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Ab initio calculations, based on density functional theory, of the vibrational Raman spectra of both normal
and cationic disordered MgAl2O4 spinel are reported. The vibrational properties of the disordered system are
obtained in two steps. First, the interatomic force constants of small defective supercells are computed in a
fully ab initio way. Later, these force constants are used to build the dynamical matrices of larger disordered
systems. The calculated Raman spectrum presents the mode near 727 cm−1 which is due to the presence of
cationic disorder and which is commonly attributed to a breathing mode �BM� of AlO4 tetrahedra. Contrary to
previous interpretations, the 727 cm−1 mode is due to phonons which are silent in the perfect crystal and
become Raman active in the disordered structure because of the coupling with the BM of the MgO4 tetrahedra.
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MgAl2O4 spinel is often considered as the prototype of a
large class of solid oxides of geological and technological
interest.1 For instance, the spinel transition of olivine, which
is the major constituent of the Earth’s mantle, is widely ac-
cepted to be the origin of the 410 km seismic discontinuity.2

Moreover, spinel oxides are found to be highly resistant to
radiation-induced swelling and transformations at elevated
temperatures.3,4 Because of this, they are favorably consid-
ered in the next generation of nuclear power plant design.
The generic formula of the minerals that crystallize in the
II-III spinel structure is AB2O4, where A is a divalent cation
and B is a trivalent cation. The oxygen atoms belong to a
close-packed pseudo-face-centered cubic sublattice. In a so-
called normal arrangement, all the divalent cations are at the
center of a tetrahedral site �coordinated with four oxygen
atoms�, while the trivalent cations are at the center of an
octahedral site �coordinated with six oxygen atoms�.

The study of these systems is complicated by order-
disorder phenomena. Particularly in MgAl2O4, an exchange
is observed between the two types of cations in tetrahedral
and octahedral sites, which gives rise to partially inverse
spinel. Such changes in cationic order, usually induced by
high temperature and/or high pressure, can be characterized
by the formula

�Mg1−xAlx�tetr�MgxAl2−x�octO4, �1�

where it is indicated that some Al atoms in the structure have
switched with some Mg atoms from the octahedral to the
tetrahedral sites at a x rate. There are many experimental
methods to characterize the degree of disorder in such sys-
tems and most of the experimental studies on spinels deal
with the determination of x with respect to temperature
and/or pressure. Electron spin resonance5 on a natural
MgAl2O4 spinel for temperature lower than 1278 K and
high-resolution 27Al nuclear magnetic resonance on
quenched natural or synthetic samples6–8 have been inten-
sively used. Other techniques, such as neutron9,10 and x-ray
diffraction,11,12 have been reported. In this context, it would
be interesting to know whether Raman spectroscopy13,14 can

be used as well. The first step toward this direction is to
make a proper assignments of the vibrational modes.

The proper assignments of the vibrational modes in the
spinel is a long-standing problem �see Ref. 15 for a review�.
An important difficulty is the well-known fact that spectra of
different samples are qualitatively different. This is true also
for samples which are supposed to have the same chemical
composition. In particular, in the spectra of natural spinel,
above 600 cm−1, there are usually only two peaks at �670
and �770 cm−1. On the contrary, an additional well-defined
peak is observed at 727 cm−1 in synthetic spinels. The first
clear demonstration that the 727 cm−1 is related to the pres-
ence of structural disorder �and not, e.g., to the presence of
chemical impurities or to a combination of harmonic modes�
was given by Cynn et al. in Ref. 4. It is commonly assumed
that the 770 cm−1 mode is due to the symmetric stretching of
the MgO bonds in the MgO4, which here we call the tetra-
hedral breathing mode �TBM�. By using a polarized laser,
Cynn et al. observe that the 727 cm−1 peak has the same
symmetry as the 770 cm−1 peak and, tentatively, attribute
this peak to the TBM of AlO4 �Al-TBM�, following Refs.
15–17. Later, de Wijs et al.18 calculated using ab initio
methods19 the vibrational properties of MgAl2O4 finding that
the presence of an AlO4 tetrahedron in the spinel is, indeed,
associated with two Al-TBMs at 723 and 757 cm−1. How-
ever, these authors did not perform a Raman-intensity calcu-
lation which could definitely confirm the attribution of the
727 cm−1 mode to Al-TBM.

In this paper, the Raman spectrum of MgAl2O4 spinel is
computed using density functional theory19 �DFT� for both
the perfect and of the partially inversed crystals.

In an insulating crystal, the frequency and the intensity of
the Raman peaks are determined by the zone-center phonon
frequencies and by the Raman tensor.20 The phonon frequen-
cies are determined by the dynamical matrix, dielectric con-
stant, and Born effective charges,21,22 which are obtained us-
ing the DFT-based approach of Ref. 21. Calculations are
done with the PWSCF code23 using norm-conserving pseudo-
potentials and plane waves �80 Ry cutoff� methods. Elec-
tronic integration is performed on a 4�4�4 k-point grid for
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the bulk. Other details are the same as in Ref. 14. The bulk
dynamical matrices are computed on a 5�5�5 q-point grid
in a fully ab initio way. The Fourier transform of these dy-
namical matrices determines the interatomic force constants
�IFCs� in real space, which, in turn, are used to obtain the
phonon dispersion all over the Brillouin zone �Fig. 1�, fol-
lowing the standard procedure. The dispersion of Fig. 1 is in
good agreement with measurements24 and previous DFT
calculations.18 Thus, following Ref. 25, the Raman tensor
and the Raman spectrum are calculated �Fig. 2�. The agree-
ment with the measured spectrum of natural spinel is remark-
able. Only five modes are Raman active4,18 and the computed
intensities reproduce quite well the measured one. The mode
at 557 cm−1 is very weak and is not visible in the measure-
ments. As expected, in the perfect MgAl2O4 crystal there is
not a Raman-active mode between 667 and 762 cm−1, i.e., in
correspondence with the 727 cm−1 peak observed in syn-
thetic spinels. According to a direct analysis, the 762 cm−1

peak corresponds to a TBM of the oxygen atoms surrounding
a Mg cation, thus confirming previous assignments.4

A partially inverse structure obtained by Mg-Al exchange
is now considered. This system is a MgAl2O4 crystal with a
certain number of defects randomly distributed. Each defect
corresponds to the exchange of a Mg atom with an Al atom.
The fully ab initio computation of a large supercell with a
big number of defects is not feasible, at present. However, if
the vibrational properties are determined by the interaction
among one defect and its nearest neighbors, a simpler ap-
proach is possible. One can compute the short-range IFCs on
a small supercell with one defect and, later, use these IFCs to
build the dynamical matrix of a larger disordered system.
The method is similar to that commonly used to calculate the
phonon dispersion of a crystal surface.26

Following this idea, a simple cubic supercell �56 atoms�
with one defect is considered.27 After the relaxation of the
structure by energy and stress minimization, the ab initio
dynamical matrix and the Raman tensor are computed. From
this dynamical matrix, the IFCs between an Al atom on a
tetrahedral site and its four neighboring O atoms are deter-
mined. The calculation is repeated putting the defect in dif-
ferent positions in the cubic 56-atom supercell, checking
that, despite the distortion already reported in Ref. 18, the
Al-O IFCs are slightly affected. In one case, a calculation
with two defects27 in the same supercell was also performed.
According to our calculations, the presence of an Al cation in
a tetrahedral site is associated with two Al-TBMs at �720
and �750 cm−1 in accordance with Ref. 18.

Then a 4�4�4 supercell is considered, whose IFCs are
determined according to the IFCs previously calculated for
the bulk. The Mg are exchanged with Al atoms in some of
the tetrahedral sites randomly chosen and the IFCs of the five
atoms concerned �and of the four Al-O couples� are substi-
tuted, for each defect, with the IFCs calculated for the de-
fected supercell. The Raman tensor and the Born effective
charges of the defected 4�4�4 supercell are obtained in an
analogous way.28 The dynamical matrix and the Raman ten-
sor thus obtained can be used to calculate the Raman spec-
trum of the partially inversed structure. The phonon modes
are obtained as usual by diagonalization of the dynamical
matrix. This approach is in principle exact when the IFCs are
short ranged and when the interaction between defects can be
neglected �at low defect density for instance�. Concerning
the short-range character of the IFCs, in the present case the
strongest IFCs between different atoms are those between
nearest neighbors, decreasing to less than 5% for the other
couples. Moreover, the strongest IFCs for a cation-anion
couple is between Mg and O, decreasing to a value smaller
than 35% for an Al-O couple. The present implementation is
limited by the fact that only the change of the IFCs of the
nearest neighbor O atoms around an Al are considered and
by the use of a relatively modest 4�4�4 supercell. If a
much larger supercell is required �and the diagonalization of
the dynamical matrix is not feasible� an approach similar to
that of Ref. 29 could be implemented.

In Fig. 3 the resulting Raman spectrum of a partially in-
versed structure �x=0.3 in Eq. �1�� is shown. This particular
choice of cationic rate is motivated by the fact that the extra
Raman modes were observed after a rapid quench for a tem-

FIG. 1. MgAl2O4 spinel phonon dispersion from DFT calcula-
tion. Dots are measurements from Ref. 24. Right panel: Phonon
density of states.

FIG. 2. Raman spectrum of MgAl2O4 spinel. Upper panel: mea-
surements from Ref. 4 on synthetic and natural spinel. Lower panel:
DFT calculation on the perfect MgAl2O4 crystal. The spectrum is
convoluted with a uniform Gaussian broadening having 5 cm−1

width.
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perature higher than the critical order-disorder temperature
where this rate is obtained.30 A well-defined peak near
727 cm−1, similar to the one observed in synthetic spinel, is
clearly visible. Other small peaks present in the calculations
at lower frequencies are an artifact of the calculation and
depend on the supercell used.31 It would be tempting to de-
termine a relation between the intensity of the 727 cm−1 peak
and the density of defects in the crystal, starting from Fig. 3.
This relation could be later used to determine the defect den-
sity in a sample from its Raman spectrum. Unfortunately, at
present, we cannot say whether the number extracted in this
way is reasonable or not, given the simplified approach we
are using �i.e., given the small number of defect IFCs con-
sidered�. For the same reason, probably, the theoretical spec-
trum of Fig. 3 does not present the asymmetric widening of
the main peak at 490 cm−1 that is found experimentally
�compare the “synthetic” and “natural” spectra of Fig. 2�.
Finally, in the present approach the variation of the dynami-
cal matrix due to the presence of some Mg in octahedral sites
is not considered. This changes vibrations that are not Raman
active.

An approach similar to that of Ref. 25 is now considered
to determine the character of the vibrations of the 727 cm−1

mode. The spectrum of the partially inversed structure is
projected on the TBM of the oxygen tetrahedra centered on
Mg atoms �Mg-TBM� and of the oxygen tetrahedra centered
on Al atoms �Al-TBM�. The results are shown in Fig. 4. In
Fig. 4, the corresponding overlap intensities �defined in p. 3,
Sec. 3 of Ref. 25� are also reported. A Raman peak can be
associated with a TBM �i.e., its Raman activity is due to a

TBM� if and only if the overlap intensity is negligible com-
pared to the projected intensity.25 From Fig. 4 �upper panel�,
both peaks at 727 and 770 cm−1 are due to the Mg-TBM. In
particular, according to a direct analysis of the vibrational
modes, the 727 cm−1 mode is due to phonons that are silent
in the perfect crystal and become Raman active in the disor-
dered structure because of the coupling with the Mg-TBM.
This result is counterintuitive and is in contradiction with the
previous, tentative, attribution of the 727 cm−1 peak to the
Al-TBM.4,18 Moreover, the vibrations associated with the Al-
TBM are not visible with Raman spectroscopy �lower panel
of Fig. 4�. This is due to the fact that the form of the Raman
tensor associated with the oxygens of the Al tetrahedra is
very different from the one associated with the oxygens of
the Mg tetrahedra and the Raman tensor component of the
Al-TBM vibrations is smaller compared to the one of the
Mg-TBM.32

Concluding, the Raman spectrum of the partially inversed
MgAl2O4 spinel is determined using ab initio calculations
based on DFT. We focused on the 727 cm−1 Raman peak,
which is commonly attributed to the presence of cationic
disorder and whose origin is debated.15 Contrary to previous
assignments, the 727 cm−1 mode is due to phonons that are
silent in the perfect crystal and become Raman active in the
disordered structure because of the coupling with the Mg-
TBM.

Calculations were performed at IDRIS, Orsay �Grant No.
051202�, and CEA, TERA-1 supercomputer.
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