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Abstract The vibrational properties of synthetic gal-
axite, MnAl,O,, were investigated at various pressures
(0-29.7 GPa) and temperatures (80-973 K), respectively.
The Raman frequencies of all observed bands for galax-
ite continuously increase with increasing pressure and
decrease with increasing temperature, respectively. The
quantitative analysis shows that the lowest frequency T,
mode has the smallest isothermal mode Griineisen param-
eter. Combined with previous studies, the thermal Grii-
neisen parameter of galaxite is determined to be 1.23(5).
The quantitative analysis of temperature dependences of
Raman bands yields that the lowest frequency 7,, mode has
the largest isobaric mode Griineisen parameter. The intrin-
sic anharmonic mode parameters are also calculated and
nonzero, indicating an existence of intrinsic anharmonicity
for MnAl,O, spinel.

Keywords Galaxite - MnAl,O, - Raman spectra - High
pressure - Various temperature

P< Shuangmeng Zhai
zhaishuangmeng @vip.gyig.ac.cn

Key Laboratory of High-Temperature and High-Pressure
Study of the Earth’s Interior, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang 550081, China

College of Earth Science, University of Chinese Academy
of Sciences, Beijing 100049, China

Department of Earth Sciences, University of Western
Ontario, London, ON N6A 5B7, Canada

Institute of Earth Sciences, Academia Sinica, Taipei 115,
Taiwan

Introduction

Compounds with spinel-type structure occupy an out-
standing position in geology (Biagioni and Pasero 2014).
Minerals with spinel structure have a great relevance in
geosciences since they are important main or accessory
components in different rocks in the Earth’s crust and upper
mantle. The physical properties and stabilities of many spi-
nels under high pressures and/or temperatures had been
intensively investigated in past decades. However, there are
still several open issues remained to be resolved.

Galaxite, MnAl,O,, an important Mn-rich mineral first
described by Ross and Kerr (1932) from a vein contain-
ing unusual Mn minerals equilibrated under amphibolites
facies conditions, was widely found in metamorphosed
rocks (Essene and Peacor 1983; Flohr and Huebner 1992;
Gnos and Peters 1995; Lucchesi et al. 1997; Beard and
Tracy 2002; Brugger and Meisser 2006). Galaxite exhib-
its a normal spinel structure as reported by Essene and
Peacor (1983), Lucchesi et al. (1997) and Halenius et al.
(2007, 2011). Optical absorption spectroscopic data of
synthetic MnAl,O, were also reported in previous studies
(Halenius et al. 2007, 2011; Nyquist and Hélenius 2014).
Recently, the elastic constants C;; of synthetic single crys-
tal MnAl,O, were investigated by using Brillouin spectros-
copy at ambient conditions (Bruschini et al. 2015). How-
ever, little information about the vibrational behavior of the
galaxite MnAl,O, under high pressures and temperatures is
available.

On the other hand, the quasi-harmonic approxima-
tion usually plays an important role in thermodynamic
modeling and theory of equations of state of minerals. In
this approximation, thermodynamic properties are calcu-
lated from the vibrational spectrum, which is assumed to
depend only on volume and not on temperature. However,
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the intrinsic anharmonic effects, ignored in this approxima-
tion and leading to the temperature dependence of phonon
frequencies, become important at high temperatures (espe-
cially at low pressures) (Oganov and Dorogokupets 2004).
In fact, the intrinsic anharmonicity can be estimated from
the vibrational spectroscopic information of minerals (Gil-
let et al. 1989). Yet, there is no information about the intrin-
sic anharmonicity of MnAl,O, galaxite.

In this paper, we report the micro-Raman spectroscopic
measurements on the galaxite up to about 30 GPa at room
temperature and in the temperature range of 80-973 K at
ambient pressure, respectively. The effects of pressure and
temperature on the characteristic Raman active modes of
galaxite were analyzed. Based on the obtained results and
combined with previous studies, the isothermal and iso-
baric mode Griineisen parameters of MnAl,O, spinel were
calculated, and the intrinsic anharmonicity was estimated.

Experimental

The high-purity galaxite MnAl,O, sample was prepared
by a solid-state reaction. Reagent-grade MnO and Al,O;
powders were mixed in the proportion corresponding to
the MnAI,O, stoichiometry, and the mixture was ground
sufficiently and then pressed into pellets with a diameter
of 5 mm. The pellets were sintered at 1773 K for 24 h in
an argon atmosphere. The synthesized product was ground
finely and characterized by powder X-ray diffraction. The
powder X-ray diffraction pattern confirms that the synthetic
product is pure MnAl,O, spinel phase. The Rietveld refine-
ment of the powder X-ray pattern yields a unit cell param-
eter of 8.2272(2) A for the synthesized MnAl,O, spinel,
which is consistent with previous studies (Hill et al. 1979;
Siddiqi et al. 1987; Tristan et al. 2005; Edrissi et al. 2012).
High-pressure Raman measurements were taken using a
symmetric type of diamond anvil cell with a pair of 500-
pm culet diamond anvils. The experimental method used in
this study was similar to previous studies (Zhai et al. 2015,
2016). A stainless steel plate with an initial thickness of
250 wm was used as gasket. The central area of the gas-
ket was pre-indented to a thickness of about 30 wm, and a
hole of 100 wm in diameter was drilled at the center. The
synthetic sample was loaded into the sample chamber with
Ar as the pressure medium. Ruby (Cr** doped a-AlLO3)
spheres as pressure marker were carefully placed inside the
same chamber. The pressures were determined by the ruby
fluorescence method (Mao et al. 1978). Micro-Raman spec-
tra were collected using a custom-built Raman system at
the University of Western Ontario. An argon-ion laser with
a wavelength of 514.5 nm was used as exciting source, and
a spectrometer with a liquid nitrogen cooled CCD detector
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was used to collect the Raman data. The spectrometer was
calibrated using a neon lamp, and the precision of the fre-
quency determination was about 1 cm~!. The data collec-
tion time was 120 s for each spectrum.

A small piece of MnAl,O, spinel sample was prepared
for Raman spectroscopic measurements at various tem-
peratures. The method and procedure in various tempera-
ture experiments were similar to previous studies (Zhai
et al. 2011, 2014). A sintered polycrystalline sample of
about 100 x 80 x 50 pwm in size was put on a silica or
sapphire window for low-temperature or high-temperature
measurements, respectively. The silica window was placed
at the center of a small silver block for freezing runs using
THMSG 600, while the sapphire window was put into an
alumina chamber in a Linkam TS 1500 for heating. Low
temperatures are obtained by pumping liquid nitrogen
through an annulus in the silver block, and a resistance
heater opposes the cooling effect of the nitrogen to yield
the desired temperature. In the heating mode, only the
resistance heater was used along with a water cooling sys-
tem and an S-type thermocouple was used. In both modes,
the temperature control unit is completely automatic and
can be programmed to maintain any desired temperature
or to change temperature at a constant rate of 10 °C/min.
The system has been calibrated at both high and low tem-
peratures by observing phase changes in synthetic fluid
inclusions placed in the center of the crucible. Horizontal
thermal gradients may lead to errors of up to 1 % in tem-
perature measurements. At each temperature step, the sam-
ples were kept at the new temperature for at least 10 min in
cooling measurements and 5 min in heating measurements
before recording the Raman spectra in order to allow the
samples to reach thermal equilibrium. The Raman spectra
of MnAl,O, spinel at ambient pressure and various temper-
atures were recorded by a LabRam HR (Jobin—Yvon) spec-
trometer equipped with a holographic notch filter, 600 g/
mm grating. The grating was kept stationary, while the tem-
perature was varied to provide the most accurate means for
directly comparing the variation of vibrational frequencies
with temperature. The Raman shift is accurate to £1 cm™ !,
as determined by plasma and neon emission lines. The
sample was illuminated with 514.5-nm laser excitation
from a Spectra Physics model 2017 argon-ion laser, using a
power of 3.4 mW at the samples. An SLM Plan 20x Olym-
pus microscope objective was used to focus the laser beam
and collect the scattered light. The focused laser spot on the
sample was estimated to be 2—4 pum in diameter. The accu-
mulation time for each spectrum was 30-90 s, and the final
spectrum was the average of three collections.

The Raman shift of each band was obtained by Lorentz-
ian curve fitting to get a reasonable approximation by using
PeakFit program (SPSS Inc., Chicago).
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Results and discussion

Galaxite is in a cubic structure with space group of Fd-3 m
and Z = 8. According to the factor group analysis (White
and DeAngelis 1967), the Raman active vibrations of cubic
spinel are as following:

r =A1g —I—Eg +3ng

where E, and T,, modes are doubly and triply degenerate,
respectively. Therefore, only five Raman active modes exist
in normal non-defective spinels. However, non-stoichi-
ometry, the presence of vacancies, interstitial cations and
defects may result in activation of Raman modes not pre-
dicted by group theory (Errandonea 2014).

The Raman spectrum of MnAl,O, at ambient condi-
tions is shown in Fig. 1. Six bands were observed, includ-
ing 201, 514 and 628 cm™! for ng mode, 396 cm™! for Eg
mode, 696 and 752 cm™! for A, ¢ mode, which are consist-
ent with recent results (D’Ippolito et al. 2015). It is notice-
able that the splitting of the high-frequency A, mode is
similar to that observed in CoFe,0,, and could be due to
a partial cation distribution (Chandramohan et al. 2011).
Although the investigated galaxite MnAl,O, has a normal
spinel structure, it shows some degree of inversion. Indeed,
the minor disordered cation distribution in MnAl,O, was
observed in natural and synthetic galaxite samples (Green-
wald et al. 1954; Essene and Peacor 1983; Lucchesi et al.
1997; Halenius et al. 2007, 2011). Consequently, the dis-
ordering within the crystal structure of MnAl,O, causes
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Fig. 1 Typical Raman spectra of galaxite MnAl,O, at high pressures
and room temperature. The pressure values with asterisk symbols rep-
resent the Raman spectra collected during decompression

the appearance of an additional Raman active peak at
696 cm™!

Pressure dependence of Raman spectra

High-pressure Raman spectra of galaxite MnAl,O, were
collected up to 29.7 GPa, and some spectra were col-
lected during decompression. The typical Raman spectra of
MnAl,O, at high pressures are also reproduced in Fig. 1.
It is obvious that, with pressure increasing, the Raman
peaks of MnAl,O, gradually shift to higher frequencies
and become weaker. This is reasonable since the Al-O and
Mn-O bond lengths become shorter with increasing pres-
sure and shorter bond lengths imply stronger bonds, i.e.,
larger force constants, and consequently higher vibrational
frequencies according to Szigeti relationship described
classically by a harmonically oscillating ball and spring
model (Parker and Seddon 1992). During compression,
there are almost no changes in the Raman features of
MnALO,. It seems that the relative intensity of the two A,
modes does not change during compression, indicating that
the cation disorder in MnAl,O, spinel remains stable dur-
ing compression, which is somehow different from that of
CoFe,0,. The cation inversion in CoFe,O, was unchanged
under quasi-hydrostatic conditions but enhanced by pres-
sure under no hydrostatic conditions (Saccone et al. 2015).
Moreover, the Raman peaks considerably broaden and loss
intensity at 29.7 GPa, which is probably not due to the non-
hydrostaticity though Ar was used as pressure medium. It
could be related to a distortion of the cubic spinel structure
to the tetragonal under compression, as found in ZnGa,0,
spinel at a similar pressure (31 GPa) (Errandonea et al.
2009). Further study is required to confirm the possible
structure change in MnAl,O, spinel under high-pressure
conditions.

The Raman shift versus pressure plot of MnAl,O,
is illustrated in Fig. 2. The Raman shifts of modes in
MnAl,O, change continuously with pressure, and the
slopes are various for different modes. In this study, argon
was used as pressure medium, which gives a hydrostatic
limit of about 10 GPa (Klotz et al. 2009). Therefore, in
order to avoid the effect of non-hydrostatic compression,
the pressure coefficients (dv/0P) of different Raman vibra-
tions of MnAl,O, spinel were determined using the data
below 10 GPa. As listed in Table 1, the pressure coeffi-
cients (9v,/dP) of active Raman vibrations in MnAl,O, vary
from 0.88(4) to 4.61(16) cm™'/GPa.

The pressure coefficients of the different Raman modes
can be used to obtain the isothermal mode Griineisen
parameters, which can be calculated by the following equa-
tion (Gillet et al. 1989; Okada et al. 2008):

vt = K7(@Inv;/0P)r
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where v; is the Raman shift of the i-th vibrational mode, K
is the isothermal bulk modulus. There is no available data
about K; of MnAl,O, spinel. However, the adiabatic bulk
modulus K¢ of MnAl,O, spinel was obtained as 200 GPa
by Brillouin spectroscopy at ambient conditions (Bruschini
et al. 2015). Actually the difference between K and Kj is
usually in the order of 1-2 % for the most common oxide
and silicate minerals (Bruschini et al. 2015). Therefore,
the isothermal bulk modulus K of MnAl,O, spinel can be
estimated as 198 GPa, which was used to calculate the iso-
thermal mode Griineisen parameters as shown in Table 1.
The resulting isothermal mode Griineisen parameters of
MnAl,O, spinel are from 0.86(4) to 1.77(6), which is com-
parable to previous studies of other spinels. In previous
experimental or theoretical studies, the isothermal mode
Griineisen parameters of some other spinels were reported,
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Fig. 2 Pressure dependence of the Raman bands of galaxite
MnAlL,O, at room temperature. Open symbols represent the Raman
shifts during decompression

including MgAl,O, (0.64-2.0, Chopelas and Hofmeister
1991), ZnCr,0O, (1.14-2.08, Wang et al. 2002a), Zn,TiO,
(0.63-1.02, Wang et al. 2002b), ZnFe,O, (0.52-1.88,
Wang et al. 2003), ZnAl,O, (0.9-1.5, Lépez-Moreno et al.
2011), ZnGa,0O, (1.0-1.8, Loépez-Moreno et al. 2011),
MgCr,0, (1.27-2.03, Yong et al. 2012), CoCo,0, (0.57-
1.32, Bai et al. 2012). The lowest frequency T,, mode has
the smallest isothermal mode Griineisen parameter, indi-
cating a smallest pressure effect. In previous study, the
lowest frequency 7,, mode is associated with a complete
translation of the MnO, within the MnAl,O, spinel struc-
ture (D’Ippolito et al. 2015). However, in the structure of
MnAl,O,, the AlOQ, octahedron shares oxygens with neigh-
bor MnO, tetrahedra (Hélenius et al. 2011), which means
that both the MnO, tetrahedra and AlOg4 octahedra trans-
late if the 7,, mode at ~200 cm~! contains translations of
oxygens. Therefore, the lowest frequency 7,, mode can-
not be assigned to only translation of MnO, or AlO¢. In
other words, the ng mode at ~200 cm™! may be a com-
bination associated with both MnO, and AlO¢. The two
Ay, modes show similar Griineisen parameters, as listed in
Table 1, which indicates that the pressure effect on the two
A, modes is similar during compression. The A,, mode is
assigned to the Al-O stretching vibration of AlO, groups
(D’Ippolito et al. 2015).

The thermal Griineisen parameter (y,) can be cal-
culated by the weighted average of the mode Griineisen
parameters (y;r) determined experimentally, using the fol-
lowing equation (e.g., Chopelas 1996):

Zi Cvi YiT
> Cy

where C,, is a harmonic heat capacity contribution of the
i-th vibrational mode. The C,, values can be estimated
from the Einstein function:

2

o3 on (3 oo

Yth =

hvi

kT

hvi
kT

hv;

kT

Table 1 Constants deter- Modes v,  dv/P R Ve @u/dT) x 100 R Vo a; x 10°
mined in the expression:
Vp =V g (/38”/ 9P) >;P’ 3"5 Ty, 201 0.88(4) 0971  0.86(4) —1.20(5) 0.888  3.17(14)  —4.28(27)
5) ”tfﬁ;s(ot'gergalx ()(/ )_ and E, 396 2.83(10) 0982  1.41(5) —2.14(9) 0.865  2.90(12)  —2.76(24)
s iT.

isobaric (yp) mode Griineisen Ty, 514 4.61(16) 0984  1.77(6)  —2.63(8) 0.848  2.71(9) —1.74(20)
parameters, and the intrinsic Ty, 628  3.72(12) 0992  1.17(5)  —1.82(6) 0.937  1.54(6) —0.69(14)
anharmonic mode parameter A 696  3.90(10) 0986  1.113) —1.91(8) 0.875  1.47(6) —0.67(12)
(;) for MnAl, O, spinel e

A, 752 439(10) 0992  1.153)  —2.17(5) 0.933  1.543) —0.73(8)

vp and vy are in cm™!, 9v/dP is in cm~! GPa~!, 8v/dT is in cm™' K1, v, was observed frequency (in

cm™!) at ambient conditions. R? and R3 are the correlation coefficients. The isothermal Griineisen param-

eter y;r was calculated with isothermal bulk modulus of K = 198 GPa estimated in this study. The unit of
k-l

a;is K
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where v, is the vibrational frequency of the i-th mode
given in /s, T is the temperature in K, while k£ and &
are the Boltzmann and Plank constants, respectively. In
this study, we calculated C,, using v, observed at ambi-
ent conditions. The thermal Griineisen parameter y,, of
MnAl,O, was obtained as 1.23(5) using 6 y;r values listed
in Table 1.

Temperature dependence of Raman spectra

The Raman spectra of MnAl,O, spinel were collected in
the temperature range from 80 to 973 K at ambient pres-
sure. According to the phase diagram of MnO-Al,O5 sys-
tem at ambient pressure (Jung et al. 2004), no phase tran-
sition is expected in this investigated temperature range.
The lower temperature is limited by the liquid nitrogen
used to cool the sample stage. Some typical Raman spec-
tra of MnAl,O, spinel at various temperatures are shown in
Fig. 3. Generally, with increasing temperatures, the Raman
bands of vibrational modes shift to lower frequency regions
and become broader. This is reasonable since the bond
length becomes longer, and longer bond length implies
weaker bond, i.e., small force constant, and consequently
lower vibrational frequencies according to Szigeti relation-
ship (Parker and Seddon 1992). Due to the weakness and
overlap, it is difficult to position the peaks in the Raman
spectra collected at 773 K and higher temperatures. There-
fore, the temperature dependence of the Raman active
modes was determined using the spectra collected below
773 K.

773K

523K

373K

arb. units

223K

80K

200 400 600 800

Raman shift (cm'])

Fig. 3 Typical Raman spectra of galaxite MnAl,O, at various tem-
peratures and ambient pressure

The temperature variations of Raman frequencies for
all measurable modes are illustrated in Fig. 4. Generally,
the Raman frequencies for all bands of MnAl,O, spinel
decrease with increasing temperature in the investigated
temperature range. For quantitative analysis, nonlinear
temperature dependence for the frequency of any Raman
band is possible (Lin et al. 2000; Liu et al. 2009). How-
ever, in the present study, linear fitting may be more suit-
able for all observed bands shown in Fig. 4. The constants
derived by linear regressions of the vibrations are listed in
Table 1. Contrasting to the pressure dependence, all bands
of the MnAl,O, spinel show negative temperature depend-
ence. The temperature coefficients (dv,/0T) of vibrations in
MnAL,O, vary from —2.63(8) to —1.20(5) x 1072 cm™ /K.

The temperature coefficients of the different Raman
modes can be adopted to calculate the isobaric mode Grii-
neisen parameters, y;p, defined as the following expression
(Gillet et al. 1989; Okada et al. 2008):

vip = —1/a(d1nv;/3T)p

where v; is the vibrational frequency of the i-th band and
« is the thermal expansivity. No thermal expansion coef-
ficient o for MnAl,O, spinel is reported. But it can be
derived from other available parameters since the thermal
Griineisen parameter can be expressed as:

Ym = aKgV/Cp

where o, K, V and Cp are thermal expansion coefficient,
adiabatic bulk modulus, molar volume and heat capacity,
respectively. Using previously reported adiabatic bulk mod-
ulus K of 200 GPa (Bruschini et al. 2015), unit cell edge of
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Fig. 4 Temperature dependence of the Raman bands of galaxite
MnAl,O, at ambient pressure
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8.2272 A (this study), heat capacity Cp of 126.26 J/mol/K
(Navarro et al. 2012) and thermal Griineisen parameter
Y Of 1.23 (this study) at room temperature, the thermal
expansion coefficient can be calculated as 1.85 x 107> K~!
at room temperature. The isobaric mode Griineisen param-
eters y;p then can be calculated, as listed in Table 1. The
resulting isobaric mode Griineisen parameters of MnAl,O,
spinel range from 1.47(6) to 3.17(14). It seems that the
low-frequency modes show larger isobaric mode Grii-
neisen parameters than those of the high-frequency modes,
which indicates a decreasing relative effect of temperature
on the vibrational frequency of Raman modes. The low-
est frequency 7,, mode has a largest isobaric mode Grii-
neisen parameter, indicating the most sensitive to tempera-
ture. It may be associated with the polyhedral evolution in
MnAl,O, spinel under high temperatures. But currently no
crystal structural information is available under high tem-
peratures for MnAl,O, spinel.

For each mode of MnAl,O, spinel, the isothermal mode
Griineisen parameter is smaller than the isobaric mode
Griineisen parameter. Therefore, an intrinsic anharmonicity
exists, which plays an important role in equations of state
of MnAIl,O, spinel intended for calculations of thermody-
namic functions under conditions of the Earth’s mantle.
The intrinsic anharmonic mode parameter, ¢;, can be deter-
mined according to the following definition (Mammone
and Sharma 1979):

a; = a(yit — vip)

The values of calculated o; for MnAl,O, spinel are
also listed in Table 1, which are nonzero and ranging
from —4.28(27) x 107> K~! to —0.67(12) x 107> K.
An average intrinsic anharmonic mode parameter of
—1.81(18) x 107> K~! can be obtained.

As pointed out by Gillet et al. (1989), the «; parameter
can be used to estimate the anharmonic contribution to the
isochoric heat capacity according to following expression:

m
Cy = 3nR Z Cyi(1 — 2a;T)

i=1

where 7 is the number of atoms in the mineral formula and
R is the gas constant. By comparing above C, with that
obtained through Kieffer model (Kieffer 1979a, b), the
anharmonic contribution can be estimated. The VDoS model
for the Kieffer model calculation based on the acoustic
velocities and the optic continuum. It should be mentioned
that the number of formula per unit cell is not 8 but 2 because
a reduced cell is used. So the total number of the vibra-
tional modes is 42. Among them are three acoustic modes,
and the rest are optic modes. Since acoustic velocities of
MnAL,O, spinel have not been measured, we first estimated
compressional velocities (Vp) using Birch (1961) empirical
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Fig. 5 Calculated harmonic and anharmonic isochoric heat capacity
Cy

relationship Vp (km/s) = —1.87 — 0.7 x (m — 21) 4 3.05
0 (g/cm3), where p and m refer to density and mean atomic
weight, respectively. Shear velocity (Vs) was estimated
using the above Vp values and estimated bulk modulus (K,).
Directionally averaged acoustic velocities were obtained
from the Vp and Vs values using the method by Kieffer
(1979a). Infrared and Raman spectra are generally used for
modeling of vibrational density of states for optic modes.
In this study, we used the Raman spectrum of MnAl,O, to
constrain the distribution of the optic modes. We adopted an
optic continuum model in the wave number range from 135
to 750 cm™". The isochoric heat capacity Cy, was calculated
based on the model of acoustic and optic mode mentioned
above and shown as the dotted line in Fig. 5. The calculation
using Kieffer model yields Debye temperature 6, as 813.5 K
and molar entropy Syyg as 112 J/mol K, which are consistent
with reported results of Navarro et al. (2012). Using an aver-
aged «;, the anharmonic isochoric heat capacity was calcu-
lated and illustrated as the solid line in Fig. 5. Based on the
calculation, the anharmonic contribution becomes obvious
with increasing temperature, e.g., about 4.9-6.0 % at 1500 K
if the uncertainty of the averaged «; is considered. Therefore,
the harmonic or quasi-harmonic approximation is not suit-
able at high temperatures.
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