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Using spectroscopic ellipsometry, the authors determined the optical constants (complex dielectric
function) for (LaAlO3)g3(Sr,AlTaOg) 35 (LSAT) from 0.01 to 6.5eV. Above 0.5eV, the data were
described with a sum of two Tauc-Lorentz oscillators and two poles. A direct gap of 5.8 = 0.1eV
was found. An Urbach tail extends to even lower photon energies and makes the crystal opaque
above 4.8 eV. Using Fourier-transform infrared ellipsometry, the lattice dynamics was studied. Nine
pairs of transverse/longitudinal phonons were found and attributed to disorder in the La/Sr sublattice,
ordering in the Al/Ta sublattice, and two-phonon absorption.

I. INTRODUCTION

Perovskite oxides like SrTiO; and related compounds with
a generic formula ABO; have interesting properties, such as
ferroelectricity, superconductivity, high dielectric constants,
combined with a large band gap, which may lead to interesting
electronic, optoelectronic, or energy-conversion applications.’
These properties can often be tuned by strain engineering,”
which requires epitaxial growth on a variety of substrates with
different lattice constants.”

One common perovskite substrate material has the
chemical formula (LaAlO3)g 5(Sr,AlTaOg)g 35 (LSAT), equiv-
alent to (Lag 351 7)(AlyesTag35)03, which is usually abbrevi-
ated as LSAT. It has been used as a substrate for epitaxial
growth™™ of PbVO;, EuTiOs;, NbO,, NaNbOs;, and many
other materials. Unlike LaAlO5 (another common substrate,
which has a rhombohedral crystal structureg), LSAT is cubic.
LSAT substrates therefore are untwinned and allow higher
quality epitaxial growth than commercial twinned (pseudocu-
bic) LaAlOj5 substrates. The cubic structure leads to an isotro-
pic dielectric function.

LSAT is usually treated as a simple cubic (SC) perovskite at
room temperature” with space group Pm3m (221) and a lattice
constant a = 3.868 A, consistent with random occupation of the
A (La/Sr) and B (Al/Ta) sites. On the other hand, ordering at
the Al/Ta sites,'®!! similar to Sr,AlTaOg, leads to a face-
centered cubic (FCC) crystal structure with a lattice constant of
a=7.73 A and an F43m (216) space group. Sublattice disorder
or ordering will affect the phonon symmetries in the crystal.'>
Some crystals have both ordered and disordered domains. '

DElectronic mail: zollner@nmsu.edu

Spectroscopic ellipsometry'*™'° is an important technique

to characterize epitaxial films on a substrate and allows con-
clusions about the electronic and vibrational structure of epi-
taxial materials. Therefore, the detailed and precise knowledge
of the dielectric function of LSAT is crucial. In this article, we
present new information about the optical constants of LSAT
and about its electronic and vibrational properties.

Previous studies of the dielectric function € of LSAT and
its electronic and vibrational properties have been limited.
Transmission measurements'""'® established the absorption
edge (near 260nm) and a broad defect absorption band
near 450 nm, responsible for the color of the crystal, which
depended on annealing conditions. The refractive index
n = /e in the transparent region was determined using the
minimum-deviation prism method'® and by spectroscopic
ellipsometry” and fitted with the Sellmeier equation.

The zone-center phonons were studied using infrared
reﬂectance,lz’19 far-infrared ellipsometry,20 and Raman
spectroscopy.'> The symmetries of these phonons for the
two possible (ordered and disordered) space groups were
also identified."?

Il. EXPERIMENT AND MODELS

Czochralski-grown LSAT wafers with colorless to light
brown appearance and (100) surface orientation (less than
0.5° miscut) were obtained commercially (MTI Corporation,
Richmond, CA). Single-side polished wafers were used for
spectroscopic ellipsometry and infrared ellipsometry from
0.8 to 6.5eV and 0.03 to 0.7eV, respectively, while trans-
mission measurements were performed on two-side polished
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wafers with 0.5 mm thickness. The surface roughness was
specified by the supplier to be below 8 A.

Figure 1(a) shows a symmetric @/20 x-ray diffraction
(XRD) scan for the LSAT (100) substrate obtained with Cu
K, radiation on a PANalytical Empyrean diffractometer.
Miller indices are marked in the SC notation, where all (hkl)
reflections are allowed. The lattice constant was determined
to be 3.870 = 0.002 A. The FWHM of the (200) rocking
curve (o scan at fixed 20 value), obtained with a hybrid
monochromator, was 0.05°. This is larger than for a Si (100)
substrate (FWHM =0.01°), but significantly smaller than for
a twinned LaAlO; substrate, allowing better alignment of
epitaxial films on LSAT than on LaAlOs.

In the double perovskite (ordered) FCC structure of
Sr,AlTaOg, the Miller indices are doubled relative to the SC
perovskite structure, but the FCC (hkl) indices must all be
either even or odd for allowed reflections. Therefore, all
(h00) SC reflections in a symmetric @/260 scan as shown in
Fig. 1(a) are also allowed in the FCC structure, where we
would denote them as (2h00). To show evidence of ordering,
we must look for FCC (hkl) reflections with odd indices,
since these are equivalent to (forbidden) half-integral Miller
indices in the SC structure.'” This requires asymmetric
reflections for an LSAT (100) surface.

We indeed find strong FCC (115), (117), and (555) Bragg
reflections as clear evidence of ordering in our sample.
Figure 1(c) shows a ¢ scan of the FCC (115) Bragg reflec-
tion, where the sample is rotated about its surface normal for
fixed incidence and diffraction angles satisfying the (115)
Bragg condition. The four-fold symmetry of the (100) sur-
face is apparent in the ¢-scan. The (115) Bragg peak has a
rather large 20 half-width of 0.6°, which corresponds to an
approximate size of 15nm for the ordered domains, if the
Scherrer formula is applied. This domain size is consistent
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Fic. 1. (a) Symmetric 20/w x-ray diffraction scan for an LSAT wafer with
(100) orientation. Miller indices are indicated in the simple cubic perovskite
notation. (b) Rocking curve for the (200) Bragg reflection with a FWHM of
0.05°. (c) ¢-scan of the (115) Bragg reflection of the ordered FCC LSAT
structure.

with previous XRD and transmission electron microscopy of
LSAT."

Raman measurements were performed at 300K in a back-
scattering geometry with an alpha 300R WITec system, using
the 532 nm excitation of a Nd:YAG laser and a 20x objective
lens with a numerical aperture of 0.4. The complete Raman
spectrum was acquired from an accumulation of ten scans,
with each scan at an integration time of 50 ms. The Raman
signal was detected by a 1024 x 127 pixel Peltier cooled
CCD camera with a spectral resolution of 4cm ™.

Prior to the ellipsometry measurements, wafers were
cleaned in a Novascan PSD Pro series digital UV ozone sys-
tem utilizing a Hg vapor lamp. The purpose of this cleaning
is to remove organic contamination from the surface. It was
performed in an oxygen-enriched environment for 30 min
with the Hg lamp on and the sample on a heating stage held
at 150°C, followed by a 30-min period of incubation with
the lamp off and the sample cooling to room temperature.

The ellipsometric angles y and A from 0.8 to 6.5eV
were determined at 300K in air on a J. A. Woollam vertical
variable-angle spectroscopic ellipsometer with computer con-
trolled Berek waveplate compensator (J.A. Woollam Co,
Lincoln, NE). We selected angles of incidence ¢ between
60° and 80°. The same instrument was also used to perform
transmission measurements at normal incidence, using a mea-
surement without sample as the reference. In the midinfrared
spectral region from 250 to 8000cm ™', ¥ and A were
acquired at 300K on a J.A. Woollam Fourier-transform infra-
red (FTIR) ellipsometer as described elsewhere !> We
also merged our data with far-infrared ellipsometry” results
taken for a different sample (obtained from Crystec GmbH,
Berlin, Germany) at ¢ = 75° from 80 to 650 cm ™" presented
previously.”” There is excellent agreement between the far-
infrared and midinfrared data in the region of overlap.

The ellipsometric angles are influenced by the surface
conditions of the sample, which include surface roughness
and overlayers, especially organic contaminants. Therefore, it
is desirable to reduce the surface layer thickness as much as
possible. A roughness correction using the Bruggeman effec-
tive medium approximation with a 50/50 mixture of LSAT
and voids allows to consider the remaining surface effects
numerically. To describe the large ellipsometry data set, it is
convenient to represent the dispersion of LSAT with para-
metric models. The Sellmeier equation and the Tauc-Lorentz
model have been particularly useful. The parameters govern-
ing the dispersion and the surface roughness layer thickness
are adjusted to minimize the deviation between the data and
the fit, weighted by the experimental errors in the data. These
technical details are well described in ellipsometry text-
books'?™'® and our prior research®*'** on NiO and LaAlO:;.

lll. RESULTS FROM NEAR-IR TO UV AT 300K

The transmission through a two-side polished LSAT sub-
strate with 0.5 mm thickness is shown in Fig. 2 (dashed). Since
the refractive index n=1.99 at 1 eV (see below), the reflection
loss at each surface is 11%, leading to a transmission of 79%
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in the absence of absorption, consistent with the measured
transmission in Fig. 2.

The absorption coefficient o can be calculated from the
transmission, if the thickness of the sample (0.5 mm) and the
dispersion of the refractive index (see below) are known.”*
Results are shown in Fig. 2 (solid). The absorption coeffi-
cient is very small at low energies (not measurable) and rises
sharply between 4.6 and 4.8eV (260nm), near the funda-
mental absorption gap of LSAT, as reported previously.'’
The position of this absorption edge depends on the thick-
ness of the sample and details of the instrumentation. Our
transmission measurements are unable to determine if this
band gap is direct or indirect.

There is also a minimum in the transmission and a peak
in the absorption coefficient near 410nm (3.0eV). This
absorption band has been seen previously'’ and can be
reduced by annealing at 1650 °C in Ar with a trace of hydro-
gen. Presumably, it is due to defects, not related to the bulk
electronic band structure. A similar absorption band within
the gap was found in SiC, where it was explained by inter-
conduction band transitions.”

The ellipsometric angles i/ and A taken at angles of inci-
dence between 60° and 80° are shown in Fig. 3 (symbols).
The depolarization was small (below 1% throughout the
spectral range) and not related to the sample. Since LSAT is
transparent throughout the visible, a Cauchy fit gives an
excellent description of the data, if a surface roughness layer
(described using the Bruggeman effective medium theory as
a 50/50 mixture of LSAT and voids) of 19.1 A thickness is
considered. The S-like transition of A from 0° to 180° near
the Brewster angle (between 64° and 70°, depending on the
photon energy) is most sensitive to surface roughness.
Therefore, measuring at many incidence angles is helpful to
accurately determine the surface roughness layer thickness.

A good description of the data between 0.8 and 6eV can
be achieved using a single Tauc-Lorentz oscillator, with
poles at 0.08 eV (fixed) and 11.556 eV (variable) to take into
account dispersion from absorption peaks outside of our
spectral range. The agreement can be improved slightly,
especially above 6¢eV, if a second Tauc-Lorentz oscillator is
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FiG. 3. (Color online) Ellipsometric angles i and A vs photon energy for
incidence angles from 60° to 80° (symbols) for LSAT at 300 K. The lines
show a fit with two poles and two Tauc-Lorentz oscillators, assuming a sur-
face roughness of 19.1 A

added. The best fit to the data with two Tauc-Lorentz oscilla-
tors is shown by solid lines in Fig. 3. The Tauc-Lorentz and
pole parameters obtained from the fit are shown in Table I.
In both cases, the rms deviation between fit and data is about
50% larger than the experimental errors.

The experimental data and fit are also displayed as a pseu-
dodielectric function (e€) in Fig. 4. The pseudoabsorption
below the band gap due to surface roughness is clearly visible.

Finally, we show the dielectric function of LSAT from
our model with two Tauc-Lorentz oscillators in Fig. 5
(solid). Agreement with previous data (dashed, dashed-dot-
ted) is good,”™"® but our data cover a much broader spectral
range. By extrapolating the dielectric constant toward zero
energy (but subtracting the IR pole due to lattice absorption),
we find the electronic contribution to the dielectric constant
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FiG. 2. (Color online) Transmission (dashed) and absorption coefficient (solid) for a two-side polished LSAT wafer with 0.5 mm thickness obtained at 300 K

from a normal-incidence transmission measurement.
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TasLE 1. Tauc-Lorentz (TL) parameters energy E, broadening I', amplitude
A, and Tauc gap E, for describing the dielectric function of LSAT at 300 K
from 0.8 to 6.5eV with one or two TL oscillators, obtained by fitting the
parameters to the data in Fig. 3. The IR and UV pole energies and ampli-
tudes are also listed. Probable errors are given in parentheses. (f) indicates
that the parameter was fixed.

No. E (eV) A T (eV) E, (eV)
TL1 6.292(7) 126(2) eV 1.212) 5.007(9)
UV pole 11.56(4) 272(2) eV?

IR pole 0.08(f) 0.026(1) eV?

TL1 6.14(2) 53(6) eV 0.84(3) 4.87(1)
TL2 6.67(4) 38(7) eV 0.7(1) Same
UV pole 11.56(4) 289(2) eV?

IR pole 0.08(f) 0.027(1) eV?

to be €., =4.0. (This is also known as the high-frequency
dielectric constant, for frequencies much higher than those
of lattice vibrations.)

To estimate the lowest direct band gap, we plot o (deter-
mined from the ellipsometry data) versus photon energy in
Fig. 6. An extrapolation to zero yields a direct band gap of
5.8 £0.1eV, as shown by the dashed line. This direct band
gap is significantly larger than the onset of absorption
(between 4.6 and 4.8eV, see Fig. 2) and the Tauc gap
(4.9-5.0eV, see Table I).

The onset of absorption is more clearly seen by plotting o
on a semilogarithmic scale, shown by the inset in Fig. 6. The
symbols show o determined from a wavelength-by-wave-
length fit using a fixed surface layer thickness of 19.1 A We
note that transmission measurements show o=60cm ' at
4.7eV (see Fig. 2), while our ellipsometry measurements
find o ~ 500 cm™'. We add our usual warning that our ellips-
ometry setup is unable to determine o below 10°cm .
Smaller values of o are better measured in transmission.

IV. FAR-IR, MID-IR, AND RAMAN RESULTS

Our two-side polished LSAT wafer with 0.5 mm thick-
ness is completely opaque in far-infrared FTIR transmission
measurements from 70 to 1090 cm ™', indicating strong lat-
tice absorption. Raman spectra for LSAT (100) at 300K are
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FiG. 4. (Color online) Same data as in Fig. 3, but displayed as a pseudodi-
electric function.
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FiG. 5. (Color online) Real and imaginary part of the dielectric function e of
LSAT at 300K described with two Tauc-Lorentz oscillators and two poles
(solid), calculated using the parameters in Table I. Data calculated from the
Sellmeier parameters listed in Ref. 3 (dashed) and Ref. 18 (dotted-dashed)
are shown for comparison.

shown in Fig. 7. These LSAT spectra are similar to those
reported in Ref. 12. As in the ordered double perovskite*®’
compound Sr,AlITaOs, four strong peaks are seen at 152cm ™
(Tag)s 471cm ™" (Typ), 599cm ™" (E,), and 883cm ™' (Aj,).
Weaker peaks appear at 195, 425, and 735cm ™.

FTIR ellipsometry was used to investigate the lattice
vibrations of LSAT at 300 K. The ellipsometric angles from
250 to 1400 cm ™! for incidence angles ¢ from 65° to 75° are
shown in Fig. 8. We also include far-infrared ellipsometry
data from 80 to 650cm ™' at ¢ = 75° published previously.*
Only normal dispersion is found at larger energies. At 0.8 eV,
the data merge seamlessly with those shown in Fig. 3. The
same data are also shown as a pseudodielectric function in
Fig. 9 and as a loss function in Fig. 10. Since surface rough-
ness contributes negligibly in the far- and mid-IR, we do not
distinguish between e and (e) in this spectral range.

Infrared-active transverse optical (TO) phonons at the cen-
ter of the Brillouin zone cause peaks in €, due to infrared lat-
tice absorption. For an ideal perovskite ABOs, there are three
IR active modes with T, symmetry. A fourth IR-active mode
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FiG. 6. (Color online) Square of the absorption coefficient of LSAT vs pho-
ton energy at 300K can be extrapolated to yield a direct band gap of
5.8 £0.1eV, as shown by the dashed line. Symbols were determined by
direct inversion of the ellipsometric angles (wavelength-by-wavelength fit),
while the solid line shows the result of the Tauc-Lorentz model. The inset
shows o on a logarithmic scale.
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Fic. 7. Raman spectra for LSAT (100) at 300 K show four strong peaks, sim-
ilar to SrpAlTaOg. Symmetry assignments for the vibrations were taken
from the literature (Refs. 12 and 27).

appears due to ordering at the Al/Ta sites, as in the double
perovskite compound Sr,AlTaO;.'> Additional modes are
expected for random alloys, such as Sil_xGex,28 or due to
two-phonon absorption.*

Since (Lag3Srg7)(AlggsTag35)05 has random occupation
at both the A and B sites, we might expect up to 12 phonon
modes, because each combination of La/Al, Sr/Al, La/Ta,
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FiG. 8. (Color online) Ellipsometric angles y and A for LSAT at 300K in
the region of lattice absorption (symbols) for three angles of incidence (65°
to 75°) in comparison with a fit to a factorized model with nine TO/LO pho-
non pairs (solid).
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Fic. 9. (Color online) Same data as in Fig. 8, but shown as a pseudodielec-
tric function.

and Sr/Ta might be associated with three 7', phonons in the
disordered perovskite phase. We find experimentally that
only the La/Sr disorder contributes an additional strong pho-
non, for a total of five strong IR-active phonons, which
appear as €, peaks in Fig. 9. They are located approximately
at 158, 286, 392, 442, and 666 cm ' Two weaker peaks exist
between 220 and 250cm ™' and another one at 330cm™'. A
ninth phonon is needed to describe the dip in the y reststrah-
len band near 790cm™'. In analogy to LiF and NiO, we
assign this peak to two-phonon absorption.**

Describing € as a sum of Lorentzians’' allows us to esti-
mate the energies, amplitudes, and broadenings of all nine TO
phonons. Adding all amplitudes to the high-frequency dielec-
tric constant €., =4.0 (see above), we find €,=22.2 = 0.7 for
the static dielectric constant, in excellent agreement with the
literature.””*" Lorentz parameters for all phonons are shown
in Table II. While an expansion of the dielectric function into
such a large number of Lorentzians may seem somewhat arbi-
trary, we confirmed with far-IR measurements of LSAT at
10K, that all Lorentzians used in our expansion are associated
with peaks in €.

Describing infrared ellipsometry data with a sum of
Lorentzians is expected to yield good agreement, if the indi-
vidual TO phonons are well separated. For LSAT, the broad-
enings are larger than the phonon separations for some
modes and therefore the agreement of the Lorentz model to
the dielectric function is not perfect, just like for other mate-
rials such as LaAlOs, LiF, or NiO.?"??> The rms deviation

100 200 300 400 500 600 700 800 900 1000
Energy (cm™)

Fic. 10. (Color online) Same data as in Fig. 8, but shown as a pseudoloss
function —1/(e).
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TagLE II. Parameters for TO and LO phonons from FTIR ellipsometry:
energy E, amplitude A, and broadening I". The top portion shows the param-
eters for nine Lorentz oscillators. The bottom portion describes ¢ with a
product of nine LST factors for TO/LO phonon pairs. The LST amplitudes
were calculated from Eq. (1).

Ero I'ro Ero I'io
No. A em™  em™  em™H  (em™hH Assignment
L1 6.30(4) 156.9(1) 12.8(3)
L2 1.5(4) 222(2) 35(3)
L3 2.6(5) 248(1) 42(6)
L4 4.3(2) 285.9(3)  28(1)
LS 0.46(8) 330(2) 46(6)
L6 1.89(4) 395.0(2)  44(1)
L7 0.51(2) 436.4(2) 18.6(7)
L8 0.646(2)  659.8(1) 36.5(3)
L9 0.0045(6) 787(1) 26(4)
1 5.58 158.1(1) 10.7(2) 174.1(1) 14.72) La-BOg
2 2.35 286.3(2) 22.8(5) 355.5(3) 50.6(6) Sr-BOg
3 1.56 392.3(3) 40.5(5) 432.0(5) 43(1) B-O bend
4 0.43 442.1(2) 22.4(4) 552.5(2) 33.1(4) B-O bend
5 0.11 632(1) 46(2) 638(2) 58(3) B-O stretch
6 0.49 666.2(3) 32.4(5) 766.8(8) 45.7(2) B-O stretch
7 0.01 789(2) T4(5) 800(1) 48(2) Two-phonon
8 —0.74 201.7(5)  23(1) 199(1) 23(1)
9 9.50 251(1) 115(3) 277(1) 57(2)

between data and model is about 5-10 times larger than the
experimental errors. Nevertheless, this model is instructive,
because it quickly yields phonon energies and amplitudes.

To improve the agreement between our model and the
experiment, we write € as a product of Lyddane—Sachs—Teller
(LST) factors.”’ As a starting point for our fit, we use the TO
energies in Table IT and the LO energies found from the peaks
in the loss function in Fig. 10, i.e., 180, 350, 430, 550, and
780cm ™', The highest energy phonon has an asymmetric e,
lineshape. We therefore add a sixth TO/LO phonon pair to
our model. The need for this phonon is also obvious from the
inspection of the 1 reststrahlen band, which has a minimum
near 770cm ™!, demonstrating the presence of another pho-
non. Another three weak or broad TO/LO phonon pairs (7-9)
are added to improve the fit for asymmetric peaks. A model
with nine LST factors and the parameters shown in Table II
gives very good agreement with the experiment, with the
average rms deviation only six times larger than the experi-
mental errors.

In general, there is no one-to-one correspondence
between TO phonons in the Lorentz model and the LST
model. However, we find that the strongest TO modes in the
Lorentz model with the lowest broadening parameters also
result in LST TO modes with similar frequencies, with dif-
ferences up to a few wavenumbers. The same is not true for
weaker or broader TO phonons.

We find one nonphysical LST factor with switched LO
and TO energies, which is needed to describe the line shape
around 200cm ', Our results are in qualitative agreement
with FTIR transmission measurements on LSAT crystals,'”
where five TO phonons were found at energies similar to

ours. We would like to note that there are sample to sample
variations in phonon amplitudes that are dependent upon
sample source and annealing treatment before measurement.

The phonon amplitudes can also be calculated from the
factorized phonon model with?'

2 2 2 2
Eiro = Ero 17 Eico — Eiro
2
E jTO

. ey

Aj = €x E2 — EZ
k#j —kTO jTO

where the indices j and & label the TO/LO phonon pairs. The
results listed in Table II show good agreement between the
Lorentz and LST amplitudes for some modes and significant
differences for others. Most importantly, the amplitude for
the inverted TO/LO pair’* at 202/199 cm ™" is negative. The
high frequency dielectric constant is found to be €., =3.96.
Using this and the calculated phonon amplitudes, the static
dielectric constant calculated from our LST model is found
to be approximately 23.25, which is still in good agreement
with the experimental value.

Since only three TO phonon modes are expected for a
perfect cubic perovskite ABO; and four modes for the
(ordered) double perovskite S1,AlITa0g,'” we conclude that
several of the phonons found in our model must be due to
alloy disorder. The broad phonon at 765 cm ™' might be due
to two-phonon absorption.

We assign our observed LSAT frequencies based on
vibrational modes*>* identified for cubic LaAlOs: The
lowest-energy modes (1-2) are vibrations of the (Al/Ta)Og
octahedra against the La/Sr sublattice. The La-AlOg vibra-
tion in LaAlO; has energy of 190cm ™', which should be
reduced by substituting Al with Ta. Also, the Sr-AlOg vibra-
tion should have a higher energy and therefore is identified
with mode (2). Because of their large mass, it is not likely
that the La/Sr sublattice participates in any of the modes at
higher energies.”* Similarly, the highest energy strong mode
(5) at 666cm ™" is an (Al/Ta)-O stretching mode, with the
La/Sr sublattice immobile. The two intermediate modes
(3—4) are (Al/Ta)-O bending modes. This mode is doubled
because of ordering of the Al/Ta sublattice. The additional
weak modes (7-9) are due to defects and disorder.

V. SUMMARY

We have used spectroscopic ellipsometry, FTIR ellipsom-
etry, and Raman spectroscopy to characterize the electronic
and vibrational properties of LSAT from 0.01 to 6.5eV. X-
ray diffraction confirms the partially ordered cubic crystal
structure and the presence of ordered domains in the sample
on the order of 15 nm in diameter. An oscillator model, with
either one or two Tauc-Lorentz oscillators, was used to
describe the interband transition in our spectra. Ellipsometry
and transmission data show the direct band gap at 5.8eV
with an Urbach tail below, giving an onset of absorption at
approximately 4.9 eV. The vibrational spectra was modeled
using a nine factor Lyddane—Sachs—Teller model, where one
factor shows a nonphysical switch in LO and TO positions
with a negative amplitude, but was necessary to describe the
line shape.
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