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Abstract

Structural phase transitions in LiTaOGeO4 (LTGO) and LiTaOSiO4 (LTSO) have been observed using differential scanning
calorimetry, X-ray diffraction and "Li MAS NMR spectroscopy. LTGO transforms from P2;/c to C2/c space group symmetry at
T. = 231 K, while the isomorphic transition occurs at T, = 439 K in LTSO. An analogous phase transition is known to occur in the
structurally related mineral titanite, CaTiOSiO4. Spontaneous strain accompanying this phase transition in LTSO is significantly
stronger than in titanite. As in titanite non-vanishing strain components are observable for T, < T < T}, with a similar ratio 7;/T.,.
"Li MAS NMR spectroscopy in combination with computation of the electric field gradient by first principle methods confirms that
the tetrahedral Li coordination environment is retained during the phase transitions in LTGO and in LTSO. In LTSO substantial
motional narrowing is observed, indicating increased mobility of the Li cation above 400 K. The narrowing of the spinning

sidebands is significantly modified immediately above and below the critical temperature.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

A common structural topology for compounds of
generalized stoichiometry AMOXOy consists of parallel
chains of trans-corner linked MOg octahedra, coupled
via isolated XQgy-tetrahedra. In the titanite structure
type each such tetrahedron links 2 consecutive octahe-
dra of one chain to octahedra in 2 neighbouring chains.
Cavities in the resulting [MOXO,] framework are
occupied by cations A. This particular structural
topology can host unusual displacive ordering phenom-
ena, as exhibited by the mineral titanite, CaTiOSiOy. Its
phase transition from the high symmetry SG C2/c to the
low symmetry antiferroelectric phase with SG P2, /c at
T. = 487 K involves precursors of correlated Ti-displa-
cements along the octahedral chain direction [1].
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In the high-temperature polymorph of titanite (SG
C2/c¢) the Ti-cation is nominally located at the centre of
the TiOg-octahedron, while the low temperature form is
characterized by the displacement of Ti towards the
chain forming corner oxygen, Ol [2]. Such a displace-
ment leads to the formation of alternating short and
long M—O bonds in the chain direction. The appearance
of such a displacement pattern is accompanied by the
formation of super-structure diffraction maxima with
indices 7+ k =2n+ 1. Such an ordered arrangement
has been determined for the silicate LTSO [3] under
ambient conditions, while LTGO was found to be
disordered at room temperature [4]. Recently the
transition from this disordered polymorph to the
ordered form, isostructural with LTSO, has been
observed at 7. = 231 K [5].

In titanite the transition to the paraphase as a
function of temperature occurs in two steps [1,6].
At T.=487 K long range correlation between the
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Ti-displacements is lost in two dimensions, while linear
correlation of the locally displaced Ti-cations along the
octahedral chain direction disappears only above T; =
825 K [7]. The intermediate phase between 7. and T; is
characterized by a non-vanishing shear component of
the spontaneous strain [8].

Here, we describe structural phase transitions in
LiTaOSiO4 and compare its properties to the previously
described structural transitions in LiTaOGeO4 and in
titanite.

2. Experimental

LTGO and LTSO were synthesized from pressed
mixtures of Li,CO3, Ta;O5 and GeO, or SiO; powders
at a maximum temperature of 1323 and 1623 K,
respectively. Prior decarbonization of the powder
mixtures was carried out below 1200 K. The pellets of
LTSO were welded into a Pt/Rh5 capsule in order to
avoid Li,O loss during annealing at 1623 K. The phase
purity of both materials was checked using X-ray
powder  diffraction. LTGO  contained traces
(0.5 wt%) of LiTaO; and GeO,, while LTSO con-
tained less than 1 wt% LiTaOs.

2.1. Differential scanning calorimetry

Heat capacity measurements between 133 and 923 K
were carried out using a power-compensated differential
scanning calorimeter (Perkin-Elmer DSC-7). The measure-
ments were performed in two stages for LTSO: (a) low
temperature ¢,-measurements between 133 and 348 K and
(b) high temperature c,-measurements between 323 and
923 K. Only the low-temperature region was scanned in
the case of LTGO. In the low-temperature region, the
transition point of cyclohexan at 186.09 K and its melting
point at 279.67 K (ITS-90) were used for temperature
calibration. The measurements were carried out under a
constant flow of dried helium gas, keeping the calorimeter
block thermostated at 93+ 1 K. In the high-temperature
range, the temperature was calibrated against the melting
point of indium and the phase transition temperature of
Li;SO4 [9]. The measurements were made under a
constant flow of dried nitrogen gas with the calorimeter
block thermostated at 276 + 1 K (LTSO). The temperature
calibration was checked by observing the phase transition
temperature of KNOj and the melting point of Zn within
+1 K of the values given by McAdie et al. [10] (401.15
and 692.78 K, respectively). A single crystal synthetic
corundum [11] was used for c,-standardisation. The
standard and the sample were placed in cylindrical Au-
pans, 6 mm in diameter and covered with a Au-lid. The ¢,
measurements were performed using the step-scanning
method as described in [12]. Most measurements were
made over temperature intervals of 100 K with a heating

rate of 20 K /min. Calculations of the heat capacities from
the three runs (blank run, standard- and sample run) were
made according to the description of the scanning method
in [13]. Corrections for differences in pan weights, up to
0.1 mg, are included in the automated calculation using
¢p-polynomials fitted to the known heat capacity data of
gold. Resulting heat capacity data are shown in Fig. 1.

2.2. X-ray powder diffraction

In situ X-ray diffraction measurements were carried
out using an Anton Paar HTK 1200 furnace on a Philips
Xpert diffractometer. Monochromatic CuKa;-radiation
was utilized. The powder specimen was pressed into an
Al,O3; sample holder. Diffraction patterns of LTSO
were recorded in the range between 16° and 85° 20 using
a proportional counter with 4 s/step counting time and
a stepsize of 0.02°. Statistics were improved by the use of
a sample spinner. Lattice parameters were determined
using the LeBail method as implemented in the GSAS-
program [14]. Peak profiles were modeled using a
pseudo-voigt profile function (#3) including asymmetry
correction for axial divergence [15]. The resulting lattice
parameters of LTSO are shown in Fig. 2.

2.3. NMR spectroscopy

High-temperature static 'Li nuclear magnetic reso-
nance (NMR) spectra of LTSO were obtained at a
transmitter frequency of 155.51 MHz using a Bruker
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Fig. 1. Heat capacity data for LTGO and LTSO. The dotted lines
delineate the esd for LTSO. A vertical dashed line marks the heat
capacity jump near 623 K. The inset shows the excess heat capacities of
LTSO (solid) and LTGO (dashed) divided by the respective critical
temperatures as a function of reduced temperature.
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Fig. 2. Lattice parameters of LTSO as a function of temperature. Errors are smaller than the symbol size. Circles denote heating, crossed circles
denote cooling. The lines show the assumed linear thermal expansion, extrapolated from the high-temperature data.

ASX 400 NMR spectrometer and a commercial Doty
7 mm HT magic angle spinning (MAS) probehead. This
probe design has a closed heating air cycle with a
combined bearing/drive air support operating with
nitrogen gas. The sample chamber is closed by an
evacuated high-grade steel dewar with a copper heat
shield. The design enables a constant temperature in the
sample chamber and the sample rotor. The temperature
gradient along the sample is less than 5 K. Cooling of
the probehead surface and the exhaust air is realized by
a heat-exchanger and compressed air at ambient
temperature. A quadrupolar solid echo (90, — 7 — 90, —
7 — (acq),) was applied in all static experiments. The 90°
pulse length was 6.5 ps. The delay was set to t = 20 ps.
The spectra were accumulated using a spectral width of
500 kHz and a recycle delay of 25 s. A total of 32 scans
was accumulated for each static spectrum.

"Li MAS NMR spectra of LTGO between 200 and
290 K and of LTSO between 300 and 500 K were
obtained on a high resolution Bruker DSX 500 NMR
spectrometer with a magnetic field strength of 11.7 T at
194.38 MHz. Additional spectra of LTGO were ob-
tained using a Bruker CXP 300 NMR spectrometer with
a magnetic field strength of 7 T at 116 MHz. One molar
aqueous solution of LiCl was used as chemical shift
reference at zero ppm for LTGO and for LTSO at
ambient temperature, while the high-temperature spec-
tra of LTSO were self referenced. The sideband
envelopes of the 7Li spectra were acquired with 6 kHz
spinning speed. The simple one-pulse MAS NMR
spectra were obtained with 30° pulses of 1.0 us duration.
Between 256 and 1024 free induction decays were
accumulated with a recycle delay of 1.0 s. The spectra
were acquired with XWINNMR (Bruker) and fitted
with DMFIT [16].

2.4. Computation

Values of the electric field gradient (EFG) at the Li-
position were calculated from first principles using the
full-potential linear augmented plane wave (LAPW)
method as implemented in the Wien2k program [17].
The exchange correlation energy was treated in the
GGA formalism [18]. Atom coordinates were taken
from [3] for LTSO and from [5] for LTGO. The
corresponding experimental lattice parameters were
used for all calculations. The electronic structure of
the C2/c¢ high-temperature phase of LTGO was
calculated in a transformed primitive cell setting with
9 atomic positions. Force relaxation of the atomic
positions was calculated to less than 0.5 mRy/a.u. in the
low symmetry structures. The resulting atomic positions
are given in Table 1. These calculations were performed
using a plane wave cutoff of RyrKma.x = 6.5 and 7 for
LTGO and LTSO, respectively. Fifty k-points were
sampled in the entire brillouin zone. The default mixed
LAPW/APW-lo basis set of Wien2k was used. Values
of the calculated EFG component V., and the asym-
metry parameter = (Vy,—V),)/V.: are given in
Table 2. The corresponding quadrupolar coupling of
the Li-atom has been calculated using Cp = V..eQ/h =
—9.672 x 1071V, where the quadrupolar moment is
On; = —0.04 barn.

3. Results and discussion

3.1. Heat capacity data

As the DSC data show (Fig. 1) both compounds
undergo phase transitions accompanied by a strong ¢,
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Table 1

Structural parameters and residual forces (in mRy/a.u.) by DFT force minimization for LTGO and LTSO in SG symmetry P2;/c with lattice

parameters measured at 173 K and at ambient temperature, respectively

x y z F, F, F.
LiTaOGeOy, a = 7.584 A, b = 8.085A, ¢ = 7.508 A, f = 119.69°
Li 0.74964 0.05715 0.79096 —0.137 —0.047 —0.014
Ta 0.74979 0.75773 0.50414 0.114 —0.063 —0.093
Ge 0.24992 0.61390 0.25833 —0.052 0.066 0.037
ol 0.24882 0.18086 0.24848 —0.056 —0.075 0.071
021 0.55192 0.26015 0.15360 —0.090 —0.014 0.008
022 0.94823 0.23944 0.84652 —0.008 —0.155 —0.165
031 0.74243 0.99018 0.04525 —0.102 —0.033 —0.227
032 0.75610 0.98871 0.43683 0.277 0.040 —0.208
LiTaOSiO4, a = 7.4062 A, b = 7.9383 A, ¢ = 7.4532 A, f = 119.168°
Li 0.75042 0.06647 0.80602 0.036 0.032 0.008
Ta 0.74851 0.75979 0.50617 0.038 —0.266 0.321
Si 0.25035 0.61044 0.25822 —0.119 —0.020 —0.200
o1 0.24924 0.17137 0.24688 0.098 0.124 0.227
021 0.55785 0.24475 0.14689 0.373 0.198 0.145
022 0.94408 0.25865 0.85267 —0.333 —0.113 0.240
031 0.75789 0.99241 0.06610 0.046 —0.184 0.275
032 0.73675 0.98964 0.41309 0.149 0.025 0.034
Table 2
EFG parameters calculated by first principles and measured by ’Li NMR
Li Calculated NMR 300 K

V.. (10 V/m?) N Co (kHz) n Cp (kHz)

LTGO P2, /c —0.100 0.18 96.7 0.2 9
LTGO C2/c (4e) —0.149 0.61 1443 — —
LTSO P2, /c —0.109 0.54 105.4 0.48(2) 95(5)

anomaly. The estimated heat of transition is
810+20 J/mol for LTSO and 320+50J/mol for
LTGO. The basclines were obtained by fitting appro-
priate polynomial equations to the data outside the
reduced temperature interval 0.8 <7 /T, <1.05.

Compared to titanite [19], the heat of transition is
about 6 times larger in LTSO. The estimated excess heat
capacities are shown in Fig. 1, where they have been
divided by the corresponding critical temperatures to
demonstrate the relative similarity of the thermal
properties. In LTSO a second weaker anomaly is
observable near 623 K. This anomaly involves a
discontinuity of Ac¢, =2J/K/mol, indicative of a
second-order phase transition.

3.2. X-ray diffraction

During both transitions the diffraction maxima with
h+ k = 2n+ 1 disappear. This has been clearly demon-
strated for a single crystal of LTGO [5]. Fig. 3a
documents the disappearance of the 012 and the 212-
intensities near 440 K in the powder diffraction pattern

of LTSO. This confirms a symmetry change
P2, /¢ C2/c in LTSO, analogous to the symmetry
change in titanite and in LTGO. Recently, similar
results have also been obtained using a single crystal of
LTSO [20]. Accordingly the order parameter evolution,
O(T)=+/<I)/s, as a function of temperature is
similar to the tricritical mean-field behaviour [1,5,19]
of titanite and LTGO (Fig. 3a). The parameter s =
7.0(5) is used to normalize to Q =1 at T =0 K.

3.2.1. Spontaneous strain

With the lattice parameters shown in Fig. 2, the
components of the strain tensor e; are calculated [21],
using the extrapolated high-temperature data as refer-
ence values to correct for thermal expansion. In order to
have the X-direction of the strain tensor oriented
parallel to the octahedral chain direction, and thus to
facilitate comparison to the data given in [8], the a- and
c-lattice dimensions have been interchanged prior to
calculation of the tensor-components. The strain data
given here for LTSO therefore refer to the A2/a
symmetry setting.
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Fig. 3. (a) Scaled superstructure intensities of titanite, LTGO and LTSO as a function of the reduced temperature. The solid curve is the squared
solution of the tricritical mean field model. The scaled intensity averages involve the 012- and the 212-powder reflections of LTSO (powder), the 104-
reflection of a LTSO single crystal [20], the 304- and 104-reflections of LTGO [5] and the 104-reflection of titanite [1]. (b) Strain components of LTSO
as a function of the temperature. The inset shows the two significant strain components of titanite for comparison.

While e, increases below T, the shear component e3
first drops to negative values below 1.7 T/T, as an
almost linear function of temperature, before it increases
slightly at temperatures below T7,. The temperature
evolution of ey strongly resembles that found in titanite,
but the magnitude of the strain is about twice as large in
LTSO. The shear component ej; is roughly 4 times
larger than in titanite. The two remaining strain
components ey; and es; differ significantly from those
of titanite, where ey, is absent and e33 is very small and
negative.

Note that at high temperature the first strain effects
become visible at 7;> T,. The ratio 7;/T, is very similar
in titanite and in LTSO, as demonstrated by their
respective shear components ej3. Thus it follows from
T;/T. = 825 K/487 K = 1.69 in titanite, that 7;~740 K
in LTSO.

As the ¢, data of LTSO in Fig. 1 indicate, a
discontinuity occurs near 623 K. This temperature is
lower than the estimated temperature 7; and it is
therefore not entirely clear whether or not the onset of
shear strain can be related to a possible second-order
phase transition associated with the c,-discontinuity.
The determination of the spontaneous strain compo-
nents essentially relies on a linear fit to the high-
temperature lattice parameters (Fig. 2). Therefore, the
above determination of 7; is certainly more prone to
systematic error than the observation of the c,-jump.
Therefore, the coincidence of the onset of shear strain
with a second-order phase transition in LTSO is
certainly possible. The occurrence of a similar phase
transition has been postulated for titanite [7,22].
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Fig. 4. Scalar strain in LTSO and in titanite as a function of reduced
temperature. The dashed lines indicate the scaled temperature
evolution of the squared order parameter, calculated using the
tricritical mean-field model.

The clearest indication of the parallels between
titanite and LTSO in terms of the spontaneous strain
data is obtained by comparison of the scalar strain (Aizu

> e (Fig. 4).
Given these similarities, the driving order parameter
of the transitions in LTGO and in LTSO might be, as in

strain), defined as ¢ =
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titanite, the off-centre displacement of the transition
metal cation. However, the shift of the Ta-cation is not
as strictly confined to its bond with the chain-forming
O1 oxygen anion as the Ti-shift is in titanite [5S]. This
probably gives rise to the different behaviour of
individual strain components in titanite and in LTSO.
Although the order parameter behaves in a very similar
way in all three systems, as the diffraction intensities as a
function of temperature indicate, the strain coupling to
this order parameter differs in titanite and in the two
lithiumtantanyl-compounds.

3.3. "Li MAS NMR

The properties of the isomorphous phase transitions
in the two Li-compounds are further examined utilizing
the quadrupolar moment of the 7Li nucleus as a probe
for the principal EFG component, V., and the
asymmetry parameter n at the Li-site. As these para-
meters generally derive from the charge density around
a nucleus, they can be accurately obtained by first
principle calculation of the electronic structure [23]. In
this way structure models can be verified based on the
EFG measurements.

As has already been indicated by X-ray structure
refinements of LTGO [5], Li occupies a split position in
the high-temperature structure of this compound,
whereas it orders into one of the two available potential
minima below 7. This picture is confirmed by the Li-
MAS NMR spectra (Fig. 5). The sideband envelope of
the spectrum does not change as a function of
temperature up to 7 = 290 K. This indicates that the
EFG does not change significantly and hence that the
nearest neighbour coordination of Li remains unaltered
when crossing the critical temperature. For the dis-
ordered phase this signifies that Li oscillates between
the two equivalent 8f positions with sufficiently low
frequency in order for the position to be resolvable
as such by the NMR experiment. The depths of the
associated double well potential has been determined as
approximately RT, [5], which suggests that Li oscillates
freely between both minima at room temperature.

Electronic structure calculations can be used to obtain
information about the theoretical EFG parameters of a
given structure type. The atomic positions obtained by
force relaxation (Table 1) are in good agreement with
the experimental data [3,5], considering the inherent
ground state nature of DFT calculations. For the P2;/c
phase simulated spectra based on the computed Li EFG
parameters agree well with the observed NMR spec-
trum. As the spectra hardly change as a function of
temperature the calculated parameters match the
observed quadrupolar coupling equally well above and
below T,. Fig. 6 demonstrates the discrepancy between
simulated and observed spectra if the computed EFG

!
MHH)
A

300 200 100 0
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Fig. 5. "Li MAS NMR spectra (dots) above, below and at the
transition temperature of LTGO measured at 194.38 MHz. The curves
show the calculated spectra based on the computed quadrupolar
coupling parameters (Cp = 96 kHz, n = 0.2).

parameters of Li in the special 4e position of the C2/c¢
phase are used instead.

A similarly temperature independent sideband envel-
ope is obtained in LTSO. The quadrupolar coupling
constant is slightly higher in LTSO, with #x0.5, as it is
equally confirmed by the electronic structure calcula-
tions. No significant change of Cyp nor of the asymmetry
parameter # is evident from the MAS measurements.
However, the static 'Li-spectra of LTSO (Fig. 7) reveal
a slight increase of Cy with rising temperature. In the
temperature interval 356-481 K this increase is best
described by Cp = 76.99 4-0.067 T. As a similarly small
increase would not be detectable in the "Li-MAS spectra
of LTGO, additional static spin echo measurements at
200 K and at 295 K have been carried out using LTGO
(L. van Wiillen, personal communication). These
spectra indicate an increase of Cp, namely 86 kHz at
200 K and 95 kHz at 295 K, which is compatible with
the temperature increase observed in LTSO.

While the observed increase of the EFG is unusual, it
is obvious that the temperature evolution of the EFG is
not affected by the structural phase transition. In
contrast the dynamic properties of the Li-cation are
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ppm

Fig. 6. 'Li MAS NMR spectrum of LTGO at room temperature
(crosses) measured at 116 MHz and 4 kHz spinning frequency. The
solid curves show the calculated spectra based on the computed
quadrupolar coupling parameters for Li occupying either the special 4e
position in SG C2/c¢ or the 8f position in SG P2, /c (cf. Table 2).

influenced by the phase transition. They have visible
effect on the NMR spectra as the Li—'Li dipole
interactions as well as the nuclear quadrupolar cou-
plings are modulated by the atomic motion. Overall
enhanced Li mobility is indicated by a significant
motional narrowing of the central band with rising
temperature in LTSO. Simulation of the dynamic
spectra above approximately 400 K is only possible if
the sideband envelope and the central transition are
modeled using different peak shapes and amplitudes.
The resulting temperature dependence of the signal
width for the central transition and the spinning
sidebands is shown in Fig. 8a. The sidebands remain
significantly broader than the central band at high
temperatures. The occurrence of the structural phase
transition is marked by changes in the shape and width
of the bands. Just below the critical temperature of the
structural transition the spinning sidebands broaden,
while they narrow immediately above it. Such a
significant effect on the linewidth is not obvious for
the central band. It appears that the inter-site Li-motion
within the double well that is associated with the phase

Q | | |
300 350 400 450
T (K)

ROV

A

440 KVM o

j
o

0 0

468 K
VAP EVNELY
VA,

Rttt
VAR LAY

481K o7

A4 \%

400 3

o

0 2
ppm

Fig. 7. Measured and simulated static ’Li NMR-spectra of LTSO at
selected temperatures. The inset shows the increase of the quadrupolar
coupling constant with rising temperature.

o
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o

transition predominately modulates the satellite transi-
tions. Another effect of the transition on the MAS
NMR resonance profiles is the purely Lorentzian profile
shape in the vicinity of the transition. As the tempera-
ture is lowered the gaussian character decreases
approximately linearly, while it increases non-linearly
below the transition temperature. This effect is seen both
in the sidebands and in the central signal (Fig. 8b).
Further work is needed to explore these dynamic aspects
of the phase transitions in LTSO and in LTGO by NMR
methods.
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Fig. 8. Motional narrowing in LTSO: (a) Signal width of central peak
(CT) and spinning sidebands (SSB) as a function of temperature. The
curves are intended to guide the eye. (b) Gaussian component of the
peak profiles in percent.

4. Conclusions

"Li MAS NMR does confirm the tetrahedral oxygen
coordination of Li both in the high- and low-tempera-
ture phases of LTGO and LTSO. In terms of strain and
order parameter behaviour the phase transitions in
LTGO and LTSO are closely related to the
P2 /c+ C2/c transition in titanite, CaTiOSiO4. The
isomorphous substitution of Ge by Si in the two Li-
tantanyl compounds causes a large upwards shift of the
critical temperature by more than 200 K. The Si-O
bond therefore appears to stabilize the displacement of
Ta, as realized in the P2;/c-phase.
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