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We use the variance minimization method to determine accurate wave functions for first-row
homonuclear diatomic molecules. The form of the wave function is a product of a sum of
determinants and a generalized Jastrow factor. One of the important features of the calculation is
that we are including low-lying determinants corresponding to single and double excitations from
the Hartree—Fock configuration within the space of orbitals whose atomic principal quantum
numbers do not exceed those occurring in the Hartree—Fock configuration. The idea is that
near-degeneracy correlation is most effectively described by a linear combination of low-lying
determinants whereas dynamic correlation is well described by the generalized Jastrow factor. All
the parameters occurring in both the determinantal and the Jastrow parts of the wave function are
optimized. The optimized wave functions recover 79%—-94% of the correlation energy in variational
Monte Carlo and 93%—99% of the correlation energy in diffusion Monte Carlo1986 American
Institute of Physicg.S0021-960806)01125-7

I. INTRODUCTION part of the electronic correlation, originating from the near-
degeneracy of the molecular orbitals, can be efficiently de-

One advantage of the quantum Monte Caf@MC)  scribed by the use of a linear combination of determinants. In
method versus conventional quantum chemistry methodspe present work, this idea is pursued in the construction of
e.g., configuration interactiofCl), is the freedom in the hq tria] wave functions for molecules and leads to accurate
choice of the functional form of the wave function. It iS ragyits when combined with a generalized Jastrow factor for

_po_ssible to construct a compact and accurate wave functiog,q description of the so called dynamic component of the
if its functional form incorporates the analytical features of . +-onic correlation.

the true wave function. Cl, for example, uses an expansion in Since the statistical error, the computational time and the

determinants of single-particle orbitals that is slowly conver—difficulty in obtaining good trial wave functions increase

gent because it cannot reproduce the cusps in the wave func- . . .
? With atomic number, some of the more interesting QMC cal-
tion at the electron—electron coalescentedn the other

hand, if the functional form is sufficiently flexible to have the culations of finite and extended systems have been valence-

correct analytic structure at the electron—nucleus, electron9nly (pseudopotentialcalculations’ However, there is some

electron and possibly higher body coalescence points, then,ea\\/iden_Ce that the errors introduced in QMC by using pseudo-

relatively compact wave function with 50-100 free param_potentlals calculated within the local density approximation

eters can be found that yields energies comparable to a & _HFG are not negligible. Hence, in this paper we will re-
wave function with millions of determinants strict ourselves to calculations performed without the

In QMC methods, the interelectron cusp is built into thepseudopotenti_al approgimayion. Some accurate a_ll-elec'_tron
wave function by multiplying one or a sum of determinantsQMQ calculations of fairly I!ght molecules are available in
corresponding to the Hartree—Fo¢KF) configuration or the literature(two recent reviews are Refs. 7 angt&ut the
a small set of multiconfiguration self-consistent-field ONly attempt to systematically study the performance of
(MCSCB configurations with a Jastrow factor. The JastrowQ@MC methods for first row molecul@sloes not provide en-
factor is a function of the interelectron distances so that i€ouraging results. The authors used a simple form of the
directly correlates electrons with one another. Despite thdastrow factor and a single determinant wave function and
freedom available in the construction of the Jastrow factor, &hey recover a progressively smaller fraction of the correla-
very simple form has been used in most cases. A generalizd®n energy for molecules of increasing size; being the
Jastrow factor that also includes electron—electron—nucledgrgest molecule studied. Their variational correlation energy
correlation terms has been successfully applied to atomitor the homonuclear diatomic molecules ranges between
system$? and is here modified to treat multicenter systems14% and 40% and the magnitude of the Green'’s function
The other component of the wave function is the determinanMonte Carlo(GFMC) errors is so larg€5%—14% that it is
tal part. Although a single determinant wave function hagdifficult to judge the significance of the results. Other authors
often been employed, it is well known that the nondynamicperformed calculations on first row molecui&s“but not in
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214 C. Filippi and C. J. Umrigar: Quantum Monte Carlo calculations

a systematic way so that little insight is gained on the overalB is the total spin operator. In most earlier work, a single
success and limitations of QMC methods. Here, we preserdeterminant wave function was used with the orbitals frozen
both single configuration and multiconfiguration calculationsto be the HF orbitals. We believe that in order to obtain wave
of first-row homonuclear diatomic molecules fromtd F,  functions that have a good variational energy and a small
for which we obtained results superior to previous QMC cal-root mean square fluctuation of the local energy, it is impor-
culations for molecules. However, we still did not achievetant to relax the HF orbitals when the determinantal part is
chemical accuracyl kcal/mok=0.0016 Hartree/molecule  multiplied by a Jastrow factor: the optimal determinant when
Since our wave functions are the result of a nonlinear optino Jastrow is present is not the optimal determinant in the
mization of the variance of the local energy on a relativelypresence of the Jastrow. Therefore, we optimize the expo-
small set of configurations, better results may quite possiblyients{{ } of the basis functions, the coefficierftsy } of

be found by further optimizing the parameters in our wavethe expansion of the orbitals in the Slater basis and the co-
functions. Nevertheless, our results provide a benchmark tefficients multiplying the determinantsl,}. Algebraic rela-
which future molecular QMC calculations can be comparedtions exist among the coefficients, } because the orbitals

~ In Sec. 1, the functional form of the trial wave function he|ong to the irreducible representations of the point group
is described. In Sec. Ill, we Dbriefly present the variance 0pyf the molecule. Symmetry requirements on the determinants
timization method used to determine the parameters that ield constraints also among the coefficiefis!. As a con-

ter in the molecular wave functions, the variational Monteggq ence, there is a considerable reduction in the number of
Carlo (VMC) and the diffusion Monte Carl¢DMC) meth- a0 parameters.

oqs. In Sec. IV,.We report. the ground state engrgies we ob- A simple, commonly used Jastrow factor is
tained for the first row diatomic molecules with our trial
wave functions in VMC and DMC and compare them with br

the results of other authors. We also present the values ob- J(rij)=Hex;<m
tained in VMC for the root mean square fluctuation of the = N

local energy and the autocorrelation time of the local energywhere the product is over all pairs of electrons. Imposing the
In Appendix A, we briefly discuss the source of spin con-electron—electron cusp conditiof@J/ar;;=J/2 for unlike
tamination in our wave functions and three more generaspin andJ/4 for like spin electrons when;; =0) fixes the
forms of the wave function than the one used in the rest ofalue ofb to 1/2 for antiparallel spin electrons and 1/4 for
the paper. In Appendix B, we list the parameters that enter ipyarallel spin electrons. Therefore, if we want to satisfy the

, ()

the most accurate wave function for each molecule. electron—electron cusp conditions both for antiparallel and
parallel spin electrons, we are forced to use a different Ja-
Il. FUNCTIONAL FORM OF THE WAVE FUNCTION strow factor for like and unlike spin electrons. However, the

The most commonly used wave function in QMC is aUSe of a nonsymmetrical Jastrow factor yields a wave func-
sum of determinants of single-particle orbitals multiplied bytion thatis not an eigenstate 8f although the determinantal

a simple Jastrow factor: part is constructed to be an eigenstate of t@ftlandS, . To
the best of our knowledge, this has never been mentioned in
P = d.DIDL | 3r). 1 the I|teratu_re. Ther.efore, We.have the chope of having a
(; nDnPa | (1)) @ wave function that is not an eigenstateSfor violating the

D) andD/ are the Slater determinants of single particle or-24sP cpndmons for parallel spin electrons. by correlating
: . . them with the same Jastrow factor as the antiparallel dites.
bitals for the up and down electrons, respectively. The orbit- - .
. o : : .is preferable to sacrifice the parallel spin electron cusp con-

als are a linear combination of Slater basis functions multi-

; . : ) dition than the antiparallel one since it is unlikely for two
plied by spherical harmonics centered on the atoms: . . .
parallel spin electrons to be clogédere, in common with

_ _2 -1 g, . most earlier work, we choose to satisfy the cusp conditions
b(ri) = 2 G N1y, e Yy m (Tia), @ py using a nonsymmetrical Jastrow factor, with the under-
standing that we are breaking the spin symmetry and that our
: wave functions will be contaminated by other spin compo-
with respect to the nucleus The sum overr denotes a SUm  pants. This choice is motivated by the fact that the nonsym-
over the nuclei and the sum overs over the basis functions  eyrical Jastrow yields wave functions that have about 15%
centered on the nucleNy is the normalization of the radial g gier fluctuation of the local energy. Moreover, spin con-
part of the basis function and is equal to tamination does not affect the energy obtained in fixed-node
[(24,)?". Y (2n, )! ]2 As opposed to a Gaussian basis DMC. The Jastrow factor does not alter the spatial symme-
set, a Slater basis is suitable to describe the electron—nucletry, determined by the determinantal part, because it depends
cusp. The determinants are expressed in terms of symmeton the interelectron coordinates and is therefore completely
orbitals and are constructed to have the space and spin syrmymmetric under spatial rotations and reflections. In Appen-
metry of the ground state. For a homonuclear diatomic moldix A, we discuss the source of spin contamination and re-
ecule, we want the wave function to be an eigenstate of thiated issues in some more detail.
component of the total angular momentum along the axis of =~ The generalized Jastrow factd(r;,r;,r;;) we use is a
the moleculeL,, and of the spin operato®’ andS, where  modification of the form introduced by Umrigat al? which

wherer; is the position of electrom andr;,, is its position
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yields good wave functions for atoms by explicitly introduc- F+F/ =f,D, 4,0, g+ f3dDs+ (f,U+ SR
ing electron—electron—nucleus correlation. This form is a

generalization of the Boys and Harldjorm. Subsequently, +(feU%+ ;5% + fgUS+1US?)/R

other authoré_?'16 using arguments based on backflow wave U3 St FU2SH U S?

functions, arrived at a similar functional form but they in-

clude only a subset of the possible terms. Our generalized +(fU+ 9 T?IN[RI(1+R)], C)

body-order correlation. Thus, we consider up to three-bod hereR is the hyperradiusR=(Rj,+Rj,)"". F contains

correlation by including terms to describe the electron— he terms (2,f,—fo) andF’ the terms (1’f3’f1.°_f15)' F
appears in the numerator of the ratio because it contains sec-

ond order terms whose coefficients are related to those in the

Jastrow factor is written as a product of terms of increasin%/

nucleus correlationA,;, the electron—electron correlation,

B;i , and the electron—electron—nucl rrel L . .
ij» and the electron—electron—nucleus correlatp, polynomialsP and P’ through the cusp conditions. All the
terms inF andF' are nonanalytic in the interparticle coor-
Ay rip=I1 expAq) TI expBy) 11 exp(Cup). dinates. They are motivated by the Fock expansion for the
ai ij aij helium atom and are introduced to cure the discontinuity that

4 occurs in the local energy when the two electrons collapse
onto the nucleu$? In the above expression, we present the
The electron—nucleu& term could be omitted from the Ja- sum ofF andF’ instead of the separate contributions so that
strow factor provided that a sufficiently large single particlethe order of the first three terms and the remaining twelve
basis is used in constructing the determinantal part. We omierms reflects the order in which they appear in the Fock
three electron correlations since, due to the exclusion prinexpansion. The ground state wave function of helium cannot
ciple, it is unlikely for more than two electrons to be closebe expanded in a power series of the interparticle
because at least two of them must have the same spin. Theresordinate¥?° but there exists an expansion in powers of
fore, we think we have included the most significant contri-the hyperradius and its logarithm called the Fock
butions to the electronic correlation. The importance of threeexpansiort’
electron and higher order terms is discussed in Ref. 17. In .
order to ensure that the Jastrow factor is well behaved at
large interparticle distances, we express the generalized Ja- \If(rl,rz,r12)=k20 DZO i pR(In R)p:g‘o pZ‘O Ficp:
strow factor in terms of scaled coordinates: (10)

w  [k/2] [k/2]

where the coefficientg , are in general complicated func-
tions of the hyperangles. Fock derived an explicit expression

for i and ¢y o and the functional form off, ; but not its

These scaled variables approach the value @ the un-  prefactor. Ermolagit showed that it is possible to derive
scaled ones go to infinity. It is not necessary to 'ntmducerecursively in closed form allyj, with k=2p+1 and

scaled distances if the Jastrow factor is a ratio of two polykzzp’ such asy, 1, a1, ¥4 €tc., and obtained explicit
nomials of the same degree in the interparticle coordinateypressions fog, ; and i ;. The correct expression faf, ,
However, also in this case, the use of scaled variables woulgyy he found in' Ref. 22: all earlier expressions by other
result in a faster convergence in the polynomial order and @uthors are erroneous. Numerous efforts to solve yfigg
more controlled behavior in the limit of large interparticle \yere unsuccessful until the mid-1980’s when Gottséhalk,
distances. _ _ Abbott, and Masleff made extensive use of computer alge-
The three terms in the generalized Jastrow factor aga to obtain a complicated but closed form expression for
functions ofU, S=R;,+R;, andT=R;,—R;, are i in terms of elementary functions and the Lobachevsky
function. The expressions af o, 1.0 21, @andy, o are re-

R,=(1—e “a)/k, U=(1—e “i)/k. (5)

aR, ported in Eq.(14) of Ref. 18, whileys ; is given in Eq.(74)
Ad=T7aR ©®  of Ref. 22.
One problem with the inclusion in a trial wave function
bU of the lowest terms of the Fock expansion, is that the expan-
Bjj =TT50" (7)  sion qlqes not satisfy the cusp condltlons when truncated at
any finite order. However, an exponential form of the Fock
expansion does have the correct cusps at any éfdemwe
P({c},U,ST)+F({f},U,ST) indicate by®, , the term in the exponent of the exponenti-
adj ™~ 1+P'({c'},U,ST) ated expansionp, , yields a wave function that satisfies the
cusp conditions given that all the other terms are cuspless, so
+F'({f},U,ST). (8 it cures the divergence of the local energy at the electron—

nucleus and electron—electron coalescence points. Note that
P andP’ are polynomials irlJ, S, andT. We discuss later &, ; does not appear in E¢9) because it is analytic in the
how we choose the degree of the two polynomiglandF’ interparticle coordinates and is included in th@ndB terms
contain nonanalytic terms i, S, andT: [Eq. (8)]. Introducing®, ; and ®, 4 eliminates the disconti-
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nuity of the local energy at the three body coalescence and The electron—electron—nucleus term in the wave func-
the addition of®3, results in a finite rather than infinite tion [Eq. (8)] is written as a ratio of two complete polyno-
slope in the local energy at that point as discussed in Ref. 18nials P and P’ in the interparticle coordinates. This form
Since we know the lowest order terms of the Fock expanwas successfully applied to atomic wave functfohand
sion, we can simply include them in the wave function bynow we investigate it within molecular systems. For all the
setting the coefficient§;—f5 to one in Eq.(9). In this case first row homonuclear molecules, we generated a set of wave
one should note that the use of scaled variapes (5)] in  functions by using a ratio of two fourth order polynomials
the expression of, ; and the expansion of the denominator and another set with a simple fifth order polynoniial =0).
in Eq. (8) generate terms in the unscaled variables that conThe two Jastrow factors have approximatively the same
tribute to®3 ; and have to be canceled by properly definingnumber of terms once all the dependencies among the pa-
the coefficientsf,—fs. Similarly, the scaled variables in rameters have been taken in consideration. For all the mol-
®, o and the denominator in E@8) generate second order ecules, we obtain roughly equally good variational energies
terms that contribute td, , and are canceled by properly with the two Jastrow factors. For the molecule we studied
fixing the coefficients oUZ, US, S% andT?in the polyno- most carefully, Lj, the variance of the local energy is
mial P [Eg. (8)]. An alternative approach to the use of the slightly smaller for the rational polynomial than the single
exact®, , and @3 ;, is to implement the two sets of terms polynomial. For the heaviest molecules, the situation is re-
f,—fy and fi—fy5 that are, respectively®, rlike and versed, but we believe this is due to our failure to find the
@3 ;-like terms. Thef ,—f4 terms are the first few terms in an global minimum. Our empirical finding is that the optimiza-
infinite series expansion ob,, in U/R and S/R and the tion process requires fewer steps for the polynomial than for
f10—f15 terms are the six terms that make dg ;. These the rational polynomial. Another advantage of using a single
terms enter in the expression &, ; and &3, with coeffi-  polynomial is that it is simpler to impose the cusp conditions.
cients determined by the Fock expansion but can instead b@onsequently, we adopt the wave function Ey. (8)] with
treated as variationally independent in order to provide addiP being a fifth order polynomial ang’=0.
tional freedom. In particularP; ; is a higher order term so In the most general case, the terig , Bjj, andC;
that we expect that, in a variational calculation, the coeffi-depend on the spins of electronsand j. Their functional
cients of its constituents become quite different from theform is obviously independent of the spin values but differ-
ideal value. Another motivation in the use of tdg ylike  ent sets of coefficients could be involved depending on the
terms is that the computation @b, , is fairly expensive. spins of the electrons. However, as already mentioned, the
Here, we fix the coefficiertt; of the lower order ternd, ;to  Jastrow part should be symmetric in the interelectron coor-
one and we use th@, like and®; ;-like terms. In our Fock dinates to yield a wave function with a definite spin while
motivated terms as well as i®,, and ®;,, we use IR/  imposing the electron—electron cusp conditions results in a
(1+R)) instead of the IR in the exponentiated Fock expan- differentb coefficient for like and unlike spin electrons. We
sion in Ref. 18, to enforce that the logarithm does not changehoose to satisfy both interelectron cusp conditions but we
sign. The inclusion of the Fock terms results in a small butimit the asymmetry of the Jastrow factor to theerm with
significant reduction in the fluctuations of the local energythe hope that, the less asymmetric the Jastrow factor is, the
which is not attainable by simply adding more analytic termsless the admixture of other spin components. Consequently,
in the Jastrow part. we choose th€ term to have the same set of coefficients for
Imposing the electron—electron and electron—nucleusiny pair of electrons. In Appendix A 2, we discuss an even
cusp conditions yields algebraic relations among the variabetter choice for the coefficients' [Eq. (8)] for antiparallel
tional parameters of the trial wave function. For simplicity, and parallel spin electrons in order to further reduce spin
we constrain the coefficients i@ to not contribute to the contamination. We summarize the constraints in our wave
cusp conditions(dC/drj;=0 at r;;=0 and dC/dr;,=0 at  function:
r;,=0) so that the electron—electron cusp condition is satis-
fied as in the simple wave function by settibgto 1/2 for
antiparallel spin electrons and to 1/4 for parallel spin elec-
trons. The electron—nucleus cusp condition
(9W/ori,=—2ZV atr;,=0, where the hat denotes a spheri- Observe that we introduce the nonanalytic terffg, not
cal averaggrelates the coefficierd of the Jastrow factor to  only for antiparallel but also for parallel spin electrons.
the parameters of the determinantal part through the equaFhese terms are motivated by the Fock expansion for two
tions electrons in &S state so that they are physically motivated
only for antiparallel spin electrons. However, we include
DD . them also for like spin electrons in an attempt to reduce the
D : :
> d, =—(z+a)Y, d,D\D} atr;,=0, d_egree of asymmetry in the Jastrow factqr. Moreover, omit-
n am n ting the nonanalytic terms for parallel spin electrons could
(11 result in the{c} coefficients being unequal for like and un-
like spin electrons since imposing the cusp conditions in the
that are satisfied if the single-particle orbitats obey the absence of theb, ylike terms for the parallel spin electrons
similar equations¢/dr;,= —(Z+a) ¢ atr;,=0. yields relations among the coefficients different from the an-

al=a!, a’'l=a’l, blt=1/2, b'T=bll=1/4,

b'Ti=p'TT=p’, cll=cll=c, fHl=f1T=fl,
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tiparallel spin case. Note, that thecoefficient has always to Ne TV (R) 2 Ne
be equal for up and down spin electrons because it enters irrngpt[‘I’]=2 W_ EgueSJ W(R;) /E w(R;).
equationgEq.(11)] and is therefore related to the parameters ! ! ! (12

of the determinantal part that are spin independent. In Ap- . _
pendix A 3, we discuss the form of two spin unrestrictedEguessiS & guess for the energy of the state we are interested
wave functions that can be obtained when some of the abov8 ©F, alternatively, the average energy over the sample of

: : - _ 2
constraints in the Jastrow and in the determinantal part argonfigurations. The We'ghtW(Ri)_W(Ri)/q’O(Ri” are
relaxed. introduced to allow the nodes of the wave function to freely

A fifth order polynomial inU, S, andT has 55 coeffi- move during the optimization and to provide the correct

cients but, if we impose symmetry with respect to the inter-We'ghtmg' We do not allow the ratio of the weights to the

) . average weight to exceed a maximum value; otherwise, it is
change of electronic coordinates, no odd powersl cdire g g

- . __possible for the optimizer to achieve a small valuergf; by
allowed and the number of coefficients is 33. If the ﬂvehaving a few configurations gain a very large weight and a

eIecFron—eIectron and five electron—nucleus cusp conditionl%Cal energy that is very close By,ess 3000 configurations
are imposed, the number of free parameters reduces 10 23¢ \gually sufficient even for a 54 dimensional space and a
There_are in addition S|I>€I.>2’O—I|ke and six @3 ;-like terms.  i5ta1 of about 60 parameters as foy. F
Imposing the cusp conditions on the latter reduces the num-  \y/e choose to minimize the variance instead of the en-
ber of coefficients multiplying theb, slike and ®; ;-like  ergy because the former is more stable. The minimum of the
terms to ten. The wave functions presented in this papeyariance is known and equal to zero while, if the energy is
include only three of these ten parameters because the inclehinimized over a finite and necessarily small set of configu-
sion of the additional terms was found to result in only a tinyrations, it is possible to obtain an average energy over the
improvement. The twob coefficients are fixed by the configurations that is arbitrarily lower than the true value.
electron—electron cusp conditions. Including the coefficientdvioreover, if the exact wave function could be written as a
a,a’, b’, andk, we have a total of 30 free parameters in thefunction of n parameters, the minimization of the variance
Jastrow part of the wave function. over a set ofi configurations would be equivalent to a fit and
In order to obtain the starting parameters in the optimi-would give the exact answer while energy minimization
zation of the determinantal part, we perform a restricted HFvould encounter the above problems. However, there is a
calculation with the quantum chemistry packagesessand ~ drawback to minimizing the variance: the set of parameters
we fit the resulting HF orbitals to a Slater basis set. Next, alfhat minimizes the variance does not precisely correspond to
the parameters in the determinantal and in the Jastrow paif€ parameters for the minimum energy except in the ideal
are optimized. The resulting wave function is then used as §25€ Of the trial wave function being the true wave function.
starting point to add additional configuration state functiond 1OWeVver, setting the guessed energy lower than the varia-
corresponding to single and double excitations from the HRIONal €nergy in the above scheme is approximately equiva-
configuration. The active space is the space of the orbital,ﬁm to a simultaneous minimization of the variance and of

5
whose atomic principle quantum number does not excee e energy:
those occurring in the HF configuration. To select these ad-
ditional configurations, we obtain a MCSCF wave functionB. Variational/Metropolis Monte Carlo

using GAMESS and we add the configurations with a large Monte Carlo configurations are sampled frdrf and the
weight in theGAMESS output to our best single configuration expectation value of the energy is obtained from
wave function. The optimal parameters in the new determi- N

nantal and Jastrow part are found by further optimizations of 1 D TV (R)
VMC — N
N

all the parameters. T W(R) 13

We use a very efficient accelerated Metropolis metfiduht

allows us to simultaneously make large Monte Carlo moves
. METHOD and have a high acceptance. Consequently, the autocorrela-
A. Variance minimization method tion time for the expectation values calculated is small as

: . . , shown in the next section.
The wave function presented in the previous section has

a large number of parameters, of the order of 60. To optimize

such a complicated wave function, the variance minimizatiorf=- Diffusion Monte Carlo

method has been shown to be a stable m&?‘ﬂﬁb Opposed The imaginary_time evolution Operator E(Xp/?'/T) is

to total energy minimization which is feasible only for wave ysed to project out the ground state from the trial wave func-
functions with very few parameters. The method consists ofion  within the fixed-node and the short-time
the minimization of the variance of the local energy over aapproximation§7 Since we use an efficient algorithm with a
set of N, configuration§R;} sampled from the square of the very small time-step errctthe time-step error coming from
best wave function available before we start the optimizathe short-time approximation is negligible but the fixed-node
tion, Wy: error limits the accuracy of the results we obtain.
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TABLE |. Total energies of Lj in VMC (Eyyc) and DMC (Epyc) With increasing number of configuration
state functiondCSH. We list the configurations omitting the core doubly occupied molecular orbitgl 1

EYMC and EPMC are the percentages of correlation energy in VMC and DMyc is the root mean square
fluctuation of the local energy in VMC. The numbers in parentheses are the statistical errors in the last digit.
Energies are in Hartree atomic units.

Additional CSF Evme Epmc EMC (%) EPMC (%) Ovme
2% —14.973 437) -14.991 11) 82.265) 96.51) 0.112
2(7% —14.977 4%6) —14.990 91) 85.514) 96.41) 0.098
1mg+1ms, —14.984 045) —14.992 31) 90.834) 97.51) 0.086
305 —14.988 504) —14.993 81) 94.434) 98.71) 0.086
IV. RESULTS AND CONCLUSIONS several configurations make smaller but significant contribu-

. . . .__tions. Hence, the percentage of correlation ener ained us-
We have calculated both single and multiconfiguration. . > percentage . gy g

) ) ) . ing a single configuration is higher than in the case of Be. As
wave functions for the first-row homonuclear diatomic mol-

ecules, Lj, Be,, By, Cy, Ny, O,, and B The configurations more configurations are added, there is an improvement in

and parameters of the multiconfiguration wave functions ard three quantities of interestyc , Evuc , andEpyc (ex-

listed in Appendix B. All trial wave functions are optimized cept that the one- and two-configuratiigyc and the three-

at the experimental bond length. The experimental bonci"md four-configuratiofryc are Fhe same w ithin the statisti-
lengths are those quoted in Ref. 28 with the exception th al erroj but the_best r_esult achieved forz_hs not as good as
the bond length of Bgis taken from Ref. 29. In order to or the twa-configuration Be wave function.

calculate the correlation energy recovered by our wave func- dInDTnge Il,dwe list thi tqtaldene'r%les obtagned In V'I\AC
tions in VMC and DMC, we need the HF energies and the?" ) and oyvc O tame with —our _est single-
eterminant and multideterminant wave functions. In Fig. 1,

exact nonrelativistic, infinite nuclear mass energies. We useg )
the HF energies calculated by Cade and Wahl at the exper!Y® plot the percentage of correlation energy recovered. The

mental bond lengt?e For Be,, we were not able to find a HF use of an efficient accelerated Metropolis algorithmnd a
calculation at the experimental bond length, so we give theémall time step error DMC algorithfrallowed us to obtain

result of a linear interpolation between the HF energy at 4.75mall statistical errors within acceptable computer time. The
a,2° and at 4.00a,.2% We estimated the exact energies as thgPercentage of correlation energy recovered is 67.8%—82.3%

sum of the accurate nonrelativistic, infinite nuclear masd0r single-configuration and 79.1%-94.4% for multiconfigu-
atomic energies by Davidsoet al3! and the experimental ation wave functions in VMC. The corresponding numbers
dissociation energies corrected for the zero point motion adre¢ 88.1%-96.5% and 92.5%-98.7% in DMC. For the
given in Ref. 32. For B, we use a theoretical estimate of the Single-configuration wave functions, the smallest percentage
dissociation energy because the experimental value hasOf correlation energy recovered is not for the heaviest mol-
only been determinated with an uncertainty of 14 kcal/fol. ecules but rather for the molecules in the middle of the row
For Be,, the dissociation energy is from Ref. 30 and fos Li due to the strong multiconfigurational nature of their true
from Ref. 34. ground state. For the multiconfiguration wave functions, the

We use three measures of goodness to judge the quali§mallest percentage moves more to the right of the row
of a wave function: the standard deviation of the local energyvhere, possibly, excitations to the next shell become impor-
in VMC, oy, the VMC energyEc, and the DMC en- tant. Since the wave functions are obtained by nonlinear op-
ergy, Epuc. In general, we find a strong, but not perfect, timization, it is possible to get stuck in a local minimum.
correlation between these three measures. For atomic sygrom the shape of the curves it seems likely that we have
tems with a strong multiconfigurational nature, it is known failed to find the optimal wave function parameters foy. O
that the inclusion of configuration state functions beyond thelhere is considerable resemblance in the shapes of the VMC
one corresponding to the HF configuration yields a signifi-and DMC curves and the multiconfiguration energies are
cant improvement in all three quantities. In the case of a Bgonsistently better than their single-configuration counter-
atom, there is a single additional configuration beyond theparts. Therefore, it is clear that when more configurations are
HF configuration which makes a large contribution, resultingadded to the HF one, not only dg,yc andEyc improve
in a reduction inoyyc by more than a factor of 2. Conse- but also the shape of the nodal surface, which limits the
guently, the single configuration wave function gives medio-accuracy of the fixed-node DMC energies, improves.
cre energies, 76% and 90% of the correlation energy in VMC  In going from L, to F,, the root mean square fluctuation
and DMC, respectively, but the two-configuration wave of the local energygyc , increases by more than a factor of
function recovers 99.2% and 99.9% of the correlation energytO for both the single and the multiconfiguration wave func-
in VMC and DMC? respectively. tions. The dependence of,c onZ appears to be consider-

In Table I, we show the effect of including configuration ably faster than linear for smafl but slower than linear for
state functions beyond the HF configuration fop.LHere, largeZ. This factor should be taken into account in figuring
there is not a single important additional configuration butthe scaling of the computational cost of QMC methods with
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TABLE II. Total energies in VMC(Eyc) and DMC (Epyc) for our best single and multiconfiguration state function wave functiBf¥ and EPMC are

the percentages of correlation energy recovered in VMC and Diqfe is the root mean square fluctuation of the local energy in VMC &ggl is the
autocorrelation time of the local energy in VMC. The numbers in parentheses are the statistical errors in the last digit. In the second column, we list the
number of configuration state functio@SH and the number of different determinani3)(in the wave functionR, is the experimental bond length-

the HF energy andt, the exact, nonrelativistic, infinite nuclear mass energy. Bond lengths are in Bohrs and energies are in Hartree atomic units.

Molecule CSF.D Ro Enr Eo Evmc Ebmc EME (%) EM @) owc  Teor
Li, 1,1 5.051 —14.871 52 —14.995 4 —14.973 487) —-14.991 11) 82.265) 96.51) 0.112 1.39
4,5 —14.988 504) —14.993 &1) 94.434) 98.11) 0.086 1.06

Be, 11 463 ~20.13242 -29.338545)  —29.278 21) ~2931764) 70.747)  89.82) 0242 145
5,16 —29.312 91) —29.330 12) 87.566) 95.91) 0.215 1.35

B, 1,1 3.005 —49.090 88 —49.41582) —49.311 §3) —49.377 88) 68.068) 88.52) 0.432 1.60
6,11 —49.360 22) —49.397 96) 83.107) 94.72) 0.408 1.15

c, 1,1 23481 -75.40620 —75.9235) —75.756 T5) ~7586138) 67.829) 8812 0707 171
4,16 —75.828 24) ~7589017) 81.687)  93.61) 0641 127

N, 11 2.068 —108.992 8 —109.542 3 —109.375 66) —109.4871) 69.711) 89.92) 0.935 146
4,17 ~109.43765)  —109.5051) 80.948) 9312 0863 1.10

O, 11 2.282 —149.665 9 —150.326 8 —150.150 76) —150.2681) 73.41) 91.02) 1.09 1.40
4,7 ~150.188%5)  —150.2771) 79.088) 9252  1.05  1.10

F 1,1 2.68 —198.7701 —199.529 9 —199.364 17) —199.4782) 78.269) 93.22) 1.23 1.22
2,2 —199.410 16) —199.4871) 84.238) 94.31) 1.19 0.97

atomic number. In order to estimate this scaling, it is neceslocal energy are larger there. Occasionally, we have found
sary to have a systematic study of several molecules, such agceptions to the decrease ®f,, as more configuration
in this paper. For this purpose, it would in fact be useful tostate functions are added to the HF one. Foj,Bee tested
also have results on some second-row homonuclear diatomane, two, three, four, and five configuration wave functions
molecules. and found that the smalle3t,,,, occurred for the two con-

In Fig. 2, we show the autocorrelation time of the local figuration wave function. The autocorrelation times in DMC
energy in VMC, T, calculated as explained in Ref. 26. (not shown in the plojsis larger than in VMC and we found
The quantities shown in Fig. 1 depend on the wave functiorin all cases studied, including Bethat adding more configu-
alone whereag ., has also a strong dependence on the parration state functions results in a reduction of the autocorre-
ticular form of Metropolis algorithm used. We used the lation time.
single-electron accelerated Metropolis algorithm described in  In Table Ill, we compare with the results obtained by
Ref. 26 withA, =5 andA,==/2. The plot shows the number other authors in VMC. A difficulty in the comparison is that
of Monte Carlo moves of each electron required to decorresomewhat different values are used in the literatureEgs
late the local energy. The most important point to be noticedand E,. For consistency, we always use the value€qf
is thatT,,, is nearly independent of atomic number and thatandE, given in Table | in order to obtain the percentages of
its value is remarkably small confirming the efficiency of the correlation energy recovered. Subramaniatal® use a
algorithm used. On the other hand, if a simple Metropolissimple Jastrow factor and a determinantal part with the or-
algorithm is usedT ., increases rapidly with atomic number bitals frozen to be the HF orbitals. Similarly, no optimization
since, in this case, the typical size of a Monte Carlo moveof the determinantal component of the wave function is done
scales as Z whereZ is the atomic number. Since atomic by Schmidtet al° but a more sophisticated form of the Ja-
sizes are roughly independent &f the number of Monte strow factor is used leading to a larger gain in correlation
Carlo moves required to move a distance of the size of aenergy. The results of Suet all® differ from the previous
atom is proportional t&Z?. Therefore, for the simple algo- two because the parameters entering in the determinantal part
rithm, an extra factor, possibly as large Z§ should be are optimized. In addition, they include three-configuration
included in estimating the scaling of the computational cosstate functiongfour determinantsin their wave function, so
with atomic number. they do better than Schmidt al. in spite of using a simple

For all the molecules, the value ®f,, is smaller for the  Jastrow factor. For completeness, we also compare with the
multiconfiguration wave functions than the single- results obtained by conventional quantum chemistry meth-
configuration ones. A likely reason for this is that addingods. Petersost al3? give a benchmark study of the basis set
more configurations not only reduces the magnitude of thelependence of different single and double excitation CI
fluctuations of the local energyyc , but increases also the methods. In the last column of Table lll, we list their esti-
frequency of the oscillations. Since the electrons have tenate of the complete basis set result for a multireference
travel a shorter distance to go from a given region to a regiorsingle and double excitation Cl from a complete active space
where the error of the local energy has the opposite sign, theelf-consistent-field(CASSCF-1+2) calculation. To ex-
value of T, is reduced. It is somewhat larger in the middle trapolate the complete basis set values, they employ several
of the row than at the ends indicating that the regions irbasis sets of increasing size, the largest being a quadruple
configuration space that have a given sign of the error oketa consisting o$pdfgfunctions augmented with additional
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DMC results. For N, Reynoldset al!! obtain 89.3% of the
correlation energy in DMC for a single configuration wave
function. For Li, Sunet al3 present DMC energies for both
single configuration and three-configuration wave functions.
For their optimized multiconfiguration wave function, they
obtain 96.86)% of the DMC correlation energy. However,
they find that the same functional form with unoptimized
parameters taken from a MCSCEF calculation yields @)%

of the DMC correlation energy and they attribute the reduced
correlation energy in the optimized wave function to the in-
troduction of spurious nodes upon optimization. Since they
do not give the parameters of the unoptimized wave func-
tion, it was not possible for us to independently confirm their
result. If their finding holds for other molecules as well, it
would make DMC calculations much more useful: one
would freeze the determinantal part obtained from a MCSCF
calculation and just optimize the Jastrow factor in order to
reduce the variance. However, it appears that similarly good
results are not found for other molecules since such results
for other molecules have not appeared in the literature.

In summary, all the VMC and DMC energies reported in
this paper(with the possible exception of a DMC result for
Li,) are better than those in the literature. However, due to
the nature of nonlinear optimization, it is quite possible that
further optimization could result in somewhat better wave
functions. There is a near redundancy in the wave functions.
Consequently, we can often find several wave functions with
very different parameters that are nearly equivalent by all
three measures of goodnessyc, Eymc, andEpyc - Big-
ger improvement could be obtained by including a larger

There are only a few DMC or Green function Monte number of configuration state functions, higher body-order
Carlo (GFMCO) results for homonuclear diatomics available correlations in the Jastrow factor or inventing more innova-
and we will mention only the best results from each researchive forms of the wave function.

group. Subramaniaret al® calculate the GFMC energies for

The wave functions presented in Appendix B are cer-

Li,, By, Gy, and N, but the statistical errors they report are tainly good in the regions of configuration space where they

so large(ranging from 5% for Lj to 14% for N,) that it is

are appreciable but may be poor in the tail regions. If the

not possible to make a meaningful comparison with ourionization energy of the molecule is known, it is possible to
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TABLE lll. Comparison of the percentage correlation energy obtained in VMC by various authors. The
numbers in parentheses are the statistical errors in the last digit. In the last column, we list the complete basis
set extrapolations of CASSGFL+2 calculations.

Subramanianet al. Schmidtet al. Sunet al. Petersoret al.
Present work (Ref. 9 (Ref. 10 (Ref. 13 (Ref. 32
Li, 94.434) 40(2) 70 76.66) .
B, 83.1Q47) 20(5) 66.8
C, 81.667) 15(3) 76.6
N, 80.948) 14(9) 55 74.8
0, 79.088) 75.3

incorporate this information into the wave function to im- where. 7 is the antisymmetrizer ang; and y, are single
prove its asymptotic form. We have done this in some earlieelectron spin wave functiong: can be expanded and rewrit-
work but, in this paper, we decided to study what is obtaineden as(using an abbreviated notation for the space and spin
without providing any external experimental or theoreticalcoordinatep

input aside from the bond length. P=+1s(1)2s(2)1s(3) x1(2)[ x1(1) x,(3)9(1,2,3
—x1(3)x,(1)9(3,2,9]+1s(2)2s(3)1s(1) x1(3)

XIx1(2)x(1)9(2,3,D— x1(1)x,(2)9(1,3,2 ]
This work is supported by the Office of Naval Research.
We thank Chien-Jung Huang, Matthew Steiner, and John +15(3)2s(1)1s(2) x1(D)x1(3)x1(2)9(3,1.2
Morgan for useful discussions. The calculations were per- —x1(2)x,(3)9(2,1,3]. (A4)
formed on the IBM SP2 computer at the Cornell Theory ) ] o
Center. The quantum chemistry packagenesswas used to It is clear that, ifg(1,2,3 is not completely symmetric in the

obtain the initial wave functions which were then optimized.interchange of the particle coordinatgscannot be factor-
ized from all the terms in the above expression and the wave

function ¢ is no longer a doublet. Therefore, if the parallel
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APPENDIX A: SPIN CONTAMINATION and antiparallel spin electrons cusp conditions are satisfied,
_ o is not an eigenstate @& because the determinantal part in
1. Source of spin contamination: An example Yomc is multiplied by a nonsymmetrical factor. The spin

In Sec. I, we mentioned that the use of a nonsymmetricontamination for a given wave function can be calculdfed.
cal Jastrow factor for unlike and like spin electrons yields aFor the form of the wave functions used in the present paper,
wave function that is not an eigenstate 8ffit an admixture  the spin contamination for Li is only of the order of 10
of different spin components. Here, we take the Li atom as'et smaller values of the spin contamination can be obtained
an example to show how spin contamination enters in th&y a simple modification of the wave function as explained
wave function. in the next section.

A QMC wave function for Li with two electrons in asl
orbital and one spin up electron in & drbital is given by

Yomc(F1,T2,73) =[18(r1)2s(r2) —15(r,)2s(r4)] 2. A wave function with small spin contamination

X15(r5)g(r1,f2.r3), (A1) As explained in Sec. II, we use a restricteq form of the
Jastrow factor where only the coefficients are different for
where electron 1 and 2 are up spin electrons, electron 3 is gntiparallel and parallel spin electrons. This choice was made
down spin electron and(ry.r,,r3) is the Jastrow factor. In iy order to ensure a small degree of asymmetry and, conse-
order to satisfy the cusp conditions both for antiparallel andquenﬂy’ a small admixture of higher spin components. More
parallel spin electrongy(ry,r,,f3) cannot be symmetric un- recently, we came to the realization that a better choice
der the interchange of an up and a down spin electron cookyoyld have been to impose that the logarithmic derivatives
dinate(2—3 and %-3) and a possible choice is of the B term in the Jastrow factdiEq. (8)] are equal for
9(r1,r2,r3)=Jp(r12)Ja(r13)Jalr23), (A2)  parallel and antiparallel spin electrons at large interelectron
i distances. This yields different values bf [Eq. (8)] for
whereJ(r;;) andJ,(ry;) are simple Jastrow factof&q.(3)]  antiparallel and parallel spin electrorts, and b/, respec-
for parallel and antiparallel spin electrons, respectively. tively, that are related through the scale faotoag
The full space-spin wave function corresponding to
Yomc 1S

b= 2 bomc(r1:r2,r3) x1(S1) x1(S2) X (S3) |- (A3)

!

1
1+—
K

V2

b/ =« ~1]. (A5)
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TABLE IV. Parameters of the single-particle orbitals in the determinantal part as described in thext&xteéans that the coefficient was not varied and

C. Filippi and C. J. Umrigar: Quantum Monte Carlo calculations

“---" that the coefficient is zero by symmetry. The orbitals are not orthonormal.

1s 1s 2s 2s 2py 2py 2py 2p, 2p, 2p, 3s
Li,
e 3.27995989  2.28831206 2.73880540 0.68577832  0.96258600 0.764 443 97x 0.93704020 0.81001556 X X
log 0.496 680 36 1 0.686 206 29—-0.010 848 61 - X 0.00381859  0.002 734 88 X X
1oy, 0.488 796 39 1 0.677 36088  0.008 840 97 X 0.018 267 01 —0.000 000 15 X X
204 —0.52654417 0 —0.607 238 26 1 X 0.244 617 58 —0.340 754 01 X X
20, 0.010 701 61 0 —0.008 494 43 1 X —0.20808381  0.267 929 25 X X
30 0.035 053 75 0 0.001525 70 1 X 0.384 83371 —0.646 646 14 X X
1myy —0.419 395 65 1 X X X
Be,
¢ 462189968 277264728 150225214  1.06823041  2.26889525 0.859 750 54X 3.796 41194  0.754 935 44 X X
1og 0.121 998 50 1 —0.029 008 78 0 X —0.020 063 27 —0.002 422 83 X X
loy 0.120 48578 1 —0.067 60440  0.064 220 96 X —0.016 61306  0.009 269 10 X X
20 0.012377 74 0 —0.378 420 47 1 X 0.00045583  0.181684 91 X X
20y, 0.009 870 50 0 —0.330 329 06 1 X —0.001 30360 —0.240 97503 X X
30y 0.001 157 96 0 —0.125 621 06 0 X —0.001 944 53 1 X X
Ly —0.028 815 78 1 X X X
lmgx —0.036 034 77 1 X X X
B,
4 5.258 58882  3.898 585 48 142212201 0.71047897  2.39724031 1.01837309%X 514563330  1.49472396 X X
1og 0.528 048 33 1 0 0.004 358 52 X —0.03976780  0.001 53091 X X
loy 0.530 780 79 1 0.025 006 48—0.001 888 13 X —0.037 57349 —0.000 002 43 X X
204 0.195 436 28 0 1 0.033 050 34 X 0.00000088  0.187 854 75 X X
20y, 0.131719 80 0 1 0.703 660 78 X —0.009 126 32 —0.380 119 72 X X
30y 0.042 935 44 0 0 —0.046 218 85 X 0.01013171 1 X X
1y 0.214 387 15 1 X X X
Lmgy 0.090 221 42 1 X X X
G
4 542573879 517211876  2.06725862  1.14222937  2.905107 68 1.285994 59X 6.259 72337  1.994114 33 X X
1og 1 0 0.36898660  0.174 584 58 —0.021 09262  0.182973 38 X X
lay, 0.761 566 41 1 0.026 49275  0.011 14166 —0.044 444 75 —0.000 000 05 X X
204 0 1 —0.260 575 13 —0.131 046 73 —0.027 209 89 —0.134 693 11 X X
20y, 1 0 0.47357451  0.827 745 40 —0.028 736 24 —0.302 921 32 X X
30 0 0 —0.129 056 85 —0.095 839 20 0.013 52243 1 X X
1y 0.293 541 04 1 X X X
Lmgy 0.105 038 47 1 X X X
N
e 7.16165100 5.24001765  2.08448647  1.22273317 459920878 1.90354196 1.06441579 6.89982678 257307701  1.309 750 16
1og 0.979 730 29 1 0 0.015 558 65 —0.067 687 21 0 0.00213359 X
1oy, 0.981 781 83 1 0 —0.042 651 60 —0.06927559  0.008 798 30—0.040 608 51 X
20 0.301 699 94 0 1 0.340 832 22 —0.012 656 13 0 —0.344 787 96 X
20y, 0.283 550 97 0 1 0.310676 72 —0.017 820 05 —0.156 499 32 —0.581 801 47 X
30 0.082 564 49 0 0 —0.548 055 25 0.02179905  0.768 741 68 1 X
30, —0.10501986 0 0 1 0.017 73874 —0.008 809 04  0.842 354 16 X
1myy 0.108 186 58 1 0.465 990 05 X
Lmgy 0.080 949 31 1 0.997 726 26 X
0,
e 8.37893035 5.83585377  2.03227845  1.11720107 5.47490240 201321122 122750443 6.34078760 3.88826789  1.866 014 12
log 0.840191 74 1 0 0.006 438 07 —0.02901970  0.011 750 25—0.002 745 64 X
1oy, 0.840 045 81 1 0 0.018 927 31 —0.02903430  0.016 688 54—0.010 000 14 X
20y 0.152 114 08 0 1 0.026 278 79 —0.006 42020  0.009 825 70—0.141 721 09 X
20y, 0.118 959 16 0 1 0.177 084 63 —0.005 814 12 —0.017 408 28 —0.171 509 33 X
30y 0.030 932 24 0 0 —0.200 878 96 0.02433922  0.094 692 19 1 X
30, —0.04365913 0 0 —0.105 485 94 0.034 55339 —0.010 210 80 1 X
1y 0.072597 13 1 0.411070 15 X
Lmgy 0.067 292 26 1 0.506 047 53 X
F,
14 9.40563159  4.609 155 07 6.866 467 67  2.28915412  6.34292263 1.82409885 1.03869593  6.405 630 26 1.858 361 ¥3 1.636 31116
1og 1 —0.23912988  0.406 533 28 0 - —0.00511000  0.008 248 67 X 0.000 036 17
1oy, 1 —0.15013942  0.35571137 0 —0.006 11289  0.002 609 79 X 0.003 653 79
20 0 —0.55814609  0.252 644 81 1 —0.000 000 63 —0.054 546 80 X 0.021 166 84
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TABLE V. (Continued)

1s 1s 2s 2s 2py 2py 2py 2p, 2p, 2p, 3s
20, 0 —-0.571202 35 0.267 183 04 1 —-0.00331032  —0.083072 65 X 0.134 416 97
30y 0 —0.100 993 09 0.047 842 63 0 0.057 951 16 1 X —0.046 630 35
30y, 0 0.23337598  —0.119 166 28 0 0.046 604 48 1 X 0.302 133 44
Tmyy 0.059 650 82 1 0.062 783 23 X
Ly 0.059 071 12 1 0.178 090 41 X

If instead we require tha® is equal for parallel and antipar- allowing the antiparallel spin electron coefficients to differ
allel spin electrons at large interparticle distances, we obtaifrom the parallel ones. We still kept the nonanalytic terms
the above relation with the2 replaced by a 2. for the parallel spin electrons equal to the antiparallel ones.

From some preliminary tests, the optimizationbgfand  Despite the much higher variational freedom now available,
bl; yields values related by the above expression withvhe in our limited experimentation, we were unable to obtain
substituted by an optimal value of about 1.5. Therefore, thevave functions of significantly better quality than the mini-
optimal value seems to differ slightly frow2 in the direc- mally unrestricted ones described in the rest of the paper.
tion of 2. The corresponding wave functions have a consis-

tently betteroyc with respect to the minimally unrestricted
wave functions presented in this paper. APPENDIX B: MOLECULAR WAVE FUNCTIONS

We list the parameters entering in the molecular wave
3. General spin unrestricted wave functions functions of Li, Bey, B,, C,, Ny, O,, and k. The symmetry

A - I+
An alternative approach to the one adopted in this pape(r)f the ground state |§Eg for B, and G and %4 for the
ther molecules.

and the one presented in the previous subsection could be % In Table IV, we report the parameters of the single or-

relax the constraints on the Jastrow factor. . . . .
: . itals in the determinantal part. We only list the exponents
The first wave function we present represents the mos -
and coefficients on one center. The exponents are equal on

eneral wave function we can construct. It corresponds to th . .
g P %e other center and the coefficients are obtained from sym-

wave function of a spin-polarized system and has the larges ; : : -
- . metry considerations. For @, orbital, a coefficient of ars

number of variational parameters. An up-spin electron Ca%asis function is simply replicated on the other center while

correlate to the nucleus differently than a down-spin electror) . Py rep . .

: ; the coefficient of gp, function changes sign. The opposite

and the terms for two up-spin and two down-spin electronsrule applies to ar, orbital. For, orbitals, the signs of the

are described by two different sets of coefficients. Further- pp u ) e ' 9

more, the coefficients of the terms with odd powersTaf coefficients are the same on the two centers while they are

. ) . opposite form, orbitals. We also list only the coefficients
the antiparallel spin Jastrow factor need no longer vanish. As 9 . . ) )
. C and exponents of thg, basis functions in ther, orbitals. To
far as the determinantal wave function is concerned, we ng . -
. . construct am, orbital, we take the coefficients and exponents
longer have to construct it to be an eigenstateSofAs a y

consequence, up and down orbitalg, and ¢! can now be of the p, functions to be equal to those of tpg functions of

. . the correspondingm, orbital. Different numbers of basis
different. The second wave function corresponds to a wavi nctions were used for the different molecules and the'™
function for a spin-unpolarized system. An up-spin and a

down-spin electron are correlated to the nucleus in the samseymbOI as an entry in the table means that the coefficient was

- . not varied. The “--” symbol means that the coefficient is
way. Therefore, although the coefficients are different for_ . .
] . strictly zero by symmetry. The orbitals are not constructed to
parallel and antiparallel spin electrons, they are equal for tw

up-spin electrons and two down-spin electrons. The determ%e orthonormal. Each orbital can be multiplied by a constant

nantal part has still to be an eigenstateS3fwith equal up to make the largest coefficient equal to one if the coefficients

and down orbitals. This ensures that the up and down spiﬁf the determinants are properly redefined. This accounts for

. . . one coefficient in each orbital being equal to “1”. Orbitals
densities are equal. In both wave functions, bheoefficient : . . . .
o . . : : belonging to the same irreducible representation of the point
is different for like and unlike spin electrons as imposed by

the electron—electron cusp condition. We summarize the wg ouP Qf the molecule can pivot each othe_r \.N'thOUt modify
. ; . . ng their symmetry character. Some coefficients have been

cases by listing the relations among the different kinds o o o .

coefficients: set to “0” through pivoting. As a consequence of the pivot-

ing, the orbitals cannot be directly compared to Hartree—
1. b''=1/2, bl"=bM=1/4, Fock or MCSCF orbitals. There is only one orbital of a
. o _ i given symmetry and, consequently, these do not get pivoted.
2. al=a’, a''=a’, blt=1/2, bll=b"=1/4, Hence, it may appear surprising that the, lorbitals of Li,
b'll=b"t, cll=cl!, p/=¢}. have a node. However, it should be noted that the presence
of this node does not imply that the wave function has addi-
For the lightest molecules, after generating an optimal retional nodes. We tested our wave functions for additional
stricted wave function, we tried relaxing some constraintsnodes as follows. We selected random Monte Carlo configu-
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TABLE V. Configuration state functions in the determinantal part of the wave function. We omit the core double occupied molecular m@jﬂajﬁ)(.Il'he
configuration state functions are not orthonormal because the orbitals are not.

Molecule Configuration Coefficient Determinants
Li, (20%) 1
202—20?2 —0.258 198 38
200 12 —0.163 002 08 Tt Ty
20%%30'5. —0.636 632 64
Be, (20'5,20'ﬁ) 1
202—30? —0.173 925 99
202 17T% —0.058 205 12 Toaxt Ty
20420,—1m,1m, —0.050 885 38 0'5 o, 71'5,(71';,(— 0'5 o, WJXWQX— U;of 7TJX7TQ+X+ g o WLTXWQX
+Og Oy TuyTgy™ Og Oy TyTgy™ Og O TayTgy+ 0g Oy TiyTgy
0.025 342 38 Og Oy Ty Tgy— Og Oy Ty Tgy— 0';0’:; ToTgxt 0g 0y Wuxﬁax

+ - = - - =+ -+ - -+ 4+
tog oy TyyTgy= 0g Oy TyyTgy— Og Oy TyyTgytT 0y Oy TyyTgy

B, (203,202, 1m,,17,) 1
205—302 —0.460 208 91
1mlmy—1mglag, —0.243152 78
204—30y 0.203 022 69 %430y — 20430,
20ym— 304, 0.182 349 51 ol 71':)(0'5 Tay™ ol 7T,_TXU'§ Way— ol WJyUér Tyt ol 'n'Jyaa ﬂ;x
0.068 683 04 R o ot -t
Ty Trux(rg gy 2 (o4 Trux(rg mayt oy 7Tux0'g Tay)
—(oy 'n'uy(rg 71' -5 (0' 7Tqu'g Ty, ol 7Tuy0'g ng))
C, (205,20’5,1775L,17Tﬁy) 1
202 3(7?J —0.198 094 65
201m—304lm, —0.107 496 97 ol W,waa'xag_ —o) ”n'JXﬂ'g_X(rg -, ﬂjxnga'a +o, 7TLTX7Tg_X0'a—
+, -+ = - = -+t = -+, =+
, , +oy TyTgyOg — 0y 7'ruy71'zgyo'2g - 0'[21 7Tu2y7TgyO'g + oy TGOy
1mi—1lmg —0.417 31580 7Tux7Tgy+ 7Tuy7Tgx
Z(Wuxﬁuyﬂ-gxﬂ-gy TrUXTrLly/n-gXTrgy TrlJXTrlJy’n-gXﬂ-gy-’— Truxﬂ-ungxwgy)
N, (20’3,20’5,30’5,1775)(,1775),) 1
17e— 1775 —0.156 464 50 775X7Tgy+ WuyﬂTsx
+
-2 (7Tux77uy7Tgx7Tgy 7Tux'r"uy77'g><7"'gy 7Tuxﬂ'uy'”'gx77'gy+ 7Tux7Tuy7Tgx7Tgy)
+
—0.035 651 88 T TayTgx Mgyt TuxTuyTgxTgy+ wuxwungxwger Wuxwungxﬂ'gy
2(77ux77uy77'gx7"'gy+ 7TUX7Tuy7TgX7Tgy)
3o4lm,—30,1my 0.163 433 28 0'5 ToxTo Tox— og TuxTy 775)(— oy Thod Toxt oy Thoy 7Tax
-+ = - -+ =+ _+ = -+ -+
tog TyyOy Tgy™ Og TyyOy Tgy™ Og TyyOy TgyT Og Tyyoy Tgy
0O, (ZUg,ZO'U,3O'2 17T5x,17T5y,17Tgx,17Tgy) 1
17Tux177u¥‘) 1mglmg, —0.186 814 63
e—30% —0.192 568 92
Yot~ bo— by = 4+ 4
Sngwuﬂ&r 1y 0.141 542 93 Oq Oy TyxTgy™ g Oy TyyTgy™ g Oy TyyTgyt 0 Oy TyyTgy
F, (203,205,305, 173, 175, A5, 173, 1
30'5%30-5. —0.408 395 32

rations, we fixed the positions of five of the six electrons andHence, we have no reason to discard the wave function of
plotted contours of the nodal surface when the sixth electroable 1V; it yields energies that are 0.0G@Band 0.00021)

was moved in a plangln fact, the nodal surface depends Hartree lower in VMC and DMC than the four-configuration
only on the position of the remaining two electrons of thewave function with nodeless#, orbitals.

same spin. This was done for a few positions of the five In Table V, we list the configuration state functions in
electrons, a few planes and three different wave functionghe determinantal part of the wave functions and their coef-
One wave function was a single-configuration wave functiorficients. We always omit the core double occupied molecular
whereas the other two were four-configuration wave funcorbitals (102,102). The first configuration listed for each
tions, the suspect one of Table IV and another with nodelessiolecule is the HF configuration and, for each additional
1, orbitals. We found no instances where the suspect waveonfiguration, we indicate the excitations from the orbitals of
function had additional nodes compared to the other twahe HF configuration. In general, configuration state func-
wave functions. Moreover, in all cases, the nodes of the twaions consist of more than one determinant as shown in the
four-configuration wave function were closer to each otheffourth column of the table. The coefficients of the determi-
than to the nodes of the one-configuration wave functionnants in a given configuration are fixed by the requirement
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TABLE VI. Coefficients in the generalized Jastrow factor.

Li, Be, B, C, N, 0, F,
K 0.825 38 0.652 18 0.729 10 0.941 49 1.080 53 1.263 94 1.1693
a —1.022 016 20 —0.834 63132 —0.485 979 70 —0.717 757 46 —0.588 566 65 —0.661 255 75 —0.261090 75
a' 1.159 479 46 0.004 833 75 0.135367 68 —0.063 693 85 —-0.86317316 —0.064 512 34 0.223 069 85
b 0.5 0.5 0.5 0.5 0.5 0.5 0.5
b’ 0.612 037 30 0.947 142 28 1.497 819 69 1.826 022 91 1.704 541 24 2.445 423 90 2.327 328 19
u 0 0 0 0 0 0 0
S 0 0 0 0 0 0 0
u? 0.116 710 20 0.626 052 45 0.896 913 38 1.193 681 09 1.236 284 93 2.288 876 21 2.412 412 96
us 0.711 906 15 0.835 118 37 1.060 095 55 1.439 662 92 1.324 20315 1.654 461 32 2.041 552 29
? —0.431 454 85 —0.015 499 94 —0.247 81333 —0.431 84051 —0.180 780 37 —0.426 959 89 —0.759 040 85
T2 0.042 356 69 0.275 155 13 0.241 003 38 0.281 494 56 0.175 939 75 0.117 759 23 0.085 384 26
ud 0.531 753 46 —0.008 138 73 —0.011 704 76 —0.154 604 80 0.62962070 —0.118 886 07 —1.712 48873
u3s —0.389 593 87 —0.598 11395 —0.926 571 04 —-1.353792 15 —1.715592 67 —3.741 816 58 —2.983 785 48
us? 0 0 0 0 0 0 0
uT? 0.056 265 28 —0.252 351 41 —0.324 85334 —0.348 226 46 —0.703 457 69 —-1.318 674 07 —0.090 425 90
s? 0.257 080 77 0.119 083 69 0.200 301 46 0.318 826 97 0.611 056 23 0.868 313 64 1.067 862 37
ST? 0.269 117 88 0.263 839 93 0.324 040 03 0.299 141 68 1.524 491 40 1.500 472 47 0.400 653 42
Ut —0.340 159 10 —0.088 227 73 0.080 694 58 0.054 40071 —0.441399 63 0.635 482 49 1.565 669 11
uss —0.042 825 64 0.02536724 —0.307 534 81 —0.409 600 50 —0.963 021 56 —-1.013645 14 —0.153 137 97
u3s? 0.298 844 09 0.309 615 49 0.673 936 74 1.204 729 66 1.764 665 98 3.938 608 48 3.003 147 09
u2T? 0.126 617 73 0.663 038 59 0.608 585 42 1.550 204 09 1.983 066 44 1.194 857 69 1.358 743 35
us® 0 0 0 0 0 0 0
UST? —0.446 483 70 —0.583 624 47 —0.406 049 87 —1.236 599 55 —2.308 651 34 0.26977921 —0.12352564
st —0.139 773 20 —0.063 879 60 —0.108 102 96 —-0.18917845 —0.428 640 23 —0.683 783 32 —0.802 877 42
T2 0.336 696 01 0.12862034 —0.031 47302 0.20755968 —0.526 252 66 —0.901 63871 0.098 552 52
T 0.047 254 50 —0.088 343 22 —0.050 798 53 —0.155 165 91 —0.201 43302 0.367 235 99 0.011 921 37
us —0.065 328 12 —0.016 057 50 —0.167 044 57 —0.316 238 82 —1.133085 76 —1.105 447 71 —0.400 747 36
u*s 0.299 156 96 0.066 129 45 0.199 207 85 0.444 420 45 1.83305175 0.875 132 340.558 424 72
uss? —0.203 429 59 —0.041 15217 —0.004 708 50 —0.049 992 29 —0.479 426 95 0.073 003 54 0.428 681 25
usT? —0.225 61317 —0.403 111 79 —0.268 839 90 —1.089 929 09 —1.009 454 58 —0.538 609 11 —1.298 44118
uzse —0.014 866 89 —0.041 81306 —0.131 667 20 —0.296 105 63 —0.420 904 75 —1.263 196 05 -1.02211341
U%sT 0.900 788 20 0.591 731 15 0.437 074 40 1.570 837 04 2.343292 90 3.201 941 58 2.636 84851
us* 0 0 0 0 0 0 0
US?T? —0.916 327 39 —0.348 009 77 —0.225 389 52 —0.747 244 97 —0.863 18352 —3.22193971 —2.848 660 61
uT* —0.021 506 24 0.064 635 42 0.040 150 09 0.151 499 73 0.154 840 92—0.280 381 97 —0.055 956 71
S5 0.024 507 36 0.010 893 18 0.020 545 42 0.043 126 20 0.120 173 36 0.201 861 74 0.228 222 77
T2 0.170 043 44 0.062 516 42 0.038 046 75 0.066 042 26 0.413 046 72 0.979 043 79 0.708 154 39
ST —0.074 419 85 —0.022 893 67 —0.041 477 28 —0.086 395 17 —0.106 116 76 —0.594 430 58 —0.244 757 84
@, 1 1 1 1 1 1 1
RU —1.006 787 34 —1.181 03572 —1.499 201 50 —2.035990 83 —1.872 706 05 —2.339 761 64 —2.887 190 93
RS 0.235 716 94 —0.253 808 22 —0.082 462 12 —0.012 992 80 —0.610 762 91 —0.565 023 08 —0.352 702 07
U%R 0.076 333 40 0.090 809 12 0.130 887 96 0.195 078 67 0.183 037 02 0.086 040 29 0.278 778 10

that the wave function belongs to a certain multiplet. Theempirical basis to include oni, ; and threeD, like terms.
configuration state functions are not constructed to be orthofhe coefficient ofd, , is fixed to one.

normal. The normalization of the whole wave function is

also arbitrary, so we are free to set the largest coefficient to
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