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ABSTRACT: We report a combined experimental and theoretical
study of melilite-type germanate, Sr2ZnGe2O7, under compression. In
situ high-pressure X-ray diﬀraction and Raman scattering measurements up to 22 GPa were complemented with ﬁrst-principles
theoretical calculations of structural and lattice dynamics properties.
Our experiments show that the tetragonal structure of Sr2ZnGe2O7 at
ambient conditions transforms reversibly to a monoclinic phase above
12.2 GPa with ∼1% volume drop at the phase transition pressure.
Density functional calculations indicate the transition pressure at ∼13
GPa, which agrees well with the experimental value. The structure of
the high-pressure monoclinic phase is closely related to the ambient
pressure phase and results from a displacive-type phase transition. Equations of state of both tetragonal and monoclinic phases
are reported. Both of the phases show anisotropic compressibility with a larger compressibility in the direction perpendicular to
the [ZnGe2O7]2− sheets than along the sheets. Raman-active phonons of both the tetragonal and monoclinic phases and their
pressure dependences were also determined. Tentative assignments of the Raman modes of the tetragonal phase were discussed
in the light of lattice dynamics calculations. A possible irreversible second phase transition to a highly disordered or amorphous
state is detected in Raman scattering measurements above 21 GPa.

I. INTRODUCTION
Melilite and related materials have been of interest due to their
exceptional optical properties, which make them suitable for
important technological applications such as laser host and
second harmonic generation,1,2 as well as due to their ionic
conduction3 and magnetic properties.4 They are also known for
their mineralogical relevance5−7 since natural melilite-type and
melilite-related silicates are formed in igneous rock and have
been known to form a wide variety of cation-substituted
compositions while retaining their structure types.6−8 In fact, a
large number of compositions in nature crystallize within the
parent tetragonal non-centrosymmetric (space group (SG)
P4̅21m) structure of melilite.1 The general composition
A2(T1)1(T2)2O7 with melilite-type structure has A cations
© 2015 American Chemical Society

with eightfold coordination and T1 and T2 cations with fourfold
coordination.1,2,9 The arrangements of tetrahedral units in
melilite-type structures form nets of ﬁve-membered rings. The
same coordination for T1 and T2 cations favors the intermixing
of the cations of these two sites, and hence diﬀerences in local
coordination around these sites have been observed in natural
melilite-type and related structures.7,10 The local distortion in
the tetrahedral net and the A-site coordination play a crucial
role in governing the topology of the tetrahedral units and ﬁnal
symmetry of the structure of such complex compounds.5,9
Furthermore, local distortions in the cation polyhedra resulting
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classes of materials have been explained in literature.5,24,25 The
diﬀerences in the structures are reﬂected in the coordination
polyhedra around the A2+ ions. It can be mentioned here that
the structural studies on pyrosilicates and related materials have
evidenced a number of symmetries: tetragonal, orthorhombic,
triclinic, etc., depending on the nature and ionic radius of A-site
cation.24−26 Therefore, it is likely that tetragonal melilite-type
materials could exhibit such structure-types at HP. However,
such polymorphs have not been observed for melilite-type
germanates either under pressure or temperature, perhaps due
to the limited number of studies on germanates compared to
analogous silicates. Furthermore, to the best of our knowledge,
there has been no experimental Raman scattering (RS) study of
melilites at HP, even in silicates.
To understand the behavior of melilite-type minerals at HP,
in particular pyrogermanates, we performed in situ HP-XRD
and HP-RS measurements on Sr2ZnGe2O7 and compared them
with our own theoretical calculations. HP-XRD and HP-RS
results indicate a clear structural transition at ∼12 GPa, which
according to HP-XRD could be a transition from a tetragonal
to a monoclinic structure since the pattern of the HP phase is
not indexable on the tetragonal lattice even though they appear
closely similar. HP-RS measurements and lattice dynamics
calculations allowed us to discuss the nature of the vibrational
modes of the tetragonal melilite phase. Furthermore, HP-RS
measurements support the HP transition to a phase with lower
symmetry and have evidenced the coexistence of both low- and
high-pressure phases. Finally, HP-RS measurements revealed a
second structural transition likely to a disordered or amorphous
phase above 21 GPa.

from slightly diﬀerent compositions are strongly reﬂected on
materials properties, in particular, on the optical properties.
Thus, the studies on melilite-type silicates and germanates with
diﬀerent compositions have also drawn a signiﬁcant attention
for stimulated emission as well as for second and third
harmonic generation.1,2,9
Composition and temperature-induced commensurate to
incommensurate structural transitions, arising from the
modulation of tetrahedral units, lead to rich crystal chemistry
in melilite-type materials.11−14 Thus, structural studies on such
materials under nonambient conditions, like temperature and
pressure, have been performed in a number of related
compounds.11−23 Temperature-dependent structural studies
have indicated an anisotropic thermal expansion behavior in
melilite-type and related materials due to their layered
structural arrangements, rigid nature of tetrahedral units, and
ﬂexible framework architect of rigid tetrahedra.11,12,20,22,23
Moreover, temperature-dependent structural studies on a
number of Ca2+ion-bearing melilite-related compositions have
revealed variable modulation parameters and temperatures for
incommensurate to commensurate structural transition.11,15
Interestingly, the non-centrosymmetric structure of the melilite
structure is retained even at higher temperatures.
Compared to temperature-dependent studies, high-pressure
(HP) studies on melilite-type materials are limited, and they are
mainly focused on structural studies of silicates. The HP
behavior of melilite-type silicate mineral, Ca2MgSi2O7, has been
reported, and a deviation in the unit cell volume at ∼1.33 GPa
has been attributed to an incommensurate to commensurate
phase transition.21 No other structural transition up to 4 GPa,
the maximum pressure of this study, has been observed.21
Similar HP studies of melilite-related silicates, namely,
Sr2−xBaxMgSi2O7, indicate anisotropic compressibilities in
them.24,25 Furthermore, an inverse relationship between
pressure and temperature has been explained from temperature- and pressure-dependent unit cell parameters.24,25
Melilite-type Ca2MgSi2O7 and Ca2Al2SiO7 have been investigated up to 30 GPa, and a structural transition has been
observed only in the former.18 Besides, this study also
conﬁrmed the incommensurate to commensurate structural
transition at ∼2 GPa in Ca2MgSi2O7 and delineated a new
phase transition from the melilite-type tetragonal phase (SG
P42̅ 1m) to the monoclinic phase (SG P21/n) above 20 GPa.
However, Merilini et al. mentioned that the X-ray diﬀraction
(XRD) patterns observed above 20 GPa still could be indexed
on the parent tetragonal lattice.18 The diﬀerences in the HP
behavior of Ca2MgSi2O7 and Ca2Al2SiO7 have been assigned to
the diﬀerence in the compressibility and distortion of the T1
tetrahedral unit.18
Analogous to silicates, number of germanates of alkalineearth metal ions also form melilite-type or related structure
depending on the nature of other T1 tetrahedral and/or A
cations. In particular, Ca2+ and Sr2+ silicates and germanates
crystallize in the tetragonal melilite-type (SG P4̅21m) structure,
while those of Ba2+ crystallize in the melilite-related monoclinic
(SG C2/c) structure.2 It can be mentioned here that both
melilite-type and melilite-related A2(T1)1(T2)2O7 materials
have diﬀerent topologies in the planes formed by the
(T2)2O7 and (T1)O4 units. The diﬀerences in the orientations
of the (T2)2O7 units of the melilite-related materials make
diﬀerent types of rings, like four- and six-membered rings along
with the ﬁve-memebered rings similar to the melilite-type
compounds. The structural diﬀerences between these two

II. EXPERIMENTAL METHODS
Polycrystalline sample of Sr2ZnGe2O7 was synthesized by solid-state
reaction of appropriate amounts of SrCO3 (99.9%, Aldrich), ZnO
(99.5%, Aldrich), and GeO2 (99.99%, Alfa-Aesar). A pellet of
homogeneous mixture of the reactants was heated successively from
1073 to 1473 K with three intermittent grindings after each heating.
After conﬁrmation of the completion of the reaction, the product was
rehomogenized and then pressed into pellets (∼1 cm diameter and 2
to 3 mm thickness). The pressed pellets were ﬁnally sintered at 1473 K
for 24 h. The ﬁnal sintered product was characterized by powder XRD
study for phase purity and structure.
The powder XRD pattern at ambient pressure was recorded on a
rotating anode-based X-ray diﬀractometer (Ragaku, Japan) using
monochromatized Cu Kα radiation. The powder sample of
Sr2ZnGe2O7 was smeared on a glass sample holder using collodion
as binder. The XRD data were collected from 10 to 100° with step
width of 0.02° and using a time per step of 5 s. RS measurements at
ambient pressure were performed in backscattering geometry with a
Horiba JobinYvonLabRAMHRUV microspectrometer equipped with
an edge ﬁlter and thermoelectric-cooled multichannel CCD detector.
Measurements with a spectral resolution below 2 cm−1 were
performed using the 632.8 nm line of the He−Ne laser for excitation
with a laser power below 10 mW to avoid sample heating.
Angle-dispersive powder HP-XRD measurements on Sr2ZnGe2O7
were performed with an Xcalibur diﬀractometer (Oxford Diﬀraction
Limited) using Mo Kα X-ray. X-ray diﬀraction patterns were recorded
on a 135 mm Atlas CCD detector placed at 110 mm from the sample.
The X-ray beam was collimated to a diameter of 300 μm. HP
measurements on Sr2ZnGe2O7 powder were performed in a modiﬁed
Merrill-Bassett diamond anvil cell (DAC) up to 19 GPa. The diamond
anvils used for pressurization have 500 μm culets. The Sr2ZnGe2O7
powder was placed in the 200 μm diameter holes of the stainless steel
gasket pre-indented to a thickness of 50 μm. A mixture of methanol−
ethanol−water with ratio of 16:3:1 was used as pressure-transmitting
medium. Ruby chips evenly distributed in the pressure chamber were
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used to measure pressure by the ruby ﬂuorescence method. Exposure
time of each run was typically of 80 min. The DAC used for these
experiments allows us to access an angular range of 4θ = 50°. The
observed intensities were integrated as a function of 2θ to give
conventional, one-dimensional diﬀraction proﬁles. The CrysAlis
software, Version 171.34.49 (Oxford Diﬀraction Limited), was used
for the data collections and the preliminary reduction of the data. The
analyses of the powder XRD patterns were executed by using
PowderCell27 and Fullprof28 software packages.
HP-RS measurements were performed on the previously described
Raman micro-spectrometer by using small grains of a prepressed pellet
inside the DAC with methanol−ethanol−water (16:3:1) as pressuretransmitting medium. Ruby ﬂuorescence was used for the measurement of pressure. It was required to change the probing spot after two
to three measurements due to diminishing of intensity because of
degradation of sample by heat of the excitation laser with a power as
low as 2 mW.

Figure 1. Powder XRD pattern of tetragonal Sr2ZnGe2O7 at ambient
pressure and temperature.

III. THEORETICAL CALCULATIONS
The ﬁrst-principles total energy study of Sr2ZnGe2O7 was
performed within the density-functional theory (DFT) framework with the Vienna ab initio simulation package (VASP).29
The generalized gradient approximation with PBEsol30
prescription for the exchange-correlation energy, the projector-augmented wave pseudopotential,31 and the plane-wave
method were used. A kinetic energy cutoﬀ of 520 eV and dense
meshes of special k-points generated with the Monkhorst−Pack
schemes32 were employed to obtain highly accurate results. For
the considered structures, a full optimization of all the structural
parameters was performed at diﬀerent selected volumes. In the
optimized conﬁgurations the atomic forces on the atoms were
lower than 0.005 eV/Å, and the diﬀerences between diagonal
components of the stress tensor were less than 0.1 GPa
(hydrostatic conditions). The equations of state for the studied
structures were derived from the (E, V, P) theoretical data
obtained for each of the selected volumes. The transition
pressure and the relative phase stability of the considered
structures were analyzed calculating the evolution of the
enthalpy H = E + PV with pressure.33 The lattice-dynamic
calculations of phonon modes were performed at the zone
center (Γ point) of the BZ using the force-constant approach
(or direct method).33,34 The construction of the dynamical
matrix at Γ point requires highly accurate calculations of the
forces when ﬁxed small displacements from equilibrium
conﬁguration of the atoms are considered. The number of
independent displacements needed to obtain the dynamical
matrix is reduced by using crystal symmetry. Diagonalization of
this matrix provides the frequencies, symmetries, and polarization vectors as well as the irreducible representations and the
character of the phonon modes at the Γ point.33,34 The
calculations do not include temperature eﬀects and the zero
point energy.

structure is concluded for Sr2ZnGe2O7. It may be noted that
among the melilite-type silicates and germanates, the
incommensurate structure is more commonly observed in
natural mineral samples, especially with Ca2+ ions compared to
Sr2+ or Ba2+;11,14,36,37 thus, smaller ionic radii of the Ca2+ ions
might be a reason for the formation of the modulated structure.
To observe any possible intermixing of tetrahedral cations, site
occupations of the Zn2+ and Ge4+ were reﬁned with a constraint
of stoichiometry as Sr2ZnGe2O7. No signiﬁcant change in
occupation of Zn2+ and Ge4+ sites are observed, and hence only
the ordered melilite-type structure is considered in ﬁnal
reﬁnements. The ﬁnal reﬁned structural parameters are
summarized in Table 1, and they are in close agreement with
the reported values.35,36
The analyses of the structural parameters at ambient
conditions indicate that both Ge4+ and Zn2+ have tetrahedral
coordination, and typical Ge−O distances are Ge−O1 =
1.754(4), Ge−O2 = 1.687(6), and Ge−O3 = 1.820(6) Å × 2,
while the Zn−O distances are Zn−O3 = 1.881(6) Å × 4. From
the bond length variations, it can be noticed that in
Sr2ZnGe2O7 the GeO4 tetrahedra are distorted (distortion
index Δd = 10.76 × 10−4, deﬁned as in ref 38), while the ZnO4
tetrahedra are perfectly regular. The GeO4 tetrahedral units are
linked together by sharing one of the oxygen (O2) atoms
forming the Ge2O7 unit, and they are linked by the ZnO4
tetrahedral units. The corner-linked tetrahedra form a twodimensional sheet with composition [ZnGe2O7]2−, and they are
held together by the Sr2+ions. This arrangement leads to a
ﬂexible network of rigid polyhedra in the (001) plane, which
are stacked along the [001] direction. Such arrangements are
likely to give anisotropic elastic properties, and they are
conﬁrmed by the HP structural studies presented here.
Powder XRD patterns were recorded between ambient
pressure and 19 GPa on increasing as well as on decreasing
pressure. Typical powder XRD patterns recorded at some
representative pressures are shown in Figure 2. Only data
recorded below 2θ = 18.3° are considered for further study
because of the appearance of peaks due to the stainless steel
gasket at higher angles. It can be noticed that all XRD patterns
have almost similar features, but the peaks shift toward lower
angle with increasing pressure due to the decrease in unit cell
volume with pressure. Therefore, the melilite-type frame of the
original sample seems to be retained up to the maximum
pressure of this study. However, a close comparison of the XRD

IV. RESULTS AND DISCUSSION
All reﬂections in the XRD pattern of Sr2ZnGe2O7 recorded at
the ambient pressure and temperature are attributable to the
tetragonal melilite-type structure reported earlier [ICDD PDF
77−0433]. More detailed characterization of the sample was
obtained by Rietveld reﬁnement of the powder XRD data using
the reported structural parameters of Sr2ZnGe2O7.35 The
reﬁned ambient powder XRD pattern of Sr2ZnGe2O7 is shown
in Figure 1. It can be mentioned here that no additional satellite
reﬂections due to the incommensurate phase are observed in
the present XRD pattern, and hence only the commensurate
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Table 1. Structural Parameters of Sr2ZnGe2O7 at Ambient Conditions
atoms
2+

wyc

xa

ya

za

Biso (Å)2

occ

0.3337(1)
0.335 05
0.0000
0
0.1412(2)
0.143 37
0.500 00
0.5
0.1451(8)
0.138 15
0.0784(8)
0.082 39

0.1663(1)
0.164 95
0.000 00
0
0.3588(2)
0.356 63
0.000 00
0
0.3550(9)
0.361 85
0.1711(9)
0.178 08

0.5066(3)
0.507 04
0.000 00
0
0.9528(3)
0.953 38
0.169(2)
0.18302
0.2691(11)
0.277 86
0.7951(10)
0.790 71

1.88(4)

1

2.06(8)

1

1.81(5)

1

4.1(4)

1

3.3(2)

1

2.7(2)

1

Sr1

Sr

4e

Zn1

Zn2+

2a

Ge1

Ge4+

4e

O1

O2−

2c

O2

O2−

4e

O3

O2−

8f

a

The results calculated from DFT are shown in second row in each case. Tetragonal (SG P42̅ 1m). a = 8.1531(1), c = 5.3256(1) Å, V = 354.01(1) Å3.
(Rp = 6.30%, Rwp = 8.30%, χ2 = 3.20, RB = 4.91%). DFT-calculated values: a = 8.1439, c = 5.3201 Å, V = 352.84 Å3.

material. The non-hydrostaticity of pressure-transmitting
medium can lead to a diﬀerent structure than that observed
under hydrostatic or quasi-hydrostatic conditions or conduct to
diﬀerent transition pressure. Such non-hydrostaticity-induced
structural transitions have been reported for HoVO445 and
CuWO4.46 A large diﬀerence in the transition pressure due to
non-hydrostaticity has been reported for Ti.44 Non-hydrostatic
eﬀects can also inﬂuence the axial and bulk compressibility of
the studied materials, in particular, when sample analyzed is
intrinsically anisotropic as in the case of Ca2MgSi2O718 and
Sr2ZnGe2O7 of the present study. To see the eﬀect of nonhydrostaticity the pressure evolutions of experimental unit cell
parameters of Sr2ZnGe2O7, explained later in the manuscript,
were compared with those calculated by DFT (which assumes
total hydrostatic conditions). A good agreement between
theoretical and experimental results suggests that the nonhydrostatic eﬀects are not dominant in the HP behavior of
Sr2ZnGe2O7 within the pressure range covered by our
experiments.
The analyses of the powder XRD data revealed that ambientpressure tetragonal (P4̅21m) structure is retained up to 12.2
GPa. The observed unit cell parameters of the low-pressure
(LP) tetragonal phase of Sr2ZnGe2O7 are a = 8.1458(2) and c =
5.3126(2) Å (at 0.21 GPa; the residuals of reﬁnements Rp =
1.81%, Rwp = 2.89%); a = 7.8915(4) and c = 5.1315(4) Å (at
12.2 GPa; Rp = 9.84%, Rwp = 10.32%). As expected, the
tetragonal structure has larger compression along the c-axis than
along the a- and b-axes. Also, it is seen that the unit cell
parameters observed in upstroke as well as downstroke are
consistent. The pressure evolution of a- and c-parameters of the
tetragonal phase shows nonlinear compressibility, and they are
shown in Figure 3. The axial compressibilities (deﬁned for a
given dimension x as κx = −(∂ln x/∂P)) are κa = κb = 2.62(9) ×
10−3 GPa−1 and κc = 2.98(9) × 10−3 GPa−1 (Table 2). It can be
mentioned here that the axial compressibilities calculated from
the experimental unit cell parameters obtained in the quasihydrostatic range, that is, at P < 10 GPa, are within the error
bars of these values. This conﬁrms no signiﬁcant eﬀect of nonhydrostatic pressure-transmitting medium on the HP behavior
of Sr2ZnGe2O7.The compressibility ratio κc/κa for tetragonal
Sr2ZnGe2O7 as observed from the experimental study is 1.11,
which is close to that (1.18) observed by Merlini et al.18 for
tetragonal Ca2MgSi2O7. The compressibility ratio as calculated
by ab initio calculations for tetragonal Sr2ZnGe2O7 of the
present study is 1.09. The close agreement of theory and

Figure 2. Powder XRD patterns of Sr2ZnGe2O7 at some representative
pressures. Fitted proﬁles for the XRD data at RP, 14.8, and 18.8 GPa
are shown. The Bragg peak positions are shown as ticks, and diﬀerence
plots are shown as continuous line below ﬁtted proﬁles.

patterns shows that the XRD patterns recorded at and above
12.8 GPa show anomalous peak shifts compared to those
observed below this pressure. Such anomalous peak shifts can
be accounted for by a phase transition with feeble diﬀerences in
structural arrangements between the original and the transformed phases and accompanied by a variation in lattice
contraction. Similar features have been observed in pressureinduced scheelite to fergusonite and also in monazite to post
monazite structural transitions due to the close similarity
between the original and transformed structures.39−41 Thus, the
observed changes in the XRD patterns at ∼12.8 GPa can be
attributed to a possible structural change, which will be
commented later and conﬁrmed by our HP-RS measurements.
It can be mentioned here that the pressure-transmitting
medium methanol−ethanol−water (16:3:1) used in this study
may behave non-hydrostatically above 10 GPa42−44 and hence
may inﬂuence the high-pressure behavior of the studied
6597
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reported unit cell parameters of various melilite-related
materials and found to be close to those reported for cobalt
(Co2+)-substituted Ca2ZnGe2O7.48 They are also closely similar
to the monoclinic P21/n phase of Ca2MgSi2O7 reported by
Merlini et al.18 Thus, it is concluded that the tetragonal lowpressure (LP) phase of Sr2ZnGe2O7 transforms to a monoclinic
HP phase similar to that reported by Merlini et al.18 for
Ca2MgSi2O7. Because of limited range and low resolution of
experimental data in addition to the possible non-hydrostaticity
of pressure transmission medium at P > 12 GPa, no precise
structural parameters could be obtained for the HP phase.
Thus, to further understand the HP structural behavior and
structure of HP phase, ab initio calculations within the density
functional theory formalism were performed. At normal
pressure, the calculated unit cell parameters of LP phase of
Sr2ZnGe2O7 are a = 8.1439, c = 5.3201 Å, and V = 352.84 Å3,
which are in close agreement with experimental values. The
calculated position coordinates for the LP phase are included in
Table 1 for comparison, which also show a close agreement.
The pressure-dependent unit cell parameters of LP phase are
shown as continuous dotted lines in Figure 3. The calculated
unit cell parameters at higher pressure show a smooth decrease
along both a- and c-axes, and they are comparable to the
experimental values. Density functional theory calculation on
the HP phase suggests two possible monoclinic structures,
namely, P21/n (a = 9.4507, b = 7.6914, c = 8.9859 Å, β =
113.28°; Z = 8) and C2/c (a = 8.0759, b = 10.1981, c = 8.2254
Å, β = 116.17°, Z = 4). In both the monoclinic structures, the
Sr atoms are eight-coordinated with oxygen atoms, while Ge
and Zn are tetrahedrally coordinated with oxygen atoms. The
polyhedra around the metal ions in the P21/n structure are
strongly distorted compared to that in the C2/c. However, the
experimentally observed unit cell parameters are close to the
structural parameters calculated for monoclinic P21/n structure.
The calculated position coordinates for the HP phase are given
in Table 3, which shows a reasonably good agreement with the

Figure 3. Pressure evolutions of unit cell parameters of LP and HP
phases of Sr2ZnGe2O7. Solid lines indicate third-order BM ﬁt for LP
phase. For monoclinic phase half of the unit cell volume is shown for
comparison. The DFT-calculated parameters for LP phase are shown
as dotted line. Polynomial ﬁts of the pressure evolutions of unit cell
parameters of HP phase are shown as solid line.

Table 2. Axial and Volume Compressibilities of LP and HP
Phases of Sr2ZnGe2O7
LP-Sr2ZnGe2O7 (P4̅21m)
ka (GPa−1)
kb (GPa−1)
kc (GPa−1)
kβ (GPa−1)
KV (GPa−1)

2.62(9) × 10−3
2.98(9) × 10−3
7.9(7) × 10−3

HP-Sr2ZnGe2O7 (P21/n)
1.4(1.2)
0.4(0.8)
2.2(1.0)
0.0(8)
3.8(2.0)

× 10−3
× 10−3
× 10−3
× 10−3

Table 3. Structural Parameters of High-Pressure Phase of
Sr2ZnGe2O7a as Calculated by Density Functional Theory

experiment suggests that the non-hydrostatic eﬀects are not
dominant in the HP behavior of Sr2ZnGe2O7 within the
pressure range covered in the experiments. The variations of aand c-parameters with pressure are represented as the following
nonlinear equations:
a(Å) = 8.149(2) − 0.026(1) × P + 0.00034(7) × P 2

c(Å) = 5.327(2) − 0.025(1) × P + 0.00073(10) × P 2

where P is the pressure in GPa.
As it was already commented, the analyses of the XRD
pattern of Sr2ZnGe2O7 recorded above 12.8 GPa revealed the
presence of a transformed phase, from here onward named as
HP phase. The observed reﬂections could be indexed in a
monoclinic unit cell. Considering the diﬀerent possible SGs of
melilite-type minerals and analogous materials, like K2SrP2O7
(SG P21/c),47 Ba2ZnSi2O7 (SG C2/c),35 Ca2MgSi2O7 (SG P21/
n),18 etc., the full XRD pattern at 12.8 GPa could be
successfully reﬁned and ﬁtted with a monoclinic (P21/n)
structure as the HP phase (residuals of reﬁnements are Rp =
7.24%, Rwp = 10.20%). The reﬁned unit cell parameters of HP
phase at 12.8 GPa are a = 9.36(1), b = 7.93(1), c = 9.19(1) Å,
and β = 112.4(1)°. To understand the structure of the HP
phase the observed unit cell parameters were compared with

atom

Wyc

x

y

z

Sr1
Sr2
Zn
Ge1
Ge2
O1
O2
O3
O4
O5
O6
O7

4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e
4e

0.2920
0.0196
0.1050
0.2017
0.0655
0.1485
0.3713
0.0473
0.2882
0.0684
0.2648
0.9040

0.9470
0.7358
0.9227
0.5641
0.2484
0.4597
0.4702
0.5547
0.1298
0.1678
0.7649
0.2465

0.1970
0.4479
0.8211
0.8666
0.9638
0.9861
0.8726
0.6833
0.0622
0.1477
0.9569
0.7865

a
SG P21/n. Unit cell parameters: a = 9.4508, b = 7.6914, c = 8.9859 Å,
β = 113.28°, V = 600.01 Å3. Experimental values at 18.8 GPa, a =
9.288, b = 7.915, c = 9.072 Å, β = 112.38°, V = 616.75 Å3.

experimental values.18 Further to observe the pressure-induced
structural transition, the free energy diﬀerence between the
tetragonal (LP) and monoclinic (HP) structures was calculated
for Sr2ZnGe2O7. The variation of free energy diﬀerence with
pressure (Figure 4) indicates that the monoclinic (P21/n)
structure of Sr2ZnGe2O7 becomes stable above 13 GPa, which
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indicates that the HP phase is much less compressible than the
LP phase. In addition, in the LP phase the behavior is nearly
isotropic as observed from both theoretical and experimental
data, while in the HP phase, the axial compressiblities diﬀer
very much one from the other. In particular, the lowest
compressibility of the crystal structure is along the b-direction.
Indeed, the value of κb in the HP phase (see Table 2) is as small
as the linear incompressibility of diamond and other ultraincompressible materials.49,50 On the other hand the most
compressible axis of the HP phase is the c-axis, which has a
linear compressibility 1 order of magnitude larger than the baxis (see Table 2). Additionally, we found that the monoclinic β
angle of the HP phase is apparently not aﬀected by
compression. Finally, the volume drop at the structural
transition is ∼1%; that is, it is within the error margin of our
data. This small value supports for the displacive nature of the
phase transition due to the structural closeness of both LP and
HP phases. The pressure-induced unit cell transformation from
tetragonal to monoclinic phase can be related by unit cell
relations as

further supports the transition pressure found by diﬀraction and
Raman studies.

⎛ am ⎞ ⎛ 1 0 −1⎞⎛ a t ⎞
⎜ ⎟ ⎜
⎟⎜ ⎟
⎜ bm ⎟ = ⎜ 0 1 0 ⎟⎜ bt ⎟
⎜ ⎟
⎜ ⎟
⎝ c m ⎠ ⎝ 0 0 2 ⎠⎝ c t ⎠

Figure 4. Variation of the diﬀerence in enthalpy of monoclinic HP and
tetragonal LP phase with pressure. The enthalpy of tetragonal phase is
shown as horizontal reference line.

where the subscripts m and t indicate monoclinic and tetragonal
unit cells.
Typical comparison of the LP and HP structures is shown in
Figure 5. A comparison of the LP and HP structures suggests
closely similar structural arrangements of atoms in both, except
the Sr and Ge as well as oxygen atoms split in the latter. The LP
and HP structures can be directly compared by viewing them
along the direction perpendicular to the stacking direction, that
is, along [001] direction of tetragonal structure and [101]
direction of the monoclinic structure. The analyses of the
calculated structural parameters of monoclinic Sr2ZnGe2O7

The reﬁned unit cell parameters of HP phase observed at
18.8 GPa are a = 9.29(1), b = 7.92(1), c = 9.07(1) Å, and β =
112.4(1)°. The residuals of reﬁnements of the XRD data
recorded at 18.8 GPa are Rp = 7.29%, Rwp = 11.24%. The
variations of unit cell parameters of the HP phase are included
in Figure 3. The axial compressibilities of both HP phases of
Sr2ZnGe2O7 are determined from the experimental unit cell
parameters, and they are summarized in Table 2. A comparison

Figure 5. Crystal structures of Sr2ZnGe2O7. (a) LP tetragonal (P4̅21m, 010 projection) and (b) HP monoclinic (P21/n; 010 projection). Typical
views of the ZnGe2O7 sheets in the LP and HP phases are shown in (c) 001 projection and (d) 101 projection, respectively.
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are 7.98 × 10−3 GPa−1 (tetragonal; room pressure (RP) to 12.2
GPa) and 3.78× 10−3 GPa−1 (monoclinic; 12.8 to 18.8 GPa).
The larger diﬀerence can be accounted for by the relatively
closely packed structural arrangement in the HP phase. The
observed bulk modulus (85(4) GPa) of tetragonal phase of
Sr2ZnGe2O7 is comparable with those reported for analogous
tetragonal melilites-type materials, like Ca2MgSi2O7 (90(2)
GPa,21 94(1) GPa22), Sr2MgSi2O7 (107(3) GPa25), and
Ba2MgSi2O7 (122 GPa25). The comparable compressibility of
melilite-type materials are thus related to their similar structural
arrangements. More detailed analyses of structural parameters
of tetragonal phase suggest that the compressibility mainly
arises from the compression of the AO8 polyhedra compared
ZnO4 or GeO4 tetrahedra, which is as expected for the rigid
nature of the latter. High-pressure studies of number of
germanates and silicates as well as tungstates and molybdates
indicate rigid nature of the tetrahedral units, while the
compressibilities are mainly governed by larger polyhedra
with higher coordination numbers.40,41,51,52 A case study, like
ThGeO4 polymorphs shows rigid nature of GeO4tetrahedra,
and only the distortion and volume of ThO8 units varies with
pressure.40 Similar studies on scheelite-type SrWO4 or SrMoO4
indicates the SrO8 polyhedra are more compressible compared
to the WO4 or MoO4 tetrahedral units.51,52 Thus, it can be
concluded that compressibility of Sr2ZnGe2O7 is controlled by
SrO8 units.
To further understand the pressure evolution of structure
and phase transition in melilite-type Sr2 ZnGe2O 7 , we
performed in situ HP-RS studies up to 24 GPa. The structure
of Sr2ZnGe2O7 (P4̅21m; point group D32d) has two formula units
per unit cell. Zn atoms are at 2a Wyckoﬀ sites, O1 atoms are at
2c sites, Sr, Ge, and O2 atoms are located at 4e sites, and O3
atoms are at 8f sites. Therefore, group theoretical analyses
predict 72 zone-center vibrational modes with mechanical
representation: Γ = 10A1+ 6A2+ 7B1 + 11B2 + 19E, being E
modes doubly degenerated. Of these vibrations, three are three
acoustic modes (B2 + E) and 69 optical modes (Γop = 10A1 +
6A2+ 7B1 + 10B2 + 18E). Since A2 modes are silent, there are a
total of 63 optical modes distributed into 63 Raman-active (R)
modes (ΓR = 10A1 + 7B1 + 10B2 + 18E) and 46 infrared-active
(IR) modes (ΓIR = 10B2 + 18E), leading to 45 and 28 Raman
and IR frequencies, respectively.
The optical vibrational modes of Sr2ZnGe2O7 melilite-type
and related materials can be classiﬁed as external and internal
modes of Ge2O7 “pyro” units, rotational and translational
modes of the GeO4 and ZnO4 units, and translation and
libration modes of Sr2+ and Zn2+. In this respect, identiﬁcation
of vibrational modes in pyrogermanates has not been fully
accomplished despite what we know of vibrational modes in
pyrogermanates and related germanates that have been
previously studied.2,53−58 The large number of modes, the
mixture of many modes (especially at the low-frequency
region), and the lack of known symmetry for the diﬀerent
vibrational modes are the main diﬃculties found to identify the
vibrational modes. Table 4 summarizes the correlation table of
the internal and external modes of Ge2O7 pyro units between
the site group of the molecule (C2v) and the factor group of the
crystal (D2d) to help in the identiﬁcation of the diﬀerent
Raman-active internal modes of the Ge2O7 units to be
discussed below.
RS spectra of Sr2ZnGe2O7 at some representative pressures
are shown in Figure 6. The ambient condition Raman and IR
spectra of Sr2ZnGe2O7 are shown in Supporting Information

revealed two types of Sr (Sr1 and Sr2), one Zn (Zn1), and two
types of Ge (Ge1 and Ge2) in the structure. Both the Ge1 and
Ge2 are tetrahedrally coordinated with typical bond lengths in
the range from 1.739 to 1.783 Å, while the tetrahedral Zn1 has
bond lengths in the 1.877 to 1.953 Å range. The structural
parameters of monoclinic Ca2MgSi2O7 reported by Merlini et
al.18 indicated similar coordination polyhedra around the Si and
Mg atoms. However, in the monoclinic Sr2MgSi2O7, the MgO4
tetrahedron has larger distortion; speciﬁcally, the typical Mg−O
bonds lengths are in between 1.85 and 2.29 Å. The reﬁnement
of position coordinates of the present observed XRD data of
HP-phase revealed a similarly larger dispersion of bond lengths
around the ZnO4 tetrahedra (1.90 to 2.32 Å) and also an
additional long bond (Zn−O7) at ∼2.61 Å. This contradicts
the observed more regular bond around all the atoms in
theoretically calculated structure of monoclinic Sr2ZnGe2O7.
This deviation of theory and experiment can be attributed to
the non-hydrostatic conditions of pressure-transmitting medium above 12 GPa and/or low resolution of the experimental
data. Thus, only the proﬁles of XRD patterns of the HP phases
were reﬁned with theoretically calculated position coordinates
to obtain unit cell parameters of HP-phase. The model biased
ﬁtted proﬁles for HP XRD patterns are given in Figure 2.
It can be observed that a pressure-induced structural
distortion occurs at the phase transformation pressure where
ZnO4 and GeO4 units basically retain their coordination but are
distorted. Further it can be noticed the structural transformation also aﬀects the network topology of the tetrahedral
units. The analyses of structural parameters obtained from
theory (in hydrostatic condition) indicated the topology of
[ZnGe2O7] layer ((001) plane of LP and (101) plane of HP
Sr2ZnGe2O7 phase) show clear diﬀerences. The orientations of
the tetrahedral ZnO4 and pyrogermanate (Ge2O7) units
transformed from identical ﬁve-membered ring-type arrangements of LP-phase to diﬀerent types of rings, like four- and sixmembered rings along with the ﬁve-memebered rings in HPphase. The transformed topology is similar to various meliliterelated compounds reported in literature.5,24,25
The variations of unit cell volume with pressure for the LP
and HP phases of Sr2ZnGe2O7 are shown in Figure 3. For
comparison half of the unit cell volume for the HP phase is
shown in Figure 3. The volume drop at the structural transition
is ∼1%, that is, within the error margin of our data, and it is in
agreement for the displacive nature of the phase transition. The
pressure−volume data of LP phase was ﬁtted with the thirdorder Birch−Murnaghan (BM) equation of state (EOS), and
the obtained EOS parameters are V0 = 353.9(2) Å3, B0 = 85(4)
GPa, and B′0 = 6.1(8). The implied value for B″0 is −0.1223
GPa−1. The DFT-calculated pressure-dependent unit cell
volume (included in Figure 3) for LP phase was ﬁtted to
fourth-order BM, and the obtained EOS parameters are V0 =
353.27 Å3, B0 = 83.08 GPa, B0′ = 3.997, and B0″ = −0.171.
These values are in good agreement with the experimental
values. Because of the limited experimental data points for the
HP phase, the EOS parameters could not be determined
accurately. The calculated EOS parameters of the HP phase are
V0 = 643.98 Å3, B0 = 88.6 GPa, B0′ = 4.29, and B0″ = −0.0482.
A small increase in bulk modulus in the tetragonal to
monoclinic phase is observed.
A comparison of the variation of unit cell volumes of the
tetragonal and monoclinic phases indicates that the tetragonal
phase has larger compressibility than the monoclinic phase
(Figure 3). The volume compressibilities of these two phases
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GPa. No signature of the commensurate to incommensurate
transition is observed at HP in our RS spectra. This agrees well
with our assumption of commensurate normal structure for
Sr2ZnGe2O7. A systematic shift of the modes with pressure is
observed with increasing pressure up to 12 GPa. Beyond this
pressure several additional modes are observed together with
the disappearance of some Raman modes of the LP phase.
These changes occur at a similar pressure where the changes in
the XRD patterns are noticed and thus give a support to the
concluded phase transition in Sr2ZnGe2O7 near 12 GPa. The
complete RS spectrum of the HP phase is only observed above
17 GPa when all modes of the LP phase have disappeared and
only Raman modes of the HP phase remain. Therefore, RS
studies show a coexistence of both LP and HP phases at least
during 5 GPa, which supports the displacive-type transformation between the two phases. Signiﬁcant broadening
and loss of intensity in RS spectra recorded above 18 GPa make
it diﬃcult to follow many Raman modes of the HP phase. At 21
GPa, the modes become very broad, and there is an increase in
background, which may be either pressure-induced disorder or
amorphization, which might be related to the frustration of a
structural transition as seen in most of the framework structuretype materials. In fact, many melilite-type and related
compounds are known in glassy (amorphous) state at ambient
conditions.59 The disordered samples could not revert back to
the original phase as observed from the RS spectrum of the
pressure released sample. It may be noted that the RS spectrum
of the recovered sample is similar to those of glassy melilites.59
The pressure evolution of the 17 experimental Raman-active
mode frequencies of the tetragonal LP phase is shown in Figure
7.The pressure coeﬃcients of the Raman-active modes for the
LP phase are obtained by a quadratic ﬁt of experimental data,
and they are summarized in Table 5. All the experimental
Raman-active modes of the LP phase show a normal positive
pressure coeﬃcient in good agreement with our calculations
(see Figure 7). With the help of our theoretical calculations,
which provide the frequencies, pressure coeﬃcients, and
symmetries of the 69 optical vibrations (corresponding to 51
independent frequencies) of the LP phase, we performed a
tentative assignment of the symmetry of the 17 experimental
Raman-active modes observed (see Table 5). We found that
most of the strong Raman-active modes correspond to A1
symmetry, which is in good agreement with a previous work
[namely, ref 48]. Additionally, we tentatively assigned the
symmetric or antisymmetric character of stretching (v),
bending (δ), and rocking (τ) modes of the Ge2O7 modes
with the help of the symmetry of each internal vibration (given
in Table 4) and the J-ICE program, which allows to visualize
the atomic displacements of each normal vibrational mode as
implemented in the Outcar ﬁle of the VASP program.60
From the analyses of Raman-modes we want to stress a few
assignments. First, we assigned the strongest mode of the
Raman spectrum (at 777 cm−1) with A1 symmetry to the
νs(GeO3) mode in good agreement with previous literature.2,48
Since the other high-frequency mode at 800 cm−1 corresponds
to the other A1 mode, Table 4 imposes that this mode must be
assigned to the νas(GeO3) mode, which is opposite to the
assignment in previous works.2,53 As regards the bridge Ge−
O−Ge modes, the symmetric stretching mode νs(Ge−O−Ge)
was assigned to the theoretical A1 and B2 modes near 500 cm−1.
The A1 mode is responsible for the Raman mode at 528 cm−1,
in good agreement with previous literature. Similarly, the
bending δ(Ge−O−Ge) modes were assigned to theoretical A1

Table 4. Correlation Diagram of Symmetries between the
Molecular Site Group (C2v) and Solid Factor Group (D2d),
Including Its Raman (R) and Infrared (IR) Activity, for
Ge2O7 Internal and External (translational and librational)
Vibrations
assignment
νs(GeO3)
νas(GeO3)

τ(GeO3)
νs(Ge−O−
Ge)
νas(Ge−O−
Ge)
δ(Ge−O−
Ge)
δ(O−Ge−O)
L(Ge2O7)
T(Ge2O7)

site group symmetry

factor group symmetry

A1
B1
A1
B2
B1
A2
A2
B2
A1

A1(R) + B2(R,IR)
E(R,IR)
A1(R) + B2(R,IR)
E(R,IR)
E(R,IR)
A2 + B1(R)
A2 + B1(R)
E(R,IR)
A1(R) + B2(R,IR)

B1

E(R,IR)

A1

A1(R) + B2(R,IR)

3A1+2B2+3B1+2A2

3A1(R) + 3B2(R,IR)+2A2 +5E(R,IR)+
2B1(R)
A2 + B1(R) + 2E(R,IR)
A1(R)+ B2(R,IR) + 2E(R,IR)

A2+B1+B2
A1+B1+B2

Figure 6. Pressure dependence of Raman scattering spectra of
Sr2ZnGe2O7 at room temperature.

(Figure S1), where the observed and calculated modes are
compared. The ambient pressure RS spectrum of the tetragonal
LP phase shows modes and Raman mode frequencies similar to
those reported in literature (see Table 5).2,53 It can be
mentioned here that we observed several new modes not
previously reported at ambient conditions; however, some of
them could not be observed in the DAC experiments at higher
pressures. The evolution of RS spectra of Sr2ZnGe2O7 at HP
shown in Figure 6 indicates that the 16 Raman-active modes
observed at ambient pressure persist up to 12 GPa. Only a new
mode (around 900 cm−1), not previously observed at lower
pressures, starts appearing at ∼4 GPa, and it exists up to 18
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Table 5. Theoretical and Experimental Optical Mode Frequencies, Their Pressure Coeﬃcients, and Mode Gruneisen
Parameters in the Tetragonal Low-Pressure Phase of Sr2ZnGe2O7a as Fitted to Equation ω(P) = ω0 + aP + bP2
sym

character

1B1*
2E**
3A2
4E**
5E**
6A1*
7E**
8B1*
9B1*
10A1*
11B2**
12A2
13E**
14A1*
15B2**
16E**
17E**
18B2**
19A2
20E**

T(Sr+Zn)
T(Sr+Zn+Ge)
L(Ge2O7)+ T(Sr+Zn)
T(Sr+Zn+Ge2O7)
T(Sr+Zn+Ge2O7)
T(Sr+Ge)
T(Sr+Zn)
T(Sr+Zn)
δ(O−Ge−O)+T(Sr)
T(Sr+Ge2O7)
T(Sr+Zn)
δ(O−Ge−O)+T(Sr)
L(Ge2O7) +T(Sr+Zn)
T(Sr+Ge2O7)
T(Sr+Zn+Ge2O7)
δ(O−Ge−O) +T(Sr+Zn)
L(Ge2O7) +T(Sr+Zn)
T(Sr+Zn+Ge2O7)
L(Ge2O7)
δ(O−Ge−O)+T(Sr+Zn
+Ge)
δ(O−Ge−O)+T(Sr)
L(Ge2O7)
δ(O−Ge−O)+T(Sr)
δ(O−Ge−O)
δ(O−Ge−O)
δ(O−Ge−O)+T(Zn)
δ(O−Ge−O)
δ(O−Ge−O)
δ(O−Ge−O)
δ(O−Ge−O)
δ(O−Ge−O)
δ(O−Ge−O)
δ(O−Ge−O)
τ(GeO3)
τ(GeO3)+vas(ZnO4)
τ(GeO3)+vs(ZnO4)
νs(Ge−O−Ge)
νs(Ge−O−Ge)
δ(O−Ge−O)+ vas(ZnO4)
δ(Ge−O−Ge)
δ(Ge−O−Ge)+ vs(ZnO4)
νas(GeO3)
νas(GeO3)
νas(GeO3)
νs(GeO3)
νs(GeO3)
νs(GeO3)
νas(GeO3)
νas(GeO3)
νas(GeO3)
νas(Ge−O−Ge)

21A1*
22B1*
23B2**
24E**
25A1*
26E**
27B2**
28B1*
29E**
30A2
31A1*
32E**
33B2**
34B1*
35E**
36A2
37A1*
38B2**
39E**
40B2**
41A1*
42E**
43E**
44B1*
45B2*
46E**
47A1*
48B2*
49A2
50A1*
51E**

ω0 (theor)
(cm−1)

a (theor)
(cm−1/GPa)

b (theor)
(cm−1/GPa2)

59.0
62.5
64.4
102
104
108
116
118
126
131
132
137
143
154
156
173
190
196
208
210

2.71
2.23
6.64
3.77
0.10
2.98
2.08
0.53
1.78
1.24
1.22
0.43
1.75
2.07
2.85
1.90
4.81
3.85
3.10
2.07

−0.180
−0.110
−0.200
−0.120

211
217
220
237
245
268
273
293
298
300
352
393
397
411
442
452
458
471
489
493
509
676
677
694
736
738
739
752
753
762
815

5.91
2.38
2.79
3.02
2.72
2.22
3.83
0.93
2.44
0.91
1.89
2.74
3.74
8.52
7.42
5.77
5.34
5.58
5.81
4.23
4.57
4.16
4.28
4.50
4.27
5.34
4.16
5.00
4.33
5.04
8.83

−0.130
−0.040
−0.015
0.020
−0.020
−0.030

−0.040
−0.020
−0.040
−0.160
−0.090

ω0(exp)
(cm−1)

a (exp)
(cm−1/GPa)

b (exp)
(cm−1/GPa2)

109

0.15

−0.005

118

0.83

−0.001

135

0.94

0.020

154

1.90

−0.010

178

1.74

−0.018

225

3.58

−0.090

250

2.55

−0.050

310

0.66

0.200

371

1.09

0.050

418

4.09

−0.100

528
718
718
734

4.42
4.24
4.24
4.12

−0.040
−0.050
−0.050
−0.020

777

3.94

−0.030

800
872b

5.18
5.43

−0.060
−0.002

−0.070
−0.030
−0.090
0.060
−0.030
0.030
0.020
0.008
−0.040
−0.030
−0.120
−0.100
−0.030
−0.120
−0.130
−0.070
−0.016
−0.040
−0.090
−0.070
−0.080
−0.070
−0.060
−0.060
−0.060
−0.080
−0.060
−0.130

a
Information regarding Raman (*) or Raman and infrared (**) activity is also provided. bReference 2; value extrapolated to zero pressure from
experimental linear pressure coeﬃcient.

and B2 modes at 245 and 273 cm−1. Another A1 mode is
responsible for the Raman mode at 250 cm−1 in good
agreement with literature. On the other hand, the antisymmetric stretching mode νas(Ge−O−Ge) was assigned to the

theoretical E mode at 815 cm−1, which has a very large pressure
coeﬃcient. This assignment also is in good agreement with
literature.53,56,58 We attributed this mode to the weak Raman
mode observed above 4 GPa. This assignment is in good
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Figure 7. Pressure dependence of Raman-active mode frequencies of tetragonal LP and monoclinic HP phases of Sr2ZnGe2O7: (a) low-frequency
region; (b) medium-frequency region; (c) high-frequency region. Experimental data of LP (HP) phase are depicted with ● (■). Solid (dashed) lines
correspond to theoretical Raman modes of the LP phase identiﬁed (not identiﬁed) with experimentally observed modes. Black, red, blue, pink, and
yellow refer to vibrational modes of the LP phase with B1, E, A1, B2, and A2 symmetry, respectively.

Table 6. Raman-Active Mode Frequencies and Pressure Coeﬃcients for the Monoclinic High-Pressure Phase of Sr2ZnGe2O7 at
12.2 GPa as Fitted to Equation ω(P) = ω12.2 + a(P − 12.2) + b(P − 12.2)2
ω1
ω2
ω3
ω4
ω5
ω6
ω7
ω8
ω9
ω10
ω11
ω12
ω13
ω14
ω15
ω16
ω17
ω18
ω19
ω20

ω12.2 (cm−1)

a (cm−1/GPa)

b (cm−1/GPa2)

60.8
71.3
76.7
89.9
95
103
113
123
126
128
156
162
203
242
259
280
290
305
327
345

0.56
0.64
0.55
0.26
0.22
0.23
0.78
−0.11
2.35
0.29
0.61
1.22
2.23
4.23
2.05
4.98
6.12
1.08
4.53
2.67

−0.050
−0.040
−0.030
−0.005
−0.003
−0.002
−0.100
−0.007
−0.010
−0.001
−0.020
−0.060
−0.300
−0.300
−0.060
−0.200
−0.300
−0.200
−0.200
−0.100

ω21
ω22
ω23
ω24
ω25
ω26
ω27
ω28
ω29
ω30
ω31
ω32
ω33
ω34
ω35
ω36
ω37
ω38
ω39

ω12.2 (cm−1)

a (cm−1/GPa)

b (cm−1/GPa2)

365
430
447
472
526
538
568
590
621
641
693
741
756
758
764
782
804
859
908

2.19
1.63
3.63
2.93
3.95
3.35
4.41
3.91
4.76
5.34
3.57
−1.15
2.62
5.44
7.52
8.53
10.56
2.36
7.06

−0.300
0.200
−0.30
−0.100
−0.100
−0.100
−0.100
−0.100
0.100
−0.200
−0.020
0.200
−0.080
−0.100
−0.300
−0.200
−0.450
0.100
−0.100

36Bg.Therefore, the appearance of more Raman-active modes
in the HP structure than in the LP structure is consistent with
the decrease of symmetry observed by XRD studies. Other
possible structures with monoclinic symmetry for melilite-type
materials as observed for Ba2MgSi2O7 (C2/c, point group: C2h)
predict a smaller number (39) Raman-active modes with
mechanical representation: Γ = 17Ag + 19Bg. Since the number
of observed Raman-active modes is below 39, it is not possible
to conﬁrm the symmetry from Raman data alone. The pressure
dependencies of Raman modes of HP phase were also ﬁtted by
a linear relation, and the pressure coeﬃcients of Raman modes
are given in Table 6. The monoclinic HP phase exhibits one
soft mode at 123 cm−1. In this respect, the analysis of the
Raman mode frequencies suggests that the internal modes of
Ge2O7 and ZnO4 units of the LP and HP phases become stiﬀer

agreement with its weak Raman intensity since this mode is
very strong in IR. The ambient-pressure IR modes are similarly
assigned as 813 cm−1 (νas(Ge−O−Ge)), 779 and 727 cm−1
(νas(GeO3), 526 cm−1 (δ(Ge−O−Ge), 486 cm−1 (δ(Ge−O−
Ge), νas(GeO4), and νas(Ge−O−Ge)), and 445 cm−1(τ(GeO3)
and νas(GeO4)).
Finally, regarding the modes of the HP phase, RS spectra
recorded above 12.2 GPa show splitting of several modes in
addition to the appearance of new modes at 545, 650, and 717
cm−1 other than the modes due to the tetragonal LP phase,
which persist up to 17 GPa. The frequencies and pressure
coeﬃcients of the Raman modes attributed to the HP phase at
12.2 GPa are given in Table 6. Group theoretical analysis of the
monoclinic HP phase (P21/n; point group: C2h) predicts 72
Raman modes with mechanical representation: Γ = 36Ag +
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with increasing pressure, while the low-frequency modes
(mainly due to translation of the Sr2+) become softer in the
HP phase, likely prior to amorphization. This feature is
consistent with the strong local distortion of the SrO8
polyhedra induced by pressure in melilite-type materials and
rigidity of GeO4 tetrahedral units. Furthermore, the highest
frequency mode of the HP phase has a slightly smaller
frequency than that of the LP phase, the antisymmetric bridge
stretching not observed at ambient pressure (see Figure 7).
Therefore, the frequency decrease of the highest Raman-active
mode in the HP phase compared to the LP phase suggests a
possible small increase of coordination in the tetrahedral
cations of the HP phase, as indeed observed for Zn atoms
according to parameters obtained from XRD data.
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