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terms of a power series of P as 

K(P) = - V(:~), 
= Ko + Ko'P + tKo"p2 (9) 

where Ko" = {(<1'Kl c9P'),h=. is the coefficient 
of the first-order nonlinear term in the bulk 
modulus. 

Integration of equation 9 in the same man­
ner as Murnaghan [1944] shows that 

In [:: (~ = ::) ] = In (:Y (10) . 

where 

and 

(12) 

and 

cp(Phircb = ~o {3y·[1 + 2b1(y2 - 1) 

+ 3b2(y2 - 1)2 + ~ (P / Ko)Jl (18) 
y 

These last two equations are new and account 
for the first-order nonlinear behavior of the 
bulk modulus with pressure. Their usefulness 
arises from the fact that all the parameters can 
be evaluated from either the quantities deter­
mined from ultrasonic measurements at modest­
pressure range or from low-pressure ultrasonic 
data combined with high-pressure compression 
data (after the appropriate thermodynamic 
transformation) . 

TABLE 1. Comparison of Volume and the 
Seismic Parameter </> as a Function of Pressure 

(for m = 4) 
Rewriting equation 10, the 'second-order Mur-
naghan equation of state' is found as (P / Ko) (V /VO)B (V /VO)M (</>/4>O)B (4)/4>O)M 

P = [xl(l - ZE)JI[1 - (XI/X2)ZE] (13) 

where the coefficients ~, X" and x. are given 
by equations 11 and 12 respectively, and Z = 
(V.IV ) = (pi p.). 

Similarly, the 'second-order Birch equation of 
state' may be found as 

P = (3Ko/ 2)y5[(y2 - 1) 

+ b1(y2 - I? + My2 - 1)3] (14) 
where 

b1 = 3/ 4(Ko' - 4) (15) 
and 

b2 = 1/ 24[143 + 9(Ko' - 7)Ko' 

+ 9KoKo"] (16) 
and 

y = (VO/ V)1 /3 = (p/ PO)1 /3 

as before. 
Based on these second-order equations of 

state, the corresponding expressions for the 
tP (P) are: 

cp(P)Murna,ban = tPo[ 1 + (~:')p 

+ (~~)p2J [:: (~ = ::) TIE (17) 
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TABLE 2. Comparison of Volume and the 
Seismic Parameter <I> as a Function of Pressure 

(for m = 5) 
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A form of the second-order Murnaghan equa­
tion of st ate, equation 13, has been presented 
earlier by RuotJ [1967] and by G . R. Barsch 
and Z. P. Chang ('Ultrasonic and static equa­
tion of state for cesium halides,' in Accurate 
Characterization of the High-Presf!ure Environ­
ment, unpublished manuscript, 1970) . The equa­
tion of state given by Barsch and Chang is 
similar to equation 14 in this paper . 

Crystalline solids undergoing compression 
without a phase change are cha racterized by 
K(P) increasing monotonically with pressure 
and K'(P) decreasing monot onically with pres­
sure. The second condit ion requires that K" < 
0 ; such behavior was ultrasonically observed for 
three cesium halides [Chang and Barsch, 1967]. 

Because Ko" < 0, equation 9 implies the exist­
ence of a finite pressure at which K(P) becomes 
negative. Yet K(P) cannot be negative, by the 
first law of thermodynamics. Use of the second­
order Murnaghan equation of st ate to extra­
polate density to high pressure leads to impos­
sible results. Similarly, equat ion 17 should not 
be used to extrapola te the seismic 4> (P). The 
Birch equation of state, which is a phenomeno­
logical equation based on a rapidly converging 
T aylor expansion of the interatomic potential, 
appears to describe experimental compression 
curves of solids more closely than any other 
equation of state yet known. For this reason, 
the ultrasonic method discussed here for cal­
culating 4> at · high pressure is based on the use 

TABLE 3. Comparison of Volume and the 
Seismic Parameter <I> as a Function of Pressure 

(for m = 6) 
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