9 [13.53]
A 10.6

IA,|% 2.4 %

| Amas| 25.1
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Table 4: Infrared and silent vibrational frequencies of LiTi;(POy4)3 (in cm™ 1) as calculated in this
study. The calculated IR intensity (in % of the strongest mode) is reported in the square brackets.

Infrared modes Calculated

E,(1) 86.2 [0.43]
E.(2) 100.5 [0.00]
Ay, (1) 109.5 [0.65]
E.(3) 123.8 [2.04]
Ar,(2) 174.8 [5.32]
E.(4) 184.8 [6.09]
E.(5) 209.2 [0.76]
Ar,(3) 256.4 [29.77]
E,(6) 270.6 [1.97]
E.(7) 286.4 [10.71]
An,(4) 309.2 [17.88]
E.(8) 311.3 [43.47]
E.(9) 336.4 [100.0]
E,(10) 347.2 [3.15]
Ar,(5) 355.3 [22.60]
E.(11) 420.1 [2.06]
E.(12) 527.9 [0.00]
Ay, (6) 562.3 [9.70]
E,.(13) 573.0 [8.61]
Ar,(7) 628.4 [10.83]
E,(14) 671.4 [1.67]
E,(15) 989.2 [97.61]
E,.(16) 1000.4 [76.55]
Ay, (8) 1016.7 [88.11]
E,(17) 1022.6 [90.96]
E,(18) 1058.9 [8.53]
Ar,(9) 1218.4 [15.34]
Silent modes

Age(1) 45.8

Aq,(1) 145.6

Are(2) 169.6

A, (2) 233.3

Are(3) 238.8

A1,(3) 275.8

Are(4) 289.1

Az (5) 377.6

A4 384.3

A5 432.8

A1,(6) 512.7

A (6) 540.9

A7) 554.8

Age(7) 696.3

Are(8) 1056.8
A1,(8) 1068.7
Are(9) 1220.7
A1,(9) 1226.9
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Conclusions

In this study both the crystal structure and the vibrational dynamics of NASICON-type LiTi»(POg4)3
crystal have been carried out by single crystal X-ray diffraction and an integrated vibrational dy-
namics study of LTP single crystals, consisting of polarized Raman scattering measurements and
first-principles calculations. In particular, the structural parameters were carefully determined, like
cell parameters, atomic positions and anisotropic thermal displacement parameters. Moreover, all
the allowed Raman modes of LTP have been unambiguously detected and identified in terms of
their frequency and symmetry. Our experimental findings resulted in excellent agreement with the
results of first-principles calculations, which also provide additional insights into the infrared and
silent vibrational modes. These structural and dynamical information on LTP, reference compound
for NASICON-type materials, would help in outlining a thorough description of ion transport and

related properties of NASICON-type solid electrolytes.
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