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The He-LiH potential energy surface revisited. I. An interpolated rigid
rotor surface

Brian K. Taylor and Robert J. Hinde
Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996-1600

(Received 9 September 1998; accepted 30 November) 1998

We reconsider the potential energy surface of the He—LiH system recently examined by Gianturco
and co-workergF. A. Gianturcoet al, Chem. Phys215 227 (1997%]. We compute the He—LiH
interaction energy at the CCS$D level using large correlation consistent atomic basis sets
supplemented with bond functions. To capture the severe anisotropy of the He—LiH potential, we
interpolate oumb initio points in the angular direction with cubic splines, then expand the splines
in terms of Legendre polynomials. The resulting smooth potential surface differs substantially from
that of Gianturceet al,; in particular, our attractive He—LiH well is more than twice as deep as that
of Gianturcoet al, with a He—LiH binding energy oD,=176.7 cmil. © 1999 American
Institute of Physics.S0021-960609)30609-7

I. INTRODUCTION AND BACKGROUND electronic structure of this system, and the theoretaal
o ) ) initio PES for this system should be fairly close to the exact
The lithium chemistry of the early universe has recentlynonrelativistic Born—Oppenheimer PES. Furthermore, nearly
been a topic of much interest in astroc_:hem|§rr§/Processes exact computational studies of rotationally inelastic He—LiH
involving the highly polar molecule LiH have been of par- .qjisions are feasible because of the large rotational constant
ticular interest. Because of its large dipole momépt ) ihy angd the small He—LiH reduced mass. Hence for this
=5.88 D (Ref. 6], LiH exhibits several intense radiative system we should expect very good agreement between ex-

trpwblrlatloant ér?_qanmnlé; thlus em|sr?|ons Ifrorr:j roylbra- perimental and fullyab initio cross sections for rotational
lonafly excited LIt molecules may have played an Irnpor'energy transfer. If thab initio He—LiH PES is accurate and

tant role in the radiative cooling of primordial gas clouds in ; L o
. : L o the computational treatment of the collision dynamics is
the early universé.Observation of the radiative emissions . .
nearly exact, differences between the computed and experi-

from excited LiH molecules could help quantify the lithium . . L )
Pa fy mental cross sections for He—LiH collisions can be inter-

abundance in the primordial universe, allowing current mod- reted in terms of non-Borm—Obpenheimer effects. and can
els of big bang nucleosynthesis to be refitddnally, there P erms of hon-born—uppenneimer etiects, and ca

has been some speculation that elastic scattering of Iomﬁhed I|ght.c.>n t.he role .Of these effgcts in collision ProCesses.
Our initial interest in the He—LiH system was motivated

energy blackbody photons from excited LiH molecules may _ ) .
have helped reduce the initial spatial anisotropy of the cos?Y the extreme anisotropy of the underlying PES, which sug-

mic background radiatiof. gested that He—LiH collisions might exhibit interesting dy-

Rovibrationally excited LiH molecules can be produced@mics, thereby providing a stringent test of the “angular
in the early universe either by radiative association of Li andhomentum” theory of rotatlonallL energy transfer developed
H atoms or by inelastic collisions between “cold” LiH mol- Py McCaffery and cp-workerjsg.' "I this paper, we revisit
ecules and other constituents of the primordial universe. Thi'e He—LiH PES using conventional supermolecalarini-
possibility that excited LiH molecules produced via He—LiH ti0 techniques coupled with large basis sets and a ATED
collisions could play a role in the energy balance of the earl)ﬂREf- 15 treatment of electron correlation. Surprisingly, our
universe motivated a recent study of the He—LiH potentialP’ES differs significantly from that computed by Gianturco
energy surfacéPES by Gianturco and co-workefs'® This €t al;® we attribute this discrepancy ta) differences in the
study involved a spin-coupled valence bond treatment of thEasis sets used to compute the two surfaces(andiffer-
He—LiH electronic structure, using large atomic basis set&nces in our treatment of the angular anisotropy of the sur-
designed to describe the electrical properties of He and LiHace.
accurately. The resulting PES differed substantially from an ~ The remainder of the paper is structured as follows. We
earlier PES computed by SilVér using third-order begin by summarizing our computational techniques in Sec.
Mdller—Plesséf theory (MP3); however, this is not very ll; there, we choose an appropriate levelatf initio theory
surprising given the relatively small basis set employed byfor the He—LiH system and consider numerical methods for
Silver. treating the angular anisotropy of this system'’s potential en-

At a more fundamental level, the He—LiH system is of ergy surface. In Sec. Ill, we construct a global rigid rcabr
interest as a benchmark system for theoretical studies of bothitio PES for the He—LiH system. We then conclude with a
intermolecular potentials and collisional energy transfer. Bebrief discussion in Sec. IV. A subsequent papeescribes a
cause the He-LiH system has only six electrons, a widdully three-dimensional He—LiH PES in which the LiH bond
variety of highly accurate methods can be used to treat thiength is allowed to change.

0021-9606/99/111(3)/973/8/$15.00 973 © 1999 American Institute of Physics
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TABLE I. Computed LiH zero point energidZPES and excitation ener-  TABLE Il. Electrical properties of isolated LiH and He monomers in atomic
gies for selectedy(,j)—(v',j') rovibrational transitions. All energies are units (polarizability: 1 a.u.= 1.4818<10 %! m®; dipole moment: 1 a.u=
given in cni . Experimental values are taken from Ref. 22 and have beerB.4784< 10 *° C m).

corrected to eliminate non-Born—Oppenheimer effects.

Property MP2 MP4 CCsQO) Literature value
Energy MP2 MP4 CcsO) Expt.
He o 1.357 1.378 1.381 1.383.00F
ZPE 711.07 701.94 696.41 696.89 LiH «, 26.86 28.47 29.47 30:0.4
(0,0)—(0,1) 14.85 14.78 14.73 14.82 LiH a 23.61 24.96 26.03 24:60.4
(0,1)—(0,2) 29.67 29.54 29.45 29.65 LiH w(v=0) 2.349 2.331 2.320 2.3#0.00F
(0,2)—(0,3) 44.47 44.27 44.12 44.47 _
(0,0)—(1,0) 1389.53 1368.52 1355.95 1359.18 ZExper_lmental valuéRef. 24.
(1,0)—(2,0) 1347.62 1324.72 1310.35 1314.22 chfoSI_On quantum Monte Carlo valu@ef. 25.
(2,0)—(3,0) 1307.21 1282.50 1266.10 1268.99  ‘Experimental valugRef. 6.
density for LiH. Table Il summarizes our results; our
Il. COMPUTATIONAL METHODS CCSOT) calculations are again in good agreement with val-
A. Ab initio calculations: Monomer properties ues obtained from eXperiméﬁfl and from diffusion quan'

N . _ _ _ _tum Monte Carlo studie®
We begin this section by discussing our choice of basis

set, which combines a large set of atom-centered Gaussi
functions with a small set of Gaussian bond functions. Th
atom-centered basis set we wuse consists of a With a suitable basis set for the LiH and He monomers
(6s3p2d)/[4s3p2d] aug-cc-pVTZ basis set for hydrogéh, in hand, we now consider the He—LiH interaction potential,
a (7s3p2d)/[4s3p2d] aug-cc-pVTZ basis set for heliuti,  which is dominated by induction and dispersion forces. A
and a truncated (BBp3d2f)/[5s4p3d2f] cc-pVQZ basis number of research groups have studied the use of bond
set(which omitsg orbitals for lithium.2® This atom-centered functions to improve theab initio description of van der
basis set was supplemented with &3p2d) set of Gaussian Waals dispersion forces in a computationally efficient
orbitals located along the He—LiH bond, which we discuss inmanner?®2°=31|n this section, we investigate the application
more detail below. The exponents of the bond functions weref bond functions to the He—LiH system.

taken from Ref. 20. First we describe the computational approach we use to

To test the adequacy of the atom-centered basis set, wavaluate the He—LiH interaction energy. In all of our calcu-
computed various properties of the isolated He and LiHlations, we employ the Boys—Bernardi full counterpoise
monomers. First, we computed the total energy of LiH as anethod® This requires three separateab initio
function of bond length over the interval 0.90 A<r< 2.75  calculations—one for the He—LiH supermolecule, one for
A'in steps of 0.6 A . These calculations were performed at He, and one for LiH—each of which uses a basis set consist-
the MP2, MP4 and CCSD) levels. We fit these energies to ing of both the atom-centered orbitals of all three atoms and
a cubic spline and used the Numerov—Cooley methonl  any bond functions. These calculations are performed in the
compute rovibrational wave functions and energy levels forconventional Jacobi coordinate systeR) ), whereR is the
LiH. Table | lists the zero point energy for each LiH poten- length of the vector connecting the LiH center of mass and
tial curve, as well as excitation energies from the rovibra-the He atom and is the angle between this vector and the
tional ground state to selected low-lying,{) levels. The LiH bond. The collinear LiH-He geometry corresponds to
CCSIOT) calculations give fairly good agreement with ex- #=0°. The LiH bond length is fixed at its equilibrium value
perimental values that have been corrected for non-Born+¢,. The masses diLi and *H are used to determine the LiH
Oppenheimer effects. center of mass.

We also compared our CC$D LiH potential curve When bond functions are used, we place them on the
against the experimentally determined Born—Oppenheimdine which connects the He atom with the LiH center of
potential curvé”® The minimum of the CCS[Y) curve is at  mass, midway between the He atom and the intersection of
r=1.59% A . When our CCSIT) curve is shifted inward by this line with a circle which has the LiH bond as its diameter.
0.0047 A to place its minimum at the experimentg|, the  This procedure is necessary to prevent computational linear
CCSIOT) curve and the experimental curve agree to bettedependence of the bond functions and the hydrogen-centered
than 1% for energies below 1@m™1. orbitals atd=0° and smallR.

Next, we computed some electrical properties of isolated For bond functions to improve the description of inter-
LiH and He. Using the finite-field perturbation technique molecular dispersion forces in a reliable fashion, the atom-
with an external electric field of 0.001 atomic units, we centered basis set used for monomer calculations must be
evaluated the polarizabilities of He and of Litdsing the nearly saturated at the Hartree—FdtlF) level, so that in-
equilibrium LiH bond lengtf® leq=1.5949 A at the MP2, troduction of the bond functions does not appreciably change
MP4, and CCSIT) levels. We also computed the dipole the HF interaction energ¥. To check the saturation of our
momentu(r) of LiH across the interval 0.9 A<r< 2.7 Ain  atom-centered basis set, we compute the Hartree—Fock He—
steps of 0.1 A, fit these dipole moments to a cubic spline, andliH interaction energy both with and without the bond func-
estimated the dipole moment of the LiH rovibrational groundtions; the results are shown in Table Il for a point near the
state by integratings(r) over the ground state probability global minimum on the He—LiH PES.

Zé]. Ab initio calculations: Interaction energies
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TABLE IIl. Basis set dependence of the interaction enew{,6) atR  |evel. Because of the convergence properties of correlation-

=2.3 A and§=180°. All energies are given iphartrees. CCS) caleu-  onsistent basis set sequentes®we anticipate that further

lations which failed to converge are denoted by NC. . . . .
extension of the basis set will produce very small changes in

Atomic the He—LiH binding energy. But as Table Ill shows, basis
basis sét Bond functions HF MP2 MP4  CCSD) sets C and D give similar results when bond functions are
A None _47955 —623.26 —646.02 —630.83 Uused, indicating that a triple-zeta treatment of H and He is
A (3s3p2d) —563.23 —787.75 —808.64 NC adequate provided bond functions are used. Finally, omission
B None —539.63 —713.38 —743.39 —73593  of the single Lig function from the cc-pVQZ basis set does
B (3s3p2d)  —557.90 —771.01 —800.51 —793.73 L e o
C None 56077 —76233 —79a82 78741  Not change the He-LiH binding energy significantly; this
C (3s3p2d) —558.52 —778.36 —807.72 —800.73 omission accelerates the CCED calculations considerably
g (3N30n2ed) —ggg-ég —;g;ig —;gg-gg —gg-ég by permitting storage of the two-electron integrals on disk.
! s3p - . - . - . - . « P : : :
e (3s3p2dif) —558.29 —777.33 —806.86 —799.83 All of our producnpn cal_culauons described in Sec. I
c (5s5p4d) —558.94 —780.10 —808.63 NC were performed using basis set @nd a set of (83p2d)
c’ (3s3p) —560.04 —770.84 —801.48 —794.13 bond functions.
D None —559.33 -769.62 —800.87  NC As a check on the adequacy of our bond functions, we
D (3s3p2d)  —559.94 —779.05 —809.93 NC i X
D’ None _ 55845 76734 —79836 —791.80 Performed some test calculations with larger sets of bond
D’ (3s3p2d) -559.85 —778.52 —809.35 -803.03  functions. First we added a singfeorbital (with exponent

P _ , , , 0.3) to the set of bond functions to generate a3B2d1f)

‘A is the basis set used by Gianturebal. (Ref. 9; B is a basis set con- . . .

sisting of aug-cc-pVTZ on H and He and cc-pVTZ on Li; C is a basis setbond. f””C“‘?” set, .then We_ supplemented the original bond

consisting of aug-cc-pVTZ on H and He and cc-pVQZ on Li; D is a basis functions with additional diffuse and compastp, andd

set consisting of aug-cc-pVQZ on H and He and cc-pVQZ on Li. Basis setrbitals(with exponents computed in an even-tempered fash-

C’ and D are obtained from C and D by omitting the gifunctions. ion) to generate a (§5p4d) bond function set. The results
obtained using these extended bond function sets were very

This table shows that with our atom-centered basis se‘floSe to those obtained using the origipats’\632d), which .
(listed as C in Table Ill), the HF interaction energy of He— suggests that our bond function space is also near saturation.

LiH changes by less than O/hartrees when the bond func- Mg\gng_rth_e bond_ functions 'Q olr outhby 0.1 A changeﬁ the
tions are added. If we use smaller atom-centered basis sets O() interaction energy by less tharydhartree, so that

(including that employed by Gianturc al.® listed as A in the precise placement of the bond functions does not seem to

- . . be critical.
Table Ill), we observe substantial changes in the HF interac- o . . . .
) 9 All of the ab initio calculations described in this subsec-

tion energy when bond functions are added, suggesting that ) X
smaller basis sets give an inadequate description of He—Linor.] were performgd WItlGAUSSIAN 94 (Ref. 36 using Car-

interactions at the Hartree—Fock level. tesiand and f orbitals; no frozen core approximation was
The deficiencies of smaller basis sets are magnifieéf'sed in the correlated calculations. Cartesiaandf orbitals
were used to permit comparison between #JSSIAN 94

when correlated@b initio methods are used; the HF binding ) _ 37 . .
results and computations usiepMESS®’ as described in

energy obtained using basis set & about 80uhartrees
larger than that obtained using basis set A, while at theSec. .
CCSOT) level, basis set Cpredicts a binding energy which
is 145 phartrees larger than that predicted by basis set A.
Correlated calculations also underscore the need to use The He—LiH PES is very anisotropic, in part because the
bond functions to obtain accurate He—LiH interaction enerdarge mass imbalance between lithium and hydrogen places
gies: with atom-centered basis set, @he addition of bond the LiH center of mass very close to the lithium atom, and in
functions increases the CC8D He—-LiH binding energy by part because the LiH electronic structure resembles &iLi
25 uhartrees. Even when larger atom-centered basis sets ai@n pair state with a very anisotropic electron density distri-
used for hydrogen and heliuitibasis set D in Table IlI), bution. Figure 1 shows the CC$D He-LiH potential en-
bond functions contribute another tartreegor 2 cm 1) ergyV as a function o atR=2.15 A , which is close to the
to the CCSIT) He-LiH binding energy. Note, however, He—LiH distance at the global minimum on the PES. We
that when bond functions are used, the CCBDbinding  now discuss numerical methods for fitting a PES with this
energies computed using basis setsa@d D differ by less  shape.
than 3 uhartrees, suggesting that the combination of atom-  Ideally, we would like to fitV( ) to an analytic function
centered basis set'@nd a set of (83p2d) bond functions  which reproduces the low-energy ddtselow, say,V=0.5
is close to the complete basis set limit. eV) to an accuracy of 1 cm'. This goal may seem to be a
We also point out that basis sets B and D are consecutivether stringent requirement. However, we believe that our
members of a correlation-consistent sequence. Although bab initio calculations are accurate to within 1-2 th(see
sis set B is not saturated at the Hartree—Fock level, it giveFable lll), so our PES should preserve this accuracy if pos-
near-HF results when supplemented with bond functions. I&ible. Furthermore, experiments routinely measure the bound
we then compare the MP4 He—LiH interaction energy forstate energies of van der Waals molecules to subicpne-
basis sets B and Qusing bond functions in both cagewe  cision; our PES can serve as a reliable guide to these ener-
see that the He—LiH binding energy changes by less than 1€ies only if it is accurate to within 1 cit or better in the
phartrees on going from the triple-zeta to the quadruple-zetpotential’s attractive region.

C. Fitting techniques
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976 J. Chem. Phys., Vol. 111, No. 3, 15 July 1999
10000
~ 1000
g
6]
S 100
> 0
-100 -
N | ] 1 1 | =
30 60 90 120 150 180
6

FIG. 1. He—LiH interaction energy as a function @fit R=2.15 A . Note
that the plot is logarithmic fo/>100 cm 2.

The conventional approach to this fitting problem is to
expandV(6) in terms of Legendre polynomials,

[

V()= 20 cnPn(cos ) (1)
with
2n+1 (= .
Ch= 5 J V(0)P,(cos 6)sin #d6. (2
0

If V(6) is known at theN Gauss—Legendre quadrature node
which exactly integrate polynomials of degreBl2 1, esti-
mates of the firsN coefficients in this infinite series can be
obtained using numerical quadrature,

_2n+1
2

Cn

N
2, WiV(60;)Pp(c0S ) ~Cp, 3)

where{6;} are the quadrature nodes ajwi} are the corre-
sponding weights. The potential(#) can then be repre-

sented as a truncated sum of Legendre polynomials using tq

N approximate coefficient«ST:n},
N—1

V(0)~ EO P, (cos ).

n=

(4)

This approach will succeed when the coefficiefits :k
=N} are small compared with the leadifgcoefficients in

Eq. (2). If this is not the case, the approximation represented

S

B. K. Taylor and R. J. Hinde

TABLE IV. Root mean square deviatiol,,; and maximum absolute de-
viation A .« (both in cn) between the potential( ) shown in Fig. 1 and
either the quadrature-based approximation given by (Eqor the spline-
based approximation described in the text. Also shown is the potential
V(180°) (in cm™ ) at §=180° predicted by Eq4); the actual potential at
#=180° is —160.53 cm*. N is either the number of approximate coeffi-
cients in Eqg.(4) or the number of points used to construct the spline-based
approximation. Only points with/( ) <0.5 eV are considered in computing
the deviationsA s and A .-

Eq. (4) Spline

N AI’I’\’]S Amax V(18OO) Arms AI'T]a)(

12 4.44 12.58 —173.11 1.41 10.04
18 0.82 2.56 —163.09 0.21 1.09
19 0.65 2.16 —158.36 0.17 0.80
20 0.52 1.74 —162.27 0.16 0.76
21 0.41 1.39 —159.14 0.11 0.64
22 0.30 1.06 —161.59 0.09 0.41
23 0.23 0.82 —159.71 0.09 0.39

we computeV(6) at N equally spaced angles from=0° to
#=180° and fit a cubic spline through these points. Table IV
shows the deviation between this spline and the potential
V(6) shown in Fig. 1, again as a function Nf The spline-
based interpolant consistently outperforms the Legendre
polynomial expansion; the deviation of the cubic spline from
V() is typically two to three times smaller than that of a
truncated Legendre polynomial expansion with the same
value of N. Consequently, feweab initio calculations are
required to approximat®/(6) to within 1 cm ! accuracy:
the cubic spline achieves this goal ldt=19, as compared
with N=23 for Eq.(4).

A cubic spline representation df( §) is cumbersome for
use in rotational scattering calculations; however, the spline
can in principle be approximated by a Legendre polynomial
expansion to whatever accuracy is desired. A spline-based
ﬁterpolation ofV(6) thus provides us with a method for
generating potential surfaces with accuracies comparable to
conventional high-order Legendre polynomial expansions,
but which require feweab initio calculations. We also note
that by locating spline nodes in strategic locatigasch as
6=180°) we can improve the accuracy of the PES in “im-
portant” regions.

To make an even more compelling case for the use of

by Eq.(4) will be inaccurate, both because the sum has_b_eeaubic splines to represei(6), we briefly examine the an-
truncated too early and because the approximate coefficiengular dependence of the He—LiH PES at different levels of

{c.} will differ substantially from the exact coefficients,,.

ab initio theory. Let Vyp, represent the counterpoise-

Table IV shows the root mean square and maximunctorrected He—LiH interaction energy, calculated at the MP2

absolute deviation between the potentigh) shown in Fig.
1 and the truncated sum of E¢4), as a function of the
numberN of approximate coefficients included in the sum.
[Only points withV () <0.5 eV are used in constructing this
table] We see that foN< 23, Eq.(4) does not reproduce the
low-energy portion of the potential to within 1 ¢rh accu-
racy. The maximum absolute deviation between @g.and
the low-energy portion of the exact potential occurséat
=180°; Table IV shows that the value ¥{180°) predicted
by Eq. (4) converges rather slowly to the exact valueNas
increases.

A spline-based representation df(6) gives equally
good results using feweb initio calculations. Suppose that

level of theory using basis set’@nd the (33p2d) set of
bond functions described above. Then defihe=V—Vyps

to be the difference between the CGSDinteraction poten-

tial andVyp,. Figure 2 shows how, andV, depend on

6 atR=2.15 A . The large-scale anisotropy shown in Fig. 1
is already present at the MP2 level of theory; in comparison,
the “correction” termV, is one to two orders of magnitude
smaller tharvp,. This observation suggests that we might
be able to represent(6) faithfully and efficiently by sam-
pling Ve, at several closely spaced angles while evaluating
V. on a much coarser angular grid. Such an approach is
attractive because MP2 calculations are much quicker than
CCSOT) calculations.

Downloaded 11 Feb 2010 to 160.36.192.127. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 He-LiH potential energy surface 977

sampling the potential at only twelve angles introduces sub-
stantial errors into the surface, whether Legendre polynomi-
als or splines are used to fit the angular dependence of the
PES. Consequently, the surfaces presented in Refs. 9 and 11
should be used with caution.

10000

1000

(1/cm)

100

MP2

v

Ill. GLOBAL SURFACE

-100 We have used the dual spline approach described above

to obtain a global PES for the He—LiH system. We begin this
section with a brief outline of our treatment of the radial
coordinateR. We then discuss some of the interesting fea-
tures of the PES and present the results of several tests de-
10 . ' . . . signed to assess the accuracy of our interpolation scheme.
B 7 Finally, we compare our surface with those presented in
Refs. 9 and 11.

We employ a radial grid oR values extending fronR
=25 ap to R=12 a,. In the range 2.8,<R<9 a,, we
use a grid spacing R=0.25 a,; for 9a;<R<12 a,, we
useAR=0.5 a;. At eachR value in this grid, we compute
V(R, ) using the dual spline approach. Fe=4 a,, where

the anisotropy of the PES is particularly large, we evaluate

30 60 90 120 130 180 V. every 15 degrees, while fdR>4 a, we evaluateV,
every 30 degrees. At eachvalue,Vyp, is computed every
10 degrees. We usBAUSSIAN 94 (Ref. 36 to calculateV,
and GAMESS (version dated 31 October 199€Ref. 37 to
calculateVyp,.

When the He atom is very close to the hydrogen end of
We test this hypothesis by computing,p, at several LiH, we encounter difficulties with thab initio calculations
equally spaced points betwedr-0° andf#=180° and con- due to computational linear dependence of the basis set. This

structing a cubic spline through these points. Next, we comproblem arises aR<4.25 a, and #<30° for MP2 calcula-
pute V. on a coarser grid of equally spaced points, agairtions and atR<5.5 ay and §<30° for CCSOT) calcula-
betweend=0° andd=180°, and pass a second cubic splinetions. The PES at these points is extremely repulsive, and the
through these points. We then comp¥i@) with the sum of  precise value of the potential is not important for, e.g., low-
the two splines. The results of this “dual spline” approachenergy scattering calculations. However, we must define
are shown in Table V as a function s, ands;, which are  Vyp, andV, at these points in order to implement our dual
the respective spacingén degrees betweenVyp, andV,  spline approach.
spline nodes. We see that a reliable approximatiol (6) We are able to calculatéy, andV_ at some of these
can be obtained using eithey,p,=10° and s,=15° or  geometries by eliminating the bond function from our basis
swp>=5° and s,=20°; a choice between these two dual set. At those points where even this reduced basis set is
spline schemes depends on the relative speed of MP2 ar@mputationally linearly dependent, we arbitrarily 8&§p,
CCSD(T) ab initio calculations, which is to some degree to 1° cm™ 1. We also replace any computed valuesVgf,
software- and hardware-dependent. which exceed 10cm™ ! with this value to prevent unphysi-
Previous studies of the He—LiH PERefs. 9,11 have cal “dips” in the surface nea#=0° and to reduce the num-
attempted to capture the anisotropy of this surface by comber of Legendre polynomials needed to represent the splined
puting the interaction energor fixed R) at twelve angles. potential surface. At geometries whevg cannot be calcu-
Table IV shows that this approach is inadequate at sRiall lated, we extrapolat¥; along each constaf-arc to small
angles usingV.(#)=A+B#?. The values ofA and B are
computed for each arc by fitting this functional form to the
cm™1) between the potentia¥(¢) shown in Fig. 1 and the dual spline Ve values at the wo Sma”eSt anglesior WhICh VC. can be .
approximation described in the text. Only points witie)<0.5 ev are  Calculated. We emphasize that our use of spline interpolation
considered in computing these deviations. The spacing in degrees betwedisures that these computational “tricks” do not materially
Ve spline nodes isyp, and the spacing in degrees betweénspline  alter the shape of the PES at energies of intetsay, V
nodes iss; . The first entry in each block is the root mean square deviation; (.5 eV).

the second entry is the maximum absolute deviation. . .
v! Ximu e deviat Once the PES is defined along each conskaatc, we

-10

(1/cm)

-100

v

-1000

FIG. 2. Vypp andV, as a function of atR=2.15 A . Note that the plots are
logarithmic forVy,p,>100 cni! and forV,<—10 cni L.

TABLE V. Root mean square and maximum absolute deviatfwsth in

Sup2 s.=10° s.=15° S¢=20° s.=30° expand the potential at eadhvalue in terms of Legendre

5° 0.01/0.06  0.09/0.38  0.30/0.99 117323 Polynomials,

10° 0.12/0.44 0.43/1.72 1.29/3.61 Jmax

15° 0.75/3.03 1.60/5.30 V(R, )= E c,(R)P,(cos 6); (5)
n=0
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FIG. 3. Contour plot of the He—LiH
PES. Dashed lines indicate energies
from —165 cm! to —15 cm'! in
steps of 30 cm?, and the energy-5
cm™?; solid lines indicate energies of
0 cm'%, 500 cm't, 1000 cm'!, and
2000 cmi't.

6~

y (bohr)

z (bohr)

the coefficients{c,(R)} are evaluated as in E¢3) using CCSIOT) calculation of the He—LiH interaction energy at
10*-point trapezoid rule quadrature. At eaBlvalue,Jn.is  10° intervals. We find that along the three positive energy
chosen so that the Legendre polynomial expansion fits theontours, theab initio energy differs by 1% or less from the
dual spline potential to within 1 cit for V<1 eV; Jn.c  predicted contour energy; along thle=0 cm ! contour, the
ranges from 34 aR=2.5 ag to 4 atR=12 a. deviation between the fitted surface and #ieinitio results
Finally, the coefficientdc,(R)} are interpolated using is less than 0.5 cmt. The greatest deviation is typically in
cubic splines to extend the PES to arbitr®yalues. Beyond the region 120% §<180° where the interaction energy rises
R=12 a,, the coefficients{c,(R):0=<n=4} are extrapo- very rapidly asR decreases; because the repulsive wall is
lated according ta,(R)=A,R #n; the parameterd, and  steep here, small errors in the positions of the predicted con-
B, are computed from the value of, at the two largesR  tour lines lead to relatively large differences between the
values. predicted andhb initio interaction energy. The fact that these
Figure 3 is a contour plot of the final PES. The surface isdifferences amount to less than 1% of the He—LiH potential,
dominated by an attractive well 176.7 chdeep at the lin-  like the results presented in Table VI, indicates that our PES
ear He—LiH geometry witflR=4.25 a,. For angles#<<90°, is a faithful representation of the underlying CGSD po-
the He—LiH interaction is almost entirely repulsive, with tential.

only a very shallow (9.8 cm? deep “trough” at R Our PES has a substantially deeper He—LiH well than do
~10 agy. The shape of the PES reflects the electronic structhe surfaces presented in Refs. 9 and 11. Figgag ghows
ture of the LiH molecule, which can be viewed as & Hi~ V(R) for the three surfaces along the rdy 169°. (This is

ion pair state. When the He atom is near the lithium end othe angle nearest 180° for whielh initio results from Ref. 9
LiH, it is strongly attracted to the compactLicore under are availablg.At large R, the He—LiH PES is dominated by
the influence of induction forces. In principle, these samenduction and dispersion forces. The induction contribution
forces are active at the hydrogen end of LiH; here, howeverto the PES can be closely approximated Wy4(R, 6) =
Pauli repulsion between the He atom and the diffuse H —a[E(R,#)]%2, wherea is the polarizability of He and
electron cloud forces the He atom to remain far away fromE(R, 6) is the electric field atR,#) arising from the LiH
LiH, where induction forces are substantially weaker. charge distribution. WithcaussiaN 94 we have evaluated
We test the global accuracy of our fit by comparing theE(R, §=169°) at the CCEfull) level using basis set'Cwe
He-LiH interaction energy predicted by our PES wih  then used these resultand the experimental polarizability
initio results at randomly selected points. We selected 282f He) to computeV,4(R, 8=169°). The results are shown
random points R, #) in a 3a, wide band extending out from
the V=2000 cm'! contour line predicted by our surface.
This selection scheme concentrates points in the area of mo5tBLE VI. Root mean square, average absolute, and maximum absolute
deviation(all in cm™1) between our dual spline fit and CC8D ab initio

interest, bypassing both the highly repulsive region which Iscalculations at 282 randomly selected poin& 4) chosen as described in

less relevant for Iow-qnergy ;cattgring C"fllcu!ations_ an.d thehe text. The points are divided into four energy strata so that the accuracy
long-range, weakly anisotropic region which is easily fit by of our PES at low and high energies can be compared.

simple functional forms. Table VI shows how the energies

predicted by our surface differ from thab initio CCSIO(T) Energy range (c) A R A Oﬁ”pn;&‘i;

values; we see that our PES agrees very well with tladse ™ 29 e

initio calculations. 1000-2000 5.67 1.79 19.65 44
As a further test of the reliability of our PES, we inves- 508_51880 01'855 8'279 :'gg 135’

tigate the accuracy of the four repulsive contour lines shown <_0 015 0.29 058 61

in Fig. 3. Along each of these contour lines, we perform &
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FIG. 5. Low-energy close-coupleid=0—1 cross sections obtained using
g the potential surface presented h&selid line) and that presented in Ref. 11
(dotted line.
-40 —
] sections obtained using the three surfaces, thereby gaining
2 -80 some insight into the dynamical effects of the differences
g | seen in Fig. 4. Unfortunately, the fitted PES presented in Ref.
ad 9 exhibits spurious attractive wells at sm@ll which we felt
> -120 o might taint the cross sections obtained using this surface;
) consequently, we did not perform rotational scattering calcu-
lations using this PES.
-160 - Figure 5 shows close-coupled low-eneljgy0—1 inte-
| gral cross sectionfcomputed using Hibridon 4.0.(Refs.
38-40] for He—LiH collisions on our PES and on the sur-
-200 face presented by Silvét.The cross sections obtained using
3 Silver’'s PES are substantially larger than those obtained us-

R (bohr) ing the PES presented here. We believe that this is because
) ) ) the repulsive wall of Silver’'s PES is shifted outward to larger
FIG. 4. (a) The radial potentiaV/(R) at = 169° for three He—LiH surfaces. R | Fi hat f hi £ he LiH
The filled circles represent our single-point CQ$Dcalculations, and the va U?S[See ig. 48], so t fat or .t Is surface the Li
solid line is the dual spline interpolating surface presented here. The opentarget” appears larger to the incoming He atom.
circles are theab initio results of Ref. 9, and the dotted line is the analytic We stress that the results shown in Fig. 5 are for colli-
fit presented in Ref. 11(b) Comparison of our single-point CC$D) cal- sions in which the LiH molecule behaves as a rigid rotor.
culations(filled circleg, theab initio results of Ref. Jopen circleg and the Ith h LiH v = 1 " . ibl he |
induction potentiaV,q (solid line) at §=169°. Alt _O_UQ | U__O_> _transmons are_lmpo_ssu e at the low
collision energies considered here, slight differences between
the interaction of He atoms with “frozen” LiH and with
in Fig. 4(b). This figure shows that ouab initio energies =0 LiH could change the cross sections shown in Fig. 5
agree rather well with the energies predicted by thissomewhat. Hence a full three-dimensional PES is needed to
induction-only model; ouab initio results are slightly more draw definitive conclusions about the role of He—LiH colli-
attractive thanV,,q because they also include the effects ofsjons in the energetics of the primordial universe; we will
dispersion forces. Conversely, the PES of Ref. 9 is substarpresent such a surface elsewhte.
tially less attractive thaWV,,q.
The differences among the three potent}al su_rfaces AR, SUMMARY AND CONCLUSIONS
large enough that they should be readily evident in experi-
mental observables, such as rotational energy transfer cross We have carried out extensive supermolecalarinitio
sections for He—LiH collisions or the rovibrational energy calculations of the He—LiH potential surface, using large ba-
level pattern of He—LiH van der Waals complexes. Becaussis sets and a CC3D) treatment of electron correlation. The
we treated the LiH molecule as a rigid rotor in our calcula-He—LiH potential is very anisotropic, and special numerical
tions, our PES cannot serve as a reliable guide to the rovimethods are required to develop an analytic fit of #ie
brational energy levels of He—LiH complexes. We can, hownitio calculations without introducing spurious features into
ever, compare(rigid rotor) rotational scattering cross the potential surface. Spline-based interpolation of our
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