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The Raman spectrum of lithium niobate (LiNbO3) was investigated in the 83-823 K temperature range and as a
function of different laser spot sizes. The measurements considered a Z-cut (congruent, undoped) LiNbOs crystal,
HeNe laser excitation (632.8 nm photons), and the z(x, xy)z geometry. The main LiNbOs-related phonon modes
were identified and analyzed in terms of their peak position (w) and linewidth (y), according to which it was
possible to identify the contributions originating from anharmonic phonon-coupling and thermal lattice-
expansion processes. The analyses of the temperature-dependent w(T) and y(T) data took into account the 3-
and 4-phonon model and the experimental Griineisen and linear thermal expansion coefficients — as available
from literature. Among all phonon modes of LiNbOs, the A1(TO4) mode presented a peculiar behavior (at room
temperature) that depends on the laser spot size during the Raman measurements. The development of this
forbidden mode has been associated with the congruent-photorefractive nature of LiNbO3 as well as with small

variations in the geometry of polarization (as a result of changes in the laser spot size).

Introduction

One of the first scientific reports on lithium niobate (LiNbO3) dates
from 1949, when niobium was referred to as columbium (or LiCbQO3),
and it was about its ferroelectric properties. [1] The work was followed
by several studies — most of them carried out at the Bell Laboratories [2]
— demonstrating the nonlinear optical behavior of LiNbOs, [3] as well as
by indicating the best ways to produce good quality crystals. [4] LiNbO3
is a manmade material that, because of its (trigonal) crystal structure
and (adjustable) atom composition, presents remarkable pyroelectric,
[5] photoelastic, [6] photorefractive, [7] photovoltaic, [8] piezoelectric,
[9] and electrooptic [10] characteristics. Within the various LiNbOs-
related applications one can mention those in the fields of photonics,
[11] wavelength (or surface acoustic wave) filters, [12,13] optical
waveguides (modulators), [14,15] optical frequency converters (oscil-
lators) [16,17] and, more recently, those involving the development of
temperature-sensors [ 18] and chip-based devices [19] — just to mention
a few of them. Since the successful device application of LiNbO3 crystals
is determined by their main properties, it is essential to know the atom
composition and structure of LiNbOg in detail — ideally by varying its
measurement conditions over extensive-useful ranges. Usually, LiNbO3
is prepared by the Czochralski technique and, depending on the growth
conditions, the crystals can be stoichiometric, near-stoichiometric (or
off-congruent), or non-stoichiometric (or congruent). Albeit congruent
LiNbOg crystals (i.e., [LioO] ~ 48.5 + 0.5 mol%) are known to contain

large concentrations of niobium anti-sites (Nbij’ ) and/or lithium

https://doi.org/10.1016/j.rinp.2023.106380

vacancies (vg;) [20] they respond for most of the current technological
applications. [21] Furthermore, commercial LiNbO3 is available in
different crystallographic orientations, in which case the cutting—po-
lishing of the crystal slices can influence its final properties. Some of
these compositional and structural characteristics of LiNbO3 can be
probed by Raman scattering spectroscopy that, additionally, is able to
provide valuable lattice-dynamic information (such as those involving
the anharmonic behavior of phonons) [22,23].

Motivated by the above aspects, this work presents a detailed Raman
investigation of a crystalline (Z-cut) congruent LiNbOs sample. The
study is divided in two parts: the first one regarding the identification of
the main phonon modes of LiNbO3 and the influence of the external
temperature on their characteristic Raman signal frequency and line-
width. This part also includes the theoretical analyses of the experi-
mental data according to phonon-coupling and thermal expansion
models. In the second part, the dependence of the signal intensity of the
A1(TO4) phonon mode with the laser spot size is analyzed in detail.

Experimental

A commercial LiNbOj3 single crystal (2-side optical-grade polished, Z-
cut, congruent, ferroelectric, undoped, 500 pm thick) [24] was considered
in the study. The Z-cut character of the crystal was confirmed by Raman
polarized measurements, demonstrating that the main surface of the
sample is perpendicular to the c crystallographic axis (see Fig. S1 -Sup-
plementary Material).[22,23] The crystal composition was verified by
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combining either the linewidths of certain Raman modes or the optical
absorption edge of LiNbOs with proper calibration curves. [25,26]
Following this procedure, the relative amount of Li»O in LiNbO3 was found
to be ~ 48.5 £ 0.3 mol% (see Figs. S2 and S3 -Supplementary Material).
[27] The Raman measurements were carried out in a microprobe setup
(Renishaw RM2000) by exciting the sample surface with 632.8 nm photons
under the z(x, xy)z backscattering geometry (see Fig. S1 -Supplementary
Material). The Raman spectra in the 83-823 K temperature range (in steps
of either 25 or 50 K) were obtained via a computer-controlled tempera-
ture-stage (Linkam THMS600). In this case, a 50x long-working distance
objective (NA = 0.55, laser power density ~ 0.4 mW pm 2) was
employed, and a dwell time of 3 min was adopted to guarantee that
thermal equilibrium has been reached before each spectrum scan. Addi-
tional Raman measurements, at room conditions, included various laser
powers and spot sizes — as obtained by means of different objective lenses
(20x, 50x and 100x) in combination with a laser beam expander (see
Fig. S4 -Supplementary Material). In all cases, a typical + 2 cm ™ uncer-
tainty was ascribed to the Raman data and, over the length of hours, most
of the spectra have been checked to confirm their reproducibility.

Results & discussion

A. Sample temperature effects.

The Raman spectra of the LiNbOg crystal at some selected tempera-
tures are presented in Fig. 1. At first sight, it is evident the red-shift and
signal broadening of the Raman lines as the temperature advances. The
proper identification of these lines along with their deconvolution into,
for example, Lorentzian curves help to understand this temperature-
induced effect as well as allow to obtain some important properties of
the LiNbOg crystal.

Under C3v symmetry, Group Theory predicts that the irreducible
representations of the LiNbOs-related phonons at the center of the

z(X,Xy)z
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Fig. 1. Raman scattering spectra (632.8 nm photon excitation, z(x,xy)z ge-
ometry) of a LiNbOj single crystal (Z-cut) at 83, 273, 473, and 673 K. The
spectra were normalized and vertically shifted for comparison reasons.
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Brillouin zone can be described by 5A1 4+ 5A2 + 10E. As a result:[22,23]
(a) the A2 modes are silent; (b) excluding two acoustic phonon modes
(one E and one A1), all the others are optical — both Raman and infrared
active; (c) usually, dipole moments along the X (or Y) and Z axis are
associated, respectively, with E and A1 phonon modes; and (d) owing to
its ionic nature, the E and A1 modes of LiNbO3 present transverse and
longitudinal components. Furthermore, and of special importance to this
work: (e) the incidence of all phonon modes predicted by Group Theory
takes place exclusively in stoichiometric LiNbOs; (f) under backscat-
tering geometry, only the transverse (TO) and longitudinal (LO) optical
modes with E and A1 symmetries will be apparent in the Raman spec-
trum of LiNbOs; and (g) the development of unexpected phonon modes
(i.e., the advent of modes different of those anticipated by Group Theory
or symmetry conditions) originates because of instrumental (polariza-
tion misalignment) and/or sample’s (composition variations, presence
of defects, disorder, etc.) problems. Based on these facts, the only Raman
features supposed to occur in the LiNbOs crystal (Z-cut and z(x,xy)z
geometry) are those related to the E and Al symmetries, respectively
associated with the TO and LO phonon modes. Fig. 2 shows the Raman
spectrum of LiNbO3 along with the identification of its main phonon
modes:? E(TO1) at ~ 152 cm’l, E(TO2) at ~ 187 cm’l, E(TO3) at ~
236 cm ™', E(TO4) at ~ 264 cm ™, A1(LO1) at ~ 278 cm ™!, E(TO5) at ~
323 em~ !, A1(LO2) at ~ 336 cm ™!, E(TO6) at ~ 369 cm ™!, A1(LO3) at
~ 421 em ™}, E(TO7) at ~ 433 cm ™}, E(TO8) at ~ 580 cm ™}, A1(TO4) at
~ 622 cm™ !, E(TO9) at ~ 739 ecm™!, A1(LO4) at ~ 871 cm ™}, and E
(LO9) at ~ 896 cm™ .

Except for two forbidden modes — A1(TO4) and E(LO9) — and one
unidentified mode (at ~ 670 cm’l), the experimental results agree with
Group Theory. Whereas the appearance of these unwanted Raman sig-
nals can occur due to a combination of sample — experimental condi-
tions, the A1(TO4) mode (at ~ 622 cm_l) deserves special attention and
it will be considered in the next section.

In order to explore the phonon dynamics of the LiNbO3 crystal some
of the most prominent E(TO) and A1(LO) Raman modes have their
phonon frequencies and linewidths analyzed in detail. The results of this
investigation are presented in Fig. 3 and Fig. 4.

In a temperature-dependent Raman experiment, the factors that
most influence the Raman signal peak frequency () and linewidth (y)
are due to anharmonic phonon-phonon interactions and/or resulting
from thermal expansion effects. [28] Accordingly, the o(T) and y(T)
analyses provide relevant physical-chemical information as well as de-
tails regarding the influence of impurities or defects. [23] The theory
behind the T-dependent phonon behavior of solids can be found in many
works [29] and, usually, it is based on the decay of one phonon into two
(3-phonon 3p process) and three phonons (4-phonon 4p process) ac-
cording to the Bose-Einstein phonon population factor. As a result, at
constant pressure, the T-induced variation of the Raman signal peak
frequency due to phonon coupling (wpc) is:

1

opc(T) = w9+, |1 + + €2,

2
exp(fiwo /2kpT) — 1 }

3 + > ] &)

+
exp(hwo/3ksT) — 1 [exp(hiwy/3ksT) — 1)

where wy is the Raman signal peak frequency at T ~ 0 K, Q3, and Qg are
phonon anharmonic constants, and 7% and kg stand for the reduced
Planck and Boltzmann constants.

Regarding the T-induced thermal expansion (or quasiharmonic)
contribution (wrg), it can be expressed as:

wre(T) = wy {exp( —36 /T (x(T)dT) — 1} , 2
0

where 6 is the isotherm mode Griineisen parameter and a(T) is the linear
thermal expansion coefficient. Altogether, the T-dependent Raman
signal peak frequency behavior can be described by:
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Fig. 2. Raman spectra (z(x, xy)Z geometry) of a Z-cut LiNbO; crystal, at 83 K. For clarity reasons the ~ 50-1000 cm ™! spectrum was separated in parts, normalized,
and the main Raman phonon modes were indicated by their corresponding Lorentzian curve fittings. (a) E(TO1) and E(TO2); (b) E(TO3), E(TO4) and A1(LO1); (c) E
(TO5), A1(LO2) and E(TO6); (d) A1(LO3) and E(TO7); (e) E(TO8), A1(TO4), unknown mode and E(T09); (f) A1(LO4) and E(LO9).

o(T) = wpc(T) + wre(T) 3)

A similar reasoning — involving the phonon (anharmonic) relaxation
processes — applies to the T-induced variation of the Raman signal
linewidth (y), or FWHM height of the Raman signal, such that:

3

1 - OO0
+ exp(hwo /3kpT) — 1

+ 1—‘4p

T) = |l +——m——
) =n+ 3”{ +exp(hwo/2kBT)fl}

3
* [exp(hwo /3ksT) — 1]2]’
)

where — in addition to / and kg already introduced in Eq. (1) — y, is the
Raman signal linewidth at T ~ 0 K, and I's, and I'y, are anharmonic
constants relating 3- and 4-phonon processes.

Fig. 3 shows the Raman signal peak frequency and linewidth of some
E(TO) modes of LiNbOg3 as obtained by Lorentzian curve fitting of the
experimental spectra in the 83-823 K temperature range. The figure also
shows the o(T) = wpc(T) +w1e(T) and y(T) theoretical results as pro-
vided by the 3- and 4-phonon approach — see Egs. (1) to (4). In this case,
the fitting of the experimental Raman(T) data with the theoretical ex-
pressions took into account the corresponding Griineisen parameters
and the linear thermal expansion coefficients, as available from litera-
ture. [30,31] The main results of this fitting procedure are presented in
Table 1.

The very same procedure has been applied to analyze the Raman T-
dependence of some A1(LO) phonon modes, and the results are shown in
Fig. 4 and Table 1.

Considering an experimental uncertainty of approx. = 2 cm™
(spectrometer resolution ~ 1.5 em ! + data dispersion ~ 0.5 em™ b, the
results of Figs. 3 and 4 indicate a rather good agreement between theory
and experiment — in the 83-823 K temperature range — suggesting the
suitability of the model to describe the phonon behavior of Z-cut
LiNbOs. In fact, without ignoring the influence of defects (and/or dis-
order), the present T-dependent Raman analyses clearly show the

1

distinctive contributions due to anharmonic phonon-coupling processes
and simple lattice expansion in determining the whole w(T) and y(T)
experimental behavior. Further improvements to this study should
consider the use of LiNbO3 of different compositions and crystal orien-
tations, as well as a wider temperature range.

B. Laser spot size effects.

At room temperature, while performing the Raman experiments with
different geometry polarizations, a curious aspect came out by varying
the microscope objective lenses. Regardless of the sample region, the A1
(TO4) phonon mode exhibited a Raman signal intensity that scales with
the laser spot size. The effect is very reproducible and, even after
different laser exposure times and Raman signal normalization, the
whole spectrum is exactly the same — except for the intensity of the Al
(TO4) mode. This effect can be seen in Fig. 5(a) that shows the room
temperature Raman spectra of LiNbOj3 at increasing laser spot sizes. The
spectra were obtained with a 20x objective lens (NA = 0.40 and fixed 3.2
mW laser power) and the laser spot sizes were computer-controlled by
means of a beam expander (see Fig. S4 -Supplementary Material).

The spectra of Fig. 5(a) were deconvoluted according to the indi-
vidual phonon contributions [Fig. 5(b), 5(c), and 5(d)], and their Raman
signal integrated areas are displayed in Fig. 5(e). Based on the results, it
is clear the development of the A1(TO4) Raman mode as the laser spot
size increases from 16 to 6500 pm?.

Despite the very low optical absorption of 632.8 nm photons (see Ref
[27] and Fig. S3 -Supplementary Material), and the absence of any
obvious temperature-induced effect (like Raman signal line shifting
and/or broadening), the results of Fig. 5 may possibly be influenced by
the laser power density. In this case, the Raman signal intensity of the Al
(TO4) phonons was determined essentially by the total number of the
incoming photons. The idea applies to any phonon mode in the sense
that, ideally: (1) under fixed laser spot sizes, the Raman signal intensity
increases with the laser power, and (2) at fixed laser powers, the Raman
signal intensity remains practically constant (or decreases due to light
reflection losses) with increasing spot sizes. In order to test this hy-
pothesis additional measurements were performed, which included the
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Fig. 3. Raman signal peak frequency (w) and linewidth (y) of LiNbO3 (Z-cut, z(x, xy)z geometry) as a function of temperature. The figures show the experimental data
(as obtained by Lorentzian curve fittings), along with the theoretical o(T) = wpc(T) +@(T) and y(T) results of the E(TO) phonon modes: (a)+(b) E(TO1); (c)+(d) E
(TO3); (e)+(f) E(TO4); (8)+(h) E(TOS5); and (i)+(j) E(TOS).
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Table 1

Physical quantities obtained by fitting the experimental w(T) and y(T) data of
LiNbO3 (Z-cut, z(x, xy)z geometry), according to the theoretical model involving
3- and 4-phonon processes — see Egs. (1) to (4). In all phonon modes, a linear
thermal expansion coefficient o« = 3.8x10° K ! has been adopted. [31].

Mode wo Qs Qg 5 %0 Isp T4
(em™)  (em™)  (em™) (em™)  (em™)  (em™)
E(TO1)  153.0 0111 -0.024 144 6.6 0.687 0.030
E(TO3)  236.6 0150 -0.034 024 5.7 1.394 0.019
E(TO4) 2645  —0.077 —0.133 017 7.4 1.550  —0.010
E(TO5)  322.0 0237 -0.131 122 75 0.992 0.017
E(TO8) 5815 2,648 —0.929 0.84  20.0 3.294 0.025
A1(LO1) 2780  —0.473 —0.127 220 7.7 1.549  —0.005
Al(LO2) 3365  -1.542 —0.126 074 5.2 1.868 0.096
AlL(LO4) 871.2 2158 -0.879 025 21.5 10.545  —0.408

# Experimental Griineisen parameter of LINDO3 crystal, [30] except for the A1
(LO4) mode that was assumed to be 0.25.

use of different laser powers and the analysis of other phonon modes as
well. The results of these investigations are summarized in Fig. 6.

Fig. 6(a) and 6(b) show the Raman signal intensity of the most
prominent phonon modes of the LiNbOg3 crystal — A1(LO4), E(TO1), E
(TO7) and E(TO8) — and the forbidden A1(TO4) mode as a function of
the laser power and laser spot size. The measurements were carried out
at room conditions (20x objective lens and z(x,xy)z geometry) by
imposing a fixed spot size of 16 pm? [Fig. 6(a)] and a fixed laser power of
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3.2 mW [Fig. 6(b)].

As expected, the Raman intensity of all modes increased (decreased)
with the laser power (spot size) — in a clear indication of the average
number of photons participating in the Raman scattering process. If,
instead of the absolute Raman signal intensity I;ode, One considers the
Raman signal intensity ratio between the A1(TO4) and E(TO8) modes (i.

_ Ta1(t04)
Ti(ros) +1a1(roa

e., Irato )) the results indicate: a practically constant Iratio as
the laser power advances [Fig. 6(c)], in contrast to the growing Igat, as
the laser spot size is increased [Fig. 6(d)]. In fact, the use of Igay, il-
lustrates the A1(TO4) phonon behavior more clearly and it is exempt
from problems involving the absolute Raman signal intensity and/or the
advent of any spectrum background.

Finally, representing Ira, as a function of the laser power density (i.
e., the laser power divided by the laser spot area) allows to investigate
the development of the A1(TO4) mode in terms of the average number of
photons reaching the LiNbOs surface. These results are presented in
Fig. 6(e) that shows the Igaq, ratios of the rough Raman signal intensities
(open symbols) and corresponding Raman integrated areas (filled sym-
bols), as obtained from different objective lenses and laser beam
expander conditions. According to Fig. 6(e), as the laser power density
increases from ~ 1 to 10° pW pum ™2 (which is equivalent to shrink the
laser spot size from approx. 10% to 1 pmz) the Iratio ratios: (i) remain
practically constant when probed by a 100x objective lens (squares in
the figure), (ii) experience some reduction with the 50x lens (triangles),
and (iii) clearly decrease when a 20x lens is used (stars). Considering the
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Fig. 4. Raman signal peak frequency (w) and linewidth (y) of LiNbO3 (Z-cut, 2(x, xy)z geometry) as a function of temperature. The figures show the experimental data
(as obtained by Lorentzian curve fittings), along with the theoretical o(T) = wpc(T) +@1&(T) and y(T) results regarding the A1(LO) phonon modes: (a)+(b) A1(LO1);

(c)+(d) A1(LO2); and (e)+(f) A1(LO4).
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precise laser spot sizes — in the ~ 16-6500 pm? (20x lens), ~3.5-1200
pm? (50x lens), and ~ 0.2-270 pm? (100x lens) ranges) — the experi-
mental results suggest that the A1(TO4)-related Raman signal is
apparent only at laser spot sizes larger than ~ 300 pm?, corresponding to
laser power densities below approx. 30 pW pm ™2 [Fig. 6(e)].

Taking into account that the A1(TO4) mode is not expected to occur
in Z-cut LiNbO3 under the z(x,xy)z geometry, its appearance can be
ascribed to the photorefractive nature [32] of LiNbO3 and/or to the
presence of defects (either due to composition deviations [33] or
resulting from ion bombardment processes [34,35]). As a matter of fact,
since the A1(TO4) mode corresponds to symmetric vibrations of the
oxygen octahedra O6, its relative signal intensity has been successfully
considered as a good measure of the photorefractive effect in LiNbOg
single crystals.[32,33] In addition to the photorefractive effect, the

1

0* 10* 10" 10° 10’

Laser power density (mW pum?)

development of the A1(TO4) mode should also be influenced by small
changes in the geometry of measurement. It happens because, under the
present conditions (i.e., backscattering and by means of short focal
length lens) the parallelism of the incoming — scattered laser beams can
be altered giving rise to unexpected polarization geometries. [36].

At this point, it is clear that the (forbidden) A1(TO4) phonons arise
owing to the congruent-photorefractive behavior of LiNbOs and/or
because of polarization variations during the Raman measurements. In
the former case, the effect is susceptible to (compositional — structural)
defects present in the LiNbOg crystal. In the latter, extra — unknown
polarization geometries reinforce the development of the A1(TO4) mode
as a result of different laser spot sizes. Neither the exact nature of these
defects (Li vacancies and/or Nb anti-sites) nor the origin of what seems
to be a minimum laser spot size (~300 pm?) can be precisely explained
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by means of the current experimental data. However, given the impor-
tance of Z-cut LiNbOs crystals in technological applications, allied to
their strong polar character, [37] future work on this subject may
involve the use of LiINbOj3 crystals of different compositions as well as
the information provided by complementary techniques (like x-ray
photoelectron spectroscopy and atomic force microscopy, for example).

Concluding remarks

The Raman spectrum of LiNbOs was achieved in the 83-823 K
temperature range. The measurements considered a (congruent, undo-
ped) Z-cut LiINbOj crystal, 632.8 nm photon excitation, and the z(x, xy)z
polarization geometry. After proper identification of the main phonon
modes, they were analyzed in terms of the corresponding Raman signal
peak frequency (w) and linewidth (y) — as obtained from Lorentzian
curve fittings. The experimental temperature-dependent o(T) and y(T)
results are consistent with the 3- and 4-phonon model, according to
which it was possible to separate the anharmonic phonon-coupling
processes from the lattice thermal expansion contributions. Given the
congruent nature of the LiNbO3 crystal, the Raman spectra showed the
presence of the forbidden A1(TO4) phonon mode. A thorough inspection
of this mode indicated a close connection between its signal intensity (or
integrated area) and the laser spot size during the measurements.
Accordingly, the development of the A1(TO4) mode has been associated
with the inherent congruent-photorefractive character of the LiNbO3
crystal as well as with eventual changes in the polarization geometry of
measurement. Further information of the above described (temperature-
induced and spot size) effects can be achieved by investigating LINbO3 of
different crystal composition — orientation, wider temperature ranges,
as well as by exploring the properties of LiNbO3 with (surface-sensitive)
supplementary techniques.
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