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Analysis of Interatomic Separation-Pressure Relations
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Abstract: A new method for the determination of interatomic separation-pressure relations is investigated
and applied for alkali halides and MgO crystals. The method is developed by using Hildebrand approximation
and an ionic model based on Harrison’s treatment of overlap repulsive potential which takes into account the
interactions up to second neighbors. The van der Waals dipole-dipole and dipole-quadrupole interactions calcu-
lated by more accurate methods are also included in the present work. It is found that the new method yield

satisfactory results in agreement with the available experimental data.
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1 Introduction

[~4 " as well as phenomenological approa-

Numerous investigators using interionic potentials
ches” ™™ have developed various forms of interatomic separation-pressure relations for studying high-
temperature and high-pressure behaviour of solids. The purpose of the present paper is to propose a
simple method derived from Harrison’s interionic function™ and the Hildebrand approximation™ ,ap-
plicable to alkali halides and MgO crystals,for the determination of their interatomic separation-pres-
sure data in the wide range of temperature and pressure. The theory and method of calculation are giv-

en in Section 2. The results are discussed and compared with available experimental data in Section 3.

2  Theory and Method of Calculation

The equation of state for a solid can be derived from the Hildebrand approximation which is ex-

pressed as follows [’

p:—g‘%jLTaBT (D

where ¢ is the lattice potential energy and V is the volume. T is the temperature,a is the coefficient of
volume thermal expansion and By is the isothermal bulk modulus. In Eq. (1) the first term on right
hand is the pressure due to volume dependence of electronic ground state energy (static pressure) and
the second term is pressure due to vibration of nuclei (thermal pressure). p is the externally applied
pressure. Now using the relation V=2xr°,Eq. (1) can be rewritten as follows

1

2
3ar’

p=— di;jtTaBT (2)

where x is a constant which depends on the structure of solid and x equal to 2 for NaCl-type and 1. 54
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for CsCl-type structures.and r is the interatomic separation.
The thermal pressure in Eq. (2),which is given by TaBr,is based on the Hildebrand approxima-
tion. It should be mentioned that the correct expression for thermal pressure p,, can be taken from cal-

culus as follows
(9p/9T), = (9pu/3T), =aB; 3

Upon integration we get
-
po=| (aBrdr 0
0

This becomes TaBr only if the product aBy is independent of T. This is approximately true above the

Debye temperature @pH"

. The Debye temperature @), of solids considered in the present study, have
values close to room temperature except that for MgO (@, =945 K)M. The Eq. (2) works well above
the Debye temperature @ ;but for MgO),the above equation may not be satisfied below @p.

For the calculation of ¢, we use Harrison’s potential form for the overlap repulsive energy and al-
so consider van der Waals (vdW) dipole-dipole and dipole-quadrupole interactions. Within the frame-
work of Harrison’s model the total lattice potential energy ¢ is expressed as follows""

o=—auZ'¢/r—C/r* —D/r® 4 ¢, (5)
where the first term on the right-hand side of Eq. (5) is the electrostatic Coulomb energy with ay as
Madelung’s constant which is equal to 1. 747 6 for NaCl-type structures and 1. 762 7 for CsCl-type
structures,e the charge of the electron, and Z the valency. The second and third terms are van der
Waals (vdW) dipole-dipole and dipole-quadrupole energies. The constants C and D are related to the

dipole-dipole (¢;) and dipole-quadrupole (d;) interaction coefficients as follows"'*

C=S, Cy +SA+C+A+S C (6)
D :T+7d+7 + T++d7+ + T,,d,, (7)
where S; and T are lattice sums which had been given by Tosi""'. The subscripts +—.,++,—— re-

present the cation-anion, cation-cation, anion-anion interactions, respectively. The values of ¢; and d;

are obtained from the Kirkwood-Muller formulate given below''?

_ 6mc? X, X;\ !

Cij — N X{Xj( a, + a, ) (8)
_ 9mc® ( Xi X;\ 7!

dy = Ne? L'j( n; - n; ) (9

where ¢ is the velocity of light,a and X are the polarisabilities and molar susceptibilities,respectively.
N is the Avogadro’s number. n; and n; are the number of outmost electrons. The values of C and D
calculated from Eqgs. (6)~(9) were used in the present work.

The overlap repulsive energy can be written as'

2
Crep =7 Mg'r « exp(— kur) Jr%M//ffr, « exp(— /z,ulr/) +%M’#§r’ o exp(— /z,uzr/)] 10)

2m
where 7 is the Planck’s constant & divided by 2m,m the mass of electron. For NaCl-type structures, M
=6 and M'=12 are the numbers of first and second neighbor ions. Similarly,» and v =+/2 r are the

first and second nearest neighbor distances. For CsCl-type structures M=8,M =6,and »' = (2//3)r. u
is the arithmetic average of ¢, and u, for the cation and anion. The values of y; and g, can be calculated
from the following relation

/1,2:—27712,/7]2 (11D
where 3, is the valence state energy of ions. In order to calculate lattice potential energy ¢ from

Eq. (5),there remain only two unknown parameters,viz. n, and 4 which are obtained from the equilib-
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rium condition and the following relations
(de/dr) _ =0 (12)
r= V[‘
(dzgo/drz)r:ro =9ar, By, (13)

The potential parameters thus calculated from Eq. (12) and Eq. (13) are assumed to be independent of

pressure, The values of dg/dr are now computed by decreasing r and finally the pressure p is obtained

from Eq. (2). The method is repeated along different isotherms from room temperature up to higher

temperature. The input data required are given in Table 1. The results obtained are reported in Table 2

~Table 5 along with the available experimental data.

Table 1 Values of input parameters used in the present work

Crystal " “ b, " e ¢ b ng k
/(nm) /(IO'K™Y)  /(GPa) /(am™ ') /(am™ ') /(10 "J e cm®) /(10 ] ¢ cm®)
LiF  0.2013M 0,999 66. 57 39.6200 21,1207 46 26 3 134
NaF  0.23170%%7 0. 960" 46,577 30.87° 21,120 139 98 11.5 1.54
CsCl  0.35710%7 1,370 18. 0 21,167 17,9907 333 357 974  2.08
MgO  0.2105 0, 31201 173. 0 38,3819 19, 23013 170 79 7.00 1.2
Table 2 Values of pressure versus interatomic separation for LiF crystal at different temperatures
(The available experimental data''*)are given within parentheses)
298 K 573 K 873 K 1073 K
r/(nm) p/(GPa) r/(nm) p/(GPa) r/(nm) p/(GPa) r/(nm) p/(GPa)

0.2013 000 0.2035 0C0) 0.2066 0C0) 0.2093 0€0)

0.2003 0.995(1.0) 0.2024 0.996(1.0) 0.2053 0.998(1.0) 0.2077 1.003(1.0)

0.1994 1.974(2.0) 0.2014 1.984(2.0) 0.204 1 1.988(2. 0 0.2063 1.997(2.0)

0.1985 2.952(3.0) 0.2004 2.967(3.0) 0.2030 2.984(3.0) 0.2050 3.007(3.0)

0.1977 3.954(4.0) 0.1995 3.957(4.0) 0.2019 3.962(4.0) 0.2037 3.984(4.0)

0.1969 4.938(5.0) 0.1986 4.941(5.0) 0.2009 4.967(5.0) 0.2026 4.977(5.0)

0.1961 5.909(6.0) 0.1977 5.922(6.0) 0.1999 5.953(6.0) 0.2015 5.983(6.0)

0.1954 6.875(7.0) 0.1969 6.894(7.0) 0.1944 6.915(7.0) 0.2004 6.955(7.0)

0.1946 7.846(8.0) 0.1961 7.877(8.0) 0.1982 7.938(8.0) 0.1994 7.958(8.0)

0.1940 8.816(9.0) 0.1953 8.843(9.0) 0.1973 8.884(9.0) 0.1985 8.929(9.0)

Table 3 Values of pressure versus interatomic separation for NaF crystal at different temperature
(The available experimental data''* are given within parentheses)
298 K 473 K 673 K 873 K 1073 K
r/(nm) p/(GPa) r/(nm) p/(GPa) r/(nm) p/(GPa) r/(nm) p/(GPa) r/(nm)  p/(GPa)

0.2317 00 0.2331 00 0.2349 00 0.2369 0C0) 0.2392 00
0.2301 1.014(1.0) 0.2314 1.005(1.0) 0.2331 0.997(1.0) 0.2348 0.998(1.0) 0.2370 1.002(1.0)
0.2286 1.987(2.0) 0.2299 1.991¢2.0) 0.2314 1.995(2.0) 0.2330 1.995(2.0) 0.2349 1.998(2.0)
0.2273 2.981(3.0) 0.2285 2.988(3.0) 0.2299 2.991(3.0) 0.2314 2.993(3.0) 0.2331 3.004(3.0)
0.2260 3.974(4.0) 0.2272 3.981(4.0) 0.2285 3.987(4.0) 0.2299 3.990(4.0) 0.2315 3.993(4.0)
0.2249 4.955(5.0) 0.2259 4.961(5.0) 0.2272 4.979(5.0) 0.2285 4.983(5.0) 0.2300 4.989(5.0)
0.2238 5.926(6.0) 0.2248 5.942(6.0) 0.2260 5.952(6.0) 0.2273 5.966(6.0) 0.2286 5.973(6.0)
0.2228 6.908(7.0) 0.2237 6.913(7.0) 0.2249 6.931(7.0) 0.2261 6.958(7.0) 0.2273 6.962(7.0)
0.2218 7.863(8.0) 0.2226 7.892(8.0) 0.2238 7.905(8.0) 0.2250 7.924(8.0) 0.2261 7.937(8.0)
0.2210 8.847(9.0) 0.2217 8.864(9.0) 0.2228 8.894(9.0) 0.2240 8.912(9.0) 0.2249 8.935(9.0)
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Table 4 Values of pressure versus interatomic separation for CsCl crystal at different temperatures

(The available experimental data''®) are given within parenthesestures)

298 K 473 K 673 K 873 K
r/(nm) p/(GPa) r/(nm) p/(GPa) r/(nm) p/(GPa) r/(nm) p/(GPa)

0.3571 000) 0.3603 0C0) 0.3646 000) 0. 3696 0C0)

0.3514 0.995(1.0) 0.3537 0.997(1.0) 0.3568 0.998(1.0) 0. 3600 1.001(1.0)

0.3468 1.984(2.0) 0. 3485 1.987(2. 0 0.3509 1.901¢2. 0 0.3532 1.921(2.0)

0.3430 2.913(3.0) 0.3443 2.923(3.0) 0.346 2 2.927(3.0) 0.3479 2.938(3.0)

0.3397 3.894(4.0) 0.3407 3.902(4. 0 0.3422 3.924(4.0) 0.3435 3.947(4.0)

0.3368 4.877(5.0) 0.3376 4.896(5.0) 0.3388 4.903(5.0) 0.3398 4.927(5.0)

0.3343 5.853(6.0) 0.3348 6.871(6.0) 0.3358 6.892(6.0) 0.3366 6.905(6.0)

0.3319 6.817(7.0) 0.3323 6.834(7.0) 0.3332 6.859(7.0) 0.3337 6.874(7.0)

0.3298 7.802(8.0) 0.3301 7.829(8.0) 0.3307 7.844(8.0) 0.3311 7.856(8.0)

0.3279 8.756(9.0) 0.3280 8.772(9.0) 0.3284 8.795(9.0) 0.3287 8.810(9.0)

Table S Values of pressure versus interatomic separation for MgO crystal at different temperatures
(The available experimental data''’! are given within parentheses)
300 K 500 K 1000 K 1500 K 2000 K
r/(am)  p/(GPa) r/(am)  p/(GPa) r/(am)  p/(GPa) r/(am)  p/(GPa) r/(nm) p/(GPa)

0.2105 00(0) 0.2110 000) 0.2125 000) 0.2141 000) 0.2160 00(0)
0.2069 1. 028(1.03) 0. 207 4 1. 001(1. 00) 0.2089 0.917¢0. 92) 0.2105 0. 829(0. 83) 0.2123 0. 741€0. 74)
0.2032 2.361(2. D 0.2037 2.296(2.3) 0.2051 2.124(2. D 0.2068 1.921(1.9) 0. 2085 1. 737(1.7)
0.1994 4.083(4. 1) 0.1999 3.982(4.0) 0.2013 3.691(3.7) 0.2029 3.367(3.4) 0. 2046 3.046(3.0)
0.1954 6. 322(6.4) 0.1959 6.183(6.2) 0.1972 5. 742(5.8) 0.1988 5.273(5.3) 0. 2005 4.793(4.8)
0.1913 9.247(9.4) 0.1917 9.067(9. 1) 0.1930 8.467(8.5) 0.1946 7.798(7.9) 0.1962 7.132(7.2)
0.1869 13.102(13. 3) 0.1874 12. 815(13.0) 0.1887 12.001(12. 2) 0.1901 11. 224(11. 3) 0.1918 10. 307(10. 3)
0.1823 18.273(18.7) 0.1828 17.948(18. 3) 0.1841 16. 848(17. 2) 0. 1855 15. 735(16. 0) 0.1871 14. 609(14. 7)

0.1775  25.058(26.0) 0.1780  24.664(25.5) 0.1792  23.322(24.0) 0.1806 2

—_

. 837(22. 4) 0.1822 20. 434(20.7)

3 Results and Discussions

We have investigated the interatomic separation-pressure relationship in the wide range of tem-
peratures and pressures using Harrison’s interionic function™ and Hildebrand approximation™ . We
have performed calculations for four crystals, viz. LiF,NaF,CsCl and MgO. The corresponding experi-

U7 Tt is clear from the calculated val-

mental data have been reported by Yagi''® and O. L. Anderson
ues for all three alkali halides are in good agreement with the experimental values!™. For MgO, it is
found that the calculated results at T=300 K and T=500 K deviate slightly from the experimental da-
tal’ . The discrepancy may be due to the assumption aBr=constant,which holds well for T=8,,. By
increasing temperature,the deviations are found to decrease (Table 5) and a very good agreement is
obtained at higher temperature T==0;,. To summarize, from the new interatomic separation-pressure
relationship, we can predict adequately the variations of pressure with interatomic separation at differ-
ent temperature for LiF,NaF,CsCl and MgO crystals in agreement with experimental data. Thus,the
results obtained in the present study clearly demonstrate that the formulations originally due to Harri-
son’s potential model and Hildebrand approximation provide a useful method for studying the inter-
atomic separation-pressure relationship in the case of alkali halides and MgO crystals.

Finally,it should also be mentioned that the interatomic separation-pressure relationship proposed
in the present study is of general nature and therefore its application may be extended to different clas-
ses of solids of geophysical importance. The results of the present investigation also lead to the under-

standing of the equation of state based on the microscopic details of the theory of interionic potentials.
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