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PACS 78.20.-e — Optical properties of bulk materials and thin films

Abstract — The vibrational dynamics of germanium dioxide in the rutile structure has been
investigated by using polarized micro-Raman scattering spectroscopy coupled with first-principles
calculations. Raman spectra were carried out in backscattering geometry at room temperature
from micro-crystalline samples either unoriented or oriented by means of a micromanipulator,
which enabled successful detection and identification of all the Raman active modes expected on
the basis of the group theory. In particular, the F, mode, incorrectly assigned or not detected
in the literature, has been definitively observed by us and unambiguously identified at 525 cm ™!
under excitation by certain laser lines, thus revealing an unusual resonance phenomenon. First-
principles calculations within the framework of the density functional theory allow quantifying

both wave number and intensity of the Raman vibrational spectra.

The excellent agreement

between calculated and experimental data corroborates the reliability of our findings.

Copyright © EPLA, 2015

Introduction. — Germanium dioxide (GeO3) is a
promising candidate for applications especially in opto-
electronic devices, owing to its high dielectric constant and
refractive index, as well as its large thermal stability [1,2].
Under ambient conditions, GeOs exists in two crystallo-
graphic phases: the hexagonal a-quartz and the tetrago-
nal rutile-type phase. The latter, whose mineral name is
argutite, is the thermodynamically stable polymorph at
ambient conditions [3,4]. Its vibrational dynamics is the
subject of the present study.

Many experimental and theoretical studies have been
conducted on the rutile-phase of GeOs to investigate
its physical and thermodynamic properties and solubil-
ity [5-17]. However, its vibrational properties are not yet
fully clarified. In particular, only 3 of the 4 active Ra-
man vibrational modes, expected from the group theory,
have been unambiguously observed and reported in liter-
ature. Specifically, the detection and the assignment of
the expected Raman-active mode with E, symmetry has
been subject of debate over the past forty years. In the
first pioneering Raman study of Scott [18], the E, Ra-

man mode was tentatively referred at ~680cm™!, as a

shoulder on the low-frequency side of the A;, mode peaked
at ~700cm~!. Later on, other Raman investigations were
performed [19-22], but without shedding light on the de-
tection of the E; Raman mode. For example, Gillet
et al. [21] observed a weak band at 465cm~! that was
tentatively associated to the missing F/; Raman mode, but
the same authors also claimed that this weak band might
arise from very small amounts of the GeOs hexagonal-type
phase also present in the sample. Mernagh and Liu [23],
in agreement with Scott, pointed out that the missing I,
mode might be the shoulder of the A;, mode observed at
about 684 cm ™!, but, at the same time, they affirmed that
a more likely possibility is that this band may be due to an
optically inactive F,, mode which becomes Raman active.
Finally, very recently, another vibrational study of rutile-
type GeOs was performed by Kaindl and co-workers [24],
but, again, no evidence was found of the £, Raman
mode.

In this work, we shed light on this issue by unam-
biguously identifying the £, mode of rutile-type GeOq
at about 525cm~!. Moreover, we have found that
such weak Raman peak is observed only under some
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excitation wavelengths, thus revealing an anomalous res-
onance phenomenon. To corroborate our experimental
findings, first-principles calculations of both wave num-
ber and intensity of the Raman vibrational modes have
been performed to help spectral band assignment. The
overall agreement between experimental results and first-
principles calculations is excellent.

Experimental. — Argutite (GeOq, tetragonal, rutile-
like) was synthesized from commercial GeOs powder
(hexagonal, quartz-like, 99.95% purity, Sigma-Aldrich),
as detailed in ref. [16]. The obtained small-size grain
(<1 micron) powder of argutite was aged for several weeks
in contact with water in a titanium reactor at 250-300°C
and saturated vapour pressure (40-80bars). Ageing runs
were repeated several times, followed each time by rapid
quench of the reactor, rinsing the solid and replacing the
reaction solution with fresh water. This treatment en-
abled removal of ultra-small particles and favoured the
formation of bigger argutite crystals [17]. Compact crys-
tal agglomerates and crusts of argutite larger than 1 mm
in size that formed on the reactor walls were selected for
Raman measurements.

Room-temperature polarized Raman spectra were car-
ried out in backscattering geometry from some micro-
crystals, whose size was typically ~ 10 micron x 15 micron,
using a microprobe setup consisting of an Olympus
microscope BX41 coupled with a triple monochroma-
tor (Horiba-Jobin Yvon, model T64000), equipped with
holographic gratings, having 1800 lines/mm, and set in
double-subtractive/single configuration. The spectra were
excited by the 647.1nm line of a mixed Ar-Kr ion gas
laser; selected measurements were also performed at
different excitation wavelengths of 454.5, 488.0, 514.5,
and 568.2nm. The scattered radiation, filtered by the
fore double monochromator, was recorded by an open-
electrode coupled charge device (CCD) detector, with
1024 x 256 pixels, cooled by liquid nitrogen. The spec-
tral resolution was better than 0.2cm™! /pixel, when red
wavelength was used to excite the spectra, while an ac-
curate wave number calibration of the spectrometer was
achieved based on the emission lines of a Ne spectral
lamp.

For the polarization analysis of Raman spectra of GeOs
crystals the Porto’s notation [25] was adopted, and, ac-
cordingly, the scattering configuration was referred as
ki(E;, E,)ks, where k; and ks are the propagation direc-
tions, while E; and Ey are the polarization directions of
the incident and scattered light, respectively. With ref-
erence to the orthogonal XYZ laboratory frame, in the
case of measurements carried out in the backscattering
geometry, the propagation directions of both incident and
scattered radiation correspond to the same Z-direction.
Moreover, in order to have the same laser power at the
sample surface, all spectra were excited without modify-
ing the polarization direction of incident laser radiation,
and the polarization analysis was ensured by the scattered

radiation analyzer, coupled to a scrambler placed at the
spectrometer entrance slit.

Repeated micro-Raman measurements were carried out
under the same experimental conditions from different
micro-regions of the single crystal under investigation, and
the spectra showed a very good reproducibility. To this
aim, the proper orientation of the single micro-crystal was
achieved using a homemade micromanipulator operated
under direct optical inspection of a colour camera inter-
faced to a microscope objective, the same used to focus
the laser beam onto the sample. This homemade set-up
turned out to have a crucial role in recent vibrational
dynamics studies carried out by us on micro-crystalline
TiO2 anantase [26], as well as on crystalline rare earth or-
thophosphates [27,28] in order to select and identify the
different symmetry modes of these crystals. The core of
the micromanipulator was a high angular-resolution go-
niometer, which allowed for very accurate, step-by-step,
rotations of the crystal around its crystallographic c-axis.

Computational details. — First-principles calcula-
tions, based on density-functional theory within the local
density approximation, have been performed to predict
the Raman active vibrational modes of rutile-type GeOa,
both in wave number and intensity. The CRYSTAL-14
package was used, a periodic first-principles program that
employs a Gaussian-type basis set to describe the crys-
talline orbitals [29]. All-electron basis sets have been
adopted, with 9-766131 contraction (one s, two sp, two
d, and two sp shells) for germanium atoms [30], and
8-411 contraction (one s and three sp shells) for oxygen
atoms [31,32]. Pure density-functional theory calculations
have been carried out using Dirac-Slater [33] exchange
and Vosko-Wilk-Nusair [34] correlation functionals. Other
exchange-correlation functionals were tested, but among
those that are currently available in CRYSTAL-14 to cal-
culate the Raman intensity via the Coupled Perturbed
Hartree-Fock /Kohn-Sham method [35], these give better
results.

The level of accuracy in evaluating bi-electronic inte-
grals (Coulomb and exchange series) is controlled by five
parameters, for which standard values (6 6 6 6 12) were
adopted. The self-consistent—field convergence thresh-
olds was set to 1078 Hartree for both total energy
and eigenvalues in order to ensure good convergence,
while the Brillouin zone integration was computed with
a Monkhorst-Pack shrinking factor [36] of 10. The vibra-
tional frequencies at the I'-point were computed within
the harmonic approximation by diagonalizing the mass-
weight Hessian matrix, whose (7, j) element is defined as
Wi; = H;j/v/M;M; where M; and M, are the masses of
the ith and jth atoms, respectively. A more complete
description of the computational aspects can be found in
refs. [37,38]

Results and discussion. — The crystal structure of
rutile-type GeOs is tetragonal with the space group Diﬁ
(P42/mmnm), number 136 in the standard listing. The
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primitive cell contains two GeOs formula units (i.e., six
atoms). On the basis of the factor group analysis, the re-
sulting fifteen vibrational degrees of freedom of rutile-type
GeOy occur as 11 optical modes at the I'-point of the Bril-
louin zone, with the following irreducible representation:

Alg + A2g + A2u + Blg + B2g + 231u + Eg + 3Eu7 (1)

where the F/; and E, modes are double degenerated. The
four modes As, and 3FE, are IR active, whereas the four
modes Ai4, Big, Boy and E,; are Raman active. The re-
maining three modes Ag, and 2Bj,, are inactive (silent).
Since no optical mode of rutile-type GeQOs is double active
(i.e., Raman and IR), the transverse optic-longitudinal
optic (TO-LO) splitting for the IR active modes does
not affect its Raman spectrum. Corresponding to each
Raman-active mode of rutile-type GeOs, there is a scat-
tering tensor having a distinctive symmetry. The expected
Raman polarizability tensors turn out to have the follow-

ing form [39]:
a 0 0
( 0 a O > ,
0 0 b

c 0 0
a(Big) = (O —c O),

a(Aig) = (2)

0 0 O
0 d O

a(Bag) = (d 0 O)7 (4)
0 0 O
0 0 e

a(Ey) = (o 0 e>. ()
e e 0

The knowledge of these scattering tensors is mandatory
for the study of the Raman spectrum of rutile-type GeOs.

Usually, in order to experimentally examine a given spe-
cific component 7j of the Raman modes of a single crystal,
one merely arranges the scattering experiment in such a
way that the incident light is polarized in the “”-direction
while only the scattered light having “;” polarization is ob-
served. Depending on the j and ¢ value either the Raman
spectrum of the crystal in parallel or crossed polarization
can be observed.

Since the crystal structure of rutile GeOy is uniaxial,
the determination of the c-axis (z-direction) may be con-
veniently done optically or by x-rays diffraction. In our
case, it was not easy to determine this direction, i.e. the
c-axis of the GeOs microcrystals selected for our Raman
measurements, due to their partial inclusion into the pris-
tine polycrystalline agglomerate resulting from the growth
process, which most often prevented the possibility to per-
fectly align the electric field of the incident/scattered ra-
diation along this axis. Nevertheless, after a very patient
and accurate selection, fully polarized Raman spectra, ex-
cited by laser light polarized either along the crystallo-
graphic c-axis or perpendicularly to it, were carried out in

Crystal A
spectrum: A, g (zz)

Crystal B
rotation angle: 0°

spectrum: A1g + B1g

J_.

Raman Intensity

Crystal B
rotation angle: 45°

spectrum: A1g + B2g

. FAAN
200 400 600 800
Wave number (cm'1)

Fig. 1: Experimental Raman spectra recorded from two rutile-
type GeOs2 micro-crystals in backscattering geometry under
excitation of the 647.1nm line and observed in the parallel
polarization setting —Z (X X)Z, where X and Z are a set of
two orthogonal axes of the laboratory frame. Refer to the text
for the details about the symmetry selection.

back-scattering geometry from some micro-crystals char-
acterized by different growth planes. Three significant
experimental spectra, recorded in backscattering geom-
etry and carried out in parallel polarization from two
micro-crystals grown along different crystallographic ori-
entations, but both having very flat surfaces exposed to
air, and hereafter referred as micro-crystal A and B, re-
spectively, are reported in fig. 1, where the related sym-
metry attributions are also indicated.

The spectrum shown in the top panel of fig. 1, carried
out in parallel (X X)) polarization from sample A, consists
of a single strong peak at about 700cm™!, even though
the presence of a small peak at about 171cm™! and of
a very weak band centred at about 870cm™! cannot be
ruled out. On the basis of the Raman tensors form of this
crystal (i.e., egs. (2) and (3)) and taking into account the
polarization setting adopted for our measurements, this
spectrum is expected to correspond to the zz component
of the A, mode of rutile-type GeO,. Therefore, it can be
concluded that the electric-field direction of both incident
and back-scattered light was aligned along the c-axis of
the probed micro-crystal. In fact, in the case of Raman
measurements in backscattering geometry carried out in
parallel polarization configuration, if the electric-field di-
rection of the laser light does not match this crystallo-
graphic c-axis, one should expect, according to egs. (2)
and (3), to observe in the X X parallel polarized spectrum
also the B, mode, together with the A;, one. However,
this does not seem to occur for the spectrum plotted in the
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Raman Intensity

J 218eV |

A 1.92 eV

| R IR ST R R

200 400 600 800
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Fig. 2: (Colour on-line) Unpolarized Raman spectra of rutile-
type GeOaz crystals carried out under different excitation en-
ergies, quoted just above each spectral profile. Each spectrum
is plotted in its relative intensity scale, after normalization to
total amplitude between 150 and 950 cm~'. The spectra are
offset vertically in order to make clearer the observation of the
spectral evolution. The weak peak at about 525 cm™*, clearly
observable under excitation of yellow and red excitation lines,
is identified as the fourth Ey; mode predicted by the group
theory.

top panel of fig. 1. Therefore, the occurrence of the small
peak at about 171cm™! and that of the hardly observ-
able band at about 870 cm ™! suggest a weak spill-over of
forbidden modes of this crystal. In the light of the above
considerations, it can be concluded that the c-axis of the
crystal A belongs to sample surface irradiated by the laser
beam.

On the other hand, the spectrum plotted in the middle
panel of fig. 1 was also acquired in parallel (X X) polar-
ization from the second micro-crystal (B), after having
rotated it step by step around the Z-axis perpendicular to
the crystal surface exposed to the laser beam, until the in-
tensity of the mode peaked at about 171 cm ™" attained the
maximum. In fact, the displayed spectrum shows a strong
and sharp peak at ~171cm™!, together with the same A;,
mode of the crystal, which turns out relatively less intense,
while a very weak peak occurs at about 873 cm~!. Accord-
ing to egs. (3), (4) and on the basis of ab initio calculations
(see below), this peak should be attributed to the B,
mode, being related to tensor components of the basal
plane (in-plane components), perpendicular to crystallo-
graphic c-axis. This polarization setting allows as well for
simultaneous observation of the A;, mode, which in fact

Table 1: Calculated Born effective charge tensors in rutile-type
GeO3 for the Ge atom at (0,0,0) and the O atom at (0.3044,
0.3044, 0) position. The directions zz, yy and zz are along a,
b and c in the conventional cell, respectively.

Ge O
7' 43992 —1.996
Zy, 43992 —1.996
Z:, +4251 —2.125
Zy, 40470  —0.531

Table 2: Calculated high-frequency and static dielectric tensors
in rutile-type GeOa.

This study  Ref. [43]

e = e 3.646 3.679
€2 4.066 3.945
0, =), 7.954 10.876
0 6.088 8.747

occurs at 700 cm ™1, although it has a different (lower) rel-
ative intensity with respect to that observed on crystal A,
where it was related to tensor component zz, out of the
basal plane (see eq. (2)). As for the small peak at about
873 cm™!, it should be due to the weak spill over of the
“in-plane” Raman active By, mode. Finally, the spectrum
reported in the bottom panel of fig. 1 was also observed
on the crystal B in parallel (X X) polarization, but after a
crystal rotation of 45 degrees around the Z-axis direction
(i.e., that of the incident laser beam), which maximizes
the Raman mode peaked at 873 cm ™!, while minimizing
the B14 peak, even if this last appreciably spills. However,
in this case too, the Ay, peak is expected to occur with
the same intensity as the previous one, since the intensity
of the A;, mode components in the basal plane is inde-
pendent of the crystal rotation angle around its intrinsic
c-axis. This spectrum, according to the transformation
rules of Raman tensor components between the labora-
tory and the intrinsic frames, should be assigned to Aj,
and By, modes (e.g., A1y + Bag spectrum). Therefore, on
the basis of our experimental observations, it can be con-
cluded that the c-axis of the crystal B is perpendicular to
the surface exposed to air. Moreover, as a final remark, it
should be pointed out that the last two spectra were ob-
served in parallel polarization from the same micro-crystal
after a crystal rotation of about 45 degrees around the
Z-axis perpendicular to the crystal surface exposed to the
laser beam and that the observed spectra appear to be in
agreement with the group theory previsions.

The most interesting result of our experimental inves-
tigations was obtained from some unoriented rutile-type
GeOQs crystals and consisted of the observation in crossed
polarization of the weak mode peaked at about 525cm ™!
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Table 3: Experimental and calculated Raman frequencies of rutile-type GeOz (in cm™"). Columns (a) refer to the present work,
column (b) to ref. [18], column (c) to ref. [20], column (d) to ref. [21], column (e) to ref. [23], columns (f) to ref. [24], column

(g) to ref. [15].

The calculated Raman intensity (in % of the strongest mode) is reported in the square brackets and it was

computed for the excitation wavelength of 647.1 nm and for rutile-type GeO3 in polycrystalline form.

Raman modes Exp. (a) Exp. (b) Exp. (¢) Exp. (d) Exp. (e) Exp. (f) Th. (a) Th. (f) Th. (g)
By 171 170 170 170 171 170 179 [3.0] 182 170
E, 525 680* —* 465* 684* —* 529 [1.7] 546 533
Ay 700 702 700 700 700 700 721 [100] 711 705
Bsy, 873 870 873 873 873 874 870 [16.0] 869 871

“In refs. [20,24] the E, mode was not detected, in refs. [18,23] and [21] it was tentatively (and incorrectly) guessed at about 680 and

465 cm ™1, respectively.

which is definitively attributed to the missing £, mode of
rutile-type GeOs, based on the first-principles modelling
discussed below. Despite its very weak relative intensity,
this mode occurs as a well-shaped feature clearly sepa-
rated from the A;, mode peaked at 700 cm™!, whose tail
on the low—wave-number side has comparable intensity.
Its occurrence was probed by different excitation wave-
lengths, i.e. by 454.5nm, 488.0nm, 514.5nm, 568.2 nm,
beside the 647.1 nm, and the related experimental spectra
are reported in fig. 2, wherein each spectrum was prelim-
inarily normalized to its full spectral intensity measured
between 150 and 950 cm ™!,

This figure clearly shows an unusual resonant behaviour
of the F; mode wvs. the excitation energy, so that it does
not turn out observable under excitation of the blue-green
laser lines. This is maybe the reason why it was never de-
tected before, since all the reported experimental Raman
studies on rutile-type GeOy [18-24] were carried out by
means of an Ar ion laser, whose emission lines just occurs
in the blue-green region of the electro-magnetic spectrum.
However, the spectral evolution of the £, mode is shared
by that of the B, mode peaked at about 171 cm ™!, which
also displays a similar, although more spectacular, inten-
sity increase vs. the increase of the excitation wavelength.
The occurrence of such an anomalous behaviour of both
By, and E,; Raman modes of rutile-type GeO2 wvs. the
excitation energy, far from being clarified at the state of
the art, should be worth a specific dedicated study aimed
at clarifying its origin.

Theoretical calculations provide further insight into the
nature of Raman modes of rutile-type GeOs, and, even
more in general, of its vibrational properties. As a first
step, geometry optimizations were carried out and yielded
the cell parameters a = b = 4.3445A, ¢ = 2.8986 A and
the ratio a/c = 0.6672, with oxygen cell position & =
0.3044. They differ from the experimental values [40] by
1.2%, 1.3%, 2.5% and 0.5%, respectively. These structural
parameters have been used in the subsequent calculations
reported below.

Table 1 shows the independent components of the cal-
culated Born effective charge tensors. Both Ge and O

atoms display an effective charge which is very close to
their nominal ionic charges, i.e., +4 for germanium and
—2 for oxygen. Moreover, no large anisotropy of the Born
effective charge is revealed, although there is some de-
gree of anisotropy due to the non-zero values obtained
for the non-diagonal terms of the tensors. Similar results
were obtained in other rutile-type crystals, like SiO5 and
SDOQ [41,42]

The calculated high-frequency and static dielectric ten-
sors are displayed in table 2. To the best of our knowledge,
no experimental date are available to compare with the
predicted values. Anyway, our results are in good agree-
ment with those calculated by Sevik and Bulutay [43], at
least for what concerns the high-frequency dielectric ten-
sor, and indicate a birefringence for rutile-type GeOsy of
about 0.11.

The most important computational results of the
present study are the calculated frequencies and inten-
sities of the Raman active modes listed in table 3.
Our experimental detection of the E, Raman mode at
525cm ™! is corroborated both by previous theoretical cal-
culations [15,24] and, definitely, by the present modeling,
which predicts the vibrational frequency of the £, mode
at about 529 cm™!. Moreover, the added value of our com-
putational study is in the calculated relative Raman inten-
sities (square brackets in table 3), which confirm the weak
intensity of the £, Raman mode observed in the present
experiments.

Conclusions. — In this work, the vibrational dynam-
ics of rutile-type GeO2 (argutite) has been investigated
by using micro-Raman scattering spectroscopy coupled
with first-principles calculations. Polarized Raman spec-
tra were carried out in backscattering geometry at room
temperature from micro-crystalline samples either unori-
ented or oriented by means of a micromanipulator, which
allowed to successfully detect and identify all the Raman
active modes expected on the basis of the group theory.
In particular, the E; mode, incorrectly assigned or not
detected in the literature, has been definitively identified
by us having been unambiguously observed at 525cm™1
under excitation by proper wavelengths. Moreover, it
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was found that both the B;, and E,; modes revealed a
common, unusual resonance phenomenon wvs. the exci-
tation energy, which should be more deeply investigated
in a future work. Finally, first-principles calculations
based on the density functional theory allowed quantifying
both wave number and intensity of the Raman vibrational
modes, as well as other optical properties of rutile-type
GeOy. The computational results are in excellent agree-
ment with the experimental data, corroborating the relia-
bility of our experimental findings.
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