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Abstract The compressional behavior of the MgCr,O,4 spinel has been investigated with the CASTEP code using density
functional theory and planewave pseudopotential technique. We treated the exchange-correlation interaction by both the local
density approximation (LDA) and generalized gradient approximation (GGA) with the Perdew-Burker-Ernzerhof functional.
Our simulation was conducted for the pressure range of 0-19 GPa. We obtained the isothermal bulk modulus (K+) of the
MgCr,0, spinel as 181.46(48) GPa (GGA; low boundary) or 216.1(11) GPa (LDA; high boundary), with its first derivative (K7)
as 4.41(6) or 4.5(1), respectively. The oxygen parameter u is not constant but negatively correlated with P, and decreases by
about 0.5-0.6% for the investigated P range. The component polyhedra have different compressihilities, increasing in the order
of (O4)1<Cr0s<(04),<0e<Mg0O,. The Mg-O bond in the MgO, tetrahedron is much more compressible than the Cr-O bond in

the CrOg octahedron.
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1. Introduction

Chromium spinels are commonly found in the Earth’s crust
and upper mantle (Cookenboo et al., 1997; Barnes and
Roeder, 2001; Yang et a., 2007). They present as accessory
phases, but are widely considered to be significant petroge-
netic indicators to geological processes such as the crystal-
lizing process of mantle-derived magma (Barnes and Roeder,
2001), the partial melting activity of the upper mantle (Dick
and Bullen, 1984; Liu and O'Neill, 2004), and the meta-
morphic evolution of some ore deposits (Graham, 1978; Par-
askevopoulos and Economou, 1981). They have great po-
tentials to be used as geothermometer (Fabries, 1979; Ball-
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haus et a., 1990), geobarometer (O'Neill, 1981; O'Neill
and Wall, 1987) and oxygen barometer (Balhaus et a.,
1991) in rocks. Among the chromium spinels, magnesio-
chromite (MgCr,O,) is the only ore mineral of chromium
(Duke, 1983), and is an important mineral inclusion in cra-
tonic diamonds (Stachel and Harris, 2008). In addition, it is
a commercialy important refractory materia for some
technological applications (Karklit et al., 1970). Therefore,
its physical and chemical properties have attracted consid-
erable attention and been investigated in many studies
(O'Neill and Navrotsky, 1983; O'Neill and Dollase, 1994,
Klemme and O’ Neill, 1997; Catti et al., 1999; Wang et a.,
2002; Ottonello et al., 2007; Yong et a., 2012; Wang et al.,
2012; Nestolaet al., 2014).

Magnesiochromite is cubic and has the space group

Fdam (No. 227; Z=8). Its Mg and Cr** cations occupy
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one eighth of the tetrahedral (8a) sites and half of the octa-
hedral (16d) sites, respectively. Its oxygens form a quasi
-ideal close-packed fcc structure (equipoint 32€), and their
full description requires an additional parameter, the oxygen
parameter (or internal parameter) u. For an ideal cubic
close-packing of oxygens in the spinels, u is 0.25. The u
parameter of the MgCr,O, spinel is around 0.2604-0.2620
(Hill et a., 1979; O’ Neill and Navrotsky, 1983; O’ Neill and
Dollase, 1994; Lenaz et al., 2004).

The isothermal bulk modulus (K7) of the MgCr,O, spinel
was experimentally investigated by Yong et a. (2012) and
Nestola et a. (2014), and theoretically investigated by Catti
et a. (1999) and Ottondllo et a. (2007). Nestola et al. (2014)
gave out a smaller Ky value (189.6(7) GPa, with the first
derivative of the K+, K, fixed as 4) than Yong et al. (2012)
(206.9(19) GPa, with K. fixed as 4). In contrast, the two
theoretical studies using similar functionals of exchange-
correlation energy obtained similar results (197.3 and 192.56
GPa). On the other hand, the compression behavior of the
component polyhedra and cation-oxygen bonds under hy-
drostatic pressure has not been studied.

In order to constrain the Ky value of the MgCr,O, spinel,
we have performed new first-principles simulation with
different functionals of exchange-correlation energy. On the
basis of our first-principles smulation, we have further de-
composed the bulk compressibility into polyhedral terms,
and systematically explored the contributions of the poly-
hedra to the compressibility of the MgCr,O, spinel. Finaly,
we have compared the compressibilities of the Mg-O bond
and Cr-O bond in the MgO, tetrahedron and CrOg octahe-
dron, respectively.

2. Simulating methods

Our investigations on the bulk modulus of the magnesio-
chromite were based on the application of the Density Func-
tional Theory (DFT) (Hohenberg and Kohn, 1964; Kohn and
Sham, 1965) and planewave pseudopotential technique
(Payne et al., 1992) implemented in the CASTEP code. We
treated the exchange-correlation interaction by both the local
density approximation (LDA) (Ceperley and Alder, 1980;
Perdew and Zunger, 1981) and generalized gradient ap-
proximation (GGA) with the Perdew-Burker-Ernzerhof
functional (Perdew et al., 1996), and used a convergence
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criterion of 107° eV/atom on the total energy in the self-
consistent field calculations. We employed a planewave
basis set with a cutoff of 1000 eV to expand the electronic
wave functions, and a norm-conserving pseudopotential to
model the ion-electron interaction (Lin et al., 1993; Lee,
1995). We sampled the irreducible Brillouin zone with a
2x2x2 Monkhorst-Pack grid (Monkhorst and Pack, 1976).
The effects of using larger cutoff and k point mesh on the
calculated properties were found to be insignificant.

The initial structure model used in our simulation was
from O'Neill and Dollase (1994). The computation cell
contained eight MgCr,O, molecules, that is, in total 56 at-
oms. The equilibrium lattice parameters and internal coor-
dinates at different pressures were optimized by minimizing
the Hellmann-Feynman force on the atoms and simultane-
ously matching the stress on the unit-cell to the target stress.
After the fina self-consistency cycle, the remaining Hell-
mann-Feynman forces on the atoms were typically <0.03
eV/A and the remaining stress was <0.05 GPa. The geome-
try optimizing was conducted from 0 to 19 GPa at 0 K. In
this range of pressure, any decomposition or phase transi-
tion of the magnesiochromite should not occur according to
previous theoretical and experimental studies (Catti et al.,
1999; Yong et al., 2012).

3. Reault and discussion

Comparison of the theoretically-calculated geometry pa
rameters (2o, Vo, and Ug) at zero pressure with the experi-
mentally-determined unit-cell parameters at ambient condi-
tion by O'Neill and Dollase (1994) is shown in Table 1. Our
data present slight overestimation of ay and V, (0.60% and
1.83%, respectively) with the GGA method, but slight un-
derestimation of a, and V, (-1.38% and —4.07%, respec-
tively) with the LDA method. These phenomena are typical
for the GGA and LDA method (Chang et d., 2013; Rodriguez-
Hernandez and Mufioz, 2014). Additionaly, the calculated
oxygen parameter u is smaller by —0.56% or —0.99% using
the GGA or LDA method, respectively. Summarily, both
methods reproduce well the geometry parameters of the
MgCr,0O, spindl.

The calculated cell parameters at each pressure are re-
ported in Table 2. As P increases from 0 to 19 GPa, the
unit-cell lattice parameter a decreases from 8.3845

Tablel Comparison between experimental and energy-optimized crystallographic data of the MgCr,O, spinel @

Calculated by first-principles simulation

Parameters Experimental
GGA R.D. (%) LDA R.D. (%)
a (A) 8.3341 8.3845 0.60 8.2195 -1.38
Vo (A% 578.863 589.438 1.83 555.314 -4.07
Uo 0.26070 0.25924 -0.56 0.25812 -0.99

a) Experimental refer to O’ Neill and Dollase (1994); R.D., relative difference.
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Table2 Calculated unit-cell parameters at different pressures
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GGA LDA
P (GPa)
a(d) V (A3 VIV u a(d) V (A% VIVo u

0.0 8.3845 589.438 1.000 0.25924 8.2195 555.314 1.000 0.25812
1.0 8.3705 586.473 0.995 0.25917 8.2067 552.721 0.995 0.25804
30 8.3401 580.123 0.984 0.25897 8.1821 547.771 0.986 0.25788
5.0 8.3127 574.413 0.975 0.25882 8.1501 543.154 0978 0.25773
70 8.2857 568.840 0.965 0.25862 8.1366 538.685 0.970 0.25758
9.0 8.2507 563.492 0.956 0.25848 8.1152 534.444 0.962 0.25744
11.0 8.2350 558.468 0.947 0.25833 8.0944 530.335 0.955 0.25731
130 8.2124 553.877 0.940 0.25818 8.0748 526.489 0.948 0.25719
15.0 8.1897 549.295 0.932 0.25805 8.0548 522.590 0.941 0.25703
17.0 8.1673 544.789 0.924 0.25791 8.0358 518.896 0.934 0.25692
19.0 8.1465 540.639 0.917 0.25779 8.0177 515.398 0.928 0.25680

to 8.1465 A (by 2.84%; GGA) or 8.2195 to 8.0177 A (by
2.46%; LDA), the volume decreases from 589.438 to
540.639 A3 (by 8.28%; GGA) or 555.314 to 515.398 A® (by
7.19%; LDA), and the oxygen parameter u decreases from
0.25924 to 0.25779 (by 0.56%; GGA) or 0.25812 to
0.25680 (by 0.51%; LDA).

The calculated P-V data have been fitted to the third-order
Birch-Murnaghan equation of state (BM-EoS; Birch, 1947)
by a least-squares method to determine the isothermal bulk
modulus:

s RGO
D)

where P and V are the calculated pressure and unit-cell
volume, respectively. Kr, Ki, and V, are the bulk modulus,
its pressure derivative, and the unit-cell volume at zero
pressure, respectively. Using the P-V data from the GGA
method, we have obtained the following BM-E0S parame-
ters for the MgCr,O, spinel: K;=181.46(48) GPa, Ki=
4.41(6), V=589.48(3) A% using the P-V data from the LDA
method, we have obtained the following BM-E0S parame-
ters: K1=216.1(11) GPa, Kt=4.5(1), V;=555.22(4) A® The
K'; value of the MgCr,O, spindl was suggested as ~4 in Caitti
et al. (1999) and Ottonello et al. (2007). With the assump-
tion of K;=4, we obtain the following results: K1=184.93(37)
GPa and V,=589.34(6) A® (GGA), and K;=220.50(52) GPa
and V,=555.10(6) A* (LDA).

The normalized volumes of the MgCr,O,4 spinel at dif-
ferent pressures predicted by our first-principles simulation
are shown along with the experimentally-obtained data in
Figure 1. Compared to the experimentally-determined curves,
the curve obtained with the GGA method has a dlightly
steeper slope whereas that obtained with the LDA method
has a more gradual slope. In general, the GGA method

=
0.92

0 5 10 15 20 25
Pressure (GPa)

Figurel Normalized bulk volume (V/Vo) versus pressure (P).

should yield alower Kt and the LDA method should yield a
higher Ky, with the experimentally-constrained Ky falling in
between (Deng et al., 2011). The V/V,-P trend from Nestola
et al. (2014) is much closer to our GGA result, while the
V/V,y-P trend from Yong et a. (2012) is much closer to our
LDA result. Consequently, the Ky value of the MgCr,O4
spinel suggested by Nestola et al. (2014) is close to our
GGA result while that by Yong et a. (2012) is close to our
LDA result (Table 3).

Catti et al. (1999) and Ottonello et a. (2007) theoretically
obtained the Ky values of the MgCr,O, spinel as 197.3 and
192.56 GPa, respectively. They used either the HF func-
tional or the hybrid B3LYP functiona to approximate the
correlation energy (Becke, 1993; Stephens et al., 1994), so
that their results are different to our results but fall between
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Table3 Equation of state of the MgCr,O, spinel®
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Kr (GPa) K; Vo (A3 Method Data source
181.46(48) 4.41(6) 589.48(3) The/DFT/GGA/1000 This study
184.93(37) 4 589.34(6) The/DFT/GGA/1000 This study
216.1(11) 4.5(1) 555.22(4) The/DFT/LDA/1000 This study
220.50(52) 49 555.10(6) The/DFT/LDA/1000 This study
182.5(14) 5.8(4) 579.30(4) Exp/CX/SC/EM/Quartz Nestolaet al. (2014)
189.6(7) 49 579.16(5) Exp/CX/SC/EM/Quartz Nestolaet al. (2014)
189(2) 7.2(3) 578.68(4) Exp/SX/Powder/Ar/Gold Yong et al. (2012)
206.9(19) 49 578.66(8) Exp/SX/Powder/Ar/Gold Yong et a. (2012)
192.56 4.066 - The/DFT/B3LYP Ottonello et al. (2007)
197.3 3.94 - The/DFT/HF Catti et al. (1999)

a) Some details of the simulating methods and experimental techniques. The, theoretical; DFT, density functional theory; GGA, generalized gradient ap-
proximation; LDA, local density approximation; B3LY P, hybrid B3LY P functional; HF, hartree-fock functional; 1000, cutoff energy of 1000 eV; Exp, ex-
perimental; CX, conventional X-ray; SX, synchrotron X-ray; SC, single crystal; Powder, powder sample; EM, pressure medium of an 1:4 ethanol-methanol
mixture; Ar, pressure medium of Argon; Quartz, pressure scale of Quartz (Angel et a., 1997); Gold, pressure scale of Gold (Fei et a., 2007). b) Fixed as 4.

the results from the GGA and LDA method (Table 3).

By fixing the K to different values and calculating the
Kr, a correlation analysis of the Ky and K has been carried
out, and the result is shown in Figure 2. The Ky value de-
creases from 203(2) to 142(4) GPa (GGA) or from 239(2) to
176(4) GPa (LDA) as the K} value increases from 2 to 10,
with the previous experimentally and theoretically obtained
K+ values generally falling in between.

The relationship between the parameter u and the dy.of
dr.o ratio (R; dy.o and dro representing the averaged bond
length of the octahedron and tetrahedron, respectively) can
be described by the following equation (Hill et ., 1979):

R?/4-2/3+(11R?/48-1/18) "
u= .

2R -2 @

A constant u value at different pressures means equa

gLV

140

Figure2 Isothermal bulk modulus (Kr) versusits pressure derivative (K';).

compressibility of the octahedra and tetrahedra, whereas a
negative correlation between the parameter u and P corre-
sponds to a greater compressibility of the tetrahedra and
vice verse. In the case of the MgCr,O, spinel, the oxygen
parameter u decreases as P increases from zero pressure to
19 GPa (Table 2). Regression of these data gives u=0.259—
9.307x10°° P+8.525x10"" P? (GPa) for the GGA method or
u=0.258-7.961x10"° P+5.432x10"" P? (GPa) for the LDA
method (Figure 3). It follows that as P increases, the MgO,
tetrahedra in the MgCr,O, spinel are more compressible
than the CrOg octahedra, so that the oxygens move closer to
the nearest tetrahedral Mg?* along the [111] direction and
form a less distorted close-packing arrangement, and the
CrOg octahedra become less distorted (Hill et d., 1979; Re-
cio et al., 2001; Gracia et al., 2002; Bouhemadou et a.,
2007; Rodriguez-Hernandez and Mufioz, 2014).

The reaction of the MgCr,O, spinel under pressure depends

u=0.258-7.961x10" P '\.\
+5.432x107 P? LDA
0.2565 R?=0.9996
0.2560 L L L L
0 5 10 15 20 25

Pressure (GPa)

Figure3 Oxygen parameter (u) versus pressure (P).
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on the different pressure response of the component poly-
hedra and the manner in which these polyhedra are linked
(Hazen and Finger, 1979). According to Gracia et a. (2002),
the unit cell of the spinel structure can be completely divid-
ed into five types of polyhedra without any overlapping:
CrOg, MgO4, Os, (04)1, and (04)2, with multi pIICItIeS np:16,
8, 16, 8, and 48, respectively (Figure 4). These polyhedra
are linked via extensive edge sharing in three dimensions
(Hazen and Finger, 1979). The volumes of these component
polyhedra (Vp) can be expressed as simple algebraic func-
tions of the unit-cell volume (V) and the oxygen parameter
(u; Yamanaka and Takéuchi, 1983):

Voo, =128V -U-U% /3,
Voo, = 64V -[u[ /3,
Vo, =128V -Uj; - |u,|/3,
Vo), =64V |u, /3,
Vo, =8V || [us /3, 3)

where u; =u—i/j . The isothermal polyhedral compressi-
bilities (xp) are the inverse of the polyhedral bulk moduli

(Kp),
1 1(ov,
e K—v—( P J @

and they can be written in the general form as follows:

Kp =K—0p (s_ll:’] ©)

The gp term in eg. (5) is the structural coefficient of the
polyhedral-bulk compressibility relation (Hazen and Finger,
1979),

Yoo, = ]/u + 2/”38 )

Gugo, =3/ Uss
9o, =2/ + sy,
Yo, =3/t
9oy, =1/u, +1/uy. (6)

The bulk compressibility (x) then is a weighted sum of
the polyhedral contributions:

K= Z fokp, )

where fr represents the volumetric fraction of the compo-
nent polyhedrain the unit cell:

f,=-_2P ®)

The zero-pressure response of the MgCr,O4 spinel to
pressure, in terms of the component polyhedra, is presented
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Figure 4 Polyhedra in the MgCr,O, spinel structure (19 GPa; GGA
method; see Table 2 for the details).

in Table 4. All component polyhedra show different pressure
responses, with their compressibilities in the order of (Og4):<
CrOg <(0,),<0e<MgO, (Figure 5). According to eg. (5), if
u remains constant with pressure, the fcc arrangement of the
oxygens should not change, and the polyhedral and bulk
compressibilities should be the same. Our calculated value
for (0u/dP) is —9.307x10° GPa' (GGA) or —7.961x10™°
GPa* (LDA). This number and the calculated zero-pressure
0o functions (Table 4) lead to the polyhedral bulk moduli Kp
in the range from 132 to 323 GPa (GGA) or from 156 to
387 GPa (LDA). The polyhedra (CrOs, (O4); and (O,),)
with volumes smaller than their corresponding volumes in
an ideal fcc oxygen arrangement (u=0.25) have larger poly-
hedral bulk moduli than the bulk modulus of the MgCr,O4
spinel, and vice verse (MgO,4 and Og; Table 4).

Polyhedral compressibilities are in general determined by
bond-length compressibilities (D’ Arco et al., 1991; Catti et
al., 1999; Recio et a., 2001; Rodriguez-Hernandez and
Mufioz, 2014). According to Recio et al. (2001), the cati-
on-anion bond lengths at the tetrahedral (dvg.0) and octahe-
dral (dc.0) Sites can be obtained, respectively, by:

1 1Y’ 1Y’
dygo :\/éa(u_gj' dero :a\](u_zj +2[U_Z] )

)
where a stands for the unit-cell parameter and u for the ox-
ygen parameter. Figure 6 depicts the variation of the nor-
malized cation-oxygen bond lengths (d/dy) under pressure,
with the Mg-O bond decreasing by about 3.4-3.9% and the
Cr-O bond by about 2.0-2.3% for the investigated P range.
The Mg-O bond is therefore more compressible than the
Cr-O bond, in good agreement with the relative compressi-
bilities of the MgO, and CrOg polyhedron (Figure 5).

The magnesiochromite has been discovered as inclusion
in diamonds originating from peridotitic mantle source
(Stachel and Harris, 2008; Lenaz et al., 2009), which pro-
vides a means to explore the P-T conditions of the diamond
formation (or the P-T condition for trapping the magnesio-
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Table4 Decomposition of the bulk compressibility into the component polyhedral contributions according to the first-principles simulation using the GGA

and LDA method

Ve (R3)
GGA/LDA

_.,
=
g

fy Kpx107 (GPa') gp
GGA/LDA GGA/LDA GGA/LDA

Kp (GPe)
GGA/LDA

Unit cell 589.438/555.314

CrOs 10.921/10.444 16
MgO, 3.802/3.493 8
Os 13.639/12.694 16

((H 2.438/2.365 8

(On)2 3.053/2.880 48

sk Rk wie Bk ok e

11 5.511/4.627 181.5/216.1

0.2964/0.3009 4.262/3.573 -13.420/-13.237 234.6/279.8

0.0516/0.0503 7.591/6.422 22.348/22.537 131.7/155.7

0.3702/0.3658 6.511/5.494 10.745/10.890 153.6/182.0

0.0331/0.0341 3.099/2.584 —25.915/-25.667 322.7/387.0

0.2486/0.2489 5.400/4.544 -1.189/-1.043 185.2/220.1

Figure 5 Relationship between the normalized polyhedral volume
(Ve/Vro) and pressure (P), compared to that between the normalized bulk
volume (V/V;) and pressure (P).

Figure6 Normalized cation-oxygen bond lengths (d/do) versus pressure (P).

chromite). Based on the concept of the isovolume locus
(Smith, 1953; Liu et a., 1990), Barron (2005) proposed an
equation to estimate the P-T conditions as following

P={T (A -A) —P (Br -B)}/B;, (10)

where P, T, and P are residual pressure, temperature and
pressure at the formation of the diamond, respectively; A,
By, A, and B; are thermal expansions and compressihilities
of the host diamond and itsinclusion, respectively. Using eq.
(10), and with the thermal expansion and compressibility
data for diamond used by Kagi et al. (2009; 7.08x10 "°C™*
and 2.38x107° GPa™, respectively) and those for the mag-
nesiochromite from Wang et al. (2012; 1.99x10°°C™) and
this study, the P-T tragjectory (P, GPa; T, K) for the dia
monds to trap the magnesiochromite inclusions has been
calculated as

P=0.0061T+1.76P;, (11a)

or

P=0.0085T+2.06P,, (11b)

where the compressibility of the magnesiochromite con-
strained by the GGA method (eg. (11a)) or LDA method (eg.
(11b)) has been used in the calculation. The P, can be ob-
tained by using three different techniques: (1) microRaman
spectroscopy (Nasdala et al., 2003); (2) strain birefringence
analysis (Howell et al., 2010), and (3) single-crystal X-ray
diffraction (Nestola et a., 2012). The formation P of the
diamond host can then be determined, as long as its for-
mation T independently estimated from some geothermom-
eter or assumed from some typical geotherm (Barron, 2005;
Xiong et al., 2016). Since the magnesiochromite inclusion
in the diamonds usually coexists with chromite (FeCr,O,),
hercynite (FeAl,O,), magnesioferrite (MgFe,O,) or magnet-
ite (FesOy4) (Lenaz et ., 2009), on the other hand, the for-
mation P of the diamond can be actually constrained with-
out any extra estimate of itsformation T (Kagi et al., 2009).
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4. Conclusions

With some first-principles simulations, we have obtained
the following conclusions on the compressional behavior of
the MgCr,0O, spinel.

(1) The Ky value of the MgCr,O, spinel is 181.46(48)
GPa (GGA; low boundary) or 216.1(11) GPa (LDA; high
boundary), with its Kt as 4.41(6) or 4.5(1), respectively.

(2) The oxygen parameter u is not constant but negatively
correlated with P, u=0.259 —9.307x10 °P+8.525x10 'P*
(GPa; GGA) or u=0.258 —7.961x10 °P+5.432x10"'P? (GPa;
LDA).

(3) The component polyhedra have different compressi-
bilities, with their volume reduction in the order of (Og).<
Cr0s<(04)2<0s<MgO,. The Mg-O bond in the MgO, tetra-
hedron is much more compressible than the Cr-O bond in
the CrOg octahedron.
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