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Intermolecular forces and fixed-node diffusion Monte Carlo: A brute force
test of accuracies for He , and He-LiH
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The accuracy of the fixed-node approximation and diffusion Monte Carlo method in computing the
interaction energy of van der Waals systems was investigated. Tests were carried out by simulating
the electronic structures of Hand He—LiH. These two systems were chosen as representative of
two fundamentally different interactions, namely the weak dispersion forces,imttethe dipole/
induced—dipole interaction in He—LiH. The results for both systems are in excellent agreement with
“state of the art” calculations, thereby indicating a high accuracy for the fixed-node approximation.
Also, our interaction energies for He—LiH indicate that the coupled cluster single double triple
method[Taylor and Hinde, J. Chem. Phy%11, 973 (1999] gives an accurate prediction of the
interaction potential for that system. @003 American Institute of Physics.
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The accurate description of interaction potentials is ofaccurate the computational method the higher the computa-
paramount importance in rationalizing and predicting thetional effort for the basis set.
physical chemistry of gas phase reactions, molecular clus- To make the issue even more complicated, the finite size
ters, and bulk systems. For such descriptions quantum chemf the basis set invariabily produces an overestimate of the
ists have developed various approaches delivering differerinteraction energy with respect to the complete basis set limit
levels of sophistication and predictive power. These methodwhen size-consistent methods are employed. This error is
usually fall into one or the other of two conceptual families, usually called “basis set superposition errdBSSB? and it
supermolecular or perturbative. In the supermolecular apis generated by one of the fragments using the basis set of the
proach one computes the interaction potential between twother one to stabilize itseffAlthough various schemes have
or more chemically relevant fragments by subtracting theen proposed to reduce or eliminate this problem in the
energy of the separate species from the energy of the supdramework  of the standard quantum chemistry
system, while in the perturbative approach one exploits th@pproache$;® no definitive solution to the problem is cur-
fact that only small changes in the electronic structures of théently available for large systems. It is this that has led us in
fragments are induced by their mutual interaction. the direction of developing and testing alternative methods

However, independent of the method of choice, twofor predicting accurate potential energy surfaces for intermo-
main difficulties are invariabily encountered. These @e  lecular interactions.
the necessity of introducing the electronic correlation in the ~ Among the possible alternatives, the different variants of
description of the molecular forces af® the dependence of guantum Monte Carl¢QMC)” used in electronic structure
the predicted forces on the quality of the basis set employedalculations possess distinctive advantages with respect to
Although one could always circumvent the first difficulty by the more frequently employeab initio methods. We special-
selecting a correlated method such as Msgller—Plessd¢® in describing the diffusion Monte Carlo method
(MPn), coupled clustefCC), or one of the variants of the (DMC),°~** but similar remarks can be made for the other
explicit electron interaction familyR12),! the issue of the Mmembers of the family. First, by using the position represen-

basis set dependence of the results is quite complicated af@tion in configurational space the DMC method employs a
delicate. While on one hand there is the need to use theomplete basis set. Thus, it is BSSE free. Second, electronic
largest possible basis set in order to describe the subtgerrelation is directly introduced in the treatment by simulat-
changes in the electronic structure of the fragments, on thi'd the exact Born—Oppenheimer electronic Hamiltonian

other hand one is faced with the issue of the computationaf'ithout referring to any model system, wave function or
effort required to carry out the calculation. Usually, the moreHam'Iton'an as the starting point. This a_v0|ds t_he slow con-
vergence toward the exact energy upon improving the quality

) of the basis set which is typical of CC and CI. Third, given
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Using both DMC or Green’s function Monte Carlo TABLEI. FN-DMC interaction energy of Heat R, ,=5.6 bohr. Energies in
(GFMC), a method closely related to DMC highly accurateK and time steps in a.u. o indicates the statistical error of the results.
results have been obtained for HE ' HeH/"® He;, "8 f E(n) "
Hs,*°2%H, , and H-PsH! The results of these calculations

represent the most accurate values to date for the interaction (c);glc\)/loca :1(1)'838 8'835
energy of the aforementioned systems. In fact, “exact” QMC 0.007 _11.08 011
solutions with no extrapolations, no interpolations, and no 0.010 ~11.16 0.11
corrections are available for many of these. This suggests 0.012 -11.10 0.10
that the QMC methods have the potential to contribute to the 0.015 —11.13 0.10

field of intermolecular forces for larger systems. “Reference 15,
Whereas GFMC can be made exact by using a cancella-
tion procedure to sample the ground state of small fermionic

slyz/ﬁltems, th? DMC metho_d usEaIIy rel!es on the f'x_ed'nOd%ystem with van der Waals forces. The calculation of the
(FN) approximation to satisfy the antisimmetry reqUIrementpotential curve with an accuracy of better than 0.1% has

for an electronic wave functiohThis implies that the com- been a long-standing goal of modern quantum chemist
puted energy is an upper bound of the exact energy of thﬁﬁe list of modern references in Ref.)ldecently met with

0 . .
systenmt Hoyvever, the weak mteracthn due to the van der“exact" QMC calculations!®
Waals force is usually long range. For instance, the étgui- Since the ground state of the He atom is nodeless, the

librium distance is 5.6 bohr. This large distance makes theDMC method would give the exact result for the energy of
overlap between the electron density of the two interamingseparated atoms. However, instead of using DMC to com-
systems very small so that the nodal surfaces of the Wavﬁute the total energy of He, we rely on the alternate calcula-

function for the two interacting fragments may be almost, s yresented in Ref. 22;2.903 724377 034 hartree, for
identical to the one obtained by multiplying the wave func-this value

tion of th((aa)two |so(|ba)ted systems. To *?e more speqﬁc, let us The trial wave function chosen to guide the simulation
assumel's” andWs to be the two antisymmetric trial func- ¢ e and compute the value of the energy is written as an
tions for thg fragmentg and b.'A simple antlsymmetrlc.tnal antisymmetrized product of two Hylleraas-type wave func-
wave function for the interacting systems could be written 3%ions multiplied by a many-body Jastrow factor containing
dipole—dipole and similar cross terfisThis function has a
Y0 = AP @y P = (—Pp[p @y )] (1)  variational total energy of-5.807 4842) hartree and an es-
P timate root-mean-square fluctuation of the local energy equal
to 0.0015 hartree. This model wave function has already
where the antisymmetrizek contains only permutation op- peen employed to compute the Hateraction energy curve
eratorsP that exchange the electrons afvith the electrons  py means of the GFMC method including exact
of b including the identity operator. The net effect of a cancellation’? Using a target population of 5000 walkers, the
single use of the operatét can be visualized as the move- difference between the FN-DMC energies computed at vari-
ment of the(® ¥ product to a different region of the ous time steps and twice the ground state energy of He are
electronic configuration space. This movement can place thehown in Table I. Each calculation required roughly 2600 h
centroid of WP W) and P[W (W] far away from each of CPU time on an SP2 machine of the Center for Academic
other if the distance between the center of massafidbis  Computing of the Pennsylvania State University. Table | also
large. SinceP® andW{? decay exponentially with the dis- presents the extrapolatee-0 value, —11.078) K, obtained
tance between an electron and the center of mass, the contljy fitting the finite 7 results with a linear function, and the
bution due to the permuted term to the value, and hence itsiost recent GFMC valu¥, —10.9985) K. Being based on
effect on the node location, df ¥{? W] should be ex- the sampling of the exact Green’s function, the latter does
pected to be small. If this is exactly the case, one would alsmot require extrapolation of any sort. As evident, the FN-
expect to achieve an accurate nodal error cancellation béMC(7=0) result is in accurate agreement with the GFMC
tween the noninteracting fragments and the supermolecularalue, differing from the last one only by 0.&7 K. Both
complex. This should also occur if the two wave functionsvalues are also in accurate agreement with the most rabent
@ and W are relaxed at the interaction geometry, espeinitio estimates of the same quantity, namel$0.947 K (a
cially if the systems are different. variational upper bound*® —10.978 K*® —11.00 K
Since the above-presented arguments indicate FN-DMG-10.947 K27 —11.02 K#® —10.95 K?° and —11.059 K*
is a possible candidate for accurate predictions of van defhis suggests that the nodal surfaces are quite accurate for
Waals interaction energies, we feel it is worth to test thisthis system.
approach on small and medium systems in order to better Motivated by the accurate results obtained for the He
understand its applicability and limitations. dimer, we applied the FN-DMC method to another test case.
As a first test case, the helium dimer Ha its equilib- A particularly interesting and useful one is that of the inter-
rium geometry Rqq=5.6 bohr) for the ground state is cho- action between the He atom and the LiH molecule. State-to-
sen. The interaction potential of this system was intensivelystate cross sections for collisions between these two species
investigated both for its importance in low temperature con-are important in modeling the energy transfer in outer
densed matter and cluster physics and as a prototype ofspace’® Further, the interaction energy between these two
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TABLE 1. VMC total energies and root-mean-square fluctuatioi-N-DMC total energies, DMCAE(DMC)]

and CCSDT) interaction energies for He—LiH at various geometries. Total energies and flustuations in hartree
and interaction energies in crh Distances in bohr. A positive value f6.cy indicates that He is located at

the Li end of LiH.

Ruecm E(VMC) o E(DMC) AE(DMC) ccsoT)?
+5.50 —10.959 8315) 0.3697) —10.974 08641) —64(9) ~76.08
+4.25 —10.960 8714) 0.3598) —10.974 61065) —17914) ~176.59
+3.50 —10.956 4615) 0.3597) —10.972 51165) +282(14) +312.51
-7.25 —10.947 9419) 0.4599) —10.972 34856) +31814) +337.52
o —10.973 80066) 0

3Reference 33.

fragments has already been investigated by using spiposed of 5000 configurations. These parameter values repre-
coupled-valence bon@C-VB) theory*? and coupled cluster sent in our experience an adequate choice to reduce the com-
single double triple CCS) calculations® An interesting  bined time step and population bias in the calculated energies
feature of the interaction potential is the presence of twdo a values smaller than the statistical error in the energies.
different minima, one as the He atom approaches LiH at thé\fter the equilibration phase, each simulation consumed
Li end of the molecule and another as the He atom aproughly 240 h of CPU time on a two year old single proces-
proaches the H end of the molecule. Each minimum corresor Pentium 11l 800 MHz.
sponds to a collinear configuration. These minima are inter-  As a trial wave function for both LiH and He—LiH we
preted as deriving from a relatively strong dipole/induced—employed the widely used expression written as a determi-
dipole interaction between the dipolar LiH and the weaklynant times a Jastrow factétThe molecular orbitals used in
polarizable He. The minimum at the Li end of the moleculethe determinantal part of the trial wave function were ob-
is predicted to be deeper and to lie at shorter distance thamined using thecaussian 98 suite® and the restricted
the one at the H end. This behavior can be rationalized by thelartree—Fock procedure. The Slater type orbital basis set for
strong ionic character of the LiH molecule which is accu-Li and H was taken from the work by Liet al*° on the
rately described as I'H™ at the equilibrium distance. Thus, LiH ™~ anion, while the HF basis set for He from Ref. 41 was
while approaching the Li end of the molecule an He atomsupplemented with aj2function whose exponent was opti-
can experience the bare molecular field even at short distanerized using MP2 calculations. The Slater basis set was ap-
due to the compact electronic structure of thé idn. Con-  proximated as a linear combination of Gaussian orbitaits
versely, the electronic distribution on the H end is quite dif-ther STO-10G or STO-8G in all the GAUSSIAN 98
fuse due to the strong Hcharacter. So, the repulsive inter- calculations. The Jastrow part of the trial function was opti-
action due to the electron overlap starts early and reduces thmized by using a robust estimator approach recently
binding interaction energy at long distance. Although pro-introduced*? The variational results of the optimization pro-
ducing overall similar interaction potentials, the SC-VB andcedure for the total energf(VMC) and the root-mean-
CCSOT) methods differ in predicting the relative location square fluctuation of the local energy are presented in
and magnitude of the two minima. More specifically, the Table Il. Comparing the fluctuation of the local energy for
SC-VB procedure predicts interaction energies only abouthese wave functions with the one of the He—He trial wave
one-third of those predicted by CCED as well as some- function, it can be clearly seen that the latter is orders of
what larger equilibrium separations. These quantitative dismagnitude more accurate than the ones derived by the “Ja-
crepances give rise to qualitatively different results for thestrow times determinant” model.
ground state of the LiH-He complexes. Whereas the The DMC results obtained using the optimized trial
CCSDT) potential predicts binding even for He—L#, wave functions for the He—LiH systems are shown in Table
nuclear DMC simulations using the SC-VB potential energyll. In the table,Ry.cm represents the distance between the He
surface(PES suggest LiH—Hg to dissociate into LiH and atom and the LiH center of mass. The He atom lies on the
He, .%® Differences in the state-to-state cross section in the.iH bond axis, and a positive sign &,.cy indicates it is
inelastic scattering of He from LiH are also seén. located at the Li end of the molecule. The system geometries
We carried out FN-DMC calculations for four different were chosen to probe different parts of the potential surface,
geometries of the interacting supermolecular complex He-namely the bottom of the well of the strong He-Linter-
LiH. The LiH bond distance was fixed at the equilibrium action and the repulsive walls at both ends. Together with the
value for the isolated molecul@®.01397 bohr, and a simu- DMC results we show also the interaction energy obtained
lation was carried out to estimate the LiH total energy ob-by using counterpoise corrected COSD calculations>
taining E=—8.070075(66) hartree. This value comparesComparing the values in Table Il, it may be seen that the two
well with the lowest-energy variational resul;8.070449  different techniques produce good agreement with each
hartree’” Using the latter it is possible to obtain an estimateother. This is especially true fdRpecy= +4.25 and+5.50
of the LiH fixed-node error for the DMC simulation, namely bohr, points that are located inside the attractive well of the
0.000 37466) hartree. All the DMC simulations employed potential. Despite their uncertainties, the DMC results for
the time step size=0.001 a.u. and a walker ensemble com-Ryecy= +3.50 and—7.25 bohr seem to indicate that the
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