The Hez potential at small distances
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Quantum Monte Carlo methods have been used to determine the exact Born—Oppenheimer
interaction energy of two helium atoms with internuclear separations between 0.5 and 1.8 A.
There is reasonable agreement with potentials derived from scattering data, however the
semiempirical Aziz potential is too repulsive for separation less than 1.8 A. We propose a new

potential for this region.

The interaction between two helium atoms has received
a great deal of attention both experimentally and theoretical-
ly.! Most effort has focused on the interaction at low energy,
but recent shock wave experiments” at high temperature and
pressure have called into question the previous determina-
tion of the pair potential at small distances. We have used
Green’s function Monte Carlo to calculate the exact Born—
Oppenheimer, nonrelativistic interaction energy between
two helium atoms at distances between 0.5 and 1.8 A. The
method employed is discussed in detail in Ref. 3. Simple trial
functions, consisting of a determinant times a pair correla-
tion function, have been used to guide the random walks.
The molecular orbitals were determined from a SCF calcula-
tion using a triple zeta STO basis set.* In Green’s function
Monte Carlo, the trial function only affects the statistical
error of the energy, not its limiting value. The fermion meth-
od used, nodal release, converged quickly since Fermi statis-
tics are of minor importance for this system. Thus the exact
total energies have been obtained within the stated confi-
dence levels. The results of the calculation are given in Table
1 and are considerably more accurate than previous theoreti-
cal or experimental determinations for these distances. The
statistical error is 600 K at 1 bohr (or 0.2%) and 100K at 3
bohrs (or 2.5%). In order to calculate accurate interaction
energies at larger distances, much more accurate trial func-
tions would be needed. Such a calculation has been per-
formed with a variational Monte Carlo technique.’

We have fit the Monte Carlo energies to a function of the
form:

Vi) = expl — ) 3 o 1)

with ™! and a, constrained to yield the exact energy of a Be
atom at zero separation. The free parameters were deter-
mined by minimizing the appropriate chi-square function
using the energies and error bars from Table 1. The chi-
square for the optimal fit is 7.1 which is quite satisfactory
considering there remain four degrees of freedom. Thus the
polynomial of Eq. (1) fits the Monte Carlo energies as ac-
curately as is possible given the statistical precision of the
Monte Carlo results.

Foreman et al.% have measured the scattering cross sec-
tion of helium atoms for precisely these energies and dis-
tances. To analyze the scattering data they assume that the
pair potential is an exponential, and using classical scatter-
ing theory found the parameters which yielded the measured
cross section:

Vg (r) =2.5344 X 10° K exp( — 2.0923 r/bohrs). (2)
Plotted in Fig. 1is ¥ (r)/ Vg (r). The ratio of the potentials is
plotted to accentuate differences between the potentials. It
can be seen that ¥, fits the exact energies reasonably well but
it is 10% too high. In addition, the curve is nonexponential
to about 10%. The experimental errors are about 6.5% at 1
bohr and 11.2% at 3 bohrs, thus the discrepancy is several
times the experimental error.

TABLE L. Results of the Monte Carlo calculations and their error bars (66% confidence levels). E is the total
energy in atomic units and ¥ is the interaction energy (i.e., V=E — E_ where E_ = — 5.80749a.u.) in 10°

K. HFIMD is the semiempirical potential determined in Ref 1.

r (bohrs) E (a.u.) ox V(10°K) oy HFIMD (10° K)
1.0 —4.883 0.002 291.9 0.6

1.25 — 5.2545 0.001 8 174.6 0.6

1.5 — 5.4750 0.001 1 105.0 0.4

1.75 —5.6130 0.0010 61.4 0.3

2.0 — 5.6940 0.001 0 35.8 0.15

2.25 — 57411 0.000 3 20.95 0.10

2.50 — 5.7697 0.000 33 11.92 0.11

2.8346 —5.7899 0.000 26 5.54 0.08 5.45

3.0 —5.7954 0.000 32 3.80 0.10 3.70
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FIG. 1. The fit to the Monte Carlo determined interaction potential (solid
line) divided by the beam potential V(r), and the Aziz potential (dashed
line) divided by V() vs the separation of the two helium atoms in bohrs.
The error bar at 3 bohrs represents the statistical error of the Monte Carlo
energy. The error bars are smaller for 7 < 3 bohrs. The fit to the Monte Carlo
energies has been extrapolated beyond 7> 3 bohrs to show that it converges
to the Aziz potential at 7 = 3.45 bohrs. The circle (O) is from a natural orbi-
tal CI calculation (Ref. 9) and the crosses (X ) are from a semiempirical cal-
culation (Ref. 10).

The Aziz’ (HEDF2) potential fits the He, interaction
quite accurately at low energies. Figure 1 shows the ratio of
Aziz potential to ¥z () in this high energy range. The Aziz
potential is seen to be too repulsive for distances less than 3.5
bohrs (1.8 A) or equivalently for interaction energies
greater than 1000 K. We recommend the fit to the Monte
Carlo energies of Eq. (1), with parameters from Table I, be
used for a theoretical pair potential for values of r<r,

= 3.455 bohrs (1.828 A) instead of the Aziz potential. This
value of 7, is chosen so that the combined potential will be
continuous since V(r.) = V,,.. (7.).

The quantum Monte Carlo energies are consistent with
a recent semiempirical potential,! HFIMD, which uses
backward glory formula to analyze He scattering cross sec-
tions. The scattering cross sections were measured only for
lower energies, thus we can only compare the resulting po-
tential at 2.83 and 3.0 bohrs. The value of the HFIMD po-
tential at those values of 7 are given in Table I and agree with
the Monte Carlo potential to within the combined statistical
and experimental errors. This HFIMD potential is in turn
consistent with the unpublished ab initio calculation of the
Liu and McLean® for 7> 2.8 bohrs.

Also shown on the figure are the results from two other
ab initio calculations. Matsumoto et al.® found the interac-

TABLE II. Parameters of the fit to the Monto Carlo determined interaction
potential using the functional form of Eq. 1. Energy is in units of K, length
in bohrs. The number of parentheses are the exponents.

B 3.323 16 ©)
a_, 1.263 030 6)
g 1.399 649 6)
a, — 8.389 601 (5)
@ 7.426 020 (6)
ay — 2.006 420 (6)
a, 8.570 426 (5)

tion energy for very small separations using a natural orbital
CI technique. Their result at 1 bohr is in good agreement
with our results although their estimated errors are signifi-
cantly larger. Klein e al.'® used a semiempirical pseudo-
kinetic-energy procedure to determine the interaction po-
tential. As shown in the figure their results are
systematically too high.

The pair potential obtained still cannot explain the high
temperature (10 000 K) high pressure shock results of Nellis
et al.? thus confirming their belief that many body effects (the
breakdown of the pair potential) are necessary for describing
shock compressed helium.

Acknowledgments: Work performed under the auspices
of the U.S. Department of Energy by the Lawrence Liver-
more Laboratory under contract number W-7405-ENG-48,
with partial support from the U.S. National Aeronautics and
Space Administration.

'R. Feltgen, H. Kirst, K. A. Kohler, H. Pauly, and F. Torello, J. Chem.
Phys. 76, 2360 (1985).

2W. J. Nellis, N. C. Holmes, A. C. Mitchell, R. J. Trainor, G. K. Governo,
M. Ross, and D. A. Young, Phys. Rev. Lett. 53, 1248 (1984).

*D. M. Ceperley and B. J. Alder, J. Chem. Phys. 81, 5833 (1984).

“E. Clementi and C. Roetti, At. Data Nucl. Data Tables 14, 268 (1974).

SR. E. Lowther and R. L. Coldwell, Phys. Rev. A 22, 14 (1980).

SP, B. Foreman, P. K. Rol, and K. P. Coffin, J. Chem. Phys. 61, 1658
(1974). A

R. A. Aziz, V. P. 8. Nain, J. §. Carley, W. L. Taylor, and G. T. McCon-
ville, J. Chem. Phys. 70, 4330 (1979).

®B. Liu and A. D. McLean, unpublished calculation cited by J. A. Barker,
in Rare Gas Solids, edited by M. L. Klein and J. A. Venables ( Academic,
New York, 1976), Vol. 1.

°G. H. Matsumoto, C. F. Bender, and E. R. Davidson, J. Chem. Phys. 46,
402 (1967).

D, J. Klein, C. E. Rodriguez, J. C. Browne, and F. A. Matsen, J. Chem.
Phys. 47, 4862 (1967).

J. Chem. Phys., Vol. 84, No. 2, 15 January 1986

Downloaded 25 Apr 2003 to 130.126.9.243. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



