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Condensed-Matter Energetics from
Diatomic Molecular Spectra

In Ho Kim, Raymond Jeanloz,* Kyu Soo Jhung

Analyses of molecular spectra and compression data from crystals show that a single
function successfully describes the dependence on interatomic separation of both the
potential energy of diatomic molecules and the cohesive binding energy of condensed
matter. The empirical finding that one function describes interatomic energies for such
diverse forms of matter and over a wide range of conditions can be used to extend
condensed-matter equations of state but warrants further theoretical study.

Prediction of the energetics of many-body
systems from a detailed model of two-body
interactions among the constituent parti-
cles has long been a matter of interest.
Thus, considerable effort has gone into the
derivation of reliable expressions for the
potential-energy functions of two-atom sys-
tems (I, 2), and ‘substantial progress has
been made toward the discovery of a uni-
versal description of these diatomic poten-
tials (3-8). Ideally, such a universal de-
scription reduces to a single potential-ener-
gy function that is valid for all diatomic
systems. Similarly, universal correlations
have been uncovered in recent work on the
energetics of many-atom systems. For ex-
ample, one equation of state appears to
describe interparticle forces ranging from
adhesion at large separations to nuclear
compression at short ranges (5, 9). Here we
develop in more detail, and using a different
approach, a surprisingly reliable description
of binding energy that spans the range from
diatomic molecules to condensed matter
(10).

The binding energy of a diatomic mole-
cule can be expressed as a modified Dun-
ham expansion of the reduced energy f =
E(R)/E,, which has the form
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fr) =21+ > B —-1 (1)

n=1

in terms of the linear scaled distance used
by many investigators (5-11)

z=VARR, - 1) Q)

Here R, and E_ are the equilibrium values of
the interparticle distance R and potential
energy E(R) of the molecule. The B are
related to the Dunham coefficients, a_, by
the relation B, = a /A2, where A is the
Sutherland parameter, a material-depen-
dent scale factor corresponding to the equi-
librium force constant of a harmonic oscil-
lator (11, 12). If all B, equal zero, the
reduced potential f is that of a harmonic
oscillator. Alternatively, if we assign an
equal amount of anharmonicity to all di-
atomic molecules, then each B_ is indepen-
dent of the molecule involved (13).
Diatomic molecules exhibit a wide range
of anharmonicity, however, and linear scal-
ing of interatomic distances as given by Eq.
2 is inadequate because it implies B, and 8,
are constant for all systems (Fig. 1A).
Instead, a more flexible nonlinear scaling,
including molecule-dependent excess pa-
rameters, seems to be required. This is
facilitated by the observation that the spec-
troscopically determined anharmonicity pa-
rameters 3, and B, are correlated (Fig. 1A).
The strong correlation is not limited to two
dimensions but still holds in multidimen-
sional B-space, at least up to four B-dimen-
sions (14). Therefore, we can regard this
correlation as an expression that can gen-
erate B, , from B, a recursion relation for

649



the binding-energy curve, at least in an
approximate sense. Because most of the
data are closely distributed around a single
curve in B-space (Fig. 1A), we take the
curve to define an exact recursion relation
among the B, which is significant because
one can always determine a single expres-
sion for the potential energy if such a
recursion relation is known (8).

In our approach, we replace the linear
distance z; in the nth term of the summa-
tion (Eq. 1) with a nonlinear distance
variable z,, given by an n-degree polynomial
in 2, having coefficients that include all the
material dependencies. If the form of ex-
pansion given in Eq. 1 is retained, the first
few nonlinear scaled distances are (8)

1
2 =2u+7 @ — h)xd 3)
1 1 )
B=0+ E(BZ - ZB[ —hiBy

5
+—h%—h2)2? “4)
4

Because the differences between individual
data points and the B-curve are absorbed
into the polynomial coefficients, the re-
maining material-independent part (the
B-curve) defines a universal expression for
the potential energy and involves only a
small number of parameters.

We can determine the {h} set by mini-
mizing the square of each term in parenthe-
ses in Egs. 3 and 4 successively, so that the
z, have a maximum convergence. For the
339 molecular data in Fig. 1A, we obtain h,
= —1.028 = 0.011 and h, = 0.670 =
0.005 (15), and the conditions that make
the coefficients in Eqs. 3 and 4 vanish are
the very recursion relations B, = B,,(B,) for
n = 2. For example, the recursion relation
forn =2

Fig. 1. (A) Correlation of the first two modified
Dunham coefficients, B, and B,, determined
from experimental data for 293 ground states ()
and 46 excited states (+) of diatomic mole-
cules [all cases for which the five parameters
E,. B, o, a,, and wX,, which are necessary to
evaluate A, B,, and B,, are presently available
(15)]. Solid line is a plot of the B-curve (Eq. 5);
large cross indicates the point predicted for a
linear scaled distance z,. (B) Correlation of B,
and B, determined from shock-wave data for
28 metals (@) (38) and 10 compounds () (39),
representing all the shock-wave measurements
available for elements and simple compounds
exhibiting no phase transitions or other features
that complicate data reduction (16, 20, 21).
Solid line is the B,(B,) curve (Eq. 5) derived
from diatomic systems; dashed line is a fit to the
data for all of the 38 condensed-matter sys-
tems. The B values predicted by (+) the Uni-

1
B, = ZB% —1.028B, — 0.651  (5)

is shown by the solid line in Fig. 1A.

For condensed-matter systems, the Dun-
ham coefficients are related to the bulk
modulus B by successive differentiation of
Eq. 1 with respect to the interparticle dis-
tance R and substitution of the results into
the expressions for the volume derivatives
of Eq. 1. Hence,

A = 9VBo/(2E,) (6)
a; = 1- B({_) (7)

3 2
Q=7 BoBo + Bo(Bo— 1) +5| (8
where prime and subscript zero indicate
differentiation with respect to pressure and
equilibrium conditions (zero pressure), re-
spectively (10). As accurate measurements
of By are not available for the determina-
tion of B, = a,/A for most solids, we
propose the use of Eq. 5 to predict the
fourth-order derivative of the binding ener-
gy, B,, for bulk cohesive systems. Our
supposition is that the recursion relation
derived from two-particle systems can be
transferred to condensed matter. We can
test this hypothesis by comparing Eq. 5
with B, and B, values derived from shock-
wave experiments on solids. Indeed, when
analyzed independently, these high-pres-
sure data obey nearly the same B-correla-
tion as diatomic molecules (10, 16).

The curve from Eq. 5, obtained from a
fit to the diatomic-molecule data, reproduc-
es experimental results for 38 solids quite
well (Fig. 1B). In contrast, the Rydberg
function with linear scaled distance z, [the
Universal Binding Energy Relation of (17)]
assumes that every B is constant, indepen-
dent of the solids involved, which is incom-

Ao . , .
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versal Binding Energy Relation (77) and (x) the Birch-Murnaghan (78) and (dotted line) Universal

(19) equations of state are plotted for comparison.
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patible with the data. For comparison with
Eq. 5, the data for the 38 solids alone yield h,
= —0.906 + 0.024 and h, = 0.476 + 0.006,
which is similar to, though distinct from, the
h, and h, values for the diatomic systems.
Still, because the correlations for diatomic
and condensed-matter systems differ little, we
conclude that the vibrational properties of
both have essential similarities in the statisti-
cal sense expressed by Fig. 1. The fact that we
obtain coherent results is surprising: variations
in chemical bonding and electronic states
among the molecular and condensed-matter

“systems seem not to affect our correlations.

The recursion relation (Eq. 5) appears to be
transferable, as we supposed.

Three-parameter equations of state, in-
cluding the Birch-Murnaghan (18) and
Universal (19) forms, have been widely
used to describe experimental compression
data. Each of these forms involves the
truncation of a series expansion, implicitly
yielding a relation between a, and a, (20).
The truncation relation for the Universal
equation of state is compatible with many
of the data (Fig. 1B), although it exhibits a
slightly different curvature. For compari-
son, the Birch-Murnaghan relation is offset
from the bulk of the data but is in better
agreement with the results for the anhar-
monic solids toward the left of the figure
(Li, Rb, and Na). Given the possibility of
systematic biases in the data reduction [the
assumptions given in (16)], we cannot ar-
gue that either one or the other of these
forms is preferable.

Because of the truncations and the use of
a linear U, Hugoniot relation, each
equation of state implies a specific relation

>
IS
T
L)
)
o]
-
W o O N
T
!

o

Calculated v,

A L

2 3 4 0 3 6 9 12
Experimental y, Experimental B)B,"

O == N W O = N Ww O = N
T
L]
()
.
Calculated B,B,"

T
L

O W O W O W & ©
T
L

o
-

Fig. 2. Equilibrium thermodynamic variables
(A) yo and (B) B,B; calculated from Eq. 5 (top)-
and from the Universal (middle) and Birch-
Murnaghan (bottom) equations of state com-
pared with experimental values. Symbols: (®)
and (0) as in Fig. 1; experimental -y, from (31,
32). Calculations based on a linear Us-uj, rela-
tion with the Mie-Grlneisen form of equation of
state.



between the zero-pressure values of B, and
both B,B{ and the Griineisen parameter vy,
(16, 20, 21). The approach used here is at
least as successful in reproducing the ob-
served properties of our 38 test solids as the
Birch-Murnaghan and Universal equations
of state (Fig. 2). Correlations among the
Dunham coefficients, a; and a, (Fig. 3),
correspondingly show that for the solids we
consider, the zero-pressure properties are
generally well described by either the Uni-
versal or the present (Eq. 5) equations of
state and by the Dugdale-MacDonald mod-
el for the Griineisen parameter (20).

Each of the Universal and Birch-Mur-
naghan equations of state gives the equilib-
rium cohesive energy E,, as well as B, in
terms of V,,, By, and By, (Fig. 4) (20). Use of
these calculated values for E, in Eq. 6,
rather than the experimental values, yields
an absolute comparison of B, and B, with
the data, rather than just a comparison of
trends (Fig. 1). In terms of the B,(B,)
curve, the Universal equation of state is
now equivalent to the constant-value Uni-
versal Binding Energy Relation and does
not reproduce the shock-wave measure-
ments adequately (Fig. 4). The Birch-Mur-
naghan relation does define a trend compa-
rable in slope to that of the data, but with
a distinct offset from the measured values.
Thus, a three-parameter equation of state
or (equivalently) expression for the poten-
tial-energy curve does not describe the full
range of observed data (Fig. 4). The present
approach uses Eq. 5 and the experimental
E, in a self-consistent manner to derive a
four-parameter equation of state, and this
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Fig. 3. Correlation of the Dunham coefficients,
a, and a,, for condensed-matter systems. Ex-
perimental values [(®) and (0) as in Fig. 1]
compared with various models of the (A) equa-
tion of state (x, Eq. 5; solid line, Universal;
dashed line, Birch-Murnaghan; dotted line,
Murnaghan) and (B) Griineisen function (solid
line, Dugdale-MacDonald; dashed line, Slater;
dotted line, Vashchenko-Zubarev) (see 20).

offers a more reliable description of the
condensed-matter systems (Figs. 1 to 3).

Qur analysis of equations of state, so far
restricted to equilibrium (zero pressure)
conditions, can be extended to address
condensed matter at finite compression or
expansion. We did this by calculating the
internal energy change along the isentropes
of the 38 test solids (22) and found that the
curves of reduced cohesive binding energy
for the 28 metals and 10 compounds are
indistinguishable (within the uncertainties
of the measurements and data reduction)
when plotted against the nonlinear scaled
distance z, obtained with the “diatomic
value” h; = —1.028. Because we assumed
that Eq. 5 and h, = 0.670 (again, the
“diatomic value”) are valid, z; is equivalent
to z, for these solids (23), in accord with
our hypothesis that the recursion relation
obtained from diatomic systems can be
transferred to condensed matter.

Even more remarkably, the reduced
binding-energy curves for the 38 test solids
closely overlap the Rydberg-Klein-Rees
(RKR) potential-energy curves plotted
against z; for 20 diatomic molecules (8). In
fact, both molecular and condensed-matter
curves are accurately represented by a Hul-
burt-Hirschfelder function, with z = z, for
condensed matter and z = z; for diatomic
molecules

F=[1—exp(—2)] + cz® exp(—az) — 1

&)

wherec = 1 + hy, a = [(7/12) — h,l/c, hy =

—1.028, and h, = 0.670 (8, 24). The first

term on the right side of Eq. 9 is a Morse

function, modified by the second term to
yield the correct h values.

Finally, if we compare the reduced iso-
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Fig. 4. (A) Calculated versus measured values
of equilibrium cohesive energy and (B) the
resultant absolute values of g obtained from the
Universal (large cross) and Birch-Murnaghan
(%) equations of state. (®) and (o) as in Fig. 1.
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thermal pressure-volume relation obtained
from Eq. 9 (25) with isothermal-compres-
sion measurements on a representative sam-
pling of nine metallic elements [Cu, Ag,
Mo, .and Pd (26); Au (27); Pt (28); and Na,
K, and Li (29)], we find that almost all of
the experimental data fall on the Hulburt-
Hirschfelder curve. This reinforces our con-
clusion, based on analysis of shock-wave
data, that the correlations in energy param-
eters obtained from diatomic potentials can
be transferred to condensed-matter systems.

Our work shows that a universal poten-

_ tial-energy function of the Hulburt-Hirsch-

felder form accurately represents the mea-
sured interactions for systems ranging from
ground and excited states of diatomic mol-
ecules to condensed matter at high com-
pression. Empirically, we find that the co-
efficients appearing in a series expansion of
the potential energy are correlated and that
the same correlation is found for diatomic
and condensed-matter systems, within the
uncertainties of the data. This finding has
practical utility in that it allows us to
formulate an improved equation of state for
solids on the basis of the large number of
measurements available from spectroscopy
on diatomic molecules. Moreover, it sug-
gests that there is an underlying similarity
between the interatomic forces in con-
densed matter and diatomic systems that
remains to be explained theoretically.
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Rates of Electron Emission from Negatively
Charged, Impact-Heated Fullerenes

Chahan Yeretzian, Klavs Hansen, Robert L. Whetten

Thermal emission of electrons is ordinarily considered to be exclusively a property of
macroscopic condensed matter. Slow electron emission occurs for certain small metal
clusters as well as for silicon and carbon clusters, but the nature of this process has not
been established. Electron emission rates have been obtained and analyzed from exten-
sive real-time measurements on negatively charged fullerenes for several sizes and over
awide, continuous range of energies. These results confirm that delayed electron emission
is a simple activated process that depends strongly on the internal energy and size of the
cluster and that it has a common underlying mechanism, independent of size. However,
the Arrhenius form deduced is inconsistent with the emission rate theory used for bulk
surfaces. These results allow the question of the correct microscopic description of this
newly observed electron emission process to be assessed.

Electron emission from an excited atom or
molecule is considered a prompt process,
occurring on an electronic time scale
(10716 5), except where particular auto-
ionizing resonances are involved (I). On
the other hand, condensed matter—for ex-
ample, a tungsten filament—may exhibit
thermal emission, characterized by activat-
ed rates that increase smoothly with exci-
tation energy or temperature; the statistical
rate theory of thermionic emission gives a
successful microscopic description of this
process (2). Several recent reports have
documented observations of slow electron
emission from strongly bound atomic clus-
ters including tungsten (3), carbon (4, 5),
and silicon (6); this discovery is considered
promising in terms of attempts to develop a
thermometry of clusters and is thought to
reflect the emergence of bulk-like electron-
ic structure. The recent examples of slow
electron emission from large molecules and
clusters are suggestive of a nonprompt emis-
sion mechanism, similar to emission from
conducting surfaces. When strongly excit-
ed, by subthreshold radiation or by surface
impact or atom bombardment, the neutral
clusters of these elements cool through
emission of an electron, either in competi-
tion with fragmentation or in its place. In
an extreme case, irradiation of giant posi-
tively charged fullerenes, C.* (n > 200),
suspended in a magnetic trap, generates
doubly charged molecules (C_>*), evident-
ly by slow electron emission (7).

In the case of negatively charged clusters
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and negative molecular ions, it is less un-
usual that electrons are emitted preferen-
tially to fragmentation, given that electron
affinities often lie well below the fragmen-
tation thresholds (8). Smalley and co-work-
ers (9), in attempted photoelectron spec-
trum measurements, found that hot or mul-
tiphoton-excited Cq,~ gives very broad
time-of-flight (TOF) profiles limited only
by the ion transit through the instrument.
At the same time, it was reported that the
electron emission peak arising from surface
scattering of Cg,~ (10), small carbon
(C,7), or small silicon (Si,”) clusters (6) is
strongly broadened at the threshold impact
energy for electron ejection.

These reports raise unresolved questions
regarding the nature of delayed emission in
larger negatively charged atomic clusters,
including whether a single rate can be
defined and whether the process is thermal-
ly activated and describable by rate expres-
sions already put forward. In particular, one
would like to know how the rate depends
on the cluster energy content and on the
characteristics of the system, including
electron affinity, size, and the spectrum of
electronic excited states as-well as the
electron-ion coupling. Since the early days
of activated rate theory, the precise mea-
surement of the preexponential factor and
the temperature dependence of the rate
constant of specific unimolecular reactions
have revealed the key information needed
to deduce the underlying mechanism. The
goal of our work has been to provide the
necessary experimental information and to
stimulate the development of appropriate
physical models.



