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Abstract
We collected in situ high-temperature powder X-ray diffraction (XRD) patterns, as well as Raman and Fourier transform 
infrared (FTIR) spectra on a natural serandite sample. The volumetric thermal expansion coefficient αV  (K−1) is determined 
as a linear function of T (K): 37.6(5) × 10−9 × T + 11.1(3) × 10−6, with an averaged value of 31.7(10) × 10−6  K−1, while the ani-
sotropy of axial thermal expansivities shows the order of αa > αb > αc. The isobaric Grüneisen parameters γiP are constrained 
as: 0.2–1.6 for most of the lattice vibrations below 500 cm−1; while 0–0.6 for the O–Si–O bending and Si–O stretching modes 
inside the  Si3O9 chains above 500 cm−1. As compared with common silicate phases in the upper mantle and the transition 
zone, the γiP parameters for the internal vibrations are significantly smaller in silicate chains (serandite, enstatite) than those 
in  Si2O7 groups (wadsleyite) and isolated  SiO4 units (forsterite, pyrope), since the rotation of the bridging O atoms (in the 
direction perpendicular to Si–O–Si) could relax the  SiO4 tetrahedra at elevated temperature. The OH-bending vibration of 
serandite is observed in both Raman-active (1378 cm−1) and IR-active (1389 cm−1) modes, with a temperature-dependence 
of − 0.07 and − 0.09 cm−1/K, respectively. The red-shift of these OH-bending modes with increasing temperature indi-
cates that the hydrogen bond gets weaker as the O3…O4 distance becomes larger during thermal expansion. Additionally, 
our polarized FTIR spectra confirm that the stretching mode of the very strong hydrogen bond, a broad absorption region 
(1400–3300 cm−1), is polarized in the direction of E//b, as reported by Hammer et al. (Am Mineral 83:569–576, 1998).

Keywords Serandite · High-temperature Raman · Polarized FTIR · Thermal expansivity · Isobaric Grüneisen parameters · 
OH-bending mode

Introduction

Serandite (space group P1 ),  NaMn2(Si3O8)OH, is a naturally 
occurring manganese pyroxenoid mineral with a salmon-
pink color (e.g., Takéuchi et al. 1973, 1976; Ohashi and 
Finger 1978), which forms a solid solution with pectolite, 
 NaCa2(Si3O8)OH (e.g., Prewitt and Buerger 1963; Prewitt 
1967). The crystal-structure refinements (e.g., Arakcheeva 

et al. 2007) indicate that the silicate chains in serandite 
twist with a 3-repeat unit  (Si3O9) along the chain direction 
parallel to the b axis, and are linked by pairs of edge-shar-
ing  MnO6 distorted chains, which are also parallel to the 
b axis. The cavities in the 3-dimensional lattice structure 
are occupied by the larger  Na+ cations. The twisted silicate 
chains yield a very short distance between two oxygen atoms 
(dO3…O4 = 2.45–2.47 Å), thus forming the donor and accep-
tor O atoms of a very strong hydrogen bond (Emsley 1981). 
An X-ray diffraction study (Takéuchi and Kudoh 1977) on 
a partially Mn-substituted pectolite crystal revealed that 
the electron density within the very strong H bond (H16 
as denoted in Williams and Weller 2014) is closer to the 
O3 atom, and a second H position (H17) closer to the O4 
position could also be refined based on the shoulder of the 
primary peak. Subsequent X-ray and neutron diffraction 
studies (Jacobsen et al. 2000; Williams and Weller 2014) 
constrained the covalent O–H bond length (dO–H) and the 
hydrogen bond length (dO..H) to be ~ 1.0 Å and 1.4–1.5 Å, 
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respectively, which corresponds to an OH-stretching band 
with a frequency of ~ 1000 cm−1 (Libowitzky 1999). The 
occupancies in the H16 and H17 positions at ambient con-
dition are estimated to be 84 and 16%, respectively, from 
Jacobsen et al. (2000); while 78 and 22%, respectively, from 
Williams and Weller (2014).

Polarized FTIR absorption spectra (Hammer et al. 1998) 
indicated that a broad absorption region (from 1400 to 
3500 cm−1), which polarized in the direction parallel to the 
b axis for both serandite and pectolite, could be assigned 
to an OH-stretching mode consistent with the very strong 
H bond. They also identified IR-active OH-bending modes 
at 1396 cm−1 (pectolite) and 1386 cm−1 (serandite), and in 
pectolite this band was found to shift to higher frequency 
at decreased temperature. In addition, Frost et al. (2015) 
reported unpolarized Raman and infrared spectra for pec-
tolite, and detected a Raman mode at 1388 cm−1, which we 
attribute to a Raman-active OH-bending mode based on the 
IR result from Hammer et al. (1998).

In this experiment, we collected in situ XRD patterns, as 
well as Raman and FTIR spectra on serandite in the high-
temperature range up to 860 K. We used this dataset to con-
strain the anisotropy of the axial thermal expansivity for the 
triclinic structure of serandite, enabling a comparison with 
Williams and Weller (2014). We studied the lattice vibra-
tional and OH-bending modes, as well as their temperature-
dependence and the isobaric Grüneisen parameters of seran-
dite. Previously, Zucker and Shim (2009) reported much 
smaller temperature-dependence for the O–Si–O bending 
and Si–O stretching bands in the  Si2O6 chains in enstatite, 
compared with those in the isolated  SiO4 units in forsterite. 
On basis of our measurements on serandite, we have made 
comprehensive comparison of the isobaric Grüneisen param-
eters for the O–Si–O bending and Si–O stretching modes 
among silicates with isolated  SiO4 units (forsterite, pyrope), 
 Si2O7 groups (wadsleyite), as well as  Si3O9 (serandite) and 
 Si2O6 (enstatite) chains. Furthermore, we related the high-
temperature behavior of the OH-bending modes in serandite 
to the crystal chemistry of serandite at high temperatures 
(Williams and Weller 2014).

Experimental procedures

Natural crystals of serandite used in this study were from 
Mont-Saint-Hilaire, Quebec, Canada, and the chemical com-
position has been reported previously to be Na  (Mn1.93Ca0.07) 
 Si3O9H (Jacobsen et al. 2000; Williams and Weller 2014). 
Prior to our measurements, the phase and purity of the 
sample were confirmed by both powder XRD and Raman 
spectroscopy. High-temperature powder XRD patterns were 
collected on a PANalytical Empyrean X-ray diffractometer 
with Cu-anode X-ray tube (Kα1 = 1.54056 Å, Kα2 = 1.54439 

Å) in a 2θ range of 10–80°. Ground sample powder was 
loaded on a commercial resistance-heating Pt stage, which 
was mounted in a vacuum chamber. Experimental tempera-
tures were controlled by an Omega temperature-control unit 
from 300 to 800 K, with an increment of 50 K, a heating rate 
of 10 K/min, and an uncertainty within 2 K. The software 
package Peakfit v4.12 (Sea Solve Software Inc., Massachu-
setts, USA) was utilized for peak fitting in the XRD patterns, 
as well as the Raman and FTIR spectra (see below). The 
software UnitCell (Holland and Redfern 1997) was used to 
refine the unit-cell parameters at various temperatures.

High-temperature Raman spectra were measured using 
a double-grating Jobin–Yvon spectrometer, with an argon 
ion laser (λ = 514.5 nm) to excite the serandite sample. A 
silicon crystal was adopted as reference for calibration of 
the spectrometer. A crystal in a size about 100 × 80 × 80 μm3 
was loaded on the sapphire window of a Linkam TS 600 
heating stage. High temperatures were achieved by resist-
ance heating up to 850 K at a regularly increasing interval 
of 50 K. The temperatures were controlled by an automatic 
temperature controlling unit with an uncertainty within 2 K, 
and each target temperature was maintained for about 5 min 
before measurement. The Raman spectra were measured 
from 100 to 1500 cm−1.

High-temperature mid-IR spectra were obtained on a 
Nicolet iS50 FTIR spectrometer coupled with a Continuum 
IR microscope, a white light source, a KBr beam-splitter 
and a MCT-A detector cooled by liquid nitrogen (Yang et al. 
2015). An unoriented crystal of serandite was double-sided 
polished to a thickness of ~ 60 μm, and loaded on an  As2Se3 
plate, which was mounted in a Linkam TM600 heating 
stage. Measurements were carried out from 300 to 860 K, 
with an increment of 40 K. Each spectrum was acquired in 
a range of 1000–4000 cm−1 (in transmission mode), with an 
accumulation of 128 scans and a resolution of 4 cm−1. In 
addition, a second crystal (250 × 100 μm2 with the long side 
parallel to the b axis), which had been oriented parallel to 
(100) and double-sided polished to a thickness of ~ 50 μm, 
was used for polarized FTIR measurements in the range of 
700–4000 cm−1.

Results and discussions

Thermal expansivity

Selected powder XRD patterns for serandite at elevated 
temperatures are shown in Fig. 1, and the unit-cell param-
eters were refined using at least 18 of the following Bragg’s 
peaks: (100), (001), (101), (110), (200), (201), ( ̄102), (01̄2), 
(120), (012), ( ̄202), (300), (202), (12̄2), (220), ( ̄320), ( ̄103), 
(221), ( ̄302), ( ̄140), (004), (24̄2), (501), (22̄ 4) and (502), as 
shown in the figure. The unit-cell parameters, as a function 



707Physics and Chemistry of Minerals (2019) 46:705–715 

1 3

of temperature, are listed in Appendix Table 2, and plotted 
in Fig. 2a, b. Williams and Weller (2014) also refined the 
unit-cell parameters for serandite using powder neutron dif-
fraction, at temperatures of 4 K, 150 K, 298 K, 575 K and 
800 K, and their result is in excellent agreement with our 
finding, as compared in Fig. 2.

The thermal expansion coefficient α,  [K−1], which is used 
to describe the evolution of volume as a function of tempera-
ture at constant pressure, is defined as:

We fit the thermal expansion coefficient for seran-
dite as a linear function of temperature: αV  (K−1) = 37.6 
(5) × 10−9 × T + 11.1 (3) × 10−6 (R2 = 0.9995) in the tem-
perature range of 300–800 K (at ambient pressure), with 
an averaged value of α0= 31.7(10) × 10−6  K−1 (R2 = 0.9927), 
which is slightly smaller than, but still in agreement with 
that reported by Williams and Weller (2014), considering the 
uncertainties of measurement. The averaged thermal expan-
sion coefficients for the axes (αa, αb, and αc) and angles (αα, 
αβ, and αγ) are also listed in Table 1.

The anisotropy of the axial thermal expansivities reflect 
an order of αa > αb > αc. Earlier structure refinements on 
serandite (e.g., Arakcheeva et al. 2007) indicate that most 
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of the M–O–M and Si–O–Si linkages are located approxi-
mately parallel to the b–c plane, especially near-along the 
c axis. During the thermal expansion process, the bridging 
oxygen atoms rotate normal to the M–O–M (Si–O–Si) direc-
tion, which could have the effect of shortening the M–M 
(Si–Si) distance (Lightfoot et al. 2001), and thus the axial 
thermal expansivity shows a maximum along the a axis, and 
a minimum along the c axis. On the other hand, the unit-
cell angle γ increases during the thermal expansion process, 
while α and β decrease with the magnitudes of αα > αβ. The 
α angle (between the b and c axes) decreases dramatically, 
perhaps due to relaxation of the M–O–M and Si–O–Si link-
ages during thermal expansion.

Unlike in the orthorhombic and higher-symmetry crys-
tal systems, the principal axes for thermal expansion and 
compression do not necessarily coincide with the unit-
cell axes (a, b and c) in the monoclinic and triclinic sys-
tem (e.g., Ye et al. 2015). To describe the fundamental 
mechanical response of the serandite structure to temper-
ature, we determined the principal axes for the thermal 
expansion (X1, X2, and X3) using the software package 
PASCal (Cliffe and Goodwin 2012), to reduce the com-
ponents of thermal expansion coefficients from 6 to 3 in 
this triclinic system. Variations of these principal axes for 
thermal expansion with temperature are listed in Appendix 

Fig. 1  Representative XRD 
patterns for serandite at ambient 
and high temperatures, with the 
Bragg’s peaks indexed
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Table 3 and plotted in Fig. 2c, while the corresponding 
thermal expansion coefficients and the matrix for the ori-
entations of these principal axes are reported in Table 1. 

The vectors for the principal axes for thermal expansion 
are also compared with respect to the orientations of the 
unit-cell axes in Fig. 2d, and the magnitudes of the axial 
thermal expansivities show the order of αX1 ≈ αX2 > αX3.

Fig. 2  Variations of the unit-cell, a axes (a, b, c), b angles (α, β, γ), c 
volume (V) and the three principal axes for thermal expansion (X1, X2, 
and X3) with temperature (solid symbols for this study), as compared 
with those from Williams and Weller (2014) (open symbols). The 

volume and principal axes have been normalized to the 300  K val-
ues in c, and the orientations of the principal axes are sketched with 
respect to the triclinic unit cell in (d)
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Raman spectra at high temperature

Raman spectra for serandite are plotted in Fig. 3. Raman 
bands with low intensities are observed in the fre-
quency ranges below 300 cm−1 (117, 137, 164, 206, 225, 
and 270 cm−1) and 300–470 cm−1 (332, 367, 419, and 
463 cm−1), which are attributed to the lattice vibrations 
and the Mn–O stretching modes, respectively. Three bands 
at 498, 515, and 526 cm−1, shown as a ‘triplet’ with low 
intensities, are associated with the O–Si–O out-of-plane 
bending vibrations in the  Si3O9 chains (Dowty 1987). 
The Raman mode with maximum intensity is observed 
at 668 cm−1, with another two weak bands at 704 and 
720 cm−1, and these three Raman modes are ascribed to 

the O–Si–O symmetric bending vibrations in  Si3O9 (Black 
et al. 2007). The bands at 903, 978, 1003, and 1024 cm−1 
are assigned to the Si–O stretching modes, and the ones 
at 978 and 1003 cm−1 are unique for the  Si3O9 chains 
in serandite. Similarly, Frost et al. (2015) proposed the 
Raman modes at 974 and 998 cm−1 to identify  Si3O9 in 
pectolite. A very weak and broad band is observed at 
1378 cm−1, which is the bending mode of the very strong 
hydrogen bond. Frost et al. (2015) identified a similar 
Raman-active OH-bending mode at 1388 cm−1 for pecto-
lite. The Raman modes for serandite from this study are 
compared with those for pectolite at ambient condition 
(Frost et al. 2015) in Appendix Table 3, and the differences 
generally within ± 15 cm−1 between these two isostruc-
tural minerals, in spite of the composition difference in 
the octahedral sites  (Mn2+ cations in serandite and  Ca2+ 
cations in pectolite).

Most of the Raman modes persisted at high tempera-
tures up to 850  K (Fig.  3), Another Raman spectrum 
obtained at 300 K after heating shows no significant differ-
ence from the one measured before heating. The Raman-
active OH-bending mode became too weak to be detected 
above 750 K, but was recovered when quenched to room 
temperature. Variations of the vibrational modes versus 
temperature are plotted in Fig. 4a–d, with a linear regres-
sion line for each mode. All these modes systematically 
shift to lower frequencies at elevated temperatures, and the 
fitted slopes (∂vi/∂T)P=0 are listed in Appendix Table 3. We 
calculated the isobaric mode Grüneisen parameters (γiP) 
as in Eq. (2):

where α is the thermal expansion coefficient, which has 
been derived above. The range of the isobaric Grüneisen 
parameters is 0.24–1.56 for the lattice and Mn–O stretch-
ing vibrations (except the one at 332 cm−1), 0.06–0.21 for 
the O–Si–O out-of-plane bending modes, 0.32–0.53 for the 
O–Si–O symmetric bending modes, and 0.21–0.51 for the 
Si–O stretching modes (Fig. 5).

To compare the thermal behaviors of different  SiO4 
tetrahedral linkages in silicate, we plot the γiP parame-
ters for the O–Si–O bending and Si–O stretching modes 
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Table 1  The averaged thermal 
expansion coefficients for 
the unit-cell parameters as 
well as the principal axes for 
thermal expansion with the 
corresponding orientation 
matrix

Unit-cell axes Unit-cell angles Principal expansion 
axes

Orientation matrix

α0  (10−6  K−1) α0  (10−6  K−1) α0  (10−6  K−1) a b c

a 12.4(3) α − 2.9(1) X1 12.6(3) 0.9714 − 0.0617 0.2292
b 11.2(4) β − 0.8(1) X2 12.3(5) 0.1166 0.7657 0.6326
c 8.5(2) γ 1.2(1) X3 6.9(2) − 0.2461 − 0.6267 0.7393
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Fig. 3  Selected Raman spectra at ambient and elevated tempera-
tures with background subtracted and the peak positions denoted. In 
the spectrum obtained at 300 K, we magnify the weak signals below 
600  cm−1, as well as above 1200  cm−1 for clarity. The spectrum 
obtained at 300 K after heating is also shown for comparison
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Fig. 5  The isobaric Grüneisen 
parameters (γiP) of the Raman-
active modes for serandite

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

iP

1000900800700600500400300200100

 Raman Shift (cm-1)

lattice and Mn-O 
stretching modes

Si-O stretching
        modes

O-Si-O symmetric
   bending modes

 O-Si-O out-of-plane
     bending modes

iP = 2.49 for the 

mode at 332 cm-1



711Physics and Chemistry of Minerals (2019) 46:705–715 

1 3

inside the  Si3O9 chains of serandite in Fig. 6, together with 
those of common silicate minerals in the upper mantle 
and the transition zone: such as forsterite  (Mg2SiO4 oli-
vine) (Gillet et al. 1991, 1997; Yang et al. 2015), pyrope 
 (Mg3Al2Si3O12 garnet) (Gillet et al. 1992; Kolesov and 
Geiger 2000), enstatite  (MgSiO3 orthopyroxene) (Zucker 
and Shim 2009), wadsleyite (β-Mg2SiO4) (Reynard et al. 
1996; Yang et al. 2012), as well as akimotoite  (MgSiO3 
ilmenite) (Reynard and Rubie 1996; Okada et al. 2008). 
The  Si4+ cations are 6-coordinated in akimotoite, while 
in 4-coordination with O in the other silicate phases. The 
Si tetrahedra form  Si2O7 groups in wadsleyite (e.g., Holl 
et al. 2008) and  Si3O9 3-periodic chains in serandite (e.g., 
Jacobsen et  al. 2000). In enstatite (e.g., Cameron and 
Papike 1981), the chains of edge-sharing  MgO6 octahe-
dra and corner-sharing  SiO4 tetrahedra (2-periodic  Si2O6 
chains//[001]) alternate with each other along the a axis.

The isobaric Grüneisen parameters (γiP) for the Si–O 
stretching modes generally decrease in the order of: isolated 
 SiO4 units (forsterite and pyrope) > Si2O7 groups (wadsley-
ite) > Si3O9 chains (serandite) > Si2O6 chains (enstatite). 
The γiP parameters for the  SiO6 octahedra in akimotoite are 
comparable to those for the isolated  SiO4 tetrahedra in for-
sterite and pyrope. During the thermal expansion process at 
high temperatures, the  SiO4 tetrahedra in the silicate chains 
can rotate about the shared bridging O atoms as a relaxa-
tion, rather than increasing the Si–O bond lengths inside the 

 SiO4 tetrahedra. On the other hand, the volumetric thermal 
expansion coefficient for serandite is 8–10% smaller than 
those for forsterite (Kroll et al. 2012) and enstatite (Jack-
son et al. 2003), while it is 10–15% larger than those for 
wadsleyite (Trots et al. 2012), pyrope (Du et al. 2015), and 
akimotoite (Ye et al. 2013). In addition, the γiP parameters 
for the lattice and M–O stretching vibrations of serandite 
(below 500 cm−1) are also systematically smaller than those 
for forsterite (Gillet et al. 1991, 1997; Yang et al. 2015), 
which could also be explained by the relaxation of the M–O 
bonds due to the rotational motion about the bridging O 
atoms at elevated temperature.

Polarized and high‑temperature FTIR spectra

The polarized FTIR spectra on the (100) slab of seran-
dite were measured from 0° to 180° with an interval of 
15° (Fig. 7). We selected the E//c direction as 0° (180°), 
while the E//b direction is almost parallel to 90° (the angle 
between the b and c axes is α = 90.4°). The complex peaks 
below 1200 cm−1 are attributed to the O–Si–O bending and 
Si–O stretching modes for the  Si3O9 chains (Farmer 1974), 
and they are truncated in most cases due to insufficient sam-
ple thinning. The discrete peaks at 1389, 1623, as well as 
1964 cm−1 (with a shoulder at 1988 cm−1) can be clearly 
identified at all polarization angles except 90°. The relatively 
strong mode at 1389 cm−1 is ascribed to the OH-bending 

Fig. 6  Comparison of the γiP 
Grüneisen parameters for the 
O-Si–O bending and Si–O 
stretching modes among differ-
ent silicate units: isolated  SiO4 
units in forsterite (open squares, 
Gillet et al. 1991, 1997; Yang 
et al. 2015) and pyrope (open 
diamonds, Gillet et al. 1992; 
Kolesov and Geiger 2000), 
 Si2O7 groups in wadsleyite 
(gray squares, Reynard et al. 
1996; Yang et al. 2012),  Si3O9 
chains in serandite (black 
squares, this study),  Si2O6 
chains in enstatite (gray trian-
gles, Zucker and Shim 2009), 
as well as octahedral  SiO6 in 
akimotoite (gray circles, Rey-
nard and Rubie 1996; Okada 
et al. 2008)
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mode, which was also observed at 1386 cm−1 with E//c 
by Hammer et al. (1998). The Raman-active OH-bending 
mode has also been observed at 1378 cm−1 for serandite (see 
above), at a frequency ~ 10 cm−1 lower than the IR-active 
mode. A similar difference was also observed for pectolite 
between the Raman (1388 cm−1, Frost et al. 2015) and FTIR 
(1396 cm−1, Hammer et al. 1998) spectra.

Similar to the polarized FTIR measurements on pecto-
lite and serandite (Hammer et al. 1998), a broad absorp-
tion region (in the frequency range of 1300 ~ 3300 cm−1) is 
observed for the polarization angles from 60° to 120° with 
maximum intensity at 90° (E//b), which could be correlated 
to the stretching vibration of the very strong H bond paral-
lel to the b axis. Additionally, a broad hump at 2850 cm−1 
is also detected in the polarization angle range of 60–120°.

In situ unpolarized FTIR spectra of serandite were meas-
ured up to 860 K (Fig. 8), with another spectrum obtained 
when quenched to room temperature for comparison. Vari-
ation of the IR-active OH-bending mode with temperature 
is plotted in Fig. 9a, and compared with that for the Raman-
active one (upto 750 K). Both modes shift to lower frequency 
at elevated temperature with a rate of − 0.090 cm−1/K for 

the IR-active mode (γiP = 2.34), and − 0.070 cm−1/K for the 
Raman-active one (γiP = 1.82). Hammer et al. (1998) also 
observed that the IR-active OH-bending mode in pectolite 
shifted to higher frequency when temperature was decreased 
to 83 K. The negative temperature-dependence for these OH-
bending modes implies that the hydrogen bond gets weaker 
at higher temperature. The structure refinement on serandite 
at various temperatures (Williams and Weller 2014) indi-
cated that the O3…O4 distance elongates significantly with 
temperature increasing, while the lengths of the covalent 
O–H bonds (O3–H16 and O4–H17) as well as the hydrogen 
bonds (O3…H17, O4…H16) remain nearly temperature 
independent upto 800 K. Thus, the angles of O3–H16…
O4 and O4–H17…O3 may become larger (closer to 180°). 
Furthermore, the occupancies of the two H sites (H16, H17) 
tend to approach each other (50%) at elevated temperature, 
and the structure of serandite shifts toward a symmetric dou-
ble-well potential with small separating potential at higher 
temperature.

In addition, the mode at 1623  cm−1 shifts to lower 
wavenumbers with temperature increasing at a rate of 
− 0.028 cm−1/K, which is exactly twice of the temperature-
dependence for a fundamental Si–O stretching mode at 
903 cm−1 ((∂vi/∂T)P = − 0.014 cm−1/K) (Fig. 9b). In contrast, 
the band at 2850 cm−1 shifts strongly to higher frequencies 
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Fig. 7  Polarized FTIR spectra on the (100) slab of serandite from 
0° to 180° with the sample thickness normalized to 1 cm. The angle 
of 90° was chosen parallel to the b axis, while the c axis is closely 
aligned with 0° (180°) (*: organic contamination)
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with a temperature-dependence of + 0.378 cm−1/K, and gets 
significantly weaker and broader (shown as vertical bars for 
the data points in the figure). Such behavior is common for 
the stretching vibrations of hydrogen bonds in many hydrous 
minerals. Moreover, the mode at 2850 cm−1 is polarized in 
the direction approximately parallel to the b axis. Hence, we 
speculate that the observed mode at 1623 cm−1 is the first 
overtone of the Si–O stretching band at 903 cm−1, while 
the one at 2850 cm−1 might be the first overtone of a OH-
stretching band at ~ 1500 cm−1.

Conclusions

In this study, we conducted high-temperature XRD, Raman 
and FTIR experiments on a natural sample of serandite 
from room temperature upto 850 K at ambient pressure. 
The averaged volumetric thermal expansion coefficient is 
31.7(10) × 10−6  K−1, and the a axis shows the largest axial 
thermal expansivity. To relate the anisotropy of the thermal 
expansion to this triclinic structure, the principal axes for 
thermal expansion (X1, X2, and X3) were also determined, 
reducing the number of thermal expansion coefficients from 
6 to 3.

All the lattice vibrations systematically shift to lower 
frequencies at elevated temperatures, and the isobaric Grü-
neisen mode parameters (γiP) are determined for all these 
Raman-active modes. As compared with common silicate 
minerals of the upper mantle and the transition zone, the 
γiP parameters for the O–Si–O bending and Si–O stretching 
vibrations are negatively correlated with tetrahedral linking, 

and the parameters decreases in the order: isolated  SiO4 unit 
(olivine and garnet) > Si2O7 group (wadsleyite) > Si3O9 
chain (serandite) > Si2O6 chain (enstatite).

In addition, our polarized FTIR spectra on a (100) seran-
dite slab are in agreement with the previous study by Ham-
mer et al. (1998). The OH-bending mode, which is polarized 
in E//c, was observed in both the Raman and FTIR spectra. 
The IR-active mode occurs at slightly higher wavenumber, 
and shifts to lower frequency at elevated temperature with 
a larger rate, as compared with the Raman-active one. A 
broad absorption region, assigned to the stretching vibra-
tion of the very strong hydrogen bond at 1300–3300 cm−1, 
was observed in the polarization E//b. A band at 2850 cm−1 
with the same polarization, which shifts strongly to higher 
frequency with temperature increasing, is assigned to the 
first overtone of a OH-stretching mode at ~ 1500 cm−1.
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Appendix

See Tables 2, 3.

Fig. 9  a The Raman-active and 
IR-active OH-bending modes as 
well as b the modes at 1623 and 
2850 cm−1 as a function of tem-
perature. Linear regression lines 
are fitted, and the full-width of 
half maximum is presented as 
vertical bars for each vibrational 
band
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