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Lattice Dynamics of LiNb,_,Ta,O; Solid Solutions: Theory

and Experiment
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and Lukas M. Eng

Lithium niobate (LNO) and lithium tantalate (LTO) see widespread use in
fundamental research and commercial technologies reaching from electronics
over classical optics to integrated quantum communication. The mixed crystal
system lithium niobate tantalate (LNT) allows for the dedicate engineering of
material properties by combining the advantages of the two parental materials
LNO and LTO. Vibrational spectroscopies such as Raman spectroscopy or
(Fourier transform) infrared (IR) spectroscopy are vital techniques to provide
detailed insight into the material properties, which is central to the analysis and
optimization of devices. This work presents a joint experimental-theoretical
approach allowing to unambiguously assign the spectral features in the LNT
material family through both Raman and IR spectroscopy, as well as providing an
in-depth explanation for the observed scattering efficiencies based on first-

Correspondingly, the spontaneous polari-
zation Pg steadily increases with decreasing
temperature from 0 at the Curie tempera-
ture to a value of 71(62) and 60(55) pC cm™>
for congruent (nearly stoichiometric) LNO™l
and LTO"! at low temperatures, respectively.
LNO and LTO are birefringent, and have
useful acoustic wave properties® and a
rather large acousto-optic figure-of-merit.
The wealth of physical effects and, more
importantly, their magnitude render LNO
and LTO ideal candidates for acoustic
and optical applications, exploiting both
their bulk and surface properties.”'%
LNO is characterized by unusually large

principles calculations. The phononic contribution to the static dielectric tensor is
calculated from the experimental and theoretical data using the generalized
Lyddane—-Sachs-Teller relation and compared with the results of the first-

principles calculations.

1. Introduction

Lithium niobate (LiNbO;, LNO) and lithium tantalate (LiTaOs,
LTO) are two isomorphous ferroelectrics (space group R3)
and are among the most widely used materials in electro-optic
applications.'™!  Both materials feature a ferroelectric-to-
paraelectric structural phase transition, which, according to
the recent knowledge, is a phase transition of second order."*”!

pyroelectric, piezoelectric, electro-optic,
and photoelastic coefficients.! The mag-
nitude of these coefficients is less pro-
nounced in LTO, which features, however,
higher thermal stability due to, for exam-
ple, lower thermally activated conductivity,
which is favorable for high-temperature
sensing applications.'” In contrast, however, LTO has a much
lower Curie temperature compared to LNO (874-958K for
LTO!*'? vs 1413-1475 K for LNO),”""*! limiting its applications
to lower temperature regions. Thus, both LNO and LTO feature
different, restraining characteristics for high-temperature
applications. Recently, lithium niobate tantalate solid solutions
(LiNb;_,Ta,03, LNT) have gained attention, as they conjugate
the favorable properties of LNO with the thermal stability of
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LTO.M ¢ Furthermore, LNT solid solutions allow for the
tailoring of many material properties by adjusting the niobium-
tantalum ratio and/or the Li concentration.'*~*#

For a complete characterization regarding the niobium/
tantalum ratio of the LNT solid solution, the knowledge of the
dynamical properties of the crystal lattice of the end compounds
LNO and LTO is crucial. Indeed, it bears information concern-
ing, e.g., crystal symmetry, phase transition dynamics, and many
other aspects. In this context, Raman spectroscopy and the com-
plementary infrared (IR) spectroscopy both provide access to
study the dynamical properties of the lattice and, in turn, to char-
acterize many fundamental material parameters.!!”-**!

Many different studies did focus on the investigation of the
phonon modes of LNO and LTO.?°~% These investigations lead
to the assignment of the experimentally detected spectral signa-
tures associated with atomic displacement patterns. However,
the data from the literature present a not fully consistent picture.
In particular, in the case of LNO, there have been many ambi-
guities in the assignment of spectral features regarding, e.g., the
E-TOs ¢ (transverse optical), E-TOo, or E-LO (longitudinal optical)
mode frequencies.'*2%?*3! Moreover, the knowledge of the
dynamical properties of the solid solutions is rather limited
despite decades of research,[”1%32

Here, we investigate the dynamical properties of
LiNb,_,Ta,0j3 solid solutions and their end compounds both the-
oretically and experimentally. LO and TO phonon frequencies, IR
spectra—more precisely the complex dielectric function—and
Raman spectra are calculated from first principles within density
functional theory (DFT) and compared to experimental data
obtained by both Fourier-transform infrared (FTIR) spectroscopy
and p-Raman spectroscopy, using the exact same samples and
experimental setups for LNO, LTO, and an LNT crystal.

Raman and FTIR spectroscopy are complementary techniques
that, relying on different physical processes, give access to phonon
modes of different symmetry in some materials or, in the case of
LNO and LTO, enable a much improved assignment of phonons,
as some have a very low scattering efficiency in either Raman or
IR. Calculated and experimentally observed phonon modes are
compared to each other and, where existing, with available litera-
ture data. This allows for the assignment and determination of all
optical phonon modes, including some that are difficult to mea-
sure solely by Raman or (FT)IR spectroscopies. The selection rules
for Raman and IR activity of stoichiometric LNO and LTO are dis-
cussed in detail, and it is pointed out how these rules are lifted due
to the local deformations present in the LNT solid solutions.
Finally, the measured phonon frequencies are employed to esti-
mate the phononic contribution to the dielectric tensor with the
Lyddane—-Sachs-Teller (LST) relation.l****

2. Experimental Section

2.1. Samples

In this work, we have investigated three types of single crystals:
1) LNO, 2) LTO, and 3) LNT mixed crystals with a tantalum con-
centration of x = 0.70 & 0.03. LNO and LTO crystals are grown at
their congruent point, i.e., all crystals feature the typical lithium
deficiency of ~1.5 mol%, which is a result of the crystal growth
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technique.”®) We assume a similar lithium deficiency for our LNT
crystals due to similar growth conditions.!" The crystals are oth-
erwise undoped. The LNO and LTO crystals are commercially
obtained (Impex HighTech GmbH, Miinster, Germany), while
the LNT crystals were grown by the Czochralski method at
the Leibniz Institute for Crystal Growth, IKZ, Berlin. The growth
of the LNT crystals is described elsewhere.'! The crystal orien-
tation has been determined via X-ray diffraction and samples
have been prepared as x-cut, y-cut, or z-cut, which allows to study
all optically active phonon branches, as well as transverse- and
longitudinal-polarized phonon modes. All crystal surfaces, which
have been studied in Raman or FTIR spectroscopy, have been
polished to optical quality.

2.2. Raman Spectroscopy

Raman spectroscopy was carried out on a LabRAM HR Evolution
Raman spectroscope by Horiba Seisakusho. Excitation light is
provided by a linearly polarized 17 mW HeNe laser at 632.8 nm.
The laser light is focused via an objective lens with a low
numerical aperture of 0.3. No confocal pinhole is inserted in
the detection path. The low numerical aperture and the omission
of a confocal pinhole allow one to average the signal over a larger
sample volume, and it reduces the influence of focusing-related
depolarization.®®) The scattered light is collected in back-
reflection geometry via the same objective lens. The elastically
scattered light is blocked via an appropriate edge filter and spec-
tral analysis is performed in an attached spectrometer with a
600 grooves/mm grating and detected with a charge-coupled
device. The setup reaches a spectral resolution better than 2 cm™".
The light polarization in excitation and detection paths is set by
automatized half-wave plates and linear polarizers, respectively.
Calibration was done by measuring (100)-cut single-crystalline sil-
icon, which shows one prominent and sharp peak at 521 cm™".
More details on the setup can be found elsewhere.*®

For each sample and available crystal orientation, polarized
Raman spectra are recorded by placing the focus more than
10 pm below the surface to limit spectroscopic signatures from
the surface. Due to the high Raman scattering efficiency in the
LNT crystal family, high signal-to-noise ratio Raman spectra, which
require no further smoothing, can be obtained with integration
times of a few seconds at most. The obtained spectra are normal-
ized to their respective maximum after the dark counts have been
subtracted. No further data processing was performed for joint
plotting with the calculated spectra. To accurately extract the peak
frequencdies, the spectra were fitted with Lorentzian functions.

2.3. FTIR Spectroscopy

Reflectance FTIR spectroscopy is performed on a Bruker
VERTEX 80v FTIR spectrometer in the range from 50 to about
1000 cm ™, covering the known phononic frequencies of LNO
and LTO.” The light is focused and collected via two ellipsoidal
mirrors, which are aligned to a common focus. The spectrometer
yields a spectral resolution of about 4 cm™'. Reference reflec-
tance spectra are taken on a gold reference mirror. The light
polarization of the globar source is set linear with a Tydex
thin-film wire-grid polarizer.
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Figure 1. Exemplary FTIR reflectance spectrum of the z-cut LNO sample in
ordinary light polarization (E||x). Due to limitations in the experimental
setup, the spectra are measured with two different beam splitter/detector
combinations, one operating in the FIR region displayed in blue and one
operating in the MIR range displayed in green. The spectra show a good
overlap in the 400-450 cm ™' range, which is used to merge the two data-
sets. To extract the full dielectric function in the phononic range, the spec-
trum is fitted with an oscillator model as shown in Equation 1. The best fit
for the given spectrum is shown in red.

Figure 1 shows an exemplary raw dataset taken on z-cut LNO,
where the light is polarized along the extraordinary axis of the
crystal (E||x). Due to the limited spectral range of the available
beam splitters, two different experimental settings for the
mid-infrared (MIR; 400-1000cm™', Ge/KBr beam splitter,
MIR-BLATGS detector) and far-infrared (FIR, 50-600cm™,
Mylar beam splitter, FIR-DTGS detector) were used to measure
the full range of phonon frequencies in the LNT crystal family.
This can be readily seen in the raw data in Figure 1, where the
FIR data are displayed in blue and the MIR data in green. The two
ranges show a good overlap in the 400-450 cm™" range, as dis-
played in the inset, which is used to merge the datasets.

To obtain the dielectric function &(w) in the phononic fre-
quency range, the obtained reflectance spectrum is fitted with
a four parameter oscillator model of the form

2 2 :
3 n wLOj —w* + LCU}’LOJ'
o) =ew || 5=
i1 @Tgj — @ + i0yTo)

1)

In this equation, the 4n+1 independent (fitting) parameters
are wio; and wro;, which refer to the frequencies of the jth
LO and TO phonon modes, respectively, and y;o; and yro; which
refer to their respective damping constants, as well as the high-
frequency permittivity e, which describes the dielectric contri-
bution of the electronic background, which becomes dominant at
higher frequencies (toward optical frequencies).

Compared to a more traditional three-parameter Drude-
Lorentz oscillator model, which features only one damping con-
stant and was used in the past for LNO or LTO,*”! fitting the four
parameter model was chosen because it describes the dielectric
functions of materials with a strong LO-TO splitting commonly
seen in polar crystals, like ferroelectrics, more accurately.l***"!
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Furthermore, in the limit of @ — 0 Equation (1) is identical to
the LST relation in Equation (8).

The fitting procedure of the reflectance spectrum is performed
via the software RefFIT,*" yielding the real ¢’ and imaginary &”
contributions of the dielectric function. A fitting result is dis-
played in Figure 1, which shows a good agreement with the
raw data. Subsequently in this work, only the extracted real &’
and imaginary &” dielectric function are shown. Prior to fitting
of each datasets, the number of expected phonons is set.
Approximate starting frequencies are based on the literature
or Raman data. Specifically, in datasets containing A;-symmetry
phonons, we did set four phonons of A; type. However, for E-type
symmetry phonons we only used eight instead of nine indepen-
dent phonons because from the previous work it is known that
the E-TOg has a very weak IR oscillator strength and is spectrally
very close (10 cm™") to the more intense E-TOs.">**3% This is
reversed in Raman spectroscopy, where the E-TOs is quasi-
Raman silent and dominated by the E-TOg, as also confirmed
by theoretical calculations (Section 4.2).

2.4. Phonon Modes and Selection Rules

LNO and LTO are isostructural with two formula units per unit
cell. This results in 27 optical phonon modes. Based on group
theory, the optical phonon modes at the Brillouin zone center
I are further subdivided in four modes of A;-type, five modes
of A,-type, and nine doubly degenerate modes of E-type symme-
try. Only the A; and E-symmetry phonons are Raman and
[R-active, while the A, phonons are optically silent. Furthermore,
each phonon may be associated with a transverse optical fre-
quency and a longitudinal optical frequency, as discussed in
Equation (1), which define the Reststrahlen band in the reflec-
tance spectra. Therefore, to characterize the full optical response
either by Raman or IR spectroscopy, four A;-TO and four A;-LO
frequencies, as well as nine E-TO and nine E-LO frequencies,
need to be known. In the LNO crystal system, it is common
to label the phonons in ascending order, e.g., E-LOg refers to
the sixth highest frequency E-type symmetry LO phonon.

As discussed below (Section 3.1), the mixed crystals cannot
be described by the same unit cell due to the larger supercell
necessary to take into account the arbitrary Nb-Ta content of
the mixed crystals. Assuming the natural randomness in the
Nb-Ta distribution, a large number of phonons will be present
at the Brillouin-zone center, leading to a natural broadening of
peaks and a lifting of the selection rules. Therefore, strictly speak-
ing, the selection rules, which are true for the end compounds
LNO and LTO, are not necessarily valid for the mixed crystals.
Nevertheless, we chose to label the features in the mixed crystals
only with a single mode in accordance with its closest phononic
analogue in the end compound. These quasi A; and E-modes are
labeled with a prime, e.g., A}-TO; denoting the peak that behaves
similar in terms of selection rule to the A;-TO; mode in either
the LNO or LTO end compounds.

The selection rules in Raman spectroscopy can be calculated
based on the known Raman tensors, which summarizes the
propagation direction of the phonons to distinguish both LO
and TO phonons, and assign which phonons for a given set
of excitation and detection light polarization can be detected.
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Table 1. Observable phonon modes and Raman tensor elements recorded
in backscattering configuration for LNO and LTO single crystals. The
tensor elements are defined as in ref. [19].

Scattering Symmetry Tensor element

configuration species To Lo
x(yy) X A-TO, E-TO a+c -
x(y,2) X E-TO & -
x@zy) X E-TO & -
x(z,2) X A-TO b? -
yx) 7 A-TO, E-LO a’ I
y(x.2) y E-TO & -
y(zx) ¥ E-TO & -
y@2) y A-TO b? -
2(xX) Z A-LO, E-TO 22 a®
z(xy) z E-TO o -
z(yx) z E-TO 2 -
z(yy) z A,-LO, E-TO 2 a°

The tensors can be found elsewhere.l'”*?**1] The scattering
geometry in Raman spectroscopy is described with Porto’s nota-
tion: k;(e;,e5)ks. The vectors k; and ks mark the direction of the inci-
dent and scattered light in crystal coordinates, respectively, while
e; and e label its electric field orientation, i.e., the polarization,
also in crystal coordinates. Table 1 summarizes the 12 possible
scattering geometries in backscattering Raman spectroscopy,
ie., ki = —kS = k_L

The selection rules in (FT)IR spectroscopy are more straight-
forward. Here, A;-type symmetry phonons are excited, when the
incident and scattered light is polarized parallel to the extraordi-
nary axis (z-axis) of the crystal, i.e., E||x. In contrast, the E-type
phonon contributions to the dielectric response are observed
when the incident light is polarized parallel to the ordinary crystal
axis (xy-plane), i.e., E[|x or E||y. These selection rules are sum-
marized in Table 2. Note that the dielectric tensor e of the
LNT crystal family has only two independent components.

3. Density Functional Perturbation Theory

3.1. Computational Details

Phonon eigenmodes, eigenfrequencies, and effective charges
are calculated within density functional perturbation theory
(DFPT) as implemented in VASPI*>™*4 and postprocessed by
Phonopy,****) an open source python package created for

Table 2. Observable phonon modes recorded for light polarization
(electric field) with respect to the crystal axes of LNO or LTO.

Light polarization (E-field) Symmetry species

Ellz Ay
Elly E
E|lx E
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performing basic phonon calculations at the harmonic level.
The dielectric function is calculated within the independent
particle approximation using the same software. Projector
augmented wave potentials*’*®! with exchange—correlation
functional in the formulation of Perdew-Burke—Ernzerhof
revised for solids (PBEsol)***”! and electronic configurations
1572s", 4sz4p64d3532, 5p65d3652, and 2522p4 for Li, Nb, Ta, and
O, respectively, are used. Rhombohedral, primitive unit cells
with R3c symmetry model the ferroelectric phase of LNO and
LTO, respectively. The used equilibrium lattice parameters
are a;r=5.474A and apr=56.171° for LTO, as well as
arn = 5.494 A and ap = 55.867° for LNO. These values are in
close agreement with the measured lattice parameters.['*4>1]
The ionic positions are optimized, such that all forces acting
on the ions are lower than 0.005 eV A™". A 8 x 8 x 8 Monkhorst—
Pack K-point mesh®? and an energy cutoff at 500 eV are needed
to converge electronic energies to 10 meV. A Gaussian smearing
with width 0.05 eV is applied to the Fermi occupancies. Forty-six
conduction bands are considered to obtain a dielectric function
converged up to 10eV.

LNT solid solutions are modeled with special quasirandom
structures (SQS) created as described in refs. [53-55]. This
approach is an improvement over previous works, as it does
not only provide a means to accurately simulate the LNT solid
solutions with random occupations of the Nb/Ta sites, but it also
intrinsically includes local-site deformations, which are impor-
tant for the accurate simulation of the lattice dynamics of the
system. In particular, 1 x 1 x 2 repetitions of the orthorhombic
unit cell are employed as supercells to model solid solutions
containing a 70.8% Ta concentration. 4 x 4 x 1 Monkhorst—Pack
K-point meshes are used, leading to a similar K-point density as
for the unit cells. The cell parameters are determined by optimiz-
ing the lattice for different volumes and fitting the resulting
energies to the Murnaghan equation of state.*® The number
of conduction bands used for the calculation of the electronic
contribution to the dielectric function is chosen to obtain the
same conduction/valence ratio as for the primitive cells when
modeling the end compounds LNO and LTO. Three different
SQS are employed for the calculations presented in this work.
The de facto equivalence of these SQS is verified by comparing
their calculated Raman signals. As shown in Figure 2, the calcu-
lated spectra only differ marginally. This confirms that the SQS
well describe the same material, even though their atomistic
distribution is different. Therefore, only one SQS is used as a
reference throughout this work. For the mixed crystals, the addi-
tional effect of phonons folding back onto the I'-point has to be
taken into account: Because a supercell is needed to describe the
random alloy, there will be many more phonon modes present in
their calculations. This will lead, in general, to more peaks in the
spectra. Here, however, some of these folded modes lie so close
to each other in their frequencies that the applied Gaussian
smearing will result in fewer, but broader peaks in the spectrum
(see Figure 2Db). The arguments regarding group theory men-
tioned in Section 2.4 for the end compounds, strictly speaking,
do not apply for the mixed crystals. Therefore, we denote the
maxima instead with primed labels. For example, the frequency
A, -TO; represents all modes that contribute to a single peak,
which behaves comparable to the A;-TO; in the end compounds.
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Figure 2. a) Calculated Raman spectra in x(yz)x polarization for three
different SQS (labeled by the numbers (1-3) of LiNbg 292Tag.70s03. Red
corresponds to the configuration which is used for all subsequent com-
parisons. b) Imaginary part of the dielectric function of LNT calculated
for light polarized along the extraordinary crystal axis (z-axis). The blue
bars denote the contribution of single-phonon modes to the complete
spectrum in arbitrary units.

Even though these frequencies do not hold any information
regarding a displacement pattern (except for their symmetry),
their frequencies open up an interpretation regarding the Ta con-
tent of a given sample. Shifts in frequency depending on the Ta
content have been explained in ref. [19]: For most modes, LNO
features higher mode frequencies, which can be explained by
the mass difference of niobium (92.906 a.u.) as compared to tan-
talum (180.948 a.u.). Exceptions to this rule are modes involving
mostly a movement of the oxygen cage (e.g., A;-TO; and high-
frequency E-modes): Here, the shorter Ta—O bond length com-
pared to Nb—O suggests a stronger bond, which results in higher
frequencies in LTO for these modes.

3.2. IR Spectra

In Raman or FTIR spectroscopy not only phonon frequencies
but also the scattering efficiencies or oscillator strength, respec-
tively, are probed. For an accurate comparison of theoretical and
experimental data, therefore, not only the exact frequencies but
equally the relative intensities need to be calculated, which

Phys. Status Solidi A 2025, 222, 2300968 2300968 (5 of 13)
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proved extremely valuable in the past in assignment of phonon
features.[%3"

(FT)IR spectroscopy directly probes the real and imaginary
parts of the dielectric function & of a material in the respective
phonon frequency range, i.e., the direct contribution of the
vibrating lattice to the dielectric response. The dipole moment
p of a crystal is defined as

p=> (Z Ziabriéa) &, (2)
b ia

where r; denotes the position of ion i and Z; is its effective charge
tensor (i.e., the Born charge). The vectors &, , label the cartesian
unit vectors and the indices a,b the cartesian coordinates. The
change of p with respect to a phonon with eigenmode Q can
be approximated by a symmetric difference quotient

aa—g DY (Z ziabQiéa) b G)

where Q; denotes the movement of ion i within the displacement
pattern Q. The imaginary part of the ionic contribution to the
dielectric function can then be calculated as in ref. [57]

_ JAVEAS
S(eggiaon)) ~ (55) ()
= <Z Zia’aQiéa’) <Z Ziy Qiéa’>

with w,, being the TO frequency of mode m with displacement
pattern Q. The contribution of all phonon modes to the IR spec-
tra is obtained by calculating the sum over all modes m. In the
harmonic approximation, these contributions will only yield delta
peaks at the TO phonon frequencies @,,. The real part of the ionic
contribution to the dielectric function can be obtained as shown
in ref. [57].

(4

3.3. Raman Spectra

In contrast to FTIR, Raman spectroscopy is an inelastic
scattering technique, where a photon at much higher energies,
typically in the visible range, exchanges energy with a phonon.
Subsequently, a photon at a shifted frequency is emitted. This
second-order effect is mediated via the electronic contribution
of the dielectric response. The Raman tensor a is defined
as the change of the polarizability with respect to a phononic
eigenmode Q

0 el
nan) = S ) = oo )

with ¢”(w) being the electronic contribution to the dielectric
function and w the frequency of the incident laser light. Here,
we calculate the derivative evaluating ¢ at two opposite, symmet-
ric jonic displacements R.. The electronic contribution to the
dielectric function is calculated within the independent particle
approximation.[5 8 Using Kramers—Kronig relations, we can
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obtain the real part of the electronic contribution to the dielectric
function.
The intensity of the Raman signal can be finally calculated as

(0 — wm)4

m

Ln()[s(ab)i] ~ (&0t a0 (@)2]* (n+1) (6)
where ¢; and & denote the polarization of the incident and scat-
tered light, respectively, and » is the Bose-Einstein distribution.

In contrast to the theoretical data, the experimental spectra are
subject to finite line width, due to thermal broadening, resolution
limits, or crystal defects. This is not captured in our calculations.
Therefore, artificial Gaussian smearings of 5cm™" width are
applied to the calculated spectral intensities (both IR and
Raman) to obtain spectra readily comparable to the measured data.

3.4. LO-to Splitting
In order to calculate LO-TO splitting of phonon frequencies at

the I'point, a dipole—dipole interaction term is added to the
dynamical matrix, which reads ast®”>"

1 Ax <szcan) (Zchch>
\/mimy VO Z,QCEOO,CC’(?C’
cc

)

where § denotes a normalized reciprocal vector, m; is the mass of
ion j, and Z denotes the effective charge tensor of ion j. The let-
ters a, b, ¢, and ¢’ denote cartesian indices. e, is the electronic
contribution of the static dielectric function. Since all these var-
iables were already calculated in order to obtain IR and Raman
spectra, this comes at almost no additional computational cost.

3.5. Phenomenological Model
The generalized LST relation®*** can be employed to estimate
the phononic contribution to the material’s optical response in an
approximate manner. The generalized LST connects the high-
frequency permittivity e, to the static permittivity &, through

g=¢tx|| 5" (8)

This is very valuable because the high-frequency dielectric
function can be readily calculated from the electronic structure
within DFT, but the calculation of the vibrational contribu-
tions in the limit of low frequencies—and therefore the static
permittivity—is more challenging.

4, Results

4.1. Experimental Results

To unambiguously identify and assign all phonon modes in the
LNT material family, the measured experimental data, for both
Raman and FTIR spectroscopy, were systematically analyzed and
compared while considering the selection rules listed in Table 1
and 2. To illustrate both the process of comparing different
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Raman spectra and the comparison of Raman and FTIR data,
Figure 3 shows several datasets obtained on the LNO sample.
All spectra shown contain signatures of E-type phonons, includ-
ing both LO and TO modes. In detail, subfigure (a) displays a
Raman spectrum in y(x,x)y scattering configuration, which
according to the selection rules shows E-LO and A;-TO modes,
while (b) shows a Raman spectrum in the crossed configuration
y(z,x)y, which only addresses E-TO phonons. These Raman spec-
tra are compared with c), the real part ¢/, and d) the imaginary part
¢” of the ordinary-polarized dielectric function extracted from
FTIR spectroscopy using the fitting process shown in Figure 1.

To extract phonon frequencies from the FTIR data, several
possibilities exist. In principle, fitting the FTIR data with a four
parameter model, as above, yields not only a dielectric function
but also the LO and TO frequencies for each phonon, which can
be readily compared to the Raman and theory data. However, due
to the strong overlap of many phonons in the 200-500 cm™*
range, the determined phonon frequencies in particular for
the weakly scattering phonons have a large uncertainty and ambi-
guity in the fit. This is observed more pronounced in the LO fre-
quencies. The main goal of the fitting procedure is to obtain a
complex dielectric function to best describe the reflectance spec-
trum. Another way to identify the frequencies is by analyzing the
real and imaginary parts of the dielectric function, where the LO
and TO frequencies manifest themselves in a specific way: Here,
the maximum of the imaginary part of the dielectric function cor-
responds to the TO frequencies, which also corresponds to the
fitted TO frequency. In contrast, the LO frequencies manifest
themselves in a more subtle way in the dielectric function.
The LO frequencies generally describe the high-frequency end
of each phonon’s Reststrahlen band, where the real part of dielec-
tric function equals zero when crossing from negative to positive
values (zero crossing with an upward slope). Therefore, we label
these zero crossing of the real part of the dielectric function with
the respective LO frequency instead of using the fitted parame-
ters. Note that the zero crossing from positive-to-negative (down-
ward slope) values is equivalent to the TO frequencies, where
also the imaginary part of the dielectric function has its maxi-
mum. This labeling procedure is equivalent to previous works
when identifying the LO modes when fitting a three parameter
model, where no specific LO frequency is fitted and instead the
dielectric function needs to be analyzed. Due to the overlaps in
the 200-500 cm ™' range, not all phonons lead to a zero crossing
of the total dielectric function. Therefore, only those modes
which result in a visible zero crossing are considered to deter-
mine the respective LO frequencies, while the weaker ones
typically yield higher uncertainties.

In contrast to the real part, the imaginary part of the dielectric
function resembles in its structure an emission-type spectrum
with peaks centered at the TO frequencies. This structure looks
very similar to the Raman spectrum of TO phonons, which there-
fore allows a direct visual comparison. Note that while the spectra
have a similar shape, the spectra originate from different physical
processes, i.e., a phonon with a strong absorption in the dielectric
function does not necessarily mean a high scattering efficiency in
Raman scattering.

In the cross-polarized Raman spectrum in Figure 3b), eight
peaks can be identified. Out of these, seven belong to E-TO pho-
nons, while the peak at 633 cm™! belongs to the A;-TO, that is
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Figure 3. (Top) a) Raman spectra of LNO for polarization y(xx)y (left) and b) y(zx)y (right). (Bottom) c) Real and d) imaginary part of the dielectric
function for light polarized along the crystallographic x-direction, extracted from FTIR spectra. All spectra are normalized with respect to their highest
peak. In the Raman spectra, the A;-TO and E-LO modes (a) as well as the E-TO modes (b) can be assigned by applying the symmetry considerations from
Table 1. The E-LO modes can be extracted as zero crossings in ¢’. Additionally, the E-TO modes can be extracted from peak positions in ¢” (d). The
redundancies in these four graphics serve as an appraisal for the measurements and calculations.

not fully suppressed by the analyzer. In detail, the visible peaks
belong to the E-TO,, -TO,, -TO3, -TO4, -TOs6, -TO,, and —TOg
modes. Similarly, the imaginary dielectric function shows six rel-
atively strong peaks (E-TOj, -TO,, -TO;, -TOy, -TOs, and -TOg)
and two very weak, but identifiable peaks (E-TO,, -TOy). Here,
it can be seen that the E-TOq at 660 cm™" has a very weak inten-
sity in both Raman and FTIR, which was previously observed
as welll'?%?* and is also found in the DFPT calculations
(Figure S1, Supporting Information). Its behavior is different
from its behavior in LTO, where the E-TOq has a much stronger
scattering efficiency in Raman spectroscopy, but is still very weak
in FTIR spectroscopy (see Figure 4 and Figure S4, Supporting
Information). Due to its low scattering efficiency, the E-TO,
mode was often assigned ambiguously in the past.**202%31
Further, it can be noticed that the E-TOs and E-TOq frequencies
are very close (360 cm ™" vs 367 cm ™). While the TOg is domi-
nating in Raman scattering, the TOs is the dominating feature
for the FTIR spectrum. Previous work has indicated that the scat-
tering efficiency and their behavior in both phonons are similar
for both LTO and mixed crystals. As a result, the Raman and
FTIR spectra were only fitted with one peak representing the
TOs or TOs mode, respectively. Only low-temperature measure-
ments of stoichiometric crystals allow to unambiguously

Phys. Status Solidi A 2025, 222, 2300968 2300968 (7 of 13)

differentiate these modes in Raman spectroscopy.!*” The origin

in the different scattering efficiencies for both phonons and in
both methods is also backed up by the DFPT calculations dis-
cussed below. Overall, the E-TO phonon frequencies determined
from different Raman spectra, as well as by comparing FTIR and
Raman spectra, match within £5 cm™", which is in agreement
with the combined resolution limits of both methods.

The spectrum in Figure 3a) shows a Raman spectrum in
y(x,x)y configuration, which shows both E-LO and A;-TO
phonons. The A;-TO phonons are dominating in intensity.
Here, they have a strong scattering efficiency leading to strong
overlaps in the 200-400 cm™! region. The A;-TO phonon peaks
can be readily excluded by comparison with spectra in x(z,2)x
(Figure S2a, Supporting Information) or x(y,y)x configurations
(e.g., Figure Sla, Supporting Information). The remaining
peaks, therefore, are exclusively E-LO phonons. E-LO phonons
are only accessible in this single-scattering configuration for back
scattering, which in the past led to the most ambiguity in assign-
ment for this phonon branch.***! Therefore, the comparison to
the real part of the dielectric function (and to the calculations) is
particular helpful for a correct assignment. Again, by compari-
son, a good agreement is found and all nine E-LO phonons
can be identified and a frequency can be determined.
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Figure 4. (Top) a) Raman spectra of LTO for polarization x(yy)x (left) and b) x(zy)x (right). (Bottom) c) Real and d) imaginary dielectric functions for light
polarized along the crystallographic z-direction, extracted from FTIR spectra. All spectra are normalized with respect to their highest peak. In the Raman
spectra, the A;-TO and E-TO modes can be unambiguously assigned by applying the symmetry considerations from Table 1. The A;-LO modes can be
extracted as zero crossings or poles in ¢’. The redundancies in these four graphics serve as an appraisal for the measurements and calculations.

Similar to the discussion above, the Raman and FTIR data for
all samples, LNO, LTO, and LNT, were evaluated for different
cuts. Additional plots and tabular summaries of all phonon fre-
quencies are available in the Supporting Information. These
tables denote the mean phonon frequencies, determined by ana-
lyzing all our Raman and FTIR spectra for all available crystal
cuts. In the next step, the experimental data will be compared
exemplarily with the calculations from DFPT.

4.2. Comparison Between Theory and Experiment

The calculated and measured TO phonon frequencies of
LNO and LTO are given in Tables SI and SII, Supporting
Information, respectively. As the A, modes are Raman and IR
silent for ideal crystals, we just report the calculated frequencies,
although—as seen below—we may see indications of those pho-
nons activated in the measured spectra due to defects or stoichi-
ometry. A detailed discussion of the difference in frequencies for
the same modes in LNO and LTO is given in the previous
work!"! and will not be repeated here. Here, we will specifically
focus on the calculated spectra for both the dielectric function
and Raman signal. Because we only calculated Raman and
FTIR spectra for TO frequencies, we limit our comparison of
Raman spectra to the x(..)x configuration.

Phys. Status Solidi A 2025, 222, 2300968 2300968 (8 of 13)

Overall, the calculated and measured TO phonon frequencies
are all in good agreement with each other and lay mostly within
the accuracy of both experimental setups, as well as with available
previous computational and experimental results.?%2*316% The
largest deviation for LNO occurs for the E-TO, mode with a dis-
crepancy of around 6% (14 cm™") (see, e.g., Figure 5a or Table SI,
Supporting Information). The overall small deviations in fre-
quency between experiment and theory is mostly caused by using
fixed lattice constants in the simulations, which are in good
agreement to experimental values.

The dielectric functions show the same number of peaks/
features and similar intensities in the real and imaginary part
for both investigated polarization directions for LNO, LTO,
and LNT. We note that the simulated ¢’ does not allow for an
assignment of the LO modes, as no information from the simu-
lation leading to a LO-TO splitting is provided at this point. The
peaks and shape of ¢’ and ¢” do, however, coincide to the exper-
imental data in all cases. Note that the peak width in the calcu-
lated data is arbitrarily introduced and knowledge of the damping
constants from theory is not available.

The splitting as well as the different Raman and IR activity of
the E-TOs and E-TO4 modes can be easily verified by our calcu-
lations (e.g., Figure S1 for LNO and Figure S4, Supporting
Information for LTO): Here, the E-TOs and E-TO; modes
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Figure 5. (Top) a) Raman spectra of LNO for polarization x(yy)x (left) and b)

Wavenumber (cm™1)

x(zy)x (right). (Bottom) c) Real and d) imaginary part of the dielectric function

for light polarized along the crystallographic z-direction, extracted from FTIR spectra. All spectra are normalized with respect to their highest peak. In the
Raman spectra, the A;-TO and E-TO modes can be unambiguously assigned by applying the symmetry considerations from Table 1. The A;-LO modes can
be extracted as zero crossings in ¢’. The redundancies in these four graphics serve as an appraisal for the measurements and calculations.

(352cm ™" vs 364cm ™" for LNO) can be clearly separated in
the spectra. As observed in the experiment, the E-TOg is
almost IR inactive (invisible in the spectra), but has a higher
Raman activity than E-TOs, while the inverse statement is true
for the E-TO.

For better comparison, we increase the Gaussian smearing
applied to the calculated spectra for E||z to 25 cm ™, which will lead
to broader peaks in, e.g., Figure S2 compared to, e.g., Figure S1,
Supporting Information. We expect an overall broadening of the
peaks (broader than in the end compounds) for the LNT crystal,
regardless of other defects, e.g., Li inhomogeneities, because of
the intrinsic presence of folded modes in a random alloy.

The A,-TO,-like mode at 587 cm™ " has by far the highest IR
activity. However, the peak resulting from the overlap of multiple
modes at 210-215 cm ™' results in an overall higher signal. Only
a single mode at 354 cm™" contributes to the shoulder at the
same frequency. Therefore, in general, in the mixed crystals
we cannot assign a peak in either the FTIR or Raman signal
to a true single phonon eigenmode, but instead assign such a
sum feature with a single frequency to its closest analogue in
the end compounds and label it with a prime.

Curiously, apart from the expected A;- and E-type-like phonon
modes, we note a significant peak in the calculated and measured
Raman spectra for x(yy)¥ polarization (Figure 6) at 855 cm™": In
the calculations, this peak belongs to a A,-TOs mode, which is,

Phys. Status Solidi A 2025, 222, 2300968 2300968 (9 of 13)

due to local deformations present in the SQS (leading to a slightly
imperfect eigenvector), not completely suppressed. This peak is
also visible in the measured spectrum for LNT, and even for LNO
and LTO in the same Raman configuration, but it is much less
pronounced for the end compounds. Here, this peak could also
correspond to a not completely suppressed E-LOg or A;-LO,
mode. However, its clear presence in the calculated spectra of
the solid solution might also indicate that defects in the end com-
pounds or the random Nb-Ta distribution in the mixed crystals
can relax the selection rules, which enables the A,-TOs mode to
become Raman active. This behavior has been previously
observed for LNO and LTO crystals which include impurities
and defects.[*!

For our simulations, the LO-mode frequencies cannot be
directly extracted from the dielectric function. Instead, we apply
Equation (7) for different g-directions and track how the added
dipole—dipole interaction affects the mode frequencies at I'. Our
results can be found in Table S III, SIV, and SV, Supporting
Information. Note that we do not show A, modes in these tables,
as they do not show any LO-TO splitting. Overall, the calculated
and measured frequencies agree within an error of 9%, where
the measured frequencies are for almost all modes slightly larger.
This discrepancy can be easily explained by taking a closer look at
Equation (7): Because of the underestimation of the electronic
bandgap in the DFT calculations (e.g., measured for LNO
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Figure 6. (Top) a) Raman spectra of LNT for polarization x(yy) X (left) and b)

Wavenumber (cm™1)

x(zy) X (right). (Bottom) c) Real and d) imaginary dielectric functions for light

polarized along the crystallographic z-direction, extracted from FTIR spectra. All spectra are normalized with respect to their highest peak. In the Raman
spectra, the A;-TO and E’-TO modes can be unambiguously assigned by applying the symmetry considerations from Table 1. The A;-LO modes can be
extracted as zero crossings or poles in ¢’. The redundancies in these four graphics serve as an appraisal for the measurements and calculations.

3.7eVI® vs our DFT calculation with 3.41 eV), a redshift of the
imaginary part of the dielectric function is introduced. This, in
turn, gives rise to a larger value for ., as Kramers—Kronig
relations are used to calculate the real part. Thus, the added
dipole—dipole interaction term is likely underestimated, which
in conclusion leads to smaller LO frequencies. Especially large
LO-TO splits can be observed for the high-frequency A; and
E modes (A;-TO4~A;-LO, and E-TO9—E-LOo): Both of these
modes involve a stretching of the oxygen cage as well as slight
movement of the niobium/tantalum within it (see Figure 7).
Because this central ion carries a large effective charge, these
movements introduce a strong dipole-dipole interaction, which,
in turn, leads to a large LO-TO splitting.

4.3. Calculation of ¢,

Finally, we use the LST relation to estimate &y: From the DFPT
calculation, we can extract e, as the value of e’ at excitation fre-
quency zero. The extracted values for LNO are &% = 5.51 and
€%, = 5.35. Inserting the calculated values for &, and phonon
frequencies for LNO into Equation (8), we find &j = 40.0
and €§ =26.0. Both values are in good agreement to the
literature.!'>**3~%%] Using the measured phonon frequencies,
we instead obtain & =48.9 and &f = 30.3, which is slightly
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E-TOg
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Niobium/
Tantalum

. Oxygen

Figure 7. (Left) A;-TO, eigenmode. (Right) E-TOg eigenmode. The nio-
bium/tantalum, lithium, and oxygen ions are colored gold, green, and
red, respectively. The displacements are denoted by blue arrows.

larger, however also within the range typically reported in the
literature.'>?*3-%5] Repeating the calculations for LTO and
LNT, we obtain &, as a function of Ta content (see Figure 8).
All extracted values, including LTO and LNT, can be found in
Table 3. Note that the overestimation of ¢, leads to slightly
higher values of &, compared to the literature. In total, we thus
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Figure 8. ¢, (top) and &y (bottom) as a function of tantalum content of
the LNT crystal family. The values for ¢q are obtained using the LST relation
(Equation (8)), whereas ¢, is obtained by DFPT calculations. Only polar-
izations E||x and E||z are considered. For calculating &, either the mea-
sured phonon frequencies (Exp., red and orange) or the calculated
ones (DFPT, black and gray) are used.

Table 3. With Equation (8) calculated values for &, using either the
calculated frequencies (DFPT) or the measured ones (DFPT+ Exp.).
Only polarizations E||x (z-cut) and E||z (x-cut) are considered. Available
datal'®?463%4 (Ref) are reported for comparison.

€ €0

Crystal Cut DFPT Ref. DPFT DFPT + Exp. Ref.
LNO z 5.51 5.00 40.0 48.9 39.2-42.5
- X 5.35 4.60 26.0 30.3 23.6-26
LTO z 5.16 4.50 36.7 44.9 34.7-42
- X 5.27 4.53 40.0 42.9 35.8-40
LNT z 5.23 4.44 40.1 40.9 36.4

- X 5.32 4.39 36.7 37.0 321

suspect our results to be slightly overestimating €,. The uncer-
tainty of +4 cm ™" in the measured frequencies results in an error
of around 7% for our obtained values for &.
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5. Summary

In this work, we have studied the vibrational properties of the
lattice in the LNT material family by studying the end com-
pounds LTO and LNO, as well as an example of a mixed crystal
LNT. To achieve a high redundancy in the analysis, we have sys-
tematically compared measured Raman spectra and FTIR reflec-
tance spectra, which allows us to extract the real and imaginary
parts of the dielectric function, with calculated Raman spectra
and dielectric functions obtained from first principles. When
applying group symmetry considerations and comparing all
resulting spectra (experiment and theory), we can unambigu-
ously assign all transverse optical and longitudinal optical
phonon modes at the Brillouin zone center (I-point). In particu-
lar, by combining both theory and experiment, the similarities
and differences in the spectra, as well as their changes within
mixed crystals, can be readily explained and interpreted. An
example is the different intensity of quasi-silent modes in
Raman or FTIR spectra, or even the appearance of symmetry
forbidden modes like the A,-TOs in Raman spectra. Here, the
experiments and the theoretical calculations are in excellent
agreement for all studied samples, demonstrating the high
redundancy of this combined approach. Both the theory and
experimental data additionally allow us to obtain the phononic
contribution to the dielectric function in the full LNT material
family by applying the LST. Again, the calculated data are in
excellent agreement to previous studies.'”**%*®* In principle,
this methodology is not limited to the LNO-LTO crystal
system, but this tested approach can be readily expanded to other
crystals, doped or strained systems, or domain wall spectra, ¢!
where our work thus serves as a baseline for interpreting the
underlying physical effects and crystal structure by providing
a quantitative interpretation of Raman or FTIR spectra.
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