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ABSTRACT

From a material’s second-order elastic-stiffness coefficients €, and its third-order
elustic-stiffness coefficients C i, we calculated the scalar dimensionless Griineisen
parameter ¥, the single most important property of an anharmenic solid. We give y
for elements and compounds including halides, oxides, and covalent compounds.

Introduced by Grilneisen in 1912 [1], the Grilneisen parameter 3 has come to mean
many things to many people because it represents the most important parameter of an
anharmonic solid. (For the harmonic case, y = 0.) Harmonic theories of solids fail
to explain such common phenomena as thermal expansion, elastic-constant tempera-
ture and pressure dependences, finite thermal conductivity, and finite internal friction.
Grilneisen himself used y in many ways (reviewed in reference 2). His basic definition
WS

y o= (aP /i)y (8.1}

Here P denotes pressure and w = U//V the internal energy per unit volume V. In the
Mie-Griineisen potential energy

f i
¢=--‘-~+-— (8.2)
r'ﬂ rl‘l
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LEDBETTER AND KIM

Grilneisen related it to the repulsive-energy exponent n:

_n+2
Y=7%

Here, r denotes interatomic spacing and m(< n) the attractive-energy exponent.
Griineisen also realized the connection of y to #, the characteristic temperature hv/k:

8.3)

=_rl'lugt? (8.4)
dlogV
Perhaps the most familiar relationship is
BV
= 8.5
cr (8.3)

Here B denotes bulk modulus, § volume thermal expansivity, ¥V volume, and Cp
constant-pressure heat capacity.
In distinguishing adiabatic (constant entropy 5} and isothermal (constant temperature
T} quantities, Griineisen showed that
By Cp Tav
= = e 5.6
BTy i YV ar (8.6}
Further discussions of the thermodynamics of y appear elsewhere [3-5).
The main purpose here is to caleulate y for a variety of cubic-symmetry elements
and compounds from the second- and third-order elastic-stiffness coefficients:

Cly = (1/VIBU/de; €1 )s o (8.7)
Lt = (1] V)@ U /B¢, ;861 D€ )5, (8.8)

We use the usual Voigt contraction scheme so that the second- and third-order elastic
stiffnesses are written C; and €. We calculated both high- and low-temperature
limits of the thermodynamic Grilneisen parameter [6, 7):

LY
;X
==Y ¥ (8.9
?H 3N i=1 }J }

i v
y,_:Z%/Z% (8.10)
i=1 T =) Y

Here, 1; denotes wave velocity of the ith mode, and y; denotes the mode Grilneisen
parameter, which we can calculate from [6, 7).

¥ = - (%) (2w 4 Cyy +2C 13 + (€ +2CI11.](-'1"“11U$ + '§U§ +N}U§]
+(Cras 4+ 2C 1) {N2U 3 + N3U2)* + (N2l + NqUs) 4 (N U + NaUy ¥
+ 2UCy2y + 2011 2)IN2N U2 U + NaN UL U + NN U UR)) (8.11)
Here
w = Cy (VU] + N3U3 + NiU3)
+ Cyul(N2U3 + NaU) o+ (N + N USY + N Uy + NaU Y
+ 201, (NaN3UUs + NN US|+ NyNa UL Uz 8:12)
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ELASTIC GRUNEISEN PARAMETERS

The vectors N and U denote propagation and polanization vectors of the jih normal
mode, The elastic constants are expressed in Voigt's contracted notation, To caleulate
v for intermediate temperatures, one uses the temperature variation of the specific heat,

Table 8.1 shows the input information and the calculated gammas. Table 8.2 shows
comparisons between our results and those given by Gschneidner [8]. For unclear
reasons, the yp values seem especially unreliable, Otherwise, agreement is fair to
good.

Table 8.1 shows that the Grineisen parameter changes little from low to high
temperatures. Also, the material-to-material variation is small: p ranges usually between
1 and 3, ¢lustering around 2. The cluster around 2 is easily understood because, by
using general thermodynamic arguments, one can show that [9]

(A8/iP) =5 (8.13)
By simply rearranging Chang's Eq. (24} [10], we can show that
y = J(@B/dP — 1) (8.14)

Then y = 2 follows immediately,

Pearson [11] argued that the Grineisen gamma is determined by the coordination
number or the number of bonds per atom 1. For covalent solids (he includes metals),
he derived the relationship

y=n/3 {8.15)

Thus, he predicts y = 0.67 for the zincblende structure, ¥ = 1.33 for the b.c.c. struc-
ture, and ¥ = 2,00 for the f.c.c. structure. From Table 8.1, we see that the average value
for the covalent elements is y = (L78, for be.c. elements ¥ = 1.56 (excluding obvi-
ously wrong values), for f.e.c. elements y = 2.19 (again excluding obviously wrong
values). The covalent compounds such as GaAs also cluster around y = 0.67.

To treat ionic solids, Pearson derived the relationship

y=Mn/3 (8.16)

Here M denotes the Madelung constant. Thus, for BeO (CN = 4) he predicts y = 1.10.
For NaCl-structure alkali halides, he predicts y = 1.75, somewhat higher than the
values in Table 8.1, For CsCl-structure alkali halides, he predicts y = 2.34, more than
double the average value (3 = 1.02) in Table 8.1 for CsCl, CsBr, and Csl obtained
from theorerical third-order elastic stiffnesses C .

Table 8.2, Compansons with previous regorts,

Element Y Yo b P it

Al 2.224 2.14 1.96 1.96 20
Cid) 101 .59 1.53 - 1.18
Cu 2011 1,96 293 193 2.0k
Ge 0778 k0 1,56 — —

Au 1579 kXL 1.84 232 i
Fe 1,795 1,70 164 1,64 166
L1 1497 0,89 1.53 - 1,18
5i 01.503 (.57 1.81 -

Ag 2,503 a4 —{1,32 -1 134
Ma 1.HER 1.31 .16 -— 1.31

yir = high-temperature limit, present study: ye = from specific heat
[8]: & = from bulk mosdulus, specific beat, thermal expansivity [B];
v = from shock waves [8]: 1, = avernge literotune value [8].
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Many gamma values in Table 8.1 look physically suspect. Although negative values
are possible, they imply irregular physical properties, which provide & way to check
the predicted gamma. Large values are hard to understand; they probably imply wrong
third-order elastic-stifiness coefficients.

In summary, we showed that one can calculate the Griineisen pamma from only the
second- and third-order elastic-stiffness coefficients. Because gamma relates strongly
to so many anharmenic phenomena, these same phenomena must connect with the
elastic constants,
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