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Theoretical explanation of the uniform compressibility behavior observed in oxide spinels
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Simple algebraic equations show that the bulk compressibility in spinel-type compounds can be expressed
by means of cation oxide polyhedral compressibilities and a term that accounts for the pressure effect on the
internal oxygen position in the unit cell. The equations explain~i! the difference of compressibilities at
octahedral and tetrahedral sites,~ii ! why the macroscopic bulk modulus can be estimated as the average of
these polyhedral bulk moduli, and~iii ! the uniform behavior found in oxide spinels under hydrostatic pressure.
Quantum-mechanicalab initio perturbed ion results on MgAl2O4 , ZnAl2O4 , ZnGa2O4, and MgGa2O4 direct
spinels and on MgGa2O4 inverse spinel are reported to illustrate the interpretative capabilities of the proposed
equations.
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I. INTRODUCTION

The understanding of crystalline bulk properties in ter
of simple contributions has traditionally demanded the dev
opment of new empirical relationships and theoretical m
els. This basic investigation is of general importance beca
the derived equations permit to access to conditions and
terials where the information is unknown. In geosciences,
interest in the description and prediction of mineral compr
sion has lead to the interpretation of crystal bulk moduli
terms of the bulk moduli of the cation-anion constituti
polyhedra.1 Hazen and Finger gave empirical expressions
polyhedra compressibilities analogous to those derived
the crystal bulk modulus by Bridgman2 and Anderson and
co-workers.3,4 The use of these expressions, along with
formation on the nature of the polyhedra linkages, enab
the estimation of the macroscopic compressibility for a la
variety of crystalline materials.

Concerning spinel-type compounds, Hillet al.5 system-
atized their structural properties by means of empirical
pressions that involve the ionic size as the controlling para
eter. They derived an exact relation that connects the oxy
u coordinate in the unit cell with the ratio of the octahedral
tetrahedral cation-oxygen bond lengths. The equation
forms on the different compressibility behavior at the tw
interstices once theu response to hydrostatic pressure
known. Based on some of the results of that work, Fin
et al.6 explored the observed bulk modulus of several ox
spinels and found ‘‘intriguing’’ that the average of the tetr
hedral and octahedral bulk moduli were in a very go
agreement with the crystal bulk modulus. These authors s
gested thatall oxide spinels may have a similar bulk mod
lus around 200 GPa. In fact, values of 19661, 20664, and
19765 have been recently measured for MgAl2O4 ,
NiMn2O4, and ZnMn2O4, respectively~see Refs. 7–9!.

It is our basic aim in this paper to contribute to the u
derstanding of the reasons that explain the similar compr
ibilities exhibited by a number of oxide spinels. We devel
simple analytic relationships between polyhedral and b
0163-1829/2001/63~18!/184101~7!/$20.00 63 1841
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compressibilities that involve also the oxygenu coordinate
and its dependence on hydrostatic pressure. The perform
of the equations is manifested through the results obtaine
AB2O4 (A5Mg,Zn; B5Al,Ga) direct spinels~whereu is a
decreasing function of pressure! and MgGa2O4 inverse spi-
nel ~whereu is an increasing function of pressure!. Calcula-
tions in these compounds have been performed using thab
initio perturbed ion (aiPI) model, a localized Hartree-Foc
approach that solves the Schro¨dinger equation of the crysta
by breaking the total wave function into ionic monocent
contributions.10

As a second product of our investigation, we provide th
oretical data on the structural and equation of state~EOS!
parameters of these compounds that are compared with
sparing available experimental and theoretical informati
The rest of the paper contains~i! derivation of the analytical
expressions~Sec. II!, ~ii ! the results and discussion~Sec. III!,
which includes the computational model, the EOS of the fi
spinels, and the decomposition of the macroscopic compr
ibility according to the proposed equations, and~iii ! a sum-
mary of the main findings and conclusions of this work~Sec.
IV !.

II. ANALYTICAL RELATIONSHIPS FOR POLYHEDRAL
COMPRESSIBILITIES

For a better understanding of the rest of the paper,
include here the information on the setting we adopt for
AB2O4 spinel unit cell. It contains 56 atoms, being the spa
group Fd3̄m. The oxygen is located at (u,u,u) forming a
distorted face-centered-cubic structure. TheA cations are at

( 1
8 , 1

8 , 1
8 ) positions, occupying 8 of the 64 tetrahedral inte

stices in the direct spinel, and theB cations are at (12 , 1
2 , 1

2 )
positions, occupying 16 of the octahedral interstices in
direct spinel. For the inverse spinel structure, half of theB
cations go to the tetrahedral positions, whereas theA cations
go to octahedral interstices.

According to this definition of the unit cell, the following
©2001 The American Physical Society01-1
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general equations for spinel-type structures are ea
obtained:11

V5
a3

8
; Vtet5

64

3
VS u2

1

8D 3

, Voct5
128

3
VS u2

3

8D 2

u,

~1!

dA-O5A3aS u2
1

8D , dB-O5aAS u2
1

2D 2

12S u2
1

4D 2

,

~2!

where,V, Vtet, andVoct stand, respectively, for the molecu
lar, tetrahedral, and octahedral volumes;a is the lattice pa-
rameter of the cubic unit cell, anddA-O and dB-O are the
cation-anion bond lengths at the tetrahedral and octahe
interstices, respectively. It is to be noted that the occup
tetrahedra are regular regardless the value ofu, and therefore
Vtet can be expressed using only thedA-O variable. However,
the occupied octahedra are distorted~only at u50.25 are
regular! and theVoct expression in terms ofdB-O includes
also theu variable.

We define the isothermal tetrahedral and octahedral b
moduli, Btet andBoct, by

Btet52VtetS ]P

]Vtet
D

T

, Boct52VoctS ]P

]Voct
D

T

, ~3!

being their corresponding compressibilities

k tet5
1

Btet
, koct5

1

Boct
, ~4!

which in terms of the bulk compressibilityk and theu pa-
rameter and its pressure derivative are

k tet5k2
3

u2
1

8

S ]u

]PD
T

, koct5k2S 2

u2
3

8

1
1

uD S ]u

]PD
T

.

~5!

Thus, the average of the polyhedral compressibilitiesk̄ is

k̄5k2
1

2 S ]u

]PD
TS 3

u2
1

8

1
2

u2
3

8

1
1

uD ~6!

and contains the ingredients to explain the ‘‘intriguing
similarities between thek andk̄ values. Also, the difference
betweenkoct andk tet is given by

koct2k tet5
3~8u11!

u~8u23!~128u! S ]u

]PD
T

. ~7!

As the first factor is positive for the physical meaningf
range ofu values5 (0.25,u,0.274), the sign of the differ-
ence is therefore controlled by that of the slope of theu vs P
curve.
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III. RESULTS AND DISCUSSION

A. Computational model

The total energies of MgAl2O4 , ZnAl2O4 , ZnGa2O4, and
MgGa2O4 direct spinels, and MgGa2O4 inverse spinel have
been computed by means of theaiPI method.10 Multi-z
Slater-type orbitals basis sets from Clementi and Roe12

have been used for trivalent and divalent cations. For O22,
the O2 basis set has been chosen. Correlation energy cor
tions are introduced through the Coulomb-Hartree-Fo
model of Chakravorty and Clementi.13 Details of the method
can be found in Refs. 10 and 14. Modelization of the inve
spinel is carried out by assigning fractional occupancies o1

2

to Ga31 and Mg21 at the octahedral positions.
As in previous aiPI calculations,15 the computational

strategy consists in the evaluation of the total energy at
lected volumes covering a wide interval containing the eq
librium geometry. At each volume, the internal parameteu
is optimized to give the minimum total energy following
conjugate gradient algorithm. This procedure provides
dependence of the total energy on volume, which serve
input for the determination of the EOS.16 Once the pressure
vs volume relationship is obtained,Voct and Vtet values can
be assigned to different pressures. This information allows
to fit standard analytical EOS to generate the polyhedral b
moduli. In our study, we have used Birch17 and Vinetet al.18

forms, and we have found consistency in the final EOS
rameters.

B. Static equations of state forAB2O4

„AÄMg,Zn; BÄAl,Ga… spinels

Table I collects zero-pressure results obtained for the
spinels at static conditions along with available roo
temperature-observed values from Ref. 5.B0 andB08 experi-
mental data are lacking except for MgAl2O4,7 and we have
opted to include recent theoretical values also.19,20The selec-
tion of these four direct spinels allows us to investiga
trends affected only by the progressive substitution of j
one cation. This clarifies the discussion. Consideration of
inverse MgGa2O4 spinel is justified by two reasons. First,
is expected from the observed disorder parameter
MgGa2O4 behaves close to the inverse limit. Second,
effect of hydrostatic pressure on inverse spinels yields a
ferent response of the internal parameter with respect to
found in direct ones due to the different occupancies of
rahedral and octahedral interstices. This fact enriches
analysis of the equations proposed here.

The athermal computed lattice parameters are around
smaller than the observed data. The increase ofa from Al to
Ga spinels is captured in the calculations up
0.10–0.15 Å, whereas the corresponding observed va
lie around 0.20–0.25 Å. Roughly, these spinels pres
analogous lattice spacings, the variations being lower t
3%. The computedu parameter is overestimated by abo
2% with respect to the tabulated data of Hillet al.5 Thea and
u discrepancies are translated to the cation-oxygen dista
that show disagreements around 5% with the experime
1-2
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TABLE I. Zero-pressure structural properties of MgAl2O4 , ZnAl2O4 , MgGa2O4, and ZnGa2O4 accord-
ing to aiPI-uCHF~unrelaxed Coulomb-Hartree-Fock! calculations~first rows! and other data available~sec-
ond rows!. Lengths in Å,u in fractional units, andB0 in GPa.

MgAl2O4 ZnAl2O4 ZnGa2O4 MgGa2O4 MgGa2O4 ~inv!

a 7.886 7.835 7.977 8.021 7.969
8.0832a 8.086a 8.330a 8.270b 8.2800a

u 0.2688 0.2675 0.2673 0.2683 0.2559
0.2624a 0.2636a 0.2617a 0.2614b 0.2540a

dA-O 1.964 1.934 1.966 1.991 1.946
1.923a 1.941a 1.972a 1.954b 2.037a

dB-O 1.835 1.832 1.866 1.870 1.946c 2 1.807d

1.926a 1.918a 1.990a 1.978b 2.037a, c 2 1.850a, d

B0 205.01 206.91 207.52 204.56 215.30
196 6 1 e 273f 237f 243b 2 243 f

B08 3.57 3.48 3.77 3.80 3.65
4.760.3e 3.4f 3.5 f 3.3b

aExperimental values from Ref. 5. dAt tetrahedral sites.
bCalculated values from Ref. 20. eExperimental values from Ref. 7.
cAt octahedral sites. fCalculated values from Ref. 19.
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being the predictions slightly better for theA-O distances.
Overall, we believe that the computed structural data is
curate enough to carry out a reasonable analysis of their
pendence on hydrostatic pressure. We should remark at
point that our calculations predict the expected decreas
the u parameter in the inverse spinel~0.2559! relative to the
direct ones (;0.268). Moreover, the known fact that invers
and direct spinels exhibit oppositeu vs P slopes is also mani
fested in our calculations~see Fig. 1!. Direct spinels respond
to pressure trying to reach the ideal structure with nond
torted octahedral polyhedra. This phase is characterized
u50.25, and thereforeu decreases with pressure. As inver
spinels is concerned, and since the octahedral interstice
equally shared by divalent and trivalent cations, the conc
of ideal structure vanishes, and it is the constraint to k
regular tetrahedra that forcesu to increase with pressure.

FIG. 1. Reducedu vs pressure diagram forAB2O4 spinels
(A:Mg,Zn;B:Al,Ga) according to our calculations. Inv refers to th
inverse spinel crystal.
18410
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The compressibility of these compounds is directly d
scribed by theV/V0 vs P diagrams~see Fig. 2!, beingV0 the
zero-pressure volume. These curves show that the four d
spinels essentially behave the same way under hydros
pressure. For example, at 10 GPa, the greatest differenc
V/V0 values among the four spinels is less than 631024. At
50 GPa, this difference increases to 431023, but it is still a
small quantity. The inverse spinel show a slightly low
compressibility in the pressure range studied here. Accord
to the empirical relationships proposed by Anderson a
co-workers,3,4 oxide compounds ‘‘resemble neither the ion
solids nor the covalent solids.’’ These authors claimed t
B0 for oxides is virtually the same for a given volume. O
theoretical results confirm the above statement explain
this behavior in terms of the polyhedral compressibilities

The EOS parametersB0 andB08 are intended to represen
the V/V0 vs P behavior. OurB0 values inform qualitatively

FIG. 2. Reduced volume vs pressure diagram forAB2O4 spinels
(A:Mg,Zn;B:Al,Ga) according to our calculations. Inv refers to th
inverse spinel crystal.
1-3
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well that the four direct spinels show similar response
pressure, with common values around 205 GPa. This re
also supports Fingeret al.6 speculation of oxide spinels hav
ing B0 around 200 GPa. In order to understand subtle diff
ences among these compounds,B08 is also required in the
analysis. ComputedB0 values do not follow the order show
by P2V/V0 curves. A correct interpretation of this diagra
is recovered taking into account the higherB08 values ob-
tained in Ga spinels. Thus,B values at 50 GPa are aroun
386 GPa for direct MgGa2O4 and ZnGa2O4, whereas they
decrease down to 370 GPa for MgAl2O4 and ZnAl2O4. At
this pressure, inverse MgGa2O4 hasB5388 GPa, approach
ing the compressibility of its corresponding direct spinel.

Comparison of computedB0 and B08 values with other
data shows a good agreement in MgAl2O4, the only case
with the experimental information available. For the oth
three direct spinels, the atomistic values obtained by Pan
et al.19 in ZnAl2O4 and ZnGa2O4, and the pseudopotentia
Hartree-Fock calculations20 in MgGa2O4 lie well above our
predictions. It is known that the use of rigid interionic pote
tials usually overestimatesB0 values. It is due to the low
flexibility of the potentials in order to describe pressure
fects on the ionic interactions. Regarding D’Arcoet al. cal-
culations, the lack of correlation-energy corrections lead a
to an overestimation forB0. We should note that their pre
diction for B0 in MgAl2O4 ~266 GPa! is quite large as com
pared to the experimental value (19661 GPa). It is, there-
fore, reasonable to conclude that our data give a m
realistic picture of the compressibility of the five spinels co
sidered in this study.

C. Bond, polyhedral, and macroscopic compressibilities

The rate at which cation-oxygen bond lengths decreas
pressure is applied is depicted in Fig. 3. For the direct sp
crystals, it is apparent that the curves are grouped by
oxidation state of the cation: oxygen distances to trival
cations are less compressible than those to divalent o
This is the expected behavior, and it is in correlation with

FIG. 3. Reduced cation-oxygen bond lengths vs pressure
gram forAB2O4 spinels (A:Mg,Zn;B:Al,Ga) according to our cal-
culations. Inv refers to the inverse spinel crystal.
18410
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zero pressure bond distance values~see Table I!: dA-O is
around 1.96 Å, whereasdB-O is around 1.85 Å. We remark
here that our results are in agreement with D’Arcoet al.
expectations:20 the compression in these direct spinels
‘‘achieved mostly by deformation of the tetrahedra.’’ In co
trast, Sinhaet al.21 predicted greater force constants for t
divalent-oxygen bonds than for the trivalent-oxygen ones
MgAl2O4 and ZnGa2O4, after a parametrization of Rama
spectrum data. Although a rattling behavior for trivalent c
ions may be suggested in the direct spinel structures,
results clearly illustrate the dominant role of trivalent catio
oxygen bonds in the compressibility of these compounds

In the case of the inverse MgGa2O4 spinel, the tetrahedra
interstices are all occupied by Ga31, and the corresponding
Ga-O bond length shows the lowest compressibility. N
also that the tetrahedraldGa-O distance is the shortest on
(1.807 Å). However, the octahedral interstices are equ
populated by Mg21 and Ga31, and are forced to have th
same size. Thus, our modeling of the inverse spinel produ
the same compressibility for Mg-O and Ga-O bonds, and
crystal behaves between the two groups of curves alre
mentioned.

Bond-length compressibilities roughly determine polyh
dral compressibilities. The relation for tetrahedral polyhed
is direct asVtet can be expressed as a function of the catio
oxygen distance only@see Eqs.~1! and ~2!#. It should be
emphasized that the tetrahedra are regular in the spinel s
ture at anyu value. On the contrary, theVoct-dB-O relation-
ship involves theu parameter as the octahedra are distort
Nevertheless, the behavior ofu does not modify the qualita
tive picture found in the analysis of bond compressibiliti
~see Fig. 4!. Thus, the octahedral polyhedra~containing
trivalent cations! show lower compressibilities than the te
rahedral ones~containing divalent cations! in the direct
spinels: (B0)oct and (B0)tet lie within narrow ranges of 225–
235 GPa and 175–181 GPa, respectively~see Table II!. In
the inverse spinel, the tetrahedral polyhedra containing G31

show a high bulk modulus@(B0)tet5231 GPa#, although the
highest value is now reached by the octahedral polyhe
containing Ga31 in ZnGa2O4. This is due to the effect of
pressure on theu parameter in this crystal~see Fig. 1!, which
is translated to theVoct vs P curve.

From the above analysis, we can conclude that the in
ence of theparticular divalent and trivalent cations consid
ered here is almost negligible if they are located in the int
stices corresponding to the direct spinel structure. We wo
like to remark that what is relevant is the oxidation state
the cation accommodated in the interstice. This determi
the size of the polyhedra and their corresponding compr
ibility. The results may be understood using geometrical
guments~the lower the distance, the greater the bulk mod
lus!, but we prefer the energetic point of view~the higher the
oxidation state, the stiffer the bond!.

In the case of inverse spinel, (B0)oct is approximately the
average of the polyhedral bulk moduli found in the dire
spinel, which we understand as due to the equal occupa
of the octahedral interstices by di and trivalent cations. Th
the energetic considerations seem to be more appropria
the explanation of this behavior, since the use of the g

a-
1-4
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THEORETICAL EXPLANATION OF THE UNIFORM . . . PHYSICAL REVIEW B63 184101
metrical criterium would suggest a lower value for (B0)oct in
the inverse MgGa2O4 spinel. Besides, (B0)tet takes the value
of (B0)oct from that of the direct spinel. Our explanation he
is again based on the fact that both sites~tetrahedral in the
inverse spinel and octahedral in the direct structure! are oc-
cupied by trivalent cations, and the cation-oxygen distan
in both polyhedra are very similar.

FIG. 4. Reduced polyhedral volumes vs pressure diagram
AB2O4 spinels (A:Mg,Zn;B:Al,Ga) according to our calculations
Inv refers to the inverse spinel crystal.
18410
s

The differences between (B0)tet and (B0)oct can be quan-
titatively explained by means of Eqs.~4! and ~7!. It is obvi-
ous that (B0)oct is greater than (B0)tet if u decreases asP is
applied. This is the behavior found in the four direct spin
~see Fig. 1!. The highest splitting is found in ZnGa2O4,
where the slope of theu vs P curve presents the lowest valu
For the inverse spinel,u increases with increasing pressu
~see Fig. 1! and, therefore, (B0)oct is lower than (B0)tet. The
difference between (B0)oct and (B0)tet is around 55–60 GPa
for all direct spinels except MgAl2O4, which presents a value
close to 45 GPa. In the inverse spinel, this difference
225 GPa.

According to Hazen and Finger bulk modulus-volume
lationship for polyhedra,1 the (B0)p1 /(B0)p2 ratio can pro-
vide information on the different ionicity of cation-oxyge
bonds in polyhedra of typesp1 andp2:

~B0!p1

~B0!p2
5

zp1 dp2
3 Sp1

2

zp2 dp1
3 Sp2

2
, ~8!

wherezp1 andzp2 , dp1 anddp2, andSp1 andSp2 are, respec-
tively, the cation charges, the oxygen-cation bond leng
and the ionicity parameters of the two polyhedra.

We can expressSp15l Sp2 in order to compare this ion
icity measure of cation-oxygen bonds in two different situ
tions. Using the calculated bond lengths collected in Tabl
and the polyhedral bulk moduli of Table II,l has been
evaluated considering thatp1 and p2 are, respectively:~i!
the tetrahedral and octahedral polyhedra of the direct spi
(l51.18), ~ii ! the Ga and Al octahedral polyhedra (l
51.036), ~iii ! the Mg and Zn tetrahedral polyhedra (l
51.025),~iv! the Al octahedral polyhedra in MgAl2O4 and
ZnAl2O4 (l51.010), ~v! the Ga octahedral polyhedra i
MgGa2O4 and ZnGa2O4 (l51.010),~vi! the Mg tetrahedral
polyhedra in MgAl2O4 and MgGa2O4 (l51.003),~vii ! the
Zn tetrahedral polyhedra in ZnAl2O4 and ZnGa2O4 (l
51.016), and~viii ! the Ga octahedral polyhedra in the dire
MgGa2O4 spinel and the Ga tetrahedral polyhedra in the
verse MgGa2O4 spinel (l51.048). The analysis of the re
sults can be summarized as follows:~a! in spite of the in-
crease of the coordination number in passing fro
tetrahedral to octahedral environment, the nominal charg

or
ts
TABLE II. Polyhedral and bulk values ofB0 andB08 for MgAl2O4 , ZnAl2O4 , MgGa2O4, and ZnGa2O4

according toaiPI-uCHF calculations. The averageB̄0 andB̄0k
bulk moduli are defined in the text. In bracke

separation fromB0. Units in GPa.

MgAl2O4 ZnAl2O4 ZnGa2O4 MgGa2O4 MgGa2O4 ~inv!

B0 205.01 206.91 207.52 204.56 215.30
B08 3.57 3.48 3.77 3.80 3.65
(B0)oct 225.02 231.16 234.58 228.70 205.32
(B08)oct 3.78 4.09 4.89 4.66 3.56
(B0)tet 181.14 177.88 174.61 174.89 230.65
(B08) tet 3.52 3.14 3.27 3.50 4.53

B̄0
203.08~-1.93! 204.52~-2.39! 204.60~-2.92! 201.80~-2.76! 217.99~12.69!

B̄0k
200.71~-4.30! 201.50~-5.86! 200.20~-7.32! 198.21~-6.35! 217.25~11.95!
1-5
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J. M. RECIOet al. PHYSICAL REVIEW B 63 184101
the cations makes the divalent cation-oxygen bond to
more ionic than the trivalent cation-oxygen bond,~b! the
Ga-O bond is slightly more ionic than Al-O bond,~c! the
Mg-O bond is slightly more ionic than Zn-O bond,~d! the
cation-oxygen bond character is transferable among the
ferent spinels, and~e! Ga-O bond shows a greater ionic cha
acter in the sixfold coordination than in the fourfold coord
nation environment.

The average of (B0)oct and (B0)tet ~denoted byB̄0) gives
a good estimation ofB0, as shown in Table II. From Eq.~6!,
we can define another average forB0 as the inverse ofk̄. We
represent this quantity byB̄0k

. Values of B̄0k
are also col-

lected in Table II. The reason whyB̄0k
andB̄0 are so similar

is the small value of the ratio (Boct)/(Btet) relative to (Boct)
or (Btet). Thus, understanding the values obtained forB̄0k

one finds an explanation for theB̄0 values. It is observed in
Eq. ~6! that k̄ departs fromk due to two factors: the slope o
the u vs P curve and a function of the parameteru. This
function, evaluated at zero pressure, gives values betw
5.75 and 10.03. The slope at zero pressure varies fro
22.231025 to 23.131025 GPa21 in the direct spinels,
and has a value of11.231025 GPa21 in the inverse spinel.
Therefore, very small~and positive! differences are expecte
betweenk̄ andk in direct spinels, and very small~and nega-
tive! differences betweenk̄ andk in the inverse spinels. The
same can be said of the differences betweenB0 and B̄0k

. It
can be concluded that it is the sign and the magnitude
(]u/]P)T that determine the difference betweenB0 and B̄0.

To explain whyB0 is similar in all the direct oxide spinel
studied here, let us return again to Eq.~6! and analyze whyk
is similar in these crystals. Given that the produ
(]u/]P)T3(3/@u2 1

8 #12/@u2 3
8 #11/u) has a negligible ef-

fect onk, the question is translated to the behavior ofk̄. We
can find a detailed explanation of thek̄ values in terms of
koct and k tet. These two magnitudes are the inverse of
corresponding polyhedral bulk moduli that we have d
cussed above. Polyhedral bulk moduli are understood as
dependent on theparticular cation they accommodate insid
provided the cation has the same nominal charge. It is
similar size of the respective octahedral and tetrahedral p
hedra~that in turn are charge dependent! that explains the
similar compressibilities exhibited by these oxide spine
m
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Note that when the size of the polyhedra moves out of
range found in the direct spinels~as in the inverse MgGa2O4
spinel! B0 differs ~around 5%! from the common value of
;200 GPa obtained in the direct spinels.

IV. CONCLUSIONS

Analytical expressions connecting crystalline and polyh
dral bulk moduli in spinels have been developed. Their
pability to explain pressure effects on oxide direct and
verse spinels has been illustrated by the analysis of quan
mechanical results in AB2O4 (A:Mg,Zn;B:Al,Ga) crystals.
Computed structural and compression data describe rea
ably the known and expected behavior of these compou
From cation-oxygen bond lengths vs pressure curves,
seen that bonds involving trivalent cations are stiffer than
ones involving divalent cations, the differences between c
ions in each group being smaller. It can be concluded that
polyhedral compressibility is more dependent on the oxi
tion state of the cation occupying the interstice. Variations
octahedral and tetrahedral bulk moduli due to the chang
trivalent and divalent cations, respectively, are less than

The nature of the polyhedral linkages necessary to reco
the crystal bulk modulus in the empirical scheme of Haz
and Finger1 is substituted in our theoretical model by th
knowledge of the pressure effect on the internal positionu of
the oxygen in the unit cell. It is seen that for these fu
edge-linked structures, theu dependence on pressure do
not contribute appreciably to the prediction of the mac
scopic bulk moduli, and we can generateB0 from (B0)oct and
(B0)tet values. The microscopic analysis performed in th
study helps to understand the uniform behavior shown
oxide spinels under hydrostatic pressure and encourage
to generalize our theoretical treatment to other, more co
plicated, crystal structures.
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