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then to ringwoodite (γ-phase) at a depth of about 520 km 
in the mantle transition zone (Ringwood and Major 1970; 
Kohlstedt et al. 1996; Redfern et al. 2000; Chudinovskikh 
and Boehler 2001; Zhang and Smyth 2022). The olivine 
polymorphs can also be the major nickel reservoirs in the 
mantle (Ishimaru and Arai 2008; Straub et al. 2008; Zhang 
et al. 2018; Demouchy and Alard 2021; Zhang and Smyth 
2022). In some localities such as Barberton, South Africa and 
Lavrion, Greece, Ni-dominant olivine (liebenbergite) and 
Ni-rich olivine do occur naturally (De Waal and Calk 1973; 
Tredoux et al. 1989; Koshlyakova et al. 2017). According 
to previous experimental investigations, pure liebenbergite 
transforms to Ni2SiO4 spinel at only 2–3 GPa (dependent on 
temperature) (Akimoto et al. 1965; Ma 1974). Therefore, 
the high-pressure and high-temperature behaviors of olivine 
polymorphs in Ni2SiO4 are expected to be significantly dif-
ferent from those in (Mg, Fe)2SiO4.

The crystal structure of liebenbergite consists of two sym-
metrically distinct NiO6 octahedral sites (M1 and M2) and 
one isolated SiO4 tetrahedral site (Si site). It is orthorhombic 

Introduction

The olivine (M2SiO4, M = divalent cation) orthosilicate and 
its high-pressure polymorphs are important phases of the 
Earth’s interior. In the upper mantle, (Mg, Fe)2SiO4 oliv-
ine (α-phase) is believed to be the most abundant mineral. 
It transforms to wadsleyite (β-phase) at 410-km depth and 
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in the Pbnm space group. By contrast, Ni2SiO4 spinel is 
cubic in the Fd−

3 m space group and contains only one octa-
hedral site and one isolated tetrahedral site (Finger et al. 
1979; Gartvich and Galkin 2019). The unit-cell parameters 
and crystal structures of Ni2SiO4 liebenbergite and spinel 
were previously measured at various pressure and tempera-
ture by the X-ray diffraction method (Mao et al. 1970; Sato 
1977; Finger et al. 1979; Gartvich and Galkin 2019; Zhang 
et al. 2019). Based on the measurements under compres-
sion up to 12 and 30 GPa, the values KT (isothermal bulk 
modulus) of Ni2SiO4 spinel were calculated to be 214 and 
223 GPa, respectively (Mao et al. 1970; Sato 1977). Finger 
et al. (1979) showed that, for Ni2SiO4 spinel, the polyhe-
dral bulk modulus is about 170 GPa for the NiO6 octahe-
dron and is greater than 250 GPa for the SiO4 tetrahedron. 
Zhang et al. (2019) found that liebenbergite can be the most 
incompressible olivine-group silicate. On the basis of the 
compressional equation of state measurement up to 42.6 
GPa at room temperature, the value KT of liebenbergite was 
estimated to be about 163 GPa. Gartvich and Galkin (2019) 
determined temperature dependencies of molar volumes 
and coefficients of bulk thermal expansion of liebenber-
gite, and showed that the values of adiabatic bulk modulus 
KS and isothermal bulk modulus KT can be about 165 GPa 
and 163.7 GPa, respectively. For both Ni2SiO4 spinel and 
liebenbergite, according to Finger et al. (1979), the ratio of 
Ni-O distance in the octahedral site to Si-O distance in the 
tetrahedral site, (do/dt), decreases with increasing pressure 
or decreasing temperature.

Yamanaka and Ishii (1986) measured Raman spectra of 
Ni2SiO4 spinel in the temperature range of 20–600 ℃, and 
suggested that the Si-O bond can be significantly weakened 
at high temperatures.  Lin (2001a) studied the Raman spec-
tra of synthetic liebenbergite under compression up to 35 
GPa in the quasi-hydrostatic (water was used as the pressure 
medium) and non-hydrostatic (no pressure medium) pres-
sure environments. The results indicate that the distortion 
of SiO4 tetrahedra may be more severe than that of NiO6 
octahedra at high pressures.

To better understand the high-pressure and high-temper-
ature behaviors of liebenbergite and Ni2SiO4 spinel and the 
effects of nickel on the vibration properties of olivine and 
spinel-group minerals, we have synthesized liebenbergite 
and Ni2SiO4 spinel at 5 GPa, 1420 °C and 5 GPa, 1500 ℃, 
respectively. Tescan integrated mineral analyzer (TIMA) 
and single-crystal X-ray diffractometer were used to inves-
tigate their chemical compositions and crystal structures. In-
situ high-pressure (argon was used as the pressure medium) 
and high-temperature Raman spectroscopic measurements 
of liebenbergite and Ni2SiO4 spinel have been conducted up 
to 22 GPa and 700 °C, respectively. Isothermal and isobaric 
mode Grüneisen parameters were calculated based on the 

experimental data. In addition, the intrinsic anharmonicities 
of liebenbergite and Ni2SiO4 spinel were also evaluated.

Experimental work

The liebenbergite and Ni2SiO4 spinel samples were respec-
tively synthesized at 5 GPa, 1500 °C and 5 GPa, 1420 °C 
with heating time of 8 h in the GY-420 cubic-anvil appa-
ratus at Center for High Pressure Science and Technology 
Advanced Research, Beijing. Pressure was calibrated based 
on Bi I-II and quartz-coesite phase transition at 2.55 GPa, 
room temperature and 3.2 GPa, 1100 °C, respectively. The 
temperature effect during the calibration process was not 
considered. High-purity oxide powders (NiO and SiO2) 
were mixed using ethanol in an agate mortar for 1–2 h 
and dried at 110 °C overnight. The mixed starting material 
powder was then filled into a Pt capsule (ID 3.2 mm, OD 
3.5 mm, length 5 mm). To minimize thermal gradient, the 
capsule was put at the center of a graphite heater. During 
the experiments, the starting materials were cold pressed to 
target pressure and then heated to target temperature with 
a rate of 100 °C/min. Temperature was monitored using a 
W3Re-W25Re (type D) thermocouple controller. The runs 
were quenched by cutting the power and temperature (typi-
cally dropped down to 100 °C in < 50 s). The recovered 
capsules were mounted in epoxy and polished to expose the 
polycrystalline specimens.

For phase identification, the polished capsules were 
scanned by a TIMA3X FEG LMH analyzer with 8.83 nA 
probe current and 25,000 eV beam energy. The working 
distance, spot size, and pixel size were 15 mm, 91.67 nm, 
and 1 μm, respectively. The representative SEM images 
of the exposed run products are shown in Fig. 1. For crys-
tal structure analysis, single crystals of liebenbergite and 
Ni2SiO4 spinel were selected from the run products, and 
then analyzed by using a Bruker D8 Venture X-ray diffrac-
tometer with a PHOTON detector. The X-ray (λ = 0.71073 
Å) was generated at 50 kV and 1.4 mA via a IµS 3.0 gen-
erator equipped with a Mo anode. The crystal structures 
were refined from the collected intensity data with SHELX 
(Sheldrick 2015) in WINGX software (Farrugia 2012). The 
refinements were based on the reported scattering factors 
and absorption coefficients for Ni, O and Si in International 
Tables for Crystallography, Volume C (Prince 2004). The 
unit-cell and atom position parameters (Table S1) are esti-
mated based on the results of single-crystal X-ray diffrac-
tion analyses. The X-ray powder diffraction patterns for Cu 
Kα radiation (λ = 1.5405 Å) of liebenbergite and Ni2SiO4 
spinel were calculated using Vesta software (Fig. S1). As 
shown in Fig. 1, most of the starting composition success-
fully transformed to liebenbergite and Ni2SiO4 spinel, while 
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minor residual unreacted NiO and SiO2 remain as bunsenite 
and coesite.

In the high-pressure Raman spectroscopic measurements, 
a pair of type Ia diamond anvils with 300 μm culet diam-
eter was used to compress the sample in a symmetric-type 
diamond-anvil cell (DAC). The unoriented chips of lieben-
bergite (about 50 × 50 × 30 μm in size) and Ni2SiO4 spinel 
(about 40 × 30 × 30 μm in size) were loaded separately into 
the hole (approximately 150 μm in diameter and 40–50 μm 
in depth) in a rhenium gasket with one or two ruby spheres. 
Argon (Ar) was used as the pressure-transmitting medium. 
According to Klotz et al. (2009), the potential pressure gra-
dients are expected to be lower than 0.2 GPa at pressures up 
to 20 GPa. Due to the rapid increase in pressure gradients 
over 20 GPa, the spectra obtained below 20 GPa were used 
to analyze the variations in Raman modes under compres-
sion and decompression. Raman spectra were collected by 
a HORIBA LabRAM HR Evolution laser Raman spectrom-
eter with a 20×microscope objective at Institute of Geology, 
Chinese Academy of Geological Sciences. All spectra were 
excited by a 532 nm solid-state laser and collected in the 
wavenumber range from 100 to 1200 cm− 1, using 10 accu-
mulations and 5 s exposure time with a spectral resolution 
of 1 cm− 1. A laser power of 40 mW was used at the surface 
of the sample. Pressures were estimated based on the shift of 
the ruby R1 luminescent line (Chijioke et al. 2005).

Raman spectra of the unoriented liebenbergite (about 
50 × 40 × 40 μm in size) and Ni2SiO4 spinel (about 
40 × 30 × 30 μm in size) at various temperature were 

analyzed by a WITec’s confocal Raman imaging microscope 
alpha300 R with a 20 × objective at Institute of Geology 
and Geophysics, Chinese Academy of Sciences. A Linkam 
TS1400 heating stage with a SiO2 window and a Rh/Pt ther-
mocouple was used for the high-temperature measurements 
at 25, 100, 200, 300, 400, 500, 600, and 700 °C during heat-
ing and cooling (increasing and decreasing rates are 50 °C/
min and − 50 °C/min, respectively). At each temperature, 
the sample was held for 10 min to reach equilibrium. All 
spectra were excited by a 488-nm solid-state laser and col-
lected in the wavenumber range of 200–1000 cm− 1 with 40 
mW power on the sample, using 1800 gr/mm grating with 
15 accumulations and 20 s exposure time.

Results and discussion

Raman spectra of liebenbergite and Ni2SiO4 spinel 
at ambient conditions

As summarized in Fig. 2, the unpolarized Raman spectrum 
of liebenbergite displays 15 bands at 221, 254, 272, 294, 300, 
305, 347, 425, 560, 567, 819, 840, 867, 890, and 954 cm− 1 
at ambient conditions. All these bands are in agreement 
with those observed in previous studies (Lin 2001a, b). The 
bands at 221, 254, 294, 300, and 305 cm− 1 are assigned to 
the M2 and SiO4 translations (Ag). The bands at 272 (B2g) 
and 347 cm− 1 (B3g) are due to SiO4 rotations. The 425 cm− 1 
band and the two bands at about 560 cm− 1 correspond to the 

Fig. 1 SEM (Scanning Electron Microscope) images of high-pressure and high-temperature experimental products. (a) at 5 GPa, 1420 °C and (b) 
at 5 GPa, 1500 °C. Lie liebenbergite, Bun bunsenite, and Coe coesite
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Raman spectra of liebenbergite and Ni2SiO4 spinel 
as a function of pressure

The representative Raman spectra of liebenbergite and 
Ni2SiO4 spinel as a function of increasing and decreasing 
pressure are shown in Figs. 3 and 4, respectively. For lieben-
bergite, the three bands (at 560, 819, and 840 cm− 1 under 
ambient pressure) caused by the stretching and deformation 
of the SiO4 shift continuously to higher frequencies with 
increasing pressure up to 22.54 GPa. As shown in Fig. 5, 
these spectral changes are reversible on decompression. 
The intensities of the other eight bands observed at ambi-
ent conditions decrease progressively during compression. 
As a result, these bands gradually become indistinguish-
able in the pressure range of 1.36–15.98 GPa. However, 
they recover in the identical range with decreasing pressure 
(Table S2). In addition, no new modes can be observed in all 
the spectra during compression and decompression (Fig. 3). 
Thus, liebenbergite is not expected to undergo remarkable 
changes in crystal structure within the studied pressure 
range.

For Ni2SiO4 spinel, the three bands associated with the 
stretching and deformation of the SiO4 shift continuously 
up to 21.70 GPa under compression. The weak band at 
712 cm− 1 is difficult to be observed due to its low intensity 
(Fig. 4). The two intense SiO4 stretching bands (at 812 and 
850 cm− 1 under ambient pressure) of Ni2SiO4 spinel shift 

symmetric (ν2) and asymmetric (ν4) deformation of the SiO4 
tetrahedron, respectively. The last four bands (at 840, 867, 
890, and 954 cm− 1) and the intense band at 819 cm− 1 are 
assigned to the asymmetric (ν3) and symmetric (ν1) stretch-
ing of the SiO4, respectively (Lin 2001a, b).

Under ambient conditions, the unpolarized Raman spec-
trum of Ni2SiO4 spinel contains three strong bands at 371, 
812 and 850 cm− 1 (Fig. 2). The latter two bands at 812 and 
850 cm− 1 are assigned to the asymmetric (T2g) and sym-
metric (A1g) stretching of the SiO4 tetrahedron, respectively 
(Chopelas et al. 1994; Kleppe et al. 2002b), while the band 
at 371 cm− 1 corresponds to the deformation (Eg) of the SiO4. 
The weak band at 712 cm− 1 is typically assigned to the SiO4 
internal vibrations in crystal structures of olivine and spinel-
group minerals (Yamanaka and Ishii 1986; Chopelas et al. 
1994; Yang et al. 2015; Liu et al. 2021). In hydrous Mg-Fe 
ringwoodite, according to Kleppe et al. (2002a), this band 
can be due to stretching of Si2O7 dimer, which is incompat-
ible with the ideal spinel structure (contains only isolated 
SiO4 tetrahedra). The presence of the dimer with a bridging 
oxygen in the spinel structure, would require a non-silicate 
oxygen elsewhere which could act as site for protonation 
(Kleppe et al. 2002a). Therefore, Si2O7 groups are not 
expected to exist in the crystal structure of the anhydrous 
Ni2SiO4 spinel in this study.

Fig. 2 Raman spectra of lieben-
bergite and Ni2SiO4 spinel at 
ambient conditions in the wave-
number range of 200–1000 cm− 1
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Raman spectra of liebenbergite and Ni2SiO4 spinel 
as a function of temperature

The Raman spectra of liebenbergite and Ni2SiO4 spinel as 
a function of increasing and decreasing temperature in the 
range of 25–700 °C are shown in Figs. 6 and 7, respectively. 
For liebenbergite, the bands observed at ambient tempera-
ture shift continuously to lower frequencies with increasing 
temperature up to 700 °C (Figs. 6 and 8). In all the spec-
tra collected during heating and cooling, no new bands and 
no evidence for temperature-induced amorphization can be 
observed. As shown in Fig. 8 and Table S4, all the bands 
return to their initial frequencies at ambient temperature 
after cooling, indicating no irreversible modifications of the 
crystal structure within the studied temperature range.

The Raman bands of Ni2SiO4 spinel also exhibit shifts to 
lower wavenumber upon heating to 700 °C (Figs. 7 and 8). 
The vibrational bands of the SiO4 (at 371, 812, 850 cm− 1 
under ambient temperature) and their shifts are similar 
to those reported in the previous high-temperature (up to 
600 °C) Raman study (Yamanaka and Ishii 1986). As shown 
in Fig. 8 and Table S5, the frequencies of the bands are fully 
reversible upon cooling. In addition, no bands disappear and 

faster in frequency with increasing pressure than those (at 
819 and 840 cm− 1 under ambient pressure) of liebenber-
gite (3.20–3.39 cm− 1/GPa compared to 3.03–3.14 cm− 1/
GPa) (Table 1). The frequencies of the asymmetric SiO4 
stretching band (at 812 cm− 1 under ambient pressure) can 
be strongly affected by the unit-cell parameters and increase 
nearly linearly with decreasing cell volume (Chopelas et al. 
1994). As presented in Fig. 5 and Table S3, the frequency 
changes of this band are irreversible under decompression, 
indicating a pressure-induced modification in the crystal 
structure. According to Kamb (1968), the stability limit of 
Ni2SiO4 spinel can be simply defined by the ratio (do/dt) of 
octahedral (Ni-O) to tetrahedral (Si-O) distance. During 
compression, the do/dt ratio decreases with decreasing cell 
volume (Finger et al. 1979). Meanwhile, the stability of the 
crystal structure can be reinforced (Kamb 1968). Therefore, 
the modification may easily be retained under decompres-
sion. In-situ high-pressure X-ray diffraction investigations 
(on compression and decompression) are expected to fur-
ther explain the irreversible frequency changes observed in 
this study.

Fig. 3 Representative Raman spectra of liebenbergite with varying pressure under (a) compression and (b) decompression
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Grüneisen parameters and anharmonicity

The isothermal mode Grüneisen parameter γiT and the iso-
baric mode Grüneisen parameter γiP represent the pressure 
and temperature dependence of the ith vibration mode at 
a constant temperature and constant pressure, respectively 
(Yang et al. 2017; Zhai et al. 2020).

The isothermal mode Grüneisen parameter γiT is calcu-
lated using the equation:

γiT =
KT

vi

(
∂vi
∂P

)

T

 (1)

The isobaric mode Grüneisen parameter γiP is calculated 
using the equation:

γiP =
1

αvi

(
∂vi
∂T

)

P

 (2)

Where vi is the Raman band of the ith vibrational mode 
at ambient temperature, 

(
∂vi
∂P

)

T
 and 

(
∂vi
∂T

)

P
 are the tem-

perature and pressure derivatives of the Raman frequency 
obtained from the compression and heating processes in this 

no new bands emerge during heating and cooling. These 
results show no remarkable modifications of the Ni2SiO4 
spinel sample in the investigated temperature range. During 
heating, the do/dt ratio increases with increasing cell volume 
(Finger et al. 1979), resulting in a reduced stability of the 
crystal structure (Kamb 1968). Thus, the potential modifica-
tion can hardly be retained upon cooling.

As shown in Table 1, the strong band (at 850 cm− 1 
under ambient temperature) associated with the symmet-
ric SiO4 stretching of Ni2SiO4 spinel shifts slower in fre-
quency than that (at 840 cm− 1 under ambient temperature) 
of liebenbergite upon heating (-0.014 cm− 1/°C compared 
to -0.018 cm− 1/°C). In contrast, the asymmetric stretch-
ing band of the SiO4 (at 812 cm− 1 under ambient tempera-
ture) of Ni2SiO4 spinel shifts significantly faster than that 
(at 819 cm− 1 under ambient temperature) of liebenbergite 
(-0.034 cm− 1/°C compared to -0.006 cm− 1/°C). Based on 
the previous investigation (Chopelas et al. 1994), the unit 
cell of Ni2SiO4 spinel is therefore believed to vary more rap-
idly in size with temperature.

Fig. 4 Representative Raman spectra of Ni2SiO4 spinel with varying pressure under (a) compression and (b) decompression
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for ringwoodite (Katsura et al. 2004) were used in the γiP 
calculation.

As presented in Table 1; Figs. 9 and 10, the lattice vibra-
tion modes have higher γiT and γiP values than the SiO4 
internal vibration modes in the crystal structures of both 
liebenbergite and forsterite. This indicates that the lattice 
vibrations are generally more sensitive to the variations 
of pressure and temperature compared to the SiO4 internal 
vibrations in olivines that contain metal cations with differ-
ent radii.

study, KT is the isothermal bulk modulus at ambient tem-
perature and α is thermal expansion coefficient.

The isothermal bulk modulus KT = 163 GPa for lieben-
bergite (Zhang et al. 2019) and KT = 226 GPa for Ni2SiO4 
spinel (Bass et al. 1984) were used in the γiT calculation. 
To simplify the calculation (Liu et al. 2019), the average 
volume thermal expansion coefficients of 2.76 × 10−5 K−1 
for liebenbergite (Kroll et al. 2019), 2.69 × 10− 5 K− 1 for 
Ni2SiO4 spinel (Finger et al. 1979) and 3.08 × 10− 5 K− 1 

Table 1 Frequencies of Raman modes, corresponding temperature/pressure derivatives, isothermal mode Grüneisen parameter γiT, isobaric mode 
Grüneisen parameter γiP, intrinsic anharmonic mode parameter ai, and assignment

νi at ambient 
condition 
(cm–1)

(cm− 1/°C) γiP (cm− 1/GPa) γiT ai (10− 5K− 1) Assignments Refer-
ences

Ni2SiO4 Spinel 371(1) -0.022(1) 2.20(5) 1.41(4) 0.86(3) -3.63(1) SiO4 deformation [1][2]
812(1) -0.034(2) 1.56(6) 3.39(11) 0.94(3) -1.66(1) asymmetric SiO4 stretching [2][3]
850(1) -0.014(1) 0.61(7) 3.20(10) 0.85(3) 0.64(1) symmetric SiO4 stretching [2][3]

Liebenbergite 272(2) -0.011(2) 1.47(26) 2.62(16) 1.57(6) 0.29(7) M2 translation; SiO4 rotation [4][5]
300(1) -0.021(1) 2.54(5) – – – M2 translation; SiO4 rotation [4][5]
560(1) -0.013(4) 0.84(31) 2.32(5) 0.68(2) -0.46(7) asymmetric SiO4 deformation [4]
819(1) -0.006(2) 0.27(33) 3.14(7) 0.62(2) 0.99(1) symmetric SiO4 stretching [4]
840(1) -0.018(1) 0.78(6) 3.03(6) 0.59(2) -0.52(1) asymmetric SiO4 stretching [4]
868(2) -0.023(4) 0.96(17) – – – asymmetric SiO4 stretching [4]
890(5) -0.027(5) 1.10(19) – – – asymmetric SiO4 stretching [4]
954(1) -0.017(3) 0.65(18) – – – asymmetric SiO4 stretching [4]

[1] Yamanaka and Ishii (1986); [2] Chopelas et al. (1994); [3]  Kleppe et al. (2002a); [4]  Lin (2001a); [5] McKeown et al. (2010)

Fig. 5 Pressure dependence of the vibrational 
modes for liebenbergite and Ni2SiO4 spinel at 
ambient temperature. Errors are within the size of 
the symbols
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However, in liebenbergite, the ai values for the lattice vibra-
tion mode at 272 cm− 1 and the SiO4 internal vibration mode 
at 819 cm− 1 are positive, though the values for the modes 
at 560 and 840 cm− 1 are also negative (Fig. 11). In ring-
woodite, the ai values for the SiO4 internal vibration modes 
are positive. Whereas, the value for the asymmetric SiO4 
stretching mode (at 812 cm− 1) in Ni2SiO4 spinel is negative, 
though the value for the symmetric SiO4 stretching mode 
(at 850 cm− 1) is also positive. These imply that nickel in 
olivine and spinel structures has distinctive effects on the 
intrinsic anharmonicities of different vibration modes.

Nickel is the fifth most abundant element in the Earth. 
The estimated concentrations of this element in the core, 
mantle, and bulk Earth are respectively 5.2 wt%, 0.2 wt%, 
and 1.82 wt% (McDonough 2014). However, the estimation 
of nickel concentration in the mantle is based heavily on the 
chemical compositions of rocks in the shallow upper mantle 
(Matzen et al. 2013; McDonough 2014; Palme and O’Neill 
2014). The minerals in these rocks are too far removed from 
their mantle source to provide information on the enrich-
ment of nickel in the interior of the silicate Earth (Matzen 
et al. 2013; Pu et al. 2017; Putirka et al. 2018). It is possible 
that nickel can be enriched in the olivine polymorphs in the 

The SiO4 internal vibration modes (at 560, 819 and 
840 cm− 1) of liebenbergite have higher γiT values than those 
of forsterite. However, the SiO4 internal vibration modes (at 
812 and 850 cm− 1) of Ni2SiO4 spinel have lower γiT val-
ues than those of ringwoodite (Table 1; Fig. 9). Therefore, 
nickel in olivine structure is believed to increase the sen-
sitivity of the SiO4 internal vibrations to the variations of 
pressure. By comparison, these vibrations in spinel structure 
can be less sensitive to the pressure change due to nickel 
incorporation. As shown in Table 1; Fig. 10, the γiP values 
of the SiO4 internal vibration modes for Ni2SiO4 spinel are 
significantly higher than those for ringwoodite, revealing 
that nickel in the spinel structure increases the sensitivity of 
these vibrations to the variations of temperature.

The intrinsic anharmonic mode parameter ai is calculated 
based on the following equation:

ai = −α (γiP − γiT ) (3)

The non-zero ai values (Table 1; Fig. 11) indicate that intrin-
sic anharmonicity exists in both liebenbergite and Ni2SiO4 
spinel. According to Gillet et al. (1991), the ai values are 
negative for all vibration modes in forsterite (Fig. 11). 

Fig. 6 Raman spectra of liebenbergite with varying temperature upon (a) heating and (b) cooling
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Due to nickel incorporation, the SiO4 internal vibrations 
in spinel structure can be less sensitive to the pressure 
change. However, these vibrations are more sensitive to 
the variations of temperature.

(3) Nickel has distinctive effects on the intrinsic anhar-
monicity of different vibration modes in olivine and 
spinel structures.

deep part of the mantle under specific geological settings 
(Matzen et al. 2013; Zhang et al. 2019; Zhang and Smyth 
2022). This study indicates that Ni incorporation can influ-
ence the thermodynamic properties of olivine and spinel 
group minerals by altering Grüneisen parameters of vibra-
tion modes and intrinsic anharmonicities. Since the mode 
Grüneisen parameters were calculated only based on Raman 
active optical phonons in the present work, more experi-
mental and theoretical investigations are required to further 
reveal the Grüneisen parameters of phonon modes across 
the entire Brillouin zone.

Conclusions

(1) For Ni2SiO4 spinel, the changes of the asymmetric SiO4 
stretching band in frequency are irreversible during 
decompression, indicating a potential pressure-induced 
modification in the crystal structure at elevated pres-
sures up to 22 GPa.

(2) Nickel in olivine structure increases the sensitivity of 
the SiO4 internal vibrations to the variations of pressure. 

Fig. 7 Raman spectra of Ni2SiO4 spinel with varying temperature upon (a) heating (b) cooling. The asterisk represents the signal from cosmic rays
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Fig. 10 Isobaric mode Grüneisen parameters for various Raman mode 
frequencies in forsterite (Gillet et al. 1991), ringwoodite, liebenber-
gite and Ni2SiO4 spinel. The isobaric mode Grüneisen parameter of 
ringwoodite was recalculated based on the temperature dependence 
reported in Liu and Mernagh (1994) and Liu et al. (2002)

 

Fig. 9 Isothermal mode Grüneisen parameters for various Raman 
mode frequencies in forsterite (Chopelas 1990; Gillet et al. 1991), 
ringwoodite (Chopelas et al. 1994), liebenbergite and Ni2SiO4 spinel

 

Fig. 8 Temperature dependence of the vibrational 
modes for liebenbergite and Ni2SiO4 spinel at 
ambient pressure. Errors are within the size of the 
symbols
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