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Electronic structure of normal, inverse, and partially inverse spinels in the MgALO, system
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The electronic structure of normal, inverse, and partially inverse spinels in the fgaystem are studied
by means of first-principles calculations. For the normal spinel, the calculated ground-state properties are in
good agreement with experimental data. A local-density-approximation band gap of 5.80 eV is obtained. For
the inverse and partially inverse spinels, in which up to eight Mg atoms in a tetrahedral coordination are
interchanged with eight of the 16 Al atoms in octahedral coordination, the atomic positions are relaxed by
realistic interatomic pair potentials. Based on the relaxed models, the electronic structure and their dependence
on the inversion parametar are studied. The total lattice energy increasea ascreases with a change of
slope at)\=%3. It is found that the general features in the density of stdD€39) in these spinels are quite
similar with subtle differences in the peak structures between normal and inverse spinels. The smallest band
gap of 4.84 eV is found ak=1s. The orbital decomposition of the partial DOS of Al and Mg in different
coordination environments is fully analyzed. These results are discussed in the context of an order-disorder
phenomenon associated with a cation site interchange, and their implications on spectroscopic detections.
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[. INTRODUCTION mal spinel. The inverse spinel can be described by the
formula (AI)[MgAI1O, or (Alg[MggAlglOs,. The Mg
Spinel oxides or sulfides comprise an important class ofind AP* ions occupy the octahedral sites in equal propor-
ceramic compounds with a variety of interesting electricaltions. Between these two extremes, there exist interme-
magnetic, and optical propertiésSome spinels are super- diate phases with random cation distributions. It is conve-
conductors with relatively high transition temperatuf€th- ~ nient to characterize the partially inverse phases by defin-
ers have applications as magnetic cores and in geophysics. ing an inversion or disorder parameterwhich is the frac-
Recently discovered spinel oxides with wide band gaps antion of octahedral sites occupied by Kig The structur-
high electroconductivity offer promising applications in al formula now becomegMg;_,Al,,)[Mg,Al,_5]0, or
photoelectronic§. In particular, the magnesium spinel (Mds_16Al16)[MJ16Al 16 16]103,. N ranges from 0 for the
(MgAl,0,) has a combination of desirable properties of highnormal spinel to 0.5 for the inverse spinkl=3 corresponds
melting point, high strength, resistance to chemical attack{o a complete random distribution.
and low electrical losse€sThese special properties mean that ~ While most spinel oxides are normal, inverse spinels are
a magnesium spinel has many important applications. Reairly common especially when one of the metal elements is
cently, it was reportétthat a magnesium spinel in porous @ transition element such as ingBg, NiAl,0,, or CUALO,.
form may be used as a humidity sensor for monitoring andrhe wide range of cation distributions found in spinels is
controlling the humidity of the environment due to its stabil- perhaps the most interesting feature of this class of com-
ity. pound. For example, the magnetic and electrical properties
The spinel has a close-packed face-centered-cubief cobalt ferrite(CoFe;_,O,) depend strongly on the cation
structuré [space groupFd3m(0/)], with eight MgALO,
units per cubic cell(In this paper, a spinel is referred to
specifically to MgALO, unless stated otherwigdts crystal © © ©
structure is characterized by two parameters: the lattice con-
stanta and the oxygen parameter In an ideal spinel, the O
anions form a cubic sublattice with=2=0.375, but for
most spinelsu#0.375, which results in a trigonal distortion
of the O octahedron along tti&11] direction. Two types of
spinels can be distinguished; normal and inverse spinels. In
the normal spinel, all A" ions are in an octahedral coordi-
nation with a local symmetr{d,4, and all Mg ions are in
a tetrahedral coordination with a point group symméfgy
Thus the general formula may be written &4g)[Al,]O, or
(Mgg)[Al 16]0s, for the cubic cell, wherd ) and[ ] denote @ M)
tetrahedral and octahedral sites, respectively. The Mg-O and
Al-O bond lengths in the normal spinel are 1.967 and 1.855 FIG. 1. Crystal structure of a normal Mg, spinel showing
A, respectively. Figures (&) and b) show two sublattice sublattices for(a) Al-Og octahedral coordination, an@) Mg-O,
structures of AIQ and MgQ, coordinations in the nor- tetrahedral coordination.
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of the distribution® More than 60 years ago Barth and Pos- TABLE |. Interatomic pair potential parameters used in the
njak observed that not all spinel structures could be depresent calculation.
scribed by the same cation distributibnSince then, consid-

erable efforts have been put forward to identify andAtomic pair Ajj (eV) pij (A) Cij (eV A%
understand the key factors that control this distribution. Al-O

. . 1012.6 0.3118 0.0
Hafner®® and also Fischel showed that the MgAD, spi- Ma-0 8216 0.3242 0.0
nel may be partially inverse. Wood, Kirkpatrick, and g i ' )
) ' ' O-0 22764.3 0.149 27.88

MonteZ> showed that natural MgAD, has a very small
inversion parametdix<0.025. However, to our knowledge,

there have been few quantitative studies of inverse and page ey smalt For ground-state properties of the normal
tially inverse spinels, and there are difficulties in understand-

. spinel, we use the self-consistent orthogonalized linear com-

ing their thermochemical and physical properties. This iSyination of atomic orbitalyOLCAO) method?® This is a
mainly due to the unquantified extent associated with th‘?irst-principles method based on the density-functional
cation site exchangés:®To complicate the matter even fur- theory within the local-density approximatighDA).2” The

ther, in the nonstoichiometric spinels Mg,0; with Xx>1,  ¢rystal Bloch functions are linear combinations of atomic
a cation vacancy at the octahedral site may eXistithin - rbitals of Qls, 2s, 2p,, 2p,, 2p,, 3s, 3p,, 3p,, and

the last few years, attempts were made to determine the Cadp ), Mg, and Al (1s, 2s, 2p,, 2p,, 2P,, 3S, 3P, 3Py,

ion distribution in MgYAEO4 accurately using analyticgll tech- 3p,, 4s, 4p., 4p,, 4p,, 3dxy,y 3dy,, 3de-2, a?/ld
niques. One of th.erﬁ, Al magic angle spinning NMR? was 3ds,2_,2) which are expanded in terms of Gaussian-type or-
used to distinguish between the tetrahedrally and octahgsitais. The Wigner interpolation formula is used to account
drally coordinated Al sites in spinels with fair accuracy. Theto correlation correctio® The potential and charge densi-
electron-spin-resonance technique was allgo used to study thes are expressed as sums of atom-centered functions which
temperature dependence »fin MgAI,O,.”" Nevertheless,  are ypdated at each iteration. Self-consistency is achieved
there remain many uncertainties and discrepancies. One ifyhen the eigenvalues converge to within 0.0001 eV. By fit-
tensely studied area in ceramic materials is the structure a%g the calculated total enerdg,, as a function of crystal

properties of the metal-ceramic interfaf(?é?z The central  yolume to the Murnaghan equation of ste®sje obtain the
issue is to know whether the interface is metal or O term"equilibrium volume, the bulk moduluB,, and the pressure

nated, and whether intermediate phases such as a spinel (%efficientsB[) for the normal spinel.
inverse spinel may exist. A common experimental technique . the inverse and partially inverse spinels, we use the

is electron-energy-loss spectroscopy, especially the energy;,mistic modeling technique to account for possible struc-

L?SS. ge_a:—e;jge structure. SkUCh lspdectroscdopmdstutt:hezof t?al changes upon the interchange of Mg and Al ions. It is
uried intertaces requiré a knowiedge and understanding ecessary to relax the atomic positions within the cubic cell

specific bonding of the metal ions in a different coordinationfor the inverse or partially inverse spinels using a suitable
environment. It is highly desirable to make a systematic in- air-potential function. In this work, we use the pair-
vestigation of the structure and properties of spinel SyStemgotentiaIV--(r) of the Born—Mayer-Hug,gins form developed
by theoretical means, especially of thelependence of elec- y Wolf V{}alker and Catlovi®
tronic properties of partially inverse spinels. Past theoreticaP ' ' '
works were limited to classical calculations. Navrotsky and

Kleppa? calculated the enthalpy change of the disorder and

the empirical site preference energies in several spinel OXyherez, is the charge on ions of type The three terms on
ides, and related them to calorimetric data. Cormeicél™  the right side of the equation represent the long-range Cou-
carried out detailed calculations on lattice energies in @ NUMpMp interaction, short-range repulsion, and dispersion ener-
ber of spinels using short-range pair potentials of the Buckyies, respectively. The long-range Coulomb potential is
ingham type. They found that if different pair potential pa- eyajuated by Ewald summatidhThe spinels are assumed to
rameters are used to account for different coordinations, thge fylly jonic with formal charges ;= +2, +3 and—2 for
observed cation distributions in many spinels can be coryg Al and O, respectively. The parametérs, p;; , andC;;
rectly predicted. Xu and Chirig carried out first-principles — for the different ion pairs are derived empirically, so as to
calculations of the electronic structure and optical propertieseproduce the lattice structure of the normal spinel. They are
of the normal spinel. . L listed in Table I. We obtained the equilibrium lattice param-
In this paper, we report a systematic investigation of thesters ofa=7.9462 A andu=0.387, which differ from the
electronic properties of normal, inverse, and partially inversesyperimental data by only-1.7% and+1.5%, respectively.
spinels. The paper is organized as follows: In Sec. Il, th@ye thus consider these pair potentials to be adequate for

computational approaches used are described. In Sec. ll, th@ryctural relaxation of the inverse and partially inverse
calculated results are presented and discussed. Some conciiinels.

sions are given in Sec. IV. It is clear that for eachx of the partially inverse spinels,
there can be many nonequivalent lattice configurations with
different total energies. In other words, the possibilities of
site exchange between tetrahedral¥lgnd octahedral Al

In the present study, all calculations are confined to are not unique for each. Our strategy is to deal with as
56-atom cubic cell with a fixed lattice constant. It has beenmany configurations as practical, and take the average value
shown that the effect of disorder on the cell edge is ex-as the mean energy value for thatWe then choose a lattice

Vij(r)=ZiZjezlr+Aijexq—r/pij)—Cij /rG,

IIl. COMPUTATIONAL APPROACHES
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FIG. 2. Calculated total LDA energy of the normal spinel as a
function of crystal volume. FIG. 3. X dependence of the interaction energy calculated after
pair-potential relaxation(A=0 andl—g6 correspond to normal and

configuration with the total interaction energy closest to theVerse spinels, respectivlfrror bars indicate the rms, derivation
average value for eack, and perform self-consistent elec- ]?ver se\I/eraI cfonflgulratlonsaDishe? and solid lines indicate the dif-
tronic structure calculation on the relaxed models. After self—erent slopes fon below and aboves.
consistency in the potential has been obtained, the eigenval-
ues and eigenvectors of the band secular equation are solved
at 56k points in thejth portion of the Brillouin zone. The
energies and wave functions at thdsgoints are used to In the normal spinel, each Mgl) is coordinated with
evaluate the density of stat®OS) using the linear analytic four (six) O with equal Mg,-O(AI-O) bond lengths of 1.967
tetrahedron methotf. The site and orbital resolved partial A (1.855 A). These are highly symmetric regular tetrahedral
components(PDOY are obtained by Mulliken analysts. and octahedral units. After interchange of ions, the symmetry
The \ dependence of the electronic properties can then bi broken and the Mg-O and Al-O interatomic distances
analyzed. change. We found that upon the exchange of Al and Mg ions
in the inverse and partially inverse spinels, the AI-O bond
lengths for Al at the octahedral site increase only slightly as
a function of\. The average Al-O bond length for Al at the
tetrahedral site is smaller than those at the octahedral sites by
A. Ground-state properties of normal MgAl,O, spinel about 0.5 A. For the Mg-O bond lengths, those at the octa-
hedral site are larger than those at the tetrahedral sites by
about 0.5 A. The maximum deviation of bond lengths ap-
pears to occur at=4/16.

The \ dependence of the total interaction energy in the
L . . . .~ cubic cell of the inverse and partially inverse spinels is
uis fixed. The minimum in theE (V) curve gives an equl- - gpon in Fig. 3. The calculated data points are the average
I|_b_r|um volume in good agree_zment with the experiment. I3yvalues of many nonequivalent lattice configurations, and the
fitting thegcalculatc_ad data points to the Murnaghan equationg - hars” represent the root-mean-square deviations. We
of states’” we obtained the bulk modul and the pressure o nd that although the interaction energies for erdrave
coefficientB, of the normal spinel to be 2.13 Mbar and 5.40, |arge variations for nonequivalent configurations before lat-
respectively. Measurement of elastic constants by Yotfedatice relaxation, those obtained after lattice relaxation are very
gave an estimateB, of the normal spinel to be 1.96 Mbar, close, as can be seen by the relatively small error bars in Fig.
andB to be 5.3, in very close agreement with our calculated3. The largest error bar is at=7. This underscores the
values. Very recently, Krugeet al®® obtained By and B}, importance of the structural relaxation process for the inverse

values of 1.96 Mbar and 4.7 by quasihydrostatic x-ray-and partially inverse spinels. In general, Jasncreases, the
diffraction measurements, which also agree well with thelnteraction energy increases. Frar0 to 5, the increase is

calculated results. These results are summarized in Table Ifore rapid, Wit4h a Ssmall bowing of an otherwise linear
curve. From\=; to 15 the increase is much smaller and is
in a strictly linear fashion. This curve implies that for the
partially inverse spinels\=+ is at the boundary of two

rather different disordering processes above and below it.

B. Relaxed lattice models and the\ dependence
of the total energy

IIl. RESULTS AND DISCUSSIONS

Figure 2 shows the calculated total LDA enelgy; as a
function of crystal volume for the normal spinel. We have
assumed the symmetry of the crystal under pressure to r
main the same as in the equilibrium cdse., the parameter

TABLE II. Ground-state properties of the normal spinel.

This work Expt. This may be related to the fact that the normal spinel cube
VinidVo 1.028 1.00 consists of eight octants, four of them containing Mg cations
B, (Mbar) 213 1.96, 1.96 in a tetrahedral coordination and four others containing Al
B, 5.40 5.8 4.7 cations in an octahedral coordination. Figure 3 is in line with
several experimental measureménté of the temperature
aReference 34. dependence of in inverse spinels. Although increases

bReference 35. with T at low temperatures, above=900 °C the curve is
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FIG. 4. \ dependence of the band gamwlid circle, bandwidths
of upper(up solid trianglé and lower(down solid triangle VB's.

almost flat, indicating that, for high, the relative difference 1
in the configuration energies should be quite small.
1 T 1 I 1 T T T
5 L=8/16
C. A\ dependencies of electronic properties i
Figure 4 shows tha dependence of the band gap, and 2]
the upper and lower valence-batMB) widths. The normal 1
spinel has a LDA gap of 5.80 eV, which is smaller than the 0 HoA e
measured gaP of 7.8 eV by 25%, and is slightly larger than 20 415 <10 5 0 5 10 15 20 25
the band gap of 5.51 eV for the inverse spinel. Previous Energy (eV)

calculation by Xu and Chirfg gave a slightly larger gap for
the normal spinel. The small difference is attributed to the F|G. 5. Total DOSS of the normal spinéh=0), part,a”y in-
improved potential and charge-density representation in thgerse spinel§h\==, 1, and ), and the inverse spin¢h==).
present calculation. For partially inverse spinels, the mini-
mum band gap occurs at=5 with a value of 4.84 eV. Thus  calculation is based on a single configuration for each
all spinels in the MgAJO, system should be transparent. In Although the gross features of these DOS diagrams appear to
general, the energy gap decreases\from 0 tof, andthen e similar, subtle differences can be identified when
increases fok abovess. The widths Of the lower and upper changes. The top of the VB edge remains sharp. This implies
vB generally increase fox from 0 to 55, and decrease ot that there are no significant defective states associated with
abovess. In addition, the maximum widths of the lower and cation exchange and the subsequent Iatt|ce relaxation in the
upper VB's occur ah= ;. Although our calculation for the inverse and partially inverse spinels. Poe=%, the sharp
electronic structure for eachis carried out only for a single  double-peak structure in the lower VB is quite distinct from
configuration rather than averaged over many configurationshe low- or high cases. In the upper VB, the relative
still the result seems to suggest that the maximum disordestrength of the peaks changes)ashanges. Foh=1, four
occurs at\=xe. A calculation of the crystalline and amor- prominent peaks develop instead of the original three. We
phous SiQ phases using the same OLCAO method showsnterpret this as an indication that, et =, there is the great-
that the amorphous phase has a smaller band gap and larggit disorder associated with the bonding of the interchanged
VB widths *’ cations. The changes in the CB DOS\aisicreases are rather
An important aspect of the electronic structures is thesubtle because of the presence of multiple structures. The
DOS of the normal, inverse, and partially inverse spinelschanges in the relative strengths of different peaks are related
The top panel of Fig. 5 shows the calculated DOS of theg the cation exchange. The total DOS of the inverse spinel
normal spinel which is similar to a previous calculation using(\=£) is quite different from the normal spinel in peak

the same methoff. The lower O 2 band splits into two structures. These differences will be fully elucidated below.
pieces, a very sharp peak-atl5.9 eV and a lower piece 2.0

eV wide with double peaks at18.3 and—17.7 eV. The
upper VB consists mainly of O |2 orbitals, and has three
well-resolved peaks at-0.80, —2.69, and—4.90 eV. The As discussed in Sec. Il C the electronic properties, espe-
conduction-band(CB) DOS has multiple structures. Its cially the DOS, is somewhat dependentiarit is of interest
atomic and orbital origin will be discussed later in the con-to trace the origin of such changes. To this end, we investi-
text of the PDOS. gate the PDOS of Al and Mg in normal and inverse spinels at
Figure 5 also shows the total DOS of the inverse andlifferent sites. Figure 6 shows the PDOS of Al in normal
partially inverse spinels fok=2, = = andZ. Again, the spinel at the octahedral sites. We shall concentrate on a dis-

D. Coordination dependencies of the PDOS in the spinel
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FIG. 8. PDOS of Al in the inverse spinel at the octahedral site:
(@), (b), and(c) same notation as Fig. 6.

9.3 eV has its origin from both Al @ and Al 3p orbital

FIG. 6. PDOS of Al in the normal spinel at the octahedral site:gtates. The other sharp peak at 17.4 eV is from pl Bhe

(a) total; (b) s andd orbital states with the portion shaded(c) p
orbital states.

cussion of the CB region. The PDOS is resolved isto
(3s,4s), d (3d), andp (3p,4p) orbital components. The
andd parts are added together since they are both of ev
parity. In many spectroscopic experiments, transitions
states of the same parity cannot be resolved. Roughly spe
ing, the CB PDOS is characterized by three sharp peaks
12.3, 14.0, and 19.1 eV, respectively ofl,33s, and 3
origins. Figure 7 shows the Al PDOS at the tetrahedral site

the inverse spinel. As expected, different local coordination

give completely different PDOS spectra. The lowest peak

0.6
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0.4 —

PDOS [States/ (eV Al)]

0.0 —

0 5 0 5 10
Energy (eV)

=20 -15 15 20 25

t

contribution from Al 3 is quite minor. Other structures be-
tween the peaks at 9.3 and 17.4 eV are basically fromdAl 3
states. Figure 8 shows the Al PDOS at the octahedral site in
the inverse spinel. Comparing with the Al PDOS at the oc-
tahedral site in the normal spinéFig. 7), we find some
®Hontrivial differences in spite of the same local coordination.
%he lower two peaks are now merged to give a rather broad
a%’eak at 12.7 eV, and the higher Ap3eak is shifted slightly
19.5 eV, and also becomes broader. These differences
. reflect the second-nearest-neighbor effects, and cannot be ex-
'Mlained by a simple argument based on local coordination
K lone. They can only be obtained by realistic first-principles
alculations.

Figures 9 and 10 show the PDOS of Mg at the tetrahedral
site in the normal spinel and at the octahedral site in the
inverse spinel, respectively. For the tetrahedral site in the
normal spinel, the CB PDOS below 20 eV basically consists
of three groups of multiple peaks centered at 9.1, 13.5, and
18 eV. Inspection of their partial components shows that Mg
3s, Mg 3p, and Mg 3 all contribute to these three groups of
major peaks. This is quite different from the Al PDOS at the
octahedral sites in the normal spinel. When all the Mg atoms
are placed at the octahedral sites in the inverse spinel, the CB
PDOS shown in Fig. 10 becomes very different. It essentially
reduces to two main peaks. The lower one around 14.0 eV is
dominated by Mg 8 orbitals, and the higher peak at 20.3 eV
is from the Mg 3 orbitals. The contribution from Mg S8is
basically overshadowed by the Mgd3ontribution in the
same region. Hence, like the Al PDOS, the increased disor-
der due to cation exchange in the inverse spinel has resulted
in the rather different and more broadened CB PDOS spec-
tra.

The above results can be compared with theLAk and
Mg L, 5 energy-loss near-edge fine structure in Mgay by

FIG. 7. PDOS of Al in the inverse spinel at the tetrahedral site:Bruley, Tseng, and William& These spectra measure the

(a), (b), and(c) same notation as Fig. 6.

transition probability from the isolatedp2core levels to the
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FIG. 9. PDOS of Mg in the normal splnel at the tetrahedral site: good agreement with expenments The structures of the in-
(@), (b), and(c) same notation as Fig. 6. verse and partially inverse spinels are modeled by realistic
pair potentials, and are shown to have a slightly increased

3s and 3 CB states, and can be meaningfully comparedenergy over the normal phase. The calculated band gaps
with Figs. b) and g9b). Although the sample in that mea- show that\ =15 has the smallest band gap, and that the band
surement may not be stoichiometric and the resolution igap of the inverse spinel is slightly smaller than the normal
rather low, the structures within a 10—15-eV region in thespinel. Thex dependence of the electronic structure suggests

experimental curve show a strong resemblance to the calcthat the maximum disorder occursXatlose toze. Analysis

lated PDOS. It is highly desirable that more accurate data ofif site- and orbital-resolved PDOS’s shows a significant de-
well-characterized samples be made available so that bettgpendence of the Al and Mg CB PDOS’s on the local coor-
focused interpretation can be carried out. dinations. Even for Al at octahedral sites in normal and in-
verse spinels, their PDOS’s show considerable differences

because of the disorder introduced in the inverse spinel due

IV. CONCLUSIONS to cation exchange. These results are important for the inter-

We have investigated the electronic and structural properpretatmn of various experiments involving different phases
of spinels in the MgAJO, system.

ties of normal, inverse, and partially inverse spinels by
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