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Abstract: α-moganite is a recently discovered polymorph of silica, commonly intergrown with quartz
in natural microcrystalline silica samples. An important challenge is finding an effective method
for estimating its amount in a sample under study, which is important for its applications, related
to the technology of growth of dielectric layers, as well as for fundamental problems, related to
the formation of both terrestrial and lunar mineral deposits and biogenic formation. One of these
methods is vibrational spectroscopy, with the help of which the presence of a particular compound
is determined by the presence of characteristic spectral lines. In this work, the search for such lines
is carried out using density functional theory calculations and comparisons of the IR and Raman
spectra of α-quartz and α-moganite. With the help of such calculations, the stability of the moganite
structure has been proven for the first time, and its spectral characteristics have been determined over
the entire range of vibrational frequencies. Several new spectral lines characteristic of α-moganite
were discovered in the 65–85 cm−1 region. Moreover, the evolution of spectral peculiarities under
hydrostatic pressure was studied.

Keywords: moganite; quartz; density functional theory; vibrational spectroscopy; high pressure

1. Introduction

Silicon dioxide, one of the most abundant compounds in the Earth’s crust, is a tech-
nologically important dielectric that is widely used in industry, optics and electronics [1].
The miniaturization of the silicon-based transistor devices is closely related to the reduc-
tion in the thickness of the dielectric layers [1]. This, in turn, requires the development
of technologies for the growth of SiO2 layers, which is closely related to the study of
the structure of silicon dioxide polymorphs, as well as knowledge and methods for their
characterization [2].

α-moganite (hereinafter moganite) is one of the metastable polymorphs of SiO2 [3].
It was originally discovered by Florke et al. in 1976 [4,5]. Its structure with space group
I2/a was described in 1984 [6] and subsequently refined in 1994 [7]. In the CNMMN min-
eral catalogue, this structure is numbered 99–035. As research on this mineral expanded,
it became clear that it is quite widespread in the form of inclusions in microcrystalline
α-quartz [8]. It was observed in noticeable quantities in crystallization processes in chal-
cedony, agate and opals [8–10]. When studying the ornamental stone inlays used in jewelry
and crafts, inclusions of moganite were also found in objects of cultural and historical
value [11–13]. It was discovered that the presence or absence of moganite may correlate
with the visual characteristics of the mineral used for inlay [13]. Moreover, moganite as
an inclusion was found in biologically generated chalcedony [14]. From this point of view,
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research on chalcedony (quartz and moganite) as a biologically compatible material, as well
as the biological processes associated with its formation, are of practical importance [14].
Equally important is the study of the dependence of the optical and electronic properties of
chalcedony on its composition [15]. Recently, moganite was found in grains from a lunar
meteorite, being crystallized along with α-quartz, coesite and stishovite [16].

According to [17], moganite in its purest state occurs in nature in the Mogan formation
on Gran Canaria (Spain); in other places it occurs in the form of inclusions with other
polymorphic modifications of SiO2, mostly with α-quartz. In this regard, it is of interest to
study quartz–moganite mixtures.

The use of silicon dioxide in layered heterostructures in silicon microelectronics raises
the question of the structure of the interface between the semiconductor and the dielectric.
The optoelectronic properties of such heterostructures depend on the structure and quality
of such interfaces. In this regard, moganite has attracted attention as one of the possible
crystal structures that arise in the immediate vicinity of the interface with crystalline silicon.
On the other hand, identifying and estimating the amount of moganite inclusions can play
an important role in choosing suitable technological conditions for the growth of defect-free
α-quartz-based heterostructures.

The presence of moganite in the sample under study is identified mainly by ex-
perimental methods such as X-ray diffraction, Raman spectroscopy and IR absorption
spectroscopy [7–9,18–23], and less often by the methods of NMR spectroscopy [22] and
cathodoluminescence [24]. Vibrational spectroscopy—IR absorption spectroscopy and
Raman spectroscopy—looks the most promising due to its high sensitivity to structure,
non-invasive and non-destructive character, relative ease of implementation, as well as
the high spatial resolution. A significant advantage of Raman spectroscopy is its relatively
easy ability to study phonons with frequencies in the far-IR region. Another advantage of
Raman spectroscopy is its ability to localize the region of interest in depth (using confocal
optics) and in the focal plane (using objectives with a higher magnification and a shorter
wavelength of laser excitation and, accordingly, collect scattered light). These features of
Raman spectroscopy are especially important in studies of small micrometer silica inclu-
sions of terrestrial origin as much as for remote investigations of meteorite-origin silica
polymorphs [16,25].

The problem of identifying moganite and studying both the technological and natural
processes occurring with it in mixtures with other polymorphic modifications of similar
composition requires the identification of spectral features belonging specifically to mogan-
ite, as well as the establishment of structure–spectrum correlations. Computer modeling
based on density functional theory (DFT) can help in establishing the characteristic spectral
features of moganite. Theoretical calculation from first principles makes it possible to fairly
accurately predict the structural, electronic and vibrational properties of various objects,
such as crystals (see e.g., [8,26–29]) and molecules in different media (see e.g., [30–32]). This
is necessary for the targeted planning of technologically complex experiments, especially
with small amounts of the substance being studied in the volume of another phase.

Using DFT methods in various approximations, the structure of moganite, its elastic
properties, the phase transition from I2/a to Imab phases [8], as well as chemical shifts
associated with the local environment of atoms in moganite [26] have already been studied.
In addition, the electronic band structure in several SiO2 polymorphs, including moganite,
has been studied recently [27].

The study of the vibrational properties of moganite via theoretical methods is rep-
resented in the current literature. In this regard, the purpose of this work is modeling
the vibrational properties of moganite, as well as interpreting the obtained Raman and IR
absorption spectra. The calculation results are intended to be compared with the available
experimental data. This will make it possible to identify characteristic spectral regions
for pure moganite and in the moganite–quartz mixture. In addition, such calculations
will make it possible to predict the frequency values of phonons that have not previously
been observed in the experiment, and will also make it possible to propose new methods
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for estimating the concentration of moganite in a moganite–quartz mixture. Additional
information will be obtained from studies of changes in the phonon spectrum of moganite
under external hydrostatic pressure.

2. Theoretical Approach

The calculation was carried out within the framework of the local density approxi-
mation (LDA) of density functional theory with the CA-PZ functional [33,34]. The LDA
method was chosen because it makes it possible to fairly accurately predict the structural,
elastic and phonon properties of oxide materials, including α-quartz [26]. In our calcula-
tions, we used a norm-conserving pseudopotential implemented in the Castep software
(Material Studio software package) [35,36]. The cutoff energy for constructing the plane
wave basis was 1000 eV. The convergence criterion in the self-consistent field procedure
was assumed to be 5 × 10−9 eV/atom. Geometry optimization was carried out using a
modified Broyden–Fletcher–Goldfarb–Schanno (LBFGS) method [37] until residual forces,
residual stresses and maximum displacements did not exceed 0.005 eV/Ȧ, 0.02 GPa and
5 × 10−5 Ȧ, respectively. The dimensions of the Monkhorst–Pack k-grid [38] were set as
6 × 6 × 4 for moganite and 6 × 6 × 6 for α-quartz, which provided a step of 0.04 1/Ȧ. The
convergence of properties was checked using a calculation with larger grids of 8 × 8 × 6
for moganite and 8 × 8 × 8 for α-quartz. The calculation of vibrational frequencies, as well
as Raman and IR absorption spectra, was carried out using the linear response method
within the framework of perturbation theory [39,40]. The vibrational properties were
calculated both at zero pressure and in the hydrostatic compression regime at pressures
of 2, 5, 8, 10 and 25 GPa. The upper pressure limit was chosen on the basis of the stability
of α-quartz as a possible wide spread host material. Drastic structural changes occur in
α-quartz above 25 GPa, as was noticed in [41,42]. Visualization of the crystal structure and
atomic displacements in vibrational modes was carried out using the Jmol program [43].
The Raman spectra were simulated for practically important cases of 785 nm excitation and
300 K temperature with the 10 cm−1 width at half maximum.

3. Results and Discussion
3.1. Structural Parameters

Moganite crystallizes in a monoclinic structure (space group I2/a) with a monoclinic
angle slightly different from 90◦. The elementary and primitive cells of moganite are shown
in Figure 1. The framework structure formed by SiO4 tetrahedra connected by common
vertices can be represented as the result of alternating right- and left-handed α-quartz
domains, bounded by {101} planes [3]. As a result of such ordering, a structure is formed
consisting of interconnected four-membered and six-membered rings. Four-membered
rings form chains extended along the a-axis. An example of such a 4-chain can be seen
in Figure 1a. In the perpendicular direction, rings of the neighboring four chains are
interconnected by infinite Si–O–Si chains extended along the b axis.

The optimized unit cell parameters and atomic positions are given in Tables 1 and 2,
respectively.

Table 1. Unit cell parameters of α-moganite (monoclinic I2/a).

Parameters Calculations Experiment 1 [44] Experiment 2 [5]

a (Å) 8.5222 8.797 8.758
b (Å) 4.7675 4.869 4.876
c (Å) 10.5895 10.722 10.715
β (◦) 90.12 90.19 90.08
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Figure 1. (a) Moganite structure in (010) projection; conventional unit cells are shown by the black
rectangle. (b) Moganite primitive cell with labels at atoms; O and Si atoms are shown by red and
beige balls, respectively.

Table 2. Atomic positions in α-moganite (monoclinic I2/a).

Atom Calculations Experiment 1 [44] Experiment 2 [5]

Si1 * 1/4 0.96574 0 1/4 0.9726 0 1/4 0.9908 0
Si2 * 0.01534 0.29534 0.16564 0.0103 0.2486 0.1682 0.0115 0.25330 0.1678
O1 0.97829 0.11483 0.29169 0.9781 0.0644 0.2878 0.9686 0.0680 0.2860
O2 0.17034 0.16721 0.10384 0.1678 0.1708 0.1002 0.1711 0.1770 0.1050
O3 0.87842 0.22505 0.06816 0.8703 0.2296 0.0675 0.8657 0.2148 0.0739

* These notations will be used when discussing atomic displacements.

It can be noted that the value of the monoclinic angle is quite accurately reproduced in
the calculation, and the discrepancies between theory and experiment for lattice parameters
abc are in the range of 1–3%. The optimized atomic positions (see Table 2) also agree
well with the experimental data, with one exception for the y-positions of the Si2 and O1
atoms. In this regard, we note that, firstly, the error in determining these parameters in
the experiment is maximum, and secondly—and this is the most important reason for the
discrepancy—the calculations were carried out in the harmonic approximation, i.e., at T = 0,
and the experimental data refer to room temperature. Recall that the y-positions of Si2 and
O1 atoms depend most strongly on temperature [44]. In general, it can be considered that
the calculation results are in good agreement with experimental data.

3.2. Vibrational Properties at Ambient Pressure
3.2.1. Group Theoretic Approach

Phonons at the Г-point can be divided into four groups corresponding to four irre-
ducible representations (IRR): Au, Bu, Ag and Bg. Due to the presence of an inversion
center, the phonon modes of moganite obey the rule of alternative prohibition: the phonons
of the Au and Bu representations are active only in the IR absorption spectra, and the
phonon modes of the Ag and Bg representations are active only in the Raman spectra. In
general, the reducible representation at the Г point is decomposed according to the IRR, as
follows [7]:

Г = Гac + Гopt

Гac = Au + 2Bu

Гopt = 12Au +12Bu + 13Ag + 14Bg



Photonics 2023, 10, 1346 5 of 18

3.2.2. Interpretation of Raman Spectra

In the calculated Raman spectrum of moganite, four regions containing intense peaks
can be distinguished: 65–85 cm−1, 125–145 cm−1, about 230 cm−1 and 500 cm−1. In the
last three regions that are easily accessible to experimental Raman studies, several distinct
spectral lines were indeed observed [7,8,16,18]. Their frequencies are listed in Table 3 in
comparison with our computational results.

Table 3. Comparison of Raman-active modes in theoretical and experimental spectra of α-moganite.
Frequencies of the most prominent spectral features and the most active modes are highlighted
by bold.

Experimental Phonon Frequency, cm−1 Theoretical Phonon Frequency, cm−1

Reference [20] Reference [7] Ag Modes Bg Modes

67
82

130 129 131
140 141 143 140
207 220 230
270 265 262 279

317 310
356

375 370 361
377 381
398
432 421

449 449 442
464 463 489
500 501 494
710 693 693 699
790 792 791

804
820 833 842

1060 1058 1059 1067
1080 1084 1087 1084

1171 1161
1180 1177 1163

The most intense peak is around 500 cm−1. It was previously noted that the presence
of this peak in the spectra of individual minerals correlates with the presence of four-
membered rings in their structure [7]. In our calculation, this peak is associated with the
Ag mode—494 cm−1, which is also very intense in the Raman spectrum (see Figure 2).
Analyses of the calculated eigenvector (see Figure 3a) showed that oxygen atoms oscillate
predominantly in this mode. Moreover, the O atoms perform in-phase oscillations in a
direction close to the bisectors of the bridge Si–O–Si angles. Therefore, such a mode can be
called “in-phase stretching vibration of all Si–O–Si bridges” and denoted νs(Si–O–Si). As a
consequence, all four-membered rings expand and contract in phase. This mode can also
be called “in-phase breathing” of all four-membered rings. The breathing nature of this
mode explains its high activity in the Raman spectrum.
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of Ag and Bg modes.

In the structures of all crystalline modifications of SiO2, based on tetrahedra connected
by vertices, rings of Si–O–Si bridges can be found. Therefore, the spectra of all such crystals
contain similar breathing modes with high Raman activity. The frequencies of such modes
lie in the range typical of deformation vibrations, and their specific value depends on the
number of links in the rings. So, for example, in quartz, the structure of which contains only
six-membered rings, a similarly strong Raman peak is observed at 464 cm−1 [45], which is
34 cm−1 lower than in the spectrum of moganite. In our calculation, the frequency of the
breathing A1 mode in quartz turned out to be 459 (see Table S1), which is 35 cm−1 lower
than in α-moganite. As we can see, our calculation perfectly reproduces the frequency
shift in the quartz/moganite pair. As has been shown, the structure of silicate glasses
contains Si–O–Si rings containing four, five and six members [46]. Accordingly, in the
Raman spectra of silicate glasses, there are strong lines in the range of 300–500 cm−1, which
were attributed to similar symmetrical deformation vibrations of rings of different numbers
of SiO4 tetrahedra [47].

Another intense Raman peak was observed at around 210–220 cm−1 [7,8,16,18]. In
our calculation, this peak is associated with the Ag mode 230 cm−1, which is also very
intense in the Raman spectrum (see Figure 2). A detailed examination of the atomic
displacements in this mode allows us to represent it as antiphase rotational rocking of the
oxygen tetrahedra of Si1 atoms and the infinite Si2–O–Si2 chains around the b axis. Thus,
this mode can be considered as quasi Rigid Unit Mode (quasi-RUM). This explains its low
frequency and relatively high Raman activity. The atomic displacements are demonstrated
in Figures 3b and S1.
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In the low-frequency region (below 140 cm−1) of the Raman spectrum, one can note the
presence of a number of lines corresponding to vibrational modes with low static Raman
activity. However, their contribution to the spectrum observed at a finite temperatures
is quite significant due to the large thermal amplitudes, which, as is known, increase
sharply with decreasing frequency. Let us recall that the Raman intensity Ik of the k
mode with frequency νk and Raman activity Rk at temperature T (ad hoc 300 K) obeys
dependence (1) [48]:

Ik =
Rk(v0 − vk)

4

vk

(
1 − e−

hcvk
kBT

) (1)
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where ν0 is the laser frequency (ad hoc 785 nm), h and kB are the Plank and Boltzmann
constants and c is the speed of light.

Such low-frequency modes include vibrations with frequencies of 67, 82, 131 and
140 cm−1. The Bg 140 cm−1 mode is characterized by complex atomic displacements that
involve rotations of tetrahedra in a chain of four link rings. In this case, the O11 and O6
atoms rotate in one direction, and the O12 and O5 atoms rotate in the opposite direction
due to the inversion operation. Such displacements deform the rings compressing them
in one direction and stretching them in a perpendicular direction—see Figure 3c. The Bg
131 cm−1 mode corresponds to the rotation of the four-member ring around an axis passing
through the Si17 and Si18 atoms—see Figure 3d.

The calculation predicts in the Raman spectrum of moganite the presence of two low-
frequency lines corresponding to the Bg 67 cm−1 and Ag 82 cm−1 modes, which have not yet
been observed experimentally. In the Ag 82 cm−1 mode, oscillations of the SiO4 tetrahedra
have a mixed translational–rotational nature. The inversion–nonequivalent tetrahedra
of the Si13 and S14 atoms tilt, and the motion of the Si18 tetrahedron is predominantly
translational—see Figure 3e. The mode with a frequency of 67 cm−1 also has a mixed
translational–rotational character of atomic oscillations. Rotations occur in the Si13 and S14
tetrahedra, and predominantly translations occur in the Si18 tetrahedron—see Figure 3f.
The features of the 67 cm−1 mode include two points related to the fourth-fold rings.
First, the most noticeable displacements of atoms occur in the plane of the ring. Second,
the amplitudes of silicon atoms are greater than in the 82 cm−1 mode with comparable
amplitudes of atomic displacements of oxygen atoms. A pair of nearby oxygens moves in
one direction, another pair in the opposite direction.

3.2.3. Interpretation of the IR Absorption Spectra

In the IR absorption spectrum of moganite, vibrational modes occupy the range from
160 to 1200 cm−1 (see Table 4 and Figure 4). It contains contributions of 12 Au modes
and 12 Bu modes. The Au modes are polarized in the direction of the b axis, while the
polarization vectors of the Bu modes lie in the ac plane.

Table 4. Comparison of theoretical and experimental optical modes in moganite active in the IR
absorbance spectrum. Frequencies of the most prominent spectral features and the most active modes
are highlighted by bold.

Au Modes Bu Modes

Experiment
Theory, This Work

Experiment
Theory, This Work

[18] [5] [22] [18] [5] [22]

207 201 165 162
264 263 276

284 343 341 324
296 295 292 398

369 448 447 447 432
421 420 418 409 483 480 473
576 572 570 544 696 700 695
612 600 606 780 800 772
798 800 808 802 798 800 808 801

1058
1082 1100 1105

1070
1167 1164 1080
1191 1191 1193 1145
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Figure 4. Simulated IR absorbance spectrum of α-moganite (black). Blue and red bars are Raman
activities of Au and Bu modes.

Unlike Raman spectra, in IR absorption spectra the most intense peaks are in the
high-frequency part. These peaks correspond to the stretching vibrations of Si–O bonds. A
similar picture is typical for many polymorphic modifications of SiO2. In the calculated
spectrum of moganite, stretching vibration modes are located in the range 1058–1193 cm−1.
Due to the finite width of the peaks in the experimental spectrum, they form a wide band
in which the contribution from the three most IR-intense modes can be distinguished. Two
of them belong to the Bu representation (1070 cm−1 and 1080 cm−1), and the third to the
Au representation (1058 cm−1).

Analysis of the vibrational modes can be given on the basis of atomic displacements in
chains consisting of fourth-fold rings. In this case, silicon atoms in a ring ordered along the
c axis (perpendicular to the chain axis) can be considered as axial. On the other hand, the
silicon atoms ordered along the a axis (along the chain axis) can be considered as equatorial.
In some cases the displacements of oxygen atoms resemble the ν3 mode of a tetrahedral
unit, which is why in some cases we use standard notation for the modes of a regular
tetrahedron [49]—see Figure S2.

Atomic displacements in the Au 1058 cm−1 mode occur in zigzag-like axial silicon-
oxygen chains located in the bc plane. The zigzag chains are directed along the b axis.
Predominant atomic displacements are associated with antisymmetric water-like move-
ments of oxygens.

In the Bu mode (1070 cm−1), atomic ν3 oscillations are localized in Si1 tetrahedra (see
Figure 5b). The in-phase character of the local ν3 (Si1) deformations explains the high IR-
activity of this mode. Atomic displacements in the Bu mode (1080 cm−1) can be represented
as a combination of ν3 (S1 tetrahedra) and ν3 (Si2 tetrahedra) vibrations, polarized along
the a and c axes, respectively (see Figure 5c). In Au modes (1164 cm−1 and 1194 cm−1),
the ν3 vibrations are localized predominantly in the Si1 tetrahedra. Moreover, in the Au
1164 cm−1 mode, the local ν3 (Si1 tetrahedra) deformations are in-phase (see Figure 5d).
In the Au (1194 cm−1) mode, the polarities of local ν3 deformations of neighboring Si1
tetrahedras are anti-phase (see Figure 5e), which explains the weak IR-activity of this mode.
Atomic displacements in the Bu mode (1145 cm−1) can be represented as a combination of
ν3 (Si1 tetrahedra) and ν1 (Si2 tetrahedra) vibrations (see Figure 5f). The large contribution
of the nonpolar ν1 mode explains the weak IR-activity of this mode.
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The ν3 mode of a SiO4 tetrahedron involves oscillations of both the peripheral O
atoms and the central Si atom. When such tetrahedra are incorporated in a crystal lattice,
the ν3 vibrations give rise to two types of phonons: in the former, the O atoms oscillate
predominantly, while in the latter, the Si atoms oscillate with the largest amplitudes. Due
to the difference in the masses of the O and Si atoms, the frequencies of the two types
of phonons are noticeably different. The frequencies of higher-frequency phonons of the
first type lie in the range 1060–1190 cm−1. We reviewed them above. The frequencies of
phonons of the second type (associated with oscillations of Si atoms) lie in the range of
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700–800 cm−1. This division of phonon modes, consisting of ν3 vibrations of tetrahedra,
into two types—with predominant oscillations of O and Si atoms—occurs in the phonon
spectra of all SiO2 polymorphs, the structure of which is formed by SiO4 tetrahedra [50,51].

In this range, our calculation predicts one Au mode (802 cm−1) and three Bu modes
(695, 772 and 801 cm−1).

For the Au mode (802 cm−1), significant atomic displacements occur in axial Si atoms
forming a chain of four-fold rings. Inside each ring, the displacements of both axial atoms
are in phase. On the other hand, axial silicon atoms in adjacent rings move in antiphase
(see Figure S3a).

For the Bu mode (695 cm−1), the largest atomic displacements are associated with the
equatorial silicon atoms (see Figure S3a). They occur in the ac plane, being predominantly
directed along the c axis—see Figure S3b.

For the Bu (772 cm−1) and Bu (801 cm−1) modes, complex atomic displacements of
various silicon atoms were noted (see Figure S3c,d). In this case, stretching occurs on one
side of the four-fold ring and compression on the other, and vice versa along the a-axis.
The atomic displacements of equatorial and axial silicon are comparable. This leads to
close frequencies for both modes. Small differences in frequencies are still associated with
slightly larger displacements of equatorial silicon in the case of the Bu mode (772 cm−1)
and slightly larger displacements of axial silicon in the case of the Bu mode (801 cm−1).
Similar frequency value relations were noted for Bu (695 cm−1) and Au (802 cm−1) modes.

The frequency range of ~500 cm−1 includes modes in which O atoms oscillate along
the bisectors of the Si–O–Si angles. Such modes are usually called vs(Si–O–Si). One of
these modes (Ag 494 cm−1) dominates in the Raman spectrum (see above), while others
exhibit significant activity in the IR spectrum. Of these modes, Au 544 cm−1 has the highest
IR activity. Such high IR activity occurs due to the tensile deformation in one half of the
four-fold ring and compression deformation in another part. Such deformation occurs in
the whole chain with the antiphase motions in the adjacent rings (see Figure S4).

In the IR spectrum below 400 cm−1, there are peaks corresponding to different modes,
which are different combinations of bending vibrations of SiO4 tetrahedra.

3.3. Comparison of Quartz and Moganite Vibrational Spectra

The presence of moganite as inclusions with other polymorphs of SiO2 has been noted
both in samples of terrestrial origin [8,9,52] and in lunar meteorites [16]. Quite often,
intergrowth occurs with α-quartz, especially for samples less than 100 Ma old [9]. The
investigation of moganite/quartz mixtures requires knowledge of the spectral features of
both substances, which allows their identification. Subsequently, such spectral features
can be used to construct calibration curves, with the help of which the concentration of
moganite in the sample under study can be assessed. In this regard, in this section, the
vibrational spectra of the two crystals are discussed and compared. To do this, in addition to
studying the properties of moganite, we simulated the structure and vibrational spectrum
for α-quartz (see Table S1) using the same calculation method.

3.3.1. Comparison of Raman Spectra

In the Raman spectrum of moganite, two features can be noted that distinguish it
from the spectrum of quartz. Firstly, both spectra contain intense peaks in the region of
about 500 cm−1, but their frequency positions are noticeably different. Secondly, in the
low-frequency region in the range of 65–85 cm−1, a noticeable doublet peak is present in
the Raman spectrum of moganite, but such a feature is not observed in the spectrum of
quartz (see Figure 6).
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The peak around 500 cm−1 appears to be the most common way to identify moganite
at relatively low concentrations. This peak has been used to identify small concentrations
of moganite against a background of quartz in a number of applied works [9,11,13,19,20].

In this article, it is proposed to use the doublet peak corresponding to the Ag (82 cm−1)
and Bg (67 cm−1) modes as an additional spectroscopic indicator of moganite. These modes
should be observed experimentally, since their frequencies are not too low, and the Raman
intensities, as predicted by calculations, are significant. At the same time, in the Raman
spectrum of quartz, the lowest frequency line predicted by calculations and observed in
experiments corresponds to mode E (129 cm−1) [50].

In other spectral ranges, the spectra of quartz and moganite overlap. When the
moganite concentration in samples containing a quartz/moganite mixture varies, changes
in the spectral contour are observed [7,21]. It becomes possible to identify the presence of
moganite lines in this complex spectral picture only at high concentrations [7,20].

3.3.2. Comparison of IR Absorbance Spectra

A comparison of the IR absorption spectra of α-quartz and α-moganite is shown
in Figure 7. It can be seen that in both calculated spectra, the most intense is a broad
band in the region of Si–O stretching vibrations with a maximum around 1070 cm−1.
In [18], the position of the most intense IR peak in the a-quartz spectrum has a slightly
higher frequency and shifts to lower frequencies as the moganite fraction increases. In the
calculation, this maximum in both spectra is located at the same frequency. However, in
the moganite spectrum, this band is wider due to the appearance of the low-frequency
shoulder associated with the splitting of the Au 1058 cm−1 mode.

On the side of the higher wavenumbers in the spectrum of moganite, one can note the
Au peak at 1164 cm−1, which is slightly shifted relative to the E peak at 1153 cm−1 in the
spectrum of a-quartz. In the experimental spectra [18], such a relatively small shift is not
discernible on the background of a rather large line width. According to the calculation, as
the transition from quartz to moganite occurs, a high-frequency shoulder appears (above
1161 cm−1). However, it should be noted that this shoulder will be noticeable only at rather
high concentrations of moganite, since the relative intensity of the Au 1164 cm−1 mode is
relatively low.
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drawn, taking into account the degeneracy of vibrational modes.

In the region of stretching vibrations with displacements of silicon atoms, the most
intense peaks in the spectrum of moganite (773 (Bu) and 801 (Bu) cm−1) are close in
frequency to the peaks in the spectrum of quartz (796 (E) and 772 (A2) cm−1). When the
concentration of moganite changes, they smoothly transform into each other. However, it
can be noted that the intensity ratio in the pairs of these peaks for moganite and quartz is
different, which is reflected in the experiment [18]. This suggests the possibility of using
the intensity ratio of these peaks to estimate the moganite fraction.

Much more significant differences in the IR absorption spectra are noted in the region
of bending vibrations, which is consistent with the conclusion of [18]. In this spectral range,
the highest frequency mode is Au (544 cm−1), which corresponds to the line observed in
the samples with a high content of moganite [5,18,22] in the region of 570–576 cm−1, and in
the samples with different concentration in the region of 554–576 cm−1 [18].

In general, in the range of deformation vibrations, the calculated frequencies are
lower than the experimental ones. However, both calculations and experiments pre-
dict a difference in the frequency position of a pair of modes in the spectrum of quartz
(347 (A2) and 379 (E) cm−1) and a pair of modes in the spectrum of moganite (292 (Au) and
394 (Bu) cm−1)—see Figure 7. The intensity ratios of these peaks can be used to determine
the relative concentration of moganite in a quartz/moganite mixture.

In the range of 395–520 cm−1, the modes of two crystals predicted by calculation
strongly overlap, which, together with their broadening in the experiment, makes it impos-
sible to decompose the full spectrum into the spectra of two components.

3.4. Vibrational Properties of Moganite under Pressure

Due to the fact that moganite very often occurs in the form of inclusions in other
SiO2 polymorphs, stresses caused by compression or tension at grain boundaries can
occur. This should lead to a shift in the peaks in the Raman and IR absorption spectra. To
assess possible shifts, the structure and vibrational spectra of moganite were studied under
hydrostatic pressure up to 25 GPa. For several values of external hydrostatic pressure,
the crystal structure was optimized and the phonons at the Г point were calculated. The
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stability of the structure was tested by the absence of imaginary frequencies. The resulting
dependence of the relative volume of a primitive cell on pressure is shown in Figure S5.

At the next stage, the spectrum of vibrational modes was calculated. The dependence
of phonon frequencies on pressure in the range from 0 to 10 GPa is shown in Figure 8.
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Most of the modes in the phonon spectrum of moganite under pressure exhibit normal
behavior—their frequencies increase under pressure. Based on the calculation results, we
estimated the value of the Grüneisen parameter for the most Raman-intense mode of Ag
(494 cm−1), which is widely used as a spectroscopic fingerprint for moganite. The details
of the calculation can be found in the supporting information (see Figure S6). The obtained
isothermal value γ = 0.64 ± 0.02 turned out to be comparable with the isobaric value 0.75,
which was obtained for this parameter from the temperature dependences of frequencies
in [53].

For some IR-active modes of the stretching type (Au (1164cm−1), Bu (1145 cm−1),
Bu (1070 cm−1)) and the deformation mode Bu (398 cm−1), a decrease in frequency with
increasing pressure is observed. Thus, the different signs of the Grüneisen parameter for
the Bu (1070 cm−1) and Bu (1080 cm−1) modes indicate that as pressure increases, one
can expect splitting, or at least significant broadening, of the intense band observed in
the IR absorption spectrum in the region of bond stretching vibrations. The calculated IR
absorption spectra in the range of 0–10 GPa are shown in Figure 9.
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4. Conclusions

It has been established that calculations using the DFT method in the LDA approxi-
mation confirm the stability of the moganite structure, as was previously proposed based
on experimental data. The calculation method used in this work provides an estimate
of the structural parameters that is mostly in good agreement (within 1–3%) with the
experimental results. The calculated Raman and IR spectra are also consistent with the
available experimental data. Based on the calculation results, an analysis of the vibrational
modes responsible for various features in the experimental spectra was carried out.

Particular attention is paid to the search for spectral lines that can be used to identify
moganite in samples of mixed composition quartz/moganite. Several such spectral finger-
prints of moganite have been proposed. In the low-frequency part of the Raman spectrum
(this region has not yet been studied experimentally), the calculation predicts the presence
of peaks Ag (82 cm−1) and Bg (67 cm−1) that are absent in the spectrum of quartz. In the
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mid-frequency region, the spectroscopic fingerprint of moganite can present as an intense
peak at about 500 cm−1 corresponding to a phonon of Ag symmetry.

Based on the analysis of atomic displacements, the interpretation of vibrational modes
corresponding to the features in the IR absorption spectrum of moganite was carried out.
It is noted that modes in the range of 280–345 cm−1 and 530–580 cm−1 can be used as
characteristic modes for moganite in a mixture quartz/moganite. Spectral lines are also
marked and phonon modes are indicated, the relative intensities of which can be used to
determine the concentrations of moganite in the mixtures.

The behavior of moganite under hydrostatic pressure was studied. It is shown that
in the range of 0–10 GPa, the structure remains stable, and the intense high-frequency IR
band of Bu symmetry splits. The frequency shifts of other spectral lines, including those
characteristic of moganite, were assessed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/photonics10121346/s1, Table S1: Comparison of selected experimental
and theoretically calculated frequencies for α-quartz phonons [54]; Figure S1: Atomic displacements in
conventional cell in Raman active Ag mode 229 cm−1; Figure S2: Standard notation for the modes of a
regular tetrahedron: v1 (A1) (a), v2 (E) (b), v3 (F2) (c) and v4 (F2) (d); Figure S3: Atomic displacements in
middle-frequency IR active modes: Au 802 cm−1 (a), Bu 695 cm−1 (b), Bu 772 cm−1 (c), Bu 801 cm−1 (d);
Figure S4: Atomic displacements in Au 544 cm−1 mode; Figure S5: Dependence of the relative volume
of moganite lattice on pressure; Figure S6: The dependence of the relative frequency of Ag (494 cm−1)
mode on the relative volume (blue); the result of interpolation (red).

Author Contributions: Conceptualization, D.P., A.P. and M.S.; methodology, D.P. and M.S.; formal
analysis, D.P., M.S., E.R., A.S., A.P. and I.K.; investigation, D.P., M.S., E.R. and A.S.; resources, M.S.;
data curation, D.P. and M.S.; writing—original draft preparation, D.P. and M.S.; writing—review and
editing, D.P., M.S., A.P. and I.K.; supervision, M.S.; project administration, M.S.; funding acquisition,
D.P., M.S., E.R. and A.S. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by grants from the Russian Science Foundation (project no.
22-22-20021) and from the Saint Petersburg Science Center (project no. 32/2022) using the resources
of the Computing Center and the Center for Optical and Laser Materials Research at the Research
Park of St. Petersburg State University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Acknowledgments: The authors express their gratitude to the resource centers: “Optical and laser
methods for studying matter” and “Computing center” of the Science Park of St. Petersburg
State University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Borowicz, P.; Taube, A.; Rzodkiewicz, W.; Latek, M.; Gierałtowska, S. Raman Spectra of High-k Dielectric Layers Investigated

with Micro-Raman Spectroscopy Comparison with Silicon Dioxide. Sci. World J. 2013, 2013, 208081. [CrossRef] [PubMed]
2. Smirnov, M.; Roginskii, E.; Savin, A.; Mazhenov, N.; Pankin, D. Density-Functional Study of the Si/SiO2 Interfaces in Short-Period

Superlattices: Structures and Energies. Coatings 2023, 13, 1231. [CrossRef]
3. Lee, S.; Xu, H.; Xu, H.; Neuefeind, J. Crystal Structure of Moganite and Its Anisotropic Atomic Displacement Parameters

Determined by Synchrotron X-Ray Diffraction and X-Ray/Neutron Pair Distribution Function Analyses. Minerals 2021, 11, 272.
[CrossRef]

4. Flörke, O.W.; Jones, J.B.; Schmincke, H.-U. A New Microcrystalline Silica from Gran Canaria. Z. Krist. Cryst. Mater. 1976, 143,
156–165. [CrossRef]

5. Miehe, G.; Graetsch, H. Crystal Structure of Moganite: A New Structure Type for Silica. Eur. J. Mineral. 1992, 4, 693–706.
[CrossRef]

6. Miehe, G.; Graetsch, H.; Florke, O.W. Crystal Structure and Growth Fabric of Length-Fast Chalcedony. Phys. Chem. Miner. 1984,
10, 197–199. [CrossRef]

https://www.mdpi.com/article/10.3390/photonics10121346/s1
https://www.mdpi.com/article/10.3390/photonics10121346/s1
https://doi.org/10.1155/2013/208081
https://www.ncbi.nlm.nih.gov/pubmed/24072982
https://doi.org/10.3390/coatings13071231
https://doi.org/10.3390/min11030272
https://doi.org/10.1524/zkri.1976.143.jg.156
https://doi.org/10.1127/ejm/4/4/0693
https://doi.org/10.1007/BF00309311


Photonics 2023, 10, 1346 17 of 18

7. Kingma, K.J.; Hemley, R.J. Raman Spectroscopic Study of Microcrystalline Silica. Am. Mineral. 1994, 79, 269–273.
8. Heaney, P.J.; McKeown, D.A.; Post, J.E. Anomalous Behavior at the I2/a to Imab Phase Transition in SiO2-Moganite: An Analysis

Using Hard-Mode Raman Spectroscopy. Am. Mineral. 2007, 92, 631–639. [CrossRef]
9. Hardgrove, C.; Rogers, A.D. Thermal Infrared and Raman Microspectroscopy of Moganite-Bearing Rocks. Am. Mineral. 2013, 98,

78–84. [CrossRef]
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