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ABSTRACT

For cubic metal oxides, we show relutionships between crystal-structure-volume prop-
erties and elastic-stiffness properties. The interionic distance (or the erystal structure
plus volume) gives the bulk modulus B. The product of effective atomic mass and
atomic volume gives the Debye temperature ©p, which gives the shear modulus G,
From B and G, we estimate other elastic constants such as Young modulus £ and
Poisson ratio v, We apply this approach to 23 cubic metal oxides where there exists
crystal-structure information, but no elastic-constant information. To develop the relo-
tionships, we consider elastic and related properties of 17 cubic oxides.

Considering earth oxides, many authors related sound velocities and elastic constants
to other physical properties such as mass density, atomic mass, interionic distance, and
cither atomic volume or unit-cell volume [1-6]. Here, we extend and interrelate these
studies to show that we can estimate the bulk modulus B and the shear modulus G
from essentially the interionic spacing, which when combined with the crystal structure
(rocksalt, perovskite, and so on) gives the atomic volume.

First, we consider the bulk modulus, From the Born model for ionic solids, the bulk

modulus is
[rex (n — 1) r

B = oV (4.1}
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Here, 1 denotes repulsion exponent, V volume, and U potential energy:

aM,;
J=—" (4.2)
iy
Here, a denotes a constant, M, Madelung constant, and #»y the cation—anion interionic

distance. From Egs. 4.1 and 4.2, we find
B=—= (4.3)

Here, b denotes o constant and V', atomic volume. Figure 4.1 shows this relationship
for 11 cubic oxides for which monecrystal elastic constants are known from measure-
ment. We got the polverystalline elastic constants in Table 4.1 by applying Kroner's
method [7] and a general cubic-symmetry relationship:
H:I(-'.L-FH-H] (4.4)
3

Here, €y, €2, and Cyy denote the usual three Voigt second-order elastic stiffnesses.
A least-squares fit to the measurements in Figure 4.1 gives B, = 1316 V""" for
most oxides, and B, = 14188V """ for oxides containing transition-metal cations.
{Subscripts n and ¢ denote nontransition-metal and transition-metal cations.) This fit
includes rocksalt, Fey0y, and Cus0 structure types. Foreing a V¥ dependence gives
B, = 3525V ¥ and 8, = 3733V *, We can compare this empirical relationship with
a theoretical relationship B = l?ﬁlr,;'l'j derived by Cohen [8] for covalent solids, Thus,
from only the interionic spacing ry we can estimate 8. Perovskite and fluorite crystal
structures fail to fit the above relationships.

Second, we consider the Debye temperature, &g, Figure 4.2 shows G versus a
variahle suggested by Nakamura [9] and derived from simple lattice-vibration ideas:

X =RV (4.5)
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Fig. +.1.  Bulk-modulus-voleme relationship for several cubic oxides. Steeper-slope line corre-
sponds to oxides with transition-metal cations,
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Table 4.1, For Seventeen Cubic Metal Oxides, Various Physical Properties, Ambieat Temperatuce Except

Eut}77 K ond BaTiOy (424 K.

All Measured of Denved Simply from Measurements,

I e H E Vo ] X =1

Ovide  dpfem'y  (GPa)  (GPy (GPa) ' Mg o Egem iy K e,
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M A58 1304 1809 3RS 00794 9338 3346 5087 g2 513-12
Mnlh 5.3495 G 1509 1775 0303 1101 58,50 1027 A3 1-14
Nild HRIT 630 2136 1296 O30 5122 20l 4,204 5792 2%
iy 4432 K21 REAS 1432 02306 1704 B 3 1389 4362 52326-28
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Cuasld fi.088 1033 1087 ol 04526 1302 .20 RRAE 188,01 37
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Fealy 51758 G136 1616 2306 02622 1047 76,1 ERLY s9 42
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Here, 7t denotes average atomic mass relationships, Figure 4.2 suggests two linear
relationships. For most oxides,

Op = 168.81X (4.6)
For oxides containing transition-metal cations,

By = —946.97 + 363.18X (4.7
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Fig. 42, Debye-temperature—mass-volume relationship for seveeal cubic onides. Steeper-slope
line comresponds to oxides with transition-metal cations

Thus, from only atomic mass and atomic volume, we can estimate the Debye temper-
alure, Bp.
Ledberter [10] showed that, to a good approximation,

kit 5 laypyin
Op = 11220 [ = > ;
Sl k(wvu) (n) tes

Here, G denotes shear modulus, o mass density, i Planck's constant, and k Boltzmann's
constant.
We get G more accurately by considering a general relationship for G

. e R
@p = 1122 (4«:1# ) i (4.9)
Here, v, denotes a mean sound velocity:
Wl = (4.10}

Here, subscripts ! and ¢ denote longitudinal and transverse. Recognizing that
B = pllv} - (4/317]), (4.11)

and
G = ﬂl'rz. (4.12)

we solve Egs. 9-12 for the shear modulus G after we get B from Figure 4.1 and 8y
from Figure 4.2,

Applying this approach to 25 oxides, Table 4.2 shows estimated values of B, G, and
©p. It also contains the relevant mass-volume properties and other elastic constants
(E = Young modulus and v = Poisson ratio) derived by standard relationships.



Table 42, For 23 Cubic Oxides: Estimated Debye Temperatures amd Elastic Constants,

METAL-OXIDE DEBYE TEMPERATURES AND ELASTIC CONSTANTS

¥V a | X i G f E

nides (4D gm0 Mg o Pt K WGPl GPal (Gl ¢
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M) TO02 11754 42530 ERL 6220 1677 188.7 IRR1 00572
MNax0) 1432 2,395 4.6 4511 614 7507 100 1828 02177
Ny 1244 T.268 0421 2582 034 90RR 1232 2IRE 02040
MNpid 1572 13,361 on 1.7400 AT eA21 9RES 1624 022
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Zntr EE 6912 61575 3,886 4643 GORD 1KLY 1641 03396

“xear 100 kbar,

The present study emphasizes the role of volume, and especially of imerionic
distance, in determining solid-state physical properties. This idea is not new. For
example, it formed a corerstone of Pauling’s studies [11, 12] relating chemical bonds
to physical properties. Applications of this idea continue. For example, focusing on the
Y, Ba-Cu;0; superconductor, Brown [13] used cation—anion distance to estimate the
valences of the copper and oxygen ions; these valences affect the physical properties
and probably the normal-superconductive transition.
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