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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 explajnthe difference of compressibilities at
octahedral and tetrahedral sit€s) why the macroscopic bulk modulus can be estimated as the average of
these polyhedral bulk moduli, ar{di ) the uniform behavior found in oxide spinels under hydrostatic pressure.
Quantum-mechanicalb initio perturbed ion results on MgAD,, ZnAl,O,, ZnGg0O,, and MgGaO, direct
spinels and on MgG®, inverse spinel are reported to illustrate the interpretative capabilities of the proposed
equations.
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[. INTRODUCTION compressibilities that involve also the oxygarcoordinate
and its dependence on hydrostatic pressure. The performance
The understanding of crystalline bulk properties in termsof the equations is manifested through the results obtained in
of simple contributions has traditionally demanded the develAB,O, (A=Mg,Zn; B=Al,Ga) direct spinelswhereu is a
opment of new empirical relationships and theoretical moddecreasing function of pressyrand MgGaO, inverse spi-
els. This basic investigation is of general importance becauseel (whereu is an increasing function of pressiwr€alcula-
the derived equations permit to access to conditions and maons in these compounds have been performed usinglthe
terials where the information is unknown. In geosciences, th#nitio perturbed ion @iPI) model, a localized Hartree-Fock
interest in the description and prediction of mineral compresapproach that solves the Sctimger equation of the crystal
sion has lead to the interpretation of crystal bulk moduli inby breaking the total wave function into ionic monocentric
terms of the bulk moduli of the cation-anion constitutive contributions:
polyhedrat Hazen and Finger gave empirical expressions for As a second product of our investigation, we provide the-
polyhedra compressibilities analogous to those derived fopretical data on the structural and equation of st&@9
the crystal bulk modulus by Bridgmamnd Anderson and Parameters of these compounds that are compared with the
co-workers>* The use of these expressions, along with in-sparing available experimental and theoretical information.
formation on the nature of the polyhedra linkages, enabledhe rest of the paper contaifig derivation of the analytical
the estimation of the macroscopic compressibility for a largeexpressionsSec. ), (i) the results and discussi¢8ec. 1)),
variety of crystalline materials. which includes the computational model, the EOS of the five
Concerning spinel-type compounds, Hét al® system-  spinels, and the decomposition of the macroscopic compress-
atized their structural properties by means of empirical exibility according to the proposed equations, diit) a sum-
pressions that involve the ionic size as the controlling parammary of the main findings and conclusions of this wé8lec.
eter. They derived an exact relation that connects the oxygetY)-
u coordinate in the unit cell with the ratio of the octahedral to
tetrahedral cation-oxygen bond lengths. The equation in-
forms on the different compressibility behavior at the two
interstices once thel response to hydrostatic pressure is
known. Based on some of the results of that work, Finger FEor a better understanding of the rest of the paper, we
et al® explored the observed bulk modulus of several oxideinclude here the information on the setting we adopt for the

spinels and found “intriguing” that the average of the tetra- AB,0, spinel unit cell. It contains 56 atoms, being the space
hedral and octahedral bulk moduli were in a very good ar

. roup Fd3m. The oxygen is located atu(u,u) forming a
agreement with the crystal bulk modulus. These authors SUSgistolcr)ted face—centergg-cubic structure. gme:):ltions arge at
gested thatll oxide spinels may have a similar bulk modu- , | " . .
lus around 200 GPa. In fact, values of 198, 206+4, and  (8+8:8) POSitions, occupying 8 of the 64 tetrahedral inter-
197+5 have been recently measured for Mg@j,  stices in the direct spinel, and tiBecations are at¥,3,3
NiMn,0,, and ZnMnO,, respectively(see Refs. 79 positions, occupying 16 of the octahedral interstices in the

It is our basic aim in this paper to contribute to the un-direct spinel. For the inverse spinel structure, half of Ehe
derstanding of the reasons that explain the similar compressations go to the tetrahedral positions, whereasitications
ibilities exhibited by a number of oxide spinels. We developgo to octahedral interstices.
simple analytic relationships between polyhedral and bulk According to this definition of the unit cell, the following

Il. ANALYTICAL RELATIONSHIPS FOR POLYHEDRAL
COMPRESSIBILITIES
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general equations for spinel-type structures are easily

obtained!!
as 64 1\3 128 3\2
VZE; Vtetzgv U—g : VOCt:?V U—g u,
1
1 1\? 1\
dA_O:\/ga U_g), dB_O:a\/ U_E +2 U_Z y

)

where,V, Vi, andV, stand, respectively, for the molecu-

lar, tetrahedral, and octahedral volumess the lattice pa-
rameter of the cubic unit cell, andy.o and dg.o are the
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I1l. RESULTS AND DISCUSSION
A. Computational model

The total energies of MgAD,, ZnAl,O,, ZnGg0,, and
MgGa0, direct spinels, and MgG®, inverse spinel have
been computed by means of tle@Pl method® Multi- ¢
Slater-type orbitals basis sets from Clementi and Rietti
have been used for trivalent and divalent cations. Fér,O
the O basis set has been chosen. Correlation energy correc-
tions are introduced through the Coulomb-Hartree-Fock
model of Chakravorty and Clemerifi Details of the method
can be found in Refs. 10 and 14. Modelization of the inverse
spinel is carried out by assigning fractional occupancie} of
to G&* and Mg at the octahedral positions.

cation-anion bond lengths at the tetrahedral and octahedral As in previous aiP! calculations?® the computational
interstices, respectively. It is to be noted that the occupiedtrategy consists in the evaluation of the total energy at se-

tetrahedra are regular regardless the value ahd therefore

Vet CaN be expressed using only tthg o variable. However,
the occupied octahedra are distortemhly at u=0.25 are
regula) and theV,, expression in terms oflz.o includes
also theu variable.

We define the isothermal tetrahedral and octahedral bul

moduli, Byt and By, by

P P
Bier= — Vtet( v, t) v Boa™ _Voct< By ) ) 3
ev 1 oct/ T

being their corresponding compressibilities

1 1
Ktet— Brot' Koct™ Boo' (4)
e oc

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

3 [du 2 1\ [du
S AT A - AT L
u-—4 u-—4
8 8
(5)

Thus, the average of the polyhedral compressibiliﬁe’s

— 1(au) 3 2 1
P

“"s Y8

and contains the ingredients to explain the “intriguing”
similarities between the and « values. Also, the difference

betweenk,y and . is given by

3(8u+1 J
(Bur1) ( ”) . @
]

Koot™ Ktet™ ,(gu—3)(1—8u) | 9P

lected volumes covering a wide interval containing the equi-
librium geometry. At each volume, the internal parameter

is optimized to give the minimum total energy following a
conjugate gradient algorithm. This procedure provides the
dependence of the total energy on volume, which serves as
h1put for the determination of the EG$Once the pressure
vs volume relationship is obtainel,,; and V,, values can

be assigned to different pressures. This information allows us
to fit standard analytical EOS to generate the polyhedral bulk
moduli. In our study, we have used Bifétand Vinetet al®
forms, and we have found consistency in the final EOS pa-
rameters.

B. Static equations of state forAB,0O,
(A=Mg,Zn; B=AIl,Ga) spinels

Table | collects zero-pressure results obtained for the five
spinels at static conditions along with available room-
temperature-observed values from RefBj.and By, experi-
mental data are lacking except for Mg&l,,” and we have
opted to include recent theoretical values afs&.The selec-
tion of these four direct spinels allows us to investigate
trends affected only by the progressive substitution of just
one cation. This clarifies the discussion. Consideration of the
inverse MgGaO, spinel is justified by two reasons. First, it
is expected from the observed disorder parameter that
MgGa0O, behaves close to the inverse limit. Second, the
effect of hydrostatic pressure on inverse spinels yields a dif-
ferent response of the internal parameter with respect to that
found in direct ones due to the different occupancies of tet-
rahedral and octahedral interstices. This fact enriches the
analysis of the equations proposed here.

The athermal computed lattice parameters are around 4%
smaller than the observed data. The increaszfodm Al to
Ga spinels is captured in the calculations up to
0.10-0.15 A, whereas the corresponding observed values
lie around 0.20-0.25 A. Roughly, these spinels present
analogous lattice spacings, the variations being lower than

As the first factor is positive for the physical meaningful 3%. The computedi parameter is overestimated by about
range ofu value$ (0.25<u<0.274), the sign of the differ- 2% with respect to the tabulated data of Hillal> Thea and

ence is therefore controlled by that of the slope ofuhes P
curve.

u discrepancies are translated to the cation-oxygen distances
that show disagreements around 5% with the experiments,
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TABLE I. Zero-pressure structural properties of Mg@8),, ZnAl,O,, MgG&0,, and ZnGaO, accord-

ing to aiPI-uCHF (unrelaxed Coulomb-Hartree-Foc&alculations(first rows and other data availablsec-

ond rows. Lengths in A,u in fractional units, and, in GPa.

MgAl,O, ZnAl,0, ZnGg0, MgGa0, MgGa0;, (inv)
a 7.886 7.835 7.977 8.021 7.969
8.08322 8.0862 8.330% 8.270° 8.2800%
u 0.2688 0.2675 0.2673 0.2683 0.2559
0.26242 0.2636% 0.26172 0.2614° 0.25402
dao 1.964 1.934 1.966 1.901 1.946
1.9232 1.9412 1.9722 1.954P 2.0372
dso 1.835 1.832 1.866 1.870 1.946- 1.807¢
1.9262 1.9182 1.9902 1.978° 2.037% ¢ — 1.850% ¢
Bo 205.01 206.91 207.52 204.56 215.30
196+ 1°© 273f 237" 243° — 243f
B, 3.57 3.48 3.77 3.80 3.65
4.7+0.3° 3.4f 3.5 3.3°

8Experimental values from Ref. 5.
bCalculated values from Ref. 20.
At octahedral sites.

dAt tetrahedral sites.
®Experimental values from Ref. 7.
fcalculated values from Ref. 19.

being the predictions slightly better for the-O distances. The compressibility of these compounds is directly de-
Overall, we believe that the computed structural data is acscribed by thev/V, vs P diagramg(see Fig. 2, beingV, the
curate enough to carry out a reasonable analysis of their d&ero-pressure volume. These curves show that the four direct
pendence on hydrostatic pressure. We should remark at thPinels essentially behave the same way under hydrostatic
point that our calculations predict the expected decrease ¢i'éssure. For example, at 10 GPa, the greatest deIerence n
the u parameter in the inverse spir@.2559 relative to the Y/ Vo values among the four spinels is less than1® . At
direct ones {0.268). Moreover, the known fact that inverse 20 GPa this difference increases 20", but itis still a

and direct spinels exhibit oppositevs P slopes is also mani- small qua}nyi_ty..The inverse spinel shovx_/ a slightly Iowgr
fested in our calculationsee Fig. 1 Direct spinels respond compressibility in the pressure range studied here. According

to pressure trying to reach the ideal structure with nondis!® the empirical relationships proposed by Anderson and

,4 H [ M H H
torted octahedral polyhedra. This phase is characterized -_workers'f oxide compoqnds” resemble neither t_he lonic
u=0.25, and therefora decreases with pressure. As inverse olids nor the_coyalent solids.” These au.thors claimed that
spinels is concerned, and since the octahedral interstices apg o oxides is virtually the same for a given volume. Our

equally shared by divalent and trivalent cations, the concepg{'€0retical results confirm the above statement explaining
of ideal structure vanishes, and it is the constraint to keep 'S behavior in terms of the polyhedral compressibilities.
The EOS parameteiB, and B/ are intended to represent

regular tetrahedra that forcesto increase with pressure.

the V/V, vs P behavior. OumB, values inform qualitatively
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FIG. 1. Reducedu vs pressure diagram foAB,O, spinels
(A:Mg,Zn;B:Al,Ga) according to our calculations. Inv refers to the (A:Mg,Zn;B:Al,Ga) according to our calculations. Inv refers to the
inverse spinel crystal.
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1.00 MgALO, —— zero pressure bond distance valusse Table )t da o is
oo | Xy zzx?éiigj —»- | around 1.96 A, wheread ¢ is around 1.85 A. We remark
) g MgGay0, e here that our results are in agreement with D’Arebal.
098 | \\\ Inv-MgGaOy -—o-— | expectationg® the compression in these direct spinels is
“achieved mostly by deformation of the tetrahedra.” In con-
097 L | trast, Sinhaet al** predicted greater force constants for the
g’ divalent-oxygen bonds than for the trivalent-oxygen ones in
096 . MgAl,O, and ZnGaO,, after a parametrization of Raman
spectrum data. Although a rattling behavior for trivalent cat-
095 . ions may be suggested in the direct spinel structures, our
results clearly illustrate the dominant role of trivalent cation-
0.94 ] oxygen bonds in the compressibility of these compounds.
003 In the case of the inverse Mg&a, spinel, the tetrahedral

interstices are all occupied by &3 and the corresponding
P (GPa) Ga-O bond length shows the lowest compressibility. Note
also that the tetrahedralg,.o distance is the shortest one
FIG. 3. Reduced cation-oxygen bond lengths vs pressure dig1.807 A). However, the octahedral interstices are equally
gram forAB,0O, spinels A:l\/.lg,Zn;B:AI.,Ga) according to our cal- populated by M6+ and G&*, and are forced to have the
culations. Inv refers to the inverse spinel crystal. same size. Thus, our modeling of the inverse spinel produces
the same compressibility for Mg-O and Ga-O bonds, and this
well that the four direct spinels show similar response tocrystal behaves between the two groups of curves already
pressure, with common values around 205 GPa. This resulhentioned.
also supports Fingest al® speculation of oxide spinels hav-  Bond-length compressibilities roughly determine polyhe-
ing By around 200 GPa. In order to understand subtle differdral compressibilities. The relation for tetrahedral polyhedra
ences among these compoungg, is also required in the s direct asV, can be expressed as a function of the cation-
analysis. ComputeB, values do not follow the order shown oxygen distance onlysee Eqs.1) and (2)]. It should be
by P—V/V, curves. A correct interpretation of this diagram emphasized that the tetrahedra are regular in the spinel struc-
is recovered taking into account the highg} values ob- ture at anyu value. On the contrary, th€,.-dg.o relation-
tained in Ga spinels. Thu® values at 50 GPa are around ship involves theu parameter as the octahedra are distorted.
386 GPa for direct MgG#, and ZnGaO,, whereas they Nevertheless, the behavior ofdoes not modify the qualita-
decrease down to 370 GPa for Mg@l, and ZnALO,. At  tive picture found in the analysis of bond compressibilities
this pressure, inverse Mg@a, hasB=388 GPa, approach- (see Fig. 4 Thus, the octahedral polyhedi@ontaining
ing the compressibility of its corresponding direct spinel.  trivalent cationg show lower compressibilities than the tet-
Comparison of compute®, and B; values with other rahedral ones(containing divalent cationsin the direct
data shows a good agreement in Mg\, the only case Spinels: Bo)oct and Bo)ie: lie Within narrow ranges of 225—
with the experimental information available. For the other235 GPa and 175-181 GPa, respectivalge Table )i In
three direct spinels, the atomistic values obtained by Pandefie inverse spinel, the tetrahedral polyhedra containint Ga
et al’® in ZnAl,O, and ZnGaQ,, and the pseudopotential Show a high bulk modulu§(B,)«=231 GP4, although the
Hartree-Fock calculatioR$in MgGa,O, lie well above our highest value is now reached by the octahedral polyhedra
predictions. It is known that the use of rigid interionic poten-containing G&" in ZnGaO0,. This is due to the effect of
tials usually overestimateB, values. It is due to the low pressure on the parameter in this crystésee Fig. ], which
flexibility of the potentials in order to describe pressure ef-is translated to th&, vs P curve.
fects on the ionic interactions. Regarding D’Arebal. cal- From the above analysis, we can conclude that the influ-
culations, the lack of correlation-energy corrections lead als@nce of theparticular divalent and trivalent cations consid-
to an overestimation foB,. We should note that their pre- €red here is almost negligible if they are located in the inter-
diction for B, in MgAl,O, (266 GPa s quite large as com- stices corresponding to the direct spinel structure. We would
pared to the experimental value (196 GPa). It is, there- like to remark that what is relevant is the oxidation state of
fore, reasonable to conclude that our data give a moréhe cation accommodated in the interstice. This determines
realistic picture of the compressibility of the five spinels con-the size of the polyhedra and their corresponding compress-
sidered in this study. ibility. The results may be understood using geometrical ar-
guments(the lower the distance, the greater the bulk modu-
lus), but we prefer the energetic point of vidine higher the
oxidation state, the stiffer the bond
The rate at which cation-oxygen bond lengths decrease as In the case of inverse spineB{) . is approximately the
pressure is applied is depicted in Fig. 3. For the direct spinehverage of the polyhedral bulk moduli found in the direct
crystals, it is apparent that the curves are grouped by thepinel, which we understand as due to the equal occupancy
oxidation state of the cation: oxygen distances to trivalenof the octahedral interstices by di and trivalent cations. Thus,
cations are less compressible than those to divalent onethe energetic considerations seem to be more appropriate in
This is the expected behavior, and it is in correlation with thethe explanation of this behavior, since the use of the geo-

C. Bond, polyhedral, and macroscopic compressibilities
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The differences betweemBf): and Bg) et CaN be quan-
titatively explained by means of Eg&l) and (7). It is obvi-
ous that Byg),c IS greater thanB) if U decreases aB is
applied. This is the behavior found in the four direct spinels
(see Fig. 1 The highest splitting is found in ZnGa@,,
where the slope of thevs P curve presents the lowest value.
For the inverse spinel) increases with increasing pressure
(see Fig. 1and, therefore,B) o is lower than Bg) - The
difference betweenRg) s and Bg)et IS around 55-60 GPa
for all direct spinels except MgAD,, which presents a value
close to 45 GPa. In the inverse spinel, this difference is
—25 GPa.

According to Hazen and Finger bulk modulus-volume re-
lationship for polyhedra,the (Bo)p1/(Bg)p2 ratio can pro-
vide information on the different ionicity of cation-oxygen
bonds in polyhedra of typgsl andp2:

(Bo)pr  Zpm dﬁsz,l ®)

(BO)pZ Zp2 dgl SSZ'
wherez,; andzp,, dy; andd,,, andS,; andS,, are, respec-
tively, the cation charges, the oxygen-cation bond lengths,
and the ionicity parameters of the two polyhedra.

We can expresS,; =\ S, in order to compare this ion-
icity measure of cation-oxygen bonds in two different situa-
tions. Using the calculated bond lengths collected in Table I,
and the polyhedral bulk moduli of Table IN has been
evaluated considering thatl andp2 are, respectivelyti)
the tetrahedral and octahedral polyhedra of the direct spinels
(A=1.18), (ii) the Ga and Al octahedral polyhedra (
=1.036), (ii) the Mg and Zn tetrahedral polyhedra (

FIG. 4. Reduced polyhedral volumes vs pressure diagram foe= 1.025),(iv) the Al octahedral polyhedra in Mgs0, and

AB,O, spinels @A:Mg,Zn;B:Al,Ga) according to our calculations.

Inv refers to the inverse spinel crystal.

metrical criterium would suggest a lower value f@&q], in
the inverse MgG#g0, spinel. Besides,R;) . takes the value

ZnAl,O, (A=1.010), (v) the Ga octahedral polyhedra in
MgGa0, and ZnGaO, (A =1.010),(vi) the Mg tetrahedral
polyhedra in MgA}O, and MgGaO, (A =1.003),(vii) the
Zn tetrahedral polyhedra in ZnfD, and ZnGaO, (A
=1.016), andVviii ) the Ga octahedral polyhedra in the direct

of (Bg) ot from that of the direct spinel. Our explanation here MgGa0, spinel and the Ga tetrahedral polyhedra in the in-
is again based on the fact that both sitetrahedral in the verse MgGaO, spinel \ =1.048). The analysis of the re-

inverse spinel and octahedral in the direct strugtare oc-
cupied by trivalent cations, and the cation-oxygen distancesrease of the coordination number

in both polyhedra are very similar.

sults can be summarized as follows) in spite of the in-
in passing from

tetrahedral to octahedral environment, the nominal charge of

TABLE Il. Polyhedral and bulk values @, andBj, for MgAI,O,, ZnAl,O,, MgGa0,, and ZnGa0,
according taaiPI-uCHF calculations. The averaBg andB,, bulk moduli are defined in the text. In brackets
separation fronBy. Units in GPa.

MgAl,O, ZnAl,O, ZnGa0, MgGa,0, MgGa0, (inv)
Bo 205.01 206.91 207.52 204.56 215.30
Bg 3.57 3.48 3.77 3.80 3.65
(Bo) oct 225.02 231.16 234.58 228.70 205.32
(Bo)oct 3.78 4.09 4.89 4.66 3.56
(Bo) et 181.14 177.88 174.61 174.89 230.65
(Bo)et 3.52 3.14 3.27 3.50 453
Eo 203.08(-1.93 204.52(-2.39 204.60(-2.92 201.80(-2.76 217.99(+2.69
Eok 200.71(-4.30 201.50(-5.86  200.20(-7.32 198.21(-6.35 217.25(+1.95
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the cations makes the divalent cation-oxygen bond to bé&lote that when the size of the polyhedra moves out of the
more ionic than the trivalent cation-oxygen bor{#) the  range found in the direct spinelas in the inverse MgG&,
Ga-O bond is slightly more ionic than Al-O bon¢;) the  spine) B, differs (around 5% from the common value of
Mg-O bond is slightly more ionic than Zn-O bon@)) the = ~200 GPa obtained in the direct spinels.

cation-oxygen bond character is transferable among the dif-

ferent spinels, an¢e) Ga-O bond shows a greater ionic char-

acter in the sixfold coordination than in the fourfold coordi- IV. CONCLUSIONS

nation environment. _ Analytical expressions connecting crystalline and polyhe-
The average ofB) . and Bo) e (denoted byBy) gives  dral bulk moduli in spinels have been developed. Their ca-
a good estimation dB,, as shown in Table Il. From E¢6),  pability to explain pressure effects on oxide direct and in-
we can define another average By as the inverse of. We  verse spinels has been illustrated by the analysis of quantum
represent this quantity bB, . Values ofB, are also col- Mechanical results in AR, (A:Mg,Zn;B:Al,Ga) crystals.

. ko _k o Computed structural and compression data describe reason-
lected in Table II. The reason wip,_andB, are so similar  gp|y the known and expected behavior of these compounds.
is the small value of the ratioB(,.)/ (B relative to Bqe) From cation-oxygen bond lengths vs pressure curves, it is
or (By. Thus, understanding the values obtained %[ seen 'Fhat bpnds _involving t_rivalent ca’gions are stiffer than the

! : = . . ones involving divalent cations, the differences between cat-
one finds an explanation for ti values. Itis observed in 5,55 each group being smaller. It can be concluded that the
Eg. (6) that« departs fromk due to two factors: the slope of polyhedral compressibility is more dependent on the oxida-
the u vs P curve and a function of the parameter This  tjon state of the cation occupying the interstice. Variations of
function, evaluated at zero pressure, gives values betweegfttahedral and tetrahedral bulk moduli due to the change of
5.75 and 10.03. The slope at zero pressure varies fromyjyalent and divalent cations, respectively, are less than 5%.
—2.2x107° to —3.1x10°° GPa* in the direct spinels, The nature of the polyhedral linkages necessary to recover
and has a value of 1.2x10™° GPa * in the inverse spinel. the crystal bulk modulus in the empirical scheme of Hazen
Therefore, very smalland positive differences are expected and Finget is substituted in our theoretical model by the
betweenk and in direct spinels, and very smdtind nega- knowledge of the pressure effect on the internal positio

tive) differences betweer and« in the inverse spinels. The the oxygen in the unit cell. It is seen that for these fully
same can be said of the differences bethgrand§0 it edge-linked structures, the dependence on pressure does
k

. . : ot contribute appreciably to the prediction of the macro-
can be concluded that it is the sign and the magnitude Ogcopic bulk moduli, and we can gener8gfrom (Bq) . and

(du/dP)+ that determine the difference betweBpandBy.  (B,),, values. The microscopic analysis performed in this
To explain whyB, is similar in all the direct oxide spinels study helps to understand the uniform behavior shown by
studied here, let us return again to £§). and analyze whx  oxide spinels under hydrostatic pressure and encourages us
is similar in these crystals. Given that the productio generalize our theoretical treatment to other, more com-
(0ul9P) X (3[u—5]+2[u— 3]+ 1) has a negligible ef- piicated, crystal structures.

fect onk, the question is translated to the behaviokoiVe

can find a detailed explanation of thevalues in terms of
Koct aNd k. These two magnitudes are the inverse of the
corresponding polyhedral bulk moduli that we have dis- Financial support from Spanish DGICYT, Projects No.
cussed above. Polyhedral bulk moduli are understood as littlEB96-0559 and BQU2000-0466, are gratefully acknowl-
dependent on thearticular cation they accommodate inside, edged. J.M.R. and R.F. want to express their gratitude to the
provided the cation has the same nominal charge. It is th®linisterio de Educacio y Cultura (SEUID) of Spain for
similar size of the respective octahedral and tetrahedral polyfinancial support during their stay at Universidad Jaume |
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