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First-principles study of cation distribution in eighteen closed-shell
A"BY 0, and AVB} 0O, spinel oxides
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Using a first-principles band-structure method, we have systematically studied the cation distribution in
closed-shelA"BY' O, andA'VB} O, spinels where the group-Il atoms are Mg, Zn, and Cd, the group-IIl atoms
are Al, Ga, and In, and the group-IV atoms are Si, Ge, and Sn. The total energies, the structural parameters, and
the band gaps of these compounds in both normal and inverse spinel structures are calculated. Compared with
previous model studies, we show that an atomistic method is crucial to correctly identify the stability of the
spinels and to calculate the anion displacement parametdre preference of cations with delocalized valence
d states(e.g., Zn to form covalent tetrahedral bonds also plays a significant role in determining the cation
distribution in the spinels. Furthermore, the electronic structures of these spinel compounds depend strongly on
the cation distribution. For most of the spinels studied here, the calculated band gaps for the inverse spinels are
smaller than the corresponding normal spinels except f-ﬁi’z'SQ.
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[. INTRODUCTION problem, namely, what is the stable cation distribution for a
specific spinel and why it is so, has attracted significant at-
Spinel oxides are a group of compounds with the generalention in the last half centuf®*>~**Most of the previous
formula AB,O,. They have the same general crystal struc-Studies used empirical models of electrostatic enérgy?
ture as the mineral Spine' |\/|gA])4 Many of the Spine's I|gand fie|d52,3'24 or the ioniC Size Of the Catioﬁ%20'25 to
have interesting electronic and magnetic propettiéisys explain_the ca_ti(_)n distribution_s. Although these models are
suitable for various technological applications, such adelpful in providing some basic understanding of the cation

superconductorg® magnetic core&® and high-frequency distributions in spinels, many exceptions exist that do not

device$® Since many of the spinels are common minerals,Obey the “rules” derived from these models. For example,

h | h hvsical i <& Th usjng pseudopotential _orbital radij, Bgrdett, Price, apd
t)bes):ervgtis(;)ﬁ‘lz ?::Zt S%rr?g[ Ofgiﬁg ZsingI Semte%itc 0 ®  Price constructed a sorting map to identify the stable cation
SnZnO, and CdinO,) have large Eand 'g"s and a4t' thedistributions. They found that Sngd, falls on the boundary
samreh ti4r’ne also hgvg hig;: elec%roconduc?tivpi)ty’ Make thesthat separates normal spinels from inverse spinels. This sug-

materials ideal for optoelectronic applications. CdTe solaraeStS that the inverse energy
cells using CdSnQ,/Zn,SnQ, as transparent conductor lay-
ers have achieved the highest cell efficiency known for this
systemt® These discoveries have rekindled the interest to
study the fundamental physics in these systems.

One of the interesting features for spinels is the wide
range of cation distributions found in this system. Some of
the spinelde.g., MgALO,) are know to have the “normal”
distribution where; of the tetrahedral voids in a face-center-
cubic (fcc) close-packed oxygen sublattice are occupied by
the A atoms and of the octahedral voids are occupied by the S i C’( O
B atoms(Fig. 1). Other spinelge.g., SnZpO,) are known to .
have the “inverse” distribution where the tetrahedral voids ua \j/ €
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are occupied by thé& atoms and the octahedral voids are
occupied by bothA and B atoms. Intermediate phases with = " f
the formula @&;_,B,)[AB,_,]O, also exist. Here, cations = a |
in the square brackets occupy the octahedral sites and cations
in the parentheses occupy the tetrahedral sites. The cation ® L O
inversion parametex ranges from O for a normal spinel to 1
for an inverse spinel. For a completely random distribution,
5 X . . ; . . .
X= 3. A list of the observed spinel oxides and sulfides, their F|G. 1. Crystal structure of normal spinaiB,0,. For clarity,
lattice parameters, and the cation inversion parameters agly two octants of the spinel cell are shown. Other octants are
compiled in Ref. 6. Some of the results are listed in Table loccupied alternatively by the tetrahedractant without dashed
Since the observation by Barth and Postakat not all  lines) and octahedral clustefsctant with dashed lingésshown in
spinels have the normal spinel structure, the site preferenaais figure.

A B (6]
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TABLE I. Observed structure data for the closed-shell 2-3 andligand field is negligible. We find that the LDA-predicted
4-2 spinel oxides studied in this paper. The data are compiled bygite preference agrees well with available experimental data.
Hill, Craig, and Gibbs in Ref. 6. For-0x<3, the spinel is ex- We identify unambiguously that Snga, is more stable in
pected to have a positive inverse enefgy and the normal spinel  the inverse spinel structure while CdDy, is more stable in
is more stable. Fo§<x<1, the spinel is expected to have a nega- the normal spinel structure. Compared with previous model
tive AE and the inverse spinel is more stable. The temperaturgydies, we find thati) the VCA does not predict reliably the
associated with the values in this table is uncertain. cation distribution in spinels. An atomistic method that in-
cludes both realistic charge distribution and local atomic re-

Compound a(A) u X laxations is needed to correctly predict the stability of the
2-3 spinels spinels. (i) The anion displacement parameterdepends
MgAI,0, 8.0832 0.3874 0.07 sensitively on the cation distributioriiii) The lattice con-
MgGa,0, 8.2800 0.3790 0.67 stant has only a weak dependence on the cation distribution.
Mgin,O, 8.8100 0.3820 1.00 The negrest-nelghb(ﬁNN) bond Iength between the tetrahe-
ZaAl,0, 8.0860 0.3886 003 dral cation and the oxygen atom is about 0.1 A smaller than
ZnGa0, 8.3300 0.3867 0.00 the NN t_)ond length between the o.ctahe.dral cation and the
200 oxygen.(iv) The preferepce of c<_ar'ta|n catlons_to form cova-
CdAI204 8.0780 lent tetrahedral bonds is a significant factor in determining
2~4 ' the cation distribution in spinels. Atoms with shallow occu-
CdG30, 8.5700 0.25 pied d orbitals such as Zn, Cd, Ga, and In prefer to occupy
Cdin,0, 9.1150 _ 0.3850 1.00 the tetrahedral site rather than the octahedral $iteThe
. 4-2 spinels electronic structures of these spinel compounds depend
SiMg;0, 8.0760 0.00 strongly on the cation distribution. For most of the spinels
SiZn,O, studied here, the calculated band gaps for the inverse spinels
SiCd,0, are smaller than the corresponding normal spinels, except for
GeMgO, 8.2496 0.3758 0.00 SnB,0, spinels. In the following, we describe in more detail
GeZnO, the spinel crystal structure and our calculation methods and
GeCdO, discuss the significant physics of our calculated results.
SnMg,0, 8.6000 0.3750 1.00
SnZn0O, 8.6574 0.3900 1.00
SnCgo, 9.1430 0.3920 1.00 Il. SPINEL CRYSTAL STRUCTURE
A normal AB,O, spinel has a fcc lattice with space group
. Fd3m or Oﬁ. When a fcc cubic cell of edge and occupied
AE=E(inverse — E(normal) (1)

by A atoms is subdivided into eight octants with edg@
(Fig. 1), four of the octants are occupied By, clusters and
the other four of the octants are occupied ByO, clusters.
The A atom is centered on th&O, tetrahedron cluster with
four nearest-neighbor O atoms, while tBeatom is at the
corner of the octahedron cluster with six nearest-neighbor O
atoms. The O atoms are positioned in the same way in all
octants with oneA atom and thred atoms as their nearest
oy : ST neighbors. There are only two structural parameters, the cu-
mental determination of the cation d|str|2t;qt|on in SBOG ¢ Jattice constana and the anion displacement parameter
and CdIpO, using x-ray diffraction dat®?’is rather diffi- u. The nearest-neighbor tetrahedfttra bond lengthR ey,

cult because the atomic numbers of the cations are similagmd the nearest-neighbor octahedrata bond lengthR
thus the diffraction intensity is not sensitive to cation distri- ;1o given by octa

bution. Furthermore, the virtual crystal approximation
(VCA), which neglects the chemical identity of theandB
atoms on a sublattice by assuming averaged type of atom
(AB), was often used in the early studies to describe the
cation distribution in the inverse spinel structure. However, it Roc= V(U—0.625%+2(u—0.375%a. 2)
is not clear whether the VCA is valid for these spinel oxides.

Using a first-principles band structure method within thea¢ = 0.3875, the two bond lengtiRi.,, andRy.s are equal.

local density approximation(LDA),*® we systematically ~ Fyrthermore, an=0.375, when the anions form a perfect fcc
studied the site preference of cation distribution in 18 closedsp|attice

shell A"B)'O, (2-3) and AVBLO, (4-2) spinels. Here, the

group-Il atoms are Mg, Zn, and Cd, the group-IIl atoms are
Al, Ga, and In, and the group-1V atoms are Si, Ge, and Sn.
Since all the cations considered here have either fully occu-
pied valencad state or no valencd state, the effect of the IRt/ JU= —a. 3

for SnC4d0O, is small. They also found that in the map,
CdIn,O, falls in the middle of the inverse spinel region, sug-
gesting that the inverse energy for Cgly is very negative.
However, there are strong indication that SpQdis more
stable in the inverse structidfavhile Cdin,O, is more stable
in the normal structuré’ although an early study suggested
that CdInO, may have the inverse structufeDirect experi-

Riera=V3(u—0.25a,

(9Rtetra/o7u :\/ja,
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Thus, wheru increases, the tetrahedral bond lengths increase
while the octahedral bond lengths decrease, and the tetrahe-
dral bond length increases faster than the octahedral bond
length decreases.

In an inverse spinel structure, the tetrahedral sites are oc-
cupied byB atoms while the octahedral sites are occupied by

equal numbers oA and B atoms. Ideally, to describe the 04
inverse spinel structure one could use a large supercell and 02
occupy the octahedral sites randomly Byand B atoms*°

0.0 1

Equilibrium Inverse Parameter Xeq

However, this approach is computationally very expensive.
There is, however, a more efficient way to achieve the same -10 0 10 20

result, i.e., using the “special quasirandom structu(eQ9 AE/KT

approach’*? This approach is based on the fact that the o o _

physical properties of an alloy are uniquely determined by its FIG.. 2. Calculated egumbrlum cation inversion paramedgras
atomic structure, and that the structure can be quantified b&funcnon of AE/KT using the model described in the tegs.

— —(6)].
the “atomic correlation functions'll ., for atomic clusters =(®)]
(k, m with k vertices and up tonth neighbor® Hence, if we  5ctanedral bond lengths to E).

occupy the octahedral sites in a relatively small un_it cell The total-energy and band-structure calculations are per-
(SQS by A andB atoms in such a way so that its physically formeqd atT=0. To calculate, at a given temperattfethe
most relevant atomic correlation functions are similar to tharequilibrium cation inversion parametex,, of a spinel

€q

for a random occupation, the calculated properties using thFAlfxBx)[Aszfx]O& we used the model of Navrotsky and
SQS will also approach the exact values for the random aIKleppa.lB In this model, the free energy is

loy. The SQS approach has been previously applied to IlI-V ’
(Refs. 34 and 3pband Il-VI (Refs. 36 and 3)7zinc-blende AG(X)=AH(x)—TAS(x), (4)
alloys as well as to fcc transition—metallallo%?*sg.9 In this here the enthalpy termH (x) and the entropy term S(x)
study we apply the SQS method for the inverse spinels. W&’ Py Py

used the same primitive unit cell as for the normal spinel!S @PProximated by

)
<)

The structures generated by randomly occupying the four AH(X)=XAE
octahedral sites in the unit cell are all crystallographically '
equivalent. It is interesting to note that this is the same struc- A g(x)= —k[xIn x+(1—x)In(1—x) +x In(x/2)
ture observed for some long-range-ordered inverse sginels.
+(2—x)In(1—x/2)]. 5)
Ill. METHOD OF CALCULATION Here,AE is the inverse energy of E@l) andk is the Boltz-

mann constant. In writing Eq$4) and(5), we have made the
l'f'ollowing assumptions(a) AH is a simple linear function of
X, (b) the distribution of the cations on each sublattice is
random,(c) the nonconfigurational entropy is negligible, and

The band-structure and total-energy calculations are pe
formed using the first-principles local density approximation
as implemented by the general potential, all electron, relativ

istic, linearized augmented plane-wave metffbtlo shape (d) the volume change associated with the cation inversion is

approximations are employed for either the potential or th . : : :
charge density. We used the Ceperley-Alder exchange corr%—eg“glble' Note that the configuration entrofts(x) is zero

) . . t x=0 for the normal spinel. It has a maximum value of
1 68
lation pOt?”“a“ as pa_ramet_rlzed by P_erdew and _Zun - 1.9% atx= 2 (random cation distributionand has the value
Two specialk points(six equivalenk points for the inverse

structure in the fcc Brillouin zone are used for the reciprocal of 1.3% at x=1 (inverse spingl The equilibrium cation
space integration. Further increase of the numbéx pbints inversion parametexeqis the value at which the free energy

changes the total energy difference by less than 0.01 eV. It g minimum. Taking a derivative o (x) with respect tox

well known that LDA underestimate the band gap. Fortu-and using the expression of E®), we have

nately, however, the LDA errors are mostly canceled when \/m—S

we compare, in this paper, only the band gap differences of Xegm 5

crystal structures of the same chemical compounds that differ 2(c-1)

only in their atomic distributions. wherec=e*FXT. Figure 2 depicts the., as a function of
The lattice vectors for both the normal and inverse spinels\ E/kT. We see thak,, differs significantly from Q(normal

are kept to be cubic, but all the internal structural parametergpine) and 1(inverse spinélonly if —5<AE/kT<10.
are fully relaxed. A recent calculation by Mo and Chiffpr

MgAl,O, showed that configuration dependence of physical IV. RESULTS AND DISCUSSIONS

properties of the inverse spinel is small once the atoms are

fully relaxed inside the unit cell. Thus, the error introduced Table Il presents our calculated structural parameters
by the use of the finite SQS in our study is expected to bend u for both the normalN) and inverseg(l) spinel struc-
small. The effectivau parameters for the inverse spinels aretures, the inverse energyE, the equilibrium cation inver-
obtained by fitting the averaged tetrahedral bond lengths ansion parameter.q at T=1200K, and the inverse band-gap

(6)
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TABLE II. Calculated structural parameteasand u for normal (N) and inverse(l) spinels, the inverse
energyAE, the equilibrium cation inversion parametgy at T=1200 K, and the inverse band-gap reduction
AE, for the 18 closed-shell 2-3 and 4-2 spinel oxides. A posifi€eindicates that the normal spinel is more
stable at low temperature than the inverse spinel. A poshig indicates that the normal spinel has a lower
band gap than the inverse spinel.

ay a AE AE,
Compound A) A) Un u (eV/molecul@ Xeq (eV)
2-3 spinels
MgAl,O, 8.072 8.046 0.3887 0.3799 0.50 0.12 -0.66
MgGa0, 8.341 8.283 0.3862 0.3813 —0.05 0.74 —0.80
MgIn,O, 8.884 8.846 0.3803 0.3848 —0.06 0.75 —-0.55
ZnAl,O, 8.073 8.080 0.3895 0.3790 0.92 0.02 -0.77
ZnGg0, 8.311 8.302 0.3863 0.3810 0.48 0.13 —-1.43
Znin,0O, 8.868 8.848 0.3803 0.3848 0.26 0.31 —-0.94
CdAlLO, 8.330 8.360 0.3950 0.3756 1.30 0.00 -0.75
CdGg0, 8.579 8.573 0.3927 0.3776 0.90 0.02 -1.32
CdIn,O, 9.130 9.112 0.3873 0.3815 0.54 0.10 -1.07
4-2 spinels
SiMg,0, 8.039 8.106 0.3692 0.3887 0.56 0.09 -0.81
Sizn,0, 8.083 8.124 0.3682 0.3882 0.05 0.59 -0.45
SiCd,0, 8.617 8.670 0.3612 0.3916 0.74 0.04 -0.81
GeMg0O, 8.266 8.338 0.3762 0.3567 0.20 0.38 0.03
GezZn0, 8.325 8.360 0.3756 0.3861 —0.36 0.97 —0.06
GeCdO, 8.851 8.895 0.3682 0.3899 —0.05 0.74 —-0.32
SnMg,0, 8.566 8.642 0.3833 0.3835 -0.17 0.87 0.81
SnZn0O, 8.631 8.658 0.3830 0.3833 —0.64 1.00 0.60
SnCgo, 9.134 9.164 0.3760 0.3873 -0.71 1.00 0.14
reductionAE, for the 18 compounds. Table Ill lists our cal- (i) The calculated lattice constants are within 1% of the

culated tetrahedral and octahedral cation-oxygen nearestxperimental values, except for Cd@,. Since the cited
neighbor bond lengths. In this paper, we do not consider thexperimental valufe!” of 8.078 A for CdALO, is smaller
possible existence of other structures that, for some of thes@an the one for ZnAD, (8.086 A), while the atomic size of
compounds, ‘may have lower total energy than thecd is much larger than Zn, we believe that the cited experi-
spinels?®** mental value is possibly incorrect.

(i) The calculated anion displacement parametede-

A. Comparison with experiment pends sensitively on the cation distribution. For example, at
normal spinel structure, the parameters for ZnAD, and
SnCdO, are 0.3895 and 0.3760, respectively, while at in-
verse spinel structure the effectiveparameters are 0.3790
and 0.3873, respectively. If we use the measured or calcu-
i!gted cation inversion parameterand assume the param-
fler varies linearly witx, the calculated: are in good agree-
ment with experimental dafaconsidering the fact that the
uncertainties in the measuredparameter and the inversion

Comparing the calculated results in Table Il and the ex
perimental dathin Table | we find the following results.

TABLE Ill. Calculated tetrahedraltetra and octahedralocta)
nearest-neighbor cation-O bond lengths for the cations studied
this paper. Results are averaged over different spinel compoun
and the standard deviations are also given.

Bond Reetra Rocta parametew are relatively large. We notice that the discrep-
ancy between the calculated values and the measured values

Mg-O 1.96£0.02 2.05:0.03 for the Sn compounds is somewhat larger than the other
Zn-0O 1.970.02 2.07%0.03 compounds.
Cd-O 2.14-0.03 2.240.03 (iii) The calculated cation inversion enerd¥ for most
Al-O 1.82+0.02 1.93:0.02 of the 2-3 spinels are positive, i.e., they are more stable in
Ga-O 1.89-0.02 2.00:0.02 the normal spinel structure, except for MgGa and
In-O 2.07+0.02 2.16-0.02 Mgln,O,4, which are slightly negative, thus, more stable in
Si-O 1.66+0.02 1.83-0.02 the inverse spinel structure. For 4-2 spinels, all the Si spinels
Ge-O 1.810.02 1.94-0.02 and GeMgO, are more stable in the normal spinel structure,
sSn-0 1.99-0.02 2.08-0.02 while the other 4-2 spinels are more stable in the inverse

spinel structure. These results are consistent with experimen-
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tal observatiorfs except for CdlgO,. Our calculatedAE  larger atom, despite the fact that most of the changes are
=0.54 eV/molecule for CdlD, is strongly positive, sug- accommodated by the displacement of the anions and the
gesting that it should have a normal spinel structure. Arensuing change of the parameter
early experiment by Skribljak, Dasgupta, and Bistamn- (V) uy for 2-3 spinels(~0.387 are larger thamy for 4-2
cluded that it was probably inverse. However, more recenspinels(~0.373. This is because tha'-O tetrahedral bond
estimates of Shannon, Gillson, and BoucRarconcluded lengths are similar to thB"-O octahedral bond lengths for
that it was probably a normal spinel. The difficulty in iden- 2-3 spinels(Table Ill). Thus, the O atom will displace from
tifying the crystal structure of Cdyd, experimentally is due its ideal position atu=0.375 towards the positioru
to the fact that the atomic numbers of Cd and In differ only=0.3875 where the tetrahedral bond length and the octahe-
by 1, thus the x-ray diffraction intensities of normal anddral bond length are equal. On the other hand, for 4-2
inverse CdInO, spinels are very similar. spinels, theA'V-O tetrahedral bond length is much smaller
(iv) By measuring experimentally the inverse parameter than theB"-O octahedral bond lengtfTable I1l). Therefore,
as a function of temperature, one can invert E).to esti- the averagely is close to the ideal value ofi=0.375, where
mate the inverse enerdyE. Using this approach, the experi- the ratio between the tetrahedral bond length and the octahe-
mentally estimated inverse energye for the mineral spinel ~dral bond length is/3/2.
MgAI,0O, is 0.48 eV*® which can be compared with the calo-  (vi) For 2-3 spinels, compounds with largé atoms, and
rimetry date of 0.320.09eV!® The experimentally esti- thus largeuy (e.g., CdBO,) tend to have the normal spinel
mated value for MgG#, is AE=—0.11 eV These values structure(i.e., large positiveAE). For 4-2 spinels, the situa-
are in good agreement with our calculated values of 0.50 antion is reversed. Compounds with large’ atoms (e.g.,

—0.05 eV, respectively, for MgAD, and MgGaO,. SnB,O,) tend to have the inverse spinel structdre., large
negativeAE).
) (vii) For compounds with similar structural parameters,
B. Analysis of the general wends e.g., MgB'O, and ZnB'O,, the inverse energAE for
From our systematic studies we observe the followingznB}' O, is much larger than for MgBO,. This indicates
trends. that Zn, which has shallow occupied valemtstates, prefers

(i) In Table 11, we see that the cation-O bond lengths, andio occupy the tetrahedral site. Similar situations exist in 2-3
thus, the ionic atomic sizes of the cations in the same groupl and Ga spinels, and in 4-2 Mg and Zn spinels. We find
increase as the cation atomic number increases. That is, thigat Zn and Ga have a stronger preference to occupy the
atomic size increases from Mg to Zn to Cd, from Al to Ga totetrahedral site. In general, atoms with shallow occupied va-
In, and from Si to Ge to Sn. It is interesting to note that in thelence d states(Zn, Cd, Ga, and Inprefer to occupy the
more covalent zinc-blende compoun@sg., MgSe, ZnSe, tetrahedral site.

AlAs, and GaA$ Mg-anion bond lengths are larger than Zn-
anion bond lengths, and Al-anion bond lengths are larger C. Electrostatic energy
than Ga-anion bond length&In Ref. 19, the pseudopoten-

tial orbital radii used by Burdett, Price, and Price have . : ' X
r(Mg)>r(Zn), which is not consistent with the ionic radii cially trend(vi), we have studied the electrostatic energy for
derived here. these spinels and compared with previous motfedé*'The

(i) The ionic atomic size decreases as the atomic valencg/ectrostatic energy has long been considered to be one of the
increases, i.e., it decreases from Mg to Al to Si, from Zn tomost important factors in determining the cation distribution

Ga to Ge. and from Cd to In to Sn. This is because for" SPinels, especially for the closed shell spinels studied here.
cations with higher valence, the net charges of the ionic

Verwey and Heilmanl? performed the first calculation of
cores are larger after removing the valence electrons. Therd1® electrostatic energy

fore, cations with higher valence are more tightly bound to E, = —M(e2/a) @
the nucleus and thus have a smaller ionic radius. M ’
(iii ) The octahedral cation-O bond length~®.1 A larger  of normal and inverse spinels as a functionuoHere,M is
than the tetrahedral bond length. This is because the octahthe Madelung constant. A large Madelung constant means a
dral site is more open than the tetrahedral site. Our result®ower electrostatic energy. Verwey and Heilmann used
agree reasonably well with the empirical results ofnominal chargesQ=2, 3, 4, and—2 for group-Il, -lll, -1V,
Shannof® and that of O'Neill and Navrotsk$® However, and O atoms, respectivélgnd the VCA to describe the in-
our results do not agree with Mo and Ching’s resllitsho  verse structure. They concluded from their electrostatic en-
find a much larger difference of 0.5 A in Mg, ergy calculation that all 2-3 spinels should be stable in the
(iv) For 2-3 spinels, the calculated lattice constant for thenormal arrangement, while all 4-2 spinels should be stable in
normal spinel structure is generally slightly larger than thethe inverse arrangement. This “rule” clearly does not agree
one for the inverse spinel structure. For 4-2 spinels, the opwith the experimental observation of Table | or the theoret-
posite is true, i.e., the lattice constant for the normal spinel iscal calculations of Table II. Latter calculations by Hermans,
always smaller than the one for inverse spinel. This is beWeenk, and Van Godi/ and by Thompson and Grinfés
cause when a larger group-Il atof@.g., Cd in SnCgD, or  revealed some numerical error in the earlier wbrkchey
Mg in MgAl,O,) occupies the tight tetrahedral site, the lat- show that for 2-3 spinels, normal distribution is favored if
tice constant tends to expand a little to accommodate the>0.3805, while for 4-2 spinels inverse distribution is fa-

To understand the general trends discussed above, espe-
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FIG. 3. Calculated Madelung constafis. (7)] as a function of _ . .
the anion displacement for the normal(solid line) and inverse Iate'jjl?c')rdfl.\/I;an;(l?r t&;f'og" ;I;ilsg)lld gﬁ)\;lsg aore tgszr;(s)ultzrfglcu-
spinels for(a) 2-3 spinels andb) 4-2 spinels. The inverse spinels SnCdO, USi th4’ L DA 2 I4‘ lat d2 f“’” | 2 ‘("j’ tomi 4 it
are calculated witt{dashed ling or without (dotted ling the VCA nC4O, using the calculated, Tully relaxed atomic positions.
charge distribution. The VCA atomic positions are used in both
calculations. correct ionic charge is taken into account, the criticablue

at which the Madelung constants for the normal and inverse

vored if u>0.3875. The calculated Madelung constants arespinels are equal is shifted from=0.3805 tou~0.383 for
plotted in Fig. 3. We find from Fig. 3 that the Coulomb 2-3 spinels and fronu=0.3875 tou~0.382 for 4-2 spinels.
energy’?? explains qualitatively trendvi) above. For ex- Third, the electrostatic model assumes implicitly that the ef-
ample, for the 2-3 normal spinel, the Madelung constant infective u parameters for the normal and inverse spinels are
creases withu, while for the 2-3 inverse spinel the Madelung the same and that cations are at their ideal positions. We find
constant decreases with[Fig. 3(@)]. For the 4-2 spinel, the that, in most cases, this assumption is not valid. For some of
trend is reversedFig. 3(b)]. The electrostatic model thus the spinelge.qg., ZnALO, and SnC¢O,) theu parameters for
explains why the 2-3 spinel with a largeprefers the normal the normal and inverse spinels are very different. If we use
structure, while the 4-2 spinel with a large prefers the the u parameters for the normal structure, we would expect
inverse structure. from the electrostatic model that both Zp@|, (uy

However, this simple electrostatic model cannot be used-0.3895) and SnG®, (uy=0.3760) would have the nor-
to predict the inverse energy quantitatively for the following mal spinel structuréFigs. 3 and 4 However, if we use the
reasons: First, nominal charges are used, while in reality the parameters for the inverse structure, we would expect from
charge on each atom is screened and depends on the lo¢hé electrostatic model that both Zn@), (u,=0.3790) and
environment® Second, the VCA is used to describe the SnCdO, (u,=0.3873) would have the inverse spinel struc-
charge distribution in the inverse spinel structure. To see theure (Fig. 3). This analysis indicates that one cannot judge
effect of the VCA charge distribution, we have calculated thea priori the stability of spinels from a single parameter.
Madelung constant using the actual nominal ionic charge on Figure 4 shows the effect of atomic relaxation on the
each site instead of the averaged one. In this calculation, wigladelung constants for some of the spinels. For each com-
keep the atoms at their VCA positions. Figure 3 comparepound, the Madelung constant is calculated at three configu-
the calculated Madelung constants. We find that the VCArations:(a) at the normal spinel structuré) at the inverse
always underestimates the Madelung constant. The error isnrelaxed structure, an¢c) at the fully relaxed inverse
proportional to Qs—Qg)?. Therefore, the error is four atomic positionsolid dots. The arrows in Fig. 4 point to the
times larger in 4-2 spinels than in 2-3 spinels. When theu parameters associated with each compound at the normal
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spinel structure. For the inverse unrelaxed structure, atomgosition averaged band gapHowever, for Sn$O4 (also

are switched but no further atomic relaxation from the nor-for GeMg,0,), due to the small change in the anion displace-
mal spinel positions is allowed. That is, the inverse spinel ispentu as well as the charge transfer from Sn to group-Ii
assumed to have the samgarameter as the normal spinel. cations in forming the inverse structutthe Sn 5% orbital

Our calculated results are used for the fully relaxed inversenergy is about 5 eV lower than the group-Il catiprthe
spinel atomic positions. For the 4-2 spinels with large catiomand gap for the inverse structurelasger than the one for
size mismatch(e.g., SIMgO, and SnCgO,, reflected by  the normal structure. The effect of the cation distribution on
their large differences between theparameters for the nor- the change of the band gap can be large. For example,
mal and inverse structure in Tablg,lthe effects of atomic AE,=-1.32eV for CdGg0, and AE,=0.81eV for
relaxation on electrostatic energy are very large. SAd snMg,0,. Thus, in principle, one can control the band gap
has a large Madelung constant in the inverse spinel structuligy controlling the cation inversion parameter This pro-
only after the atomic relaxation. The relaxation effect is negv;ides an opportunity for band-gap engineering of these ma-

ligible for SnZnO,, because Zn and Sn have very similar terials for specific technological applications.

atomic size(Table Ill), which is also reflected by its nearly

identical u parameters for normaluE 0.3830) and inverse V. SUMMARY

(u=0.3833) structures. The relaxation effects for the 2-3

spinels are also relatively small because the charge differ- Using a first-principles band-structure method, we have
ences between the cations are smaller in 2-3 spinels than Bystematically studied the cation distribution in closed-shell
4-2 spinels. In both cases, we find that the electrostatic enA"'BY O, andA'VBS0O, spinels. Our predicted site preference

ergy differences between normal and inverse spinels beconegrees very well with available experimental data. We iden-

much smaller after atomic relaxation. tify unambiguously that SnG®, is more stable in the in-
verse spinel structure, while Cgld, is more stable in the
D. Change of the band gap normal spinel structure. Compared with previous model

studies, we find thati) an atomistic method that includes

To see how the cation distribution affects the electronicb . o . . .
) . oth realistic charge distribution and atomic relaxations is
structure of a spinel, we have calculated the difference of the

direct band gap at the zone cen(E) between normal and needed to correctly predict the cation distribution in these
inverse spinglsp spinels. (i) The anion displacement parameterdepends

sensitively on the cation distributiofiii) The preference of
AE,=E(inversg — E4(norma). (8)  some of the cations to form covalent tetrahedral bonds is a
. . ~significant factor contribution in determining the cation dis-
The results are given in the last column of Table II. We findtribytion of the spinels. Atoms with shallow valendestates
that for most of the spinels studied here, the calculated bangl,ch as zn and Ga as well as Cd and In prefer to occupy the
gaps for the inverse spinels are smaller than those of thgstrahedral site rather than the octahedral site. Our predicted
normal spinels, i.eAE, is negative. This can be understood changes in the band gaps as function of the cation distribu-

by noticing that in the inverse structure, the local symmetrytion provides a basis for band-gap engineering of these ma-
is reduced by the distribution of atoms and atomic relax+erials for specific technological applications.

ations. This lowering of local symmetry causes further level

repulsion within the valence band and within the conduction ACKNOWLEDGMENTS
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