Energy-consistent pseudopotentials for quantum Monte Carlo calculations
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We present scalar-relativistic energy-consistent Hearfreck pseudopotentials for the main-group elements.
The pseudopotentials do not exhibit a singularity at thdeuscand are therefore suitable for quantum Monte
Carlo (QMC) calculations. We demonstrate their transfiéitglthrough extensive benchmark calculations of
atomic excitation spectra as well as molecular propertieparticular, we compute the vibrational frequencies
and binding energies of 26 first- and second-row diatomicemdes using post Hartree-Fock methods, finding
excellent agreement with the corresponding all-electr@nes. We also show that our pseudopotentials give
superior accuracy than other existing pseudopotentiaistnacted specifically for QMC. Finally, valence basis
sets of different sizes (VnZ with n=D,T,Q,5 for 1st and 2nd,rand n=D,T for 3rd to 5th row) optimized for
our pseudopotentials are also presented.

I. INTRODUCTION trial wave function do not have the correct behavior close to
the nucleu$ Since the orbitals in the trial wave function are

Pseudopotentials are widely used in quantum chemistry anlcjisuany taken from a DFT, a HF or a small multi-determinant

. . . orrelated calculation performed with a quantum chemistry
condensed matter physics to increase the computational ef- : . :
e o ; . code, they are often expressed in terms of Gaussian fuisction
ficiency of ab-initio electronic structure calculations.her . . . o

; : which cannot properly describe the orbitals at small radii i
chemically inert core electrons are replaced by an angular; ; :
. ) . the presence of a divergent pseudopotential. Very largesGau
momentum-dependent effective potential acting on the va-. ; : )
sian basis sets would be required to ameliorate the problem.

:teln(t:reeztlggtgl)g;'mzzlZ;gsuuslhsa:? 22232?;e¢ur2?§;t&%p“0' Greeff and Lestérand Ovcharenket al.° have generated
y y P non-singular HF pseudopotentials from Be to Ne and Al to

icantly reducing the compytatlgnal cost for I'_1eavy glement.sAr for use in QMC calculations. These pseudopotentials have
The use of pseudopotentials is well established in densit

. i owever several drawbacks as they only cover part of the peri
fqnctmnal theory (DFT), Hartree_ Fock (HF) _and subsequenﬁdic table, do not include relativistic effects, are notivied
highly-correlated quantum chemical calculatibns

_ ) _ ) ~with basis sets, and do not have a p-projector for the second-
Pseudopotentials are a very important ingredient also iRgy elements. More recently, Trail and Ne&d€have gener-
quantum Monte Carlo (QMC) calculatichsThe scaling of  ated non-divergent Dirac-Fock spin-orbit averaged reikte
fixed-node diff_usion Monte Carlo (DMC) with the ngmber potentials for H to Ba and Lu to Hg. They also proposed a
of electronsN is a modestV* when compared to a highly- transformation to remove the long-range non-locality whic
correlated quantum chemical approach such as the couplegdises from the exchange interaction in HF theory and sup-
cluster singles and doubles method with a perturbativetreap“ed spin-orbit pseudopotentials. However, their psgodo
ment of the triples (CCSD(T)) which scales 88 and is  tentials lack the corresponding basis sets, and do notdecu
therefore limited in its applicability to small systefr’s Un- 4 projector for the transition-metal and post-transitinatal
fortunately, thg computational cost of DMC increases appro elements but treat the d-potential as local.
imately® as 2>~ with the atomic numbeg. Therefore, In this paper, we design non-singular energy-consistent
the use of pseudopotentials to reduce the effective valuie of gcg)ar-relativistic HF pseudopotentials for the mainugre!-
significantly improves the efficiency of DMC in dealing with ements, which are especially suitable for QMC calculations
heavier atoms and has made feasible in recent years the appfihe pseudopotentials are given as a compact expansion over
cation of this technique to complex systems. few Gaussian functions multiplied by powers of the electron
Many complete sets of ab-initio pseudopotentials are availnucleus separation and are therefore readily usable in any
able in the literature but most of them were not generatedjuantum chemistry package employed to generate the start-
specifically for use within QMC. For instance, DFT pseu-ing trial wave function for the QMC calculation. For all pseu
dopotentials constructed in combination with the localsiisn  dopotentials, we also provide Gaussian basis sets of elifter
and various generalized gradient approximations are Iyeadi sizes. For the 1st and 2nd row elements, the basis sets range
available but it appears from oth&wss well as personal expe- from valence-double-zeta up to valence-quintuple-zet&(V
rience that the use of DFT pseudopotentials in DMC calculan=D,T,Q,5) while, for the elements of the 3rd and 4th row, we
tions may lead to significantly larger errors than the uself H provide VDZ and VTZ basis sets.
pseudopotentials. Various pseudopotentials generatibéhwi We demonstrate the accuracy and transferability of our
HF are also publicly available but generally divergel#s? pseudopotentials through extensive benchmark calcaktio
or 1/r at the nucleus since they were constructed for use iWe compute the atomic excitation spectra of all elements
guantum chemistry codes without paying attention to smoothwithin Hartree-Fock and the vibrational frequencies amdibi
ness considerations. These singularities will howevertes ing energies of 26 first- and second-row diatomic molecules
large time-step errors in DMC if the pseudo-valence-ohbita using post Hartree-Fock methods. We find that our pseudopo-
used to construct the determinantal component of the QMG@entials give excellent agreement with the correspondiRg a



electron values, and are more accurate than the pseudepotenin the shape-consistent approach, the all-electron valenc
tials constructed specifically for QMC by Lester and cowork-orbitals are obtained either in BE21-°0r in Kohn-Sham
ers"0 and by Trail and Need$'2 Finally, we test the per- DFT2-23for the lowest atomic configuration and transformed
formance of our pseudopotentials within QMC for the carboninto node-less pseudo-valence-orbitals which exactlycmat
and silicon atoms, where we obtain a comparable size of ththe all-electron ones beyond a chosen core radius. The
DMC localization error but a higher efficiency than when us-pseudo-orbitals are usually constructed to have the same no
ing the Trail-Needs pseudopotentials. as the all-electron orbitals to ensure that the scattenogey-

The paper is organized as follows. In Section II, we de-ties of the pseudopotential and the full potential have émees
scribe how we generate the pseudopotentials and basis setnergy variations to first order when transferred to other en
In Section Ill, we present a series of benchmark calculationvironments!. The pseudopotential is then derived either by
to test the accuracy and transferability of our pseudopoterinversion of the HF or Kohn-Sham DFT equatiéh¥>21-24
tials. In Section IV, we discuss the size of the localizationor by direct fit of the all-electron eigenvalues and orbitsds
error and the efficiency of our pseudopotentials in QMC. Allyond some core radius using a parameterized analyticat pseu
equations are given in atomic units (a.u.). The pseudopotemopotential'® If inversion is used, the pseudopotential is
tial and basis-set information is available in the suppletale obtained on a numerical grid and must be fitted to a Gaus-
material® and from the authors institute homepagés sian representation for its use in standard quantum chgmist

packages. This non-linear fit is a numerically fragile proce
dure yielding long analytic expansions with large osditigt

Il. THEORY coefficient$®24 On the other hand, a very compact analytic
expression is obtained when using a direct fit to generate the

For a thorough discussion of pseudopotential theory includpseudopotenti&f®.
ing relativistic effects, we refer the reader to Ref. 16 agfd r The energy-consistent approach follows a rather different
erences therein. The electronic valence Hamiltonian fgsas philosophy. While a shape-consistent pseudopotentiailis o
tem with NV,, valence electrons and,, nuclei is given by determined by the reference atomic configuration in which

N N - it was generated and norm-conservation ensures its transfe

1 1 v ) ability to some degree, an energy-consistent pseudopaitent

Hyal = ) ZAi + Z P + ZZ fop(z)7 1) is obtained by requiring that it reproduces the all-elettro

i i<j Y i valence energies of a number of different configurations for

) . A the atom under consideration. A parameterized analytical
where: and; index the electrons, antithe nuclei.Vep (i) IS form for the pseudopotential is chosen and the parameters
an angular-momentum-dependent (semi-local) pseudopoteQetermined by direct fit of the reference energies. It has
tial operator which mimics core-valence repulsion and €oreépeen show® that energy-consistent pseudopotentials yield

valence orthogonality: a slightly more accurate description of the valence correla
- tion energies than the shape-consistent pseudopoteafials
Vplp(i) _ Viéc(rli) + Z V}I(T]i) Pll’ (2) Refs. 19,24.
1=0
Wheref?l’ denotes a projection operator on the spherical har- B. Energy-consistent pseudopotential generation

monics centered on the nuclelis

! In this work, the all-electron reference energies to con-
plf — Z Vi) (Y| - (3)  struct our energy-consistent pseudopotentials are caémiil
at the scalar-relativistic, i.e. spin-orbit interactioad, Wood-
Boring Hartree-Fock level of theo#within the LS coupling
Due to orthogonality considerations, the valué,gf, should  scheme. For atomic one-electron systems in s states, the
at least equal the highest-angular-momentum quantum nunenergy-dependent Wood-Boring Hamiltonian yields the same
ber present in the core of the atom. The parameters in thgigenvalues as the Dirac Hamiltonian as well as the exayg lar
local component/;!; and in the non-local channel§’ are  components of the eigenfunctions. For other angular mo-
determined as described below. menta, the J-averaged Dirac-Hartree-Fock solutions are ap
proximated. Due to the use of a local potential approxinmatio
in the mass-velocity, Darwin and averaged spin-orbit terms
A. Shape- and ener gy-consistent pseudopotentials the results are approximate for many-electron atoms. The de
viations in energy differences for valence excitationsjza-

The pseudopotentials presented in this work are constfuctdion potentials and electron affinities for elements as feav
following the so-calledenergy-consistent schemé®. Since  as gold from spin-orbit averaged Dirac-Hartree-Fock data u
most pseudopotentials available in the literature areeatst ing a Dirac-Coulomb-Hamiltonian are typically at most a few
generated according to tishape-consistent method, we will  hundredths of an electron volt. The main advantage of the
briefly review both pseudopotential-generation schemes anWood-Boring approach is the possibility to perform caleula
illustrate the difference between the two approaches. tions within the nonrelativistic coupling scheme (i.e. L&ie

m=—1
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pling for atoms) which is nowadays used by almost all QMC For a 1st-row element, the pseudopotential is then given by
and the majority of quantum chemical studies. Consequently A

the adjustment and the subsequent use of the pseudopoten- Vip = Vioe(r) + Cexp (—n7?) |0) (0] , (5)

tial will employ the same coupling scheme. All calculatipns

both for the generation of the reference energies as well aghere|0) (0 denotes the projection operator with angular mo-
the actual pseudopotential fit, are performed with a numerimentumi = 0 (Eq. 3), and; andn are two free parameters.

cal finite-difference code to avoid errors introduced by adin  The full s-potential should be repulsive inside the coréaeg
basis sé¥. and become attractive at large distances as illustratethéor

The all-electron LS-state averaged scalar-relativisiier- ~ ¢arbon and silicon atoms in Fig. 1. Since we desire a smooth
ergies are computed for a multitude of electronic configuraPotential, we require that the s-potential has a negativeseu
tions of the atom under consideration. These configuration&/re at the origin by imposing the additional non-linear-con
include energetically low-lying single and double exéaas  Straint on the variational parameters:
of the valence electrons as well as the first and second cation
if the atom contains enough valence electrons. The anionic Yo +(n>0. (6)
ground-state is also included if the anion calculation con-

Lo . . For a second-row element, we introduce a p-projector as
verges. Convergence of the anion is obtained for the main-

group elements to the right of the 3rd column (boron column) voo— —nr2) 10) (0
inclusive. For the selected configurations, the total waden pp = Vioe(r) + Cexp( nr2) 100
reference energies are then obtained by subtracting tke cor + pexp(—vr?) (1) (1], )

energy from the all-electron energy. For example, for ailic
where we use a neon core, we subtract tHe 8nergy from
the energy of the ground- and the excited-state configursitio
to obtain the total valence energies for each configurafibe.
configurations used to generate the pseudopotentials can be
found for all elements in the supplemental matéfiahd are

listed for carbon and silicon in Table | and Il, respectively Analogously, each further projector for rows 3 and 5 (d- and
We construct the pseudopotentials using the largest gessibf.cores, respectively) is described by a single Gaussiao-fu

“noble” core plus a filled d-shell for the elements to the tigh tion, has two additional variational parameters and yielus

of the transition metals. In addition, an f-shell is incldde additional constraint. For this quadratic fitting problevoy

for the elements TI, Pb, Bi, Po, At, and Rn. A local poten-pseudopotential-generation célavas extended to include

tial with no Coulombic singularity is also provided for H and the DONLP2solver by Spellucéf—=3°

He. To determine the parameters in our pseudopotentials, we For all elements, the quality of the fit is higher than the one

proceed as follows. Starting with an analytical pseudapote gbtained in the construction of the singular energy-cdests

tial guess, we iteratively solve the valence-only HF equesti  pseudopotentials of Ref. 31 even though, in most cases, we

and optimize the pseudopotential parameters to reprotiece temploy an even larger set of reference configurations in the

calculated total valence energies. This procedure yieddg v {it32, Consequently, our pseudopotentials will be at least as

compact analytic pseudopotentials as discussed in thnfoll  accurate and transferable as those of Ref. 31, and their good

ing Section. performance is demonstrated in Section IIl.

which yields two additional variational parametetsandv.
Similarly, we require a negative curvature for the p-patgnt
obtaining a second constraint:

v0 4+ pv > 0. (8)

C. Functional form of the pseudopotential D. Valencebasis sets

o q il ed (G For all pseudopotentials, we present basis sets in theesuppl
_Our pseudopotentials are parameterized as a sum of Galgy | materidf. The basis sets are constructed to minimize
sian functlons _muI_t|pI|ed by powers of the electron-nusleu o single-reference CCSD(T) ground-state energy. Sihce a
separation, which is the standard form accepted by any qua

hemi K As di din the introducti h'P(hIine elements only have one valence electron while at leas
tum chemistry package. As discussed in the introductian, thy,,, ejectrons are needed to account for correlation in the co
pseudopotential should have no singularities at the nagcleu

! ; struction of the basis set, the alkaline basis sets are tadjus
sowe choose as Io_cal component (Eq. 2) the following S'mpl%y minimization of the dimer energy. The same procedure is
expression (we omit the atom indéx also followed for the alkaline-earth elements to avoid that

basis sets become too compact. For all the other elements,
Zcﬁ' Zcﬂ'

Viee(r) = — + exp (—ar?) the atomic energy is used. The CCSD(T) calculations are per-
r r formed using thé1OLPR@rogram packagé.
+ Zegar exp(—f7%) + yexp(=dr?), (4) The optimization is carried outin three steps. First, ameve
tempered set of 7 to 10 primitives with s- and p-symmetry
whereZ.g is the effective charge of the nucleus ands, v, is generated and optimized to minimize a CCSD(T) calcula-

ando are variational parameters. The local componentis finit¢ion for the atom. Second, the primitives for each angular
and behaves quadratically for small momentum are contracted using the orbital coefficients from
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; perturbation-theory (MP2) and the CCSD(T) method. We
5 | Carbon atom . then address the QMC specific issues of localization errdr an
[ efficiency.

A. Hartree-Fock atomic excitations

Atomic excitation energies, ionization potentials anccele
tron affinities are well established in the pseudopotetitiat

Pseudopotential V,(r) (a.u.)

This work: = Vigc ature as a measure of the pseudopotential qdfity%22:31
ST == ViggtVs ] Since our pseudopotentials are adjusted to reproduce these
properties, they are likely to perform better in these atomi
-200;; 0‘5 1‘0 1‘5 20 tests than pseudopotentials which are not energy-consiste

In Table I, we list the errors obtained with our pseudopo-

r(au) tential on the excitation energies, ionization potentatsl
‘ ‘ electron affinities of the carbon atom with respect to the cor
10 - Silicon atom TN: — Vige 1 responding LS-state averaged scalar-relativistic Woodr#
[T ~ x:gz:\& Hartree-Fock all-electron energies. We also present the er
5t This work: ~+ Vi P rors obtained with the pseudopotentials of Ovcharestlab 1

and with the pseudopotentials by Trail and Nééd$ In Ta-
ble I, we show the same comparison for the silicon atom. All
the pseudopotential and the all-electron calculationgare
formed with a finite-difference HF codéto avoid errors due
to the use of a finite basis set.

As expected, our energy-consistent pseudopotentials per-
form significantly better than the other pseudopotentratei

'
(&}

Pseudopotential V(1) (a.u.)

10 | - 1
producing the all-electron atomic spectra of both carbah an
L L L silicon. For carbon, the mean absolute deviation (MAD) from
0.0 0.5 1.0 15 2.0 the all-electron results is 0.002 eV for our pseudopoténtia

r(au.) more than one order of magnitude smaller than the MAD for
the other pseudopotentials. For silicon, we obtain an MAD
of 0.004 eV while the Trail-Needs pseudopotential gives the
FIG. 1. Our energy-consistent non-singular pseudopatsnaind the  hjgher value of 0.012 eV. Not surprisingly, the pseudopoten
Trail-Needs (TN) pseudopotentlal_s for the carbon (top) thedsili- - by Ovcharenkeet al. fails to properly describe all the
con (bottom) atom. All values are in a.u. atomic configurations of silicon due to the missing p-prtiec
in the pseudopotentials of all 2nd-row elements. For thas re

son, we will omit these pseudopotentials from our molecular

the HF reference state to yield one contracted s- and one Benchmark calculations which focus on the 1st- and 2nd-row
function. All VnZ (n=D,T,Q,5) basis sets for one elememelements

St?arfi;?\ZIS(?emmea%%r;tE?i;idtfa_\;;dsg;fugsg?z:titc?nreliu;tetu;rsgom It is important to note that the pseudopotentials by Trail
P 9 ) and Needs present a similar problem for the 3rd- and 4th-row

uncontracted primitives are added according to the sedall elements where they lack a d-projector. Therefore, an analo

“correlation consistent” scheme as proposed by Dungin . . .
al.®* Since the VDZ basis consists ofpa (gs 2p 1d))/ set of fu?m_gous analysis for germanium gives an MAD of 0.021 eV for

. . . the Trail-Needs pseudopotential compared to an MAD of only
go(zss’ deS\c/iEZfl\g)gzaggi\gszE?;ig g?rznggrss sae(tgcff?Snzc?i(:)Lr?s’O'OOS eV for our pseudopotential. The error increases #r th
respectively K 4th row W_here, for tin, we obtain an MAD of 0.044 eV when

' using Trail-Needs pseudopotential compared to an MAD of

only 0.008 eV for our pseudopotential.
Finally, since the Trail-Needs pseudopotentials were gen-
Il. TEST CALCULATIONS erated using the Dirac-Coulomb and not the Wood-Boring
Hamiltonian, we also compute the all-electron reference en
The use of a pseudopotential yields significant computaergies for carbon at the multi-configuration J-averaged®ir

tional benefits but represents an approximation which introHartree-Fock level. The MAD of the Dirac-Hartree-Fock en-
duces a systematic error and must therefore be tested. HBygies from the all-electron Wood-Boring values is 0.002 eV
establish both the accuracy and transferability of our pseuwith a maximum deviation of 0.003 eV. Therefore, the larger
dopotentials, we compute atomic excitation spectra withirerrors obtained in the atomic energies of Table | when using

Hartree-Fock and molecular properties employing welllesta the Trail-Needs pseudopotentials are not due to the péaticu
lished correlated approaches like second order Mgllessete choice of the reference all-electron relativistic Hanmiiem.



Carbon TN OAL  This B. Correlated molecular properties

configuration work

28’ 2p° 0.0000 0.0000 0.0000 We test the transferability of our pseudopotentials to cor-
2s' 2p’ 0.0696 0.0393 0.0018 related calculations by performing MP2 calculations of the
2¢ 2p* 0.0127 0.0184 0.0039 equilibrium bond lengths and vibrational frequencies, and
2¢' 2p? 0.0451 0.0266 -0.0005 CCSD(T) calculations of the binding energies for the 26
2€ 2p' 3d"  0.0127 0.0183 0.0040 1st- and 2nd-row diatomic molecules of the G2-test Stite

22 34! 0.0487 0.0438 0.0012 The results are then compared to the corresponding valence-

only-correlated all-electron values computed using tladese
relativistic Douglas-Kroll-Hes$4! (DKH) Hamiltonian. We
also compute the same molecular properties using the pseu-

2s’ 2p' 3s'  0.0135 0.0180 -0.0106
2s' 2p° 3d'  0.0449 0.0264 -0.0005

2’ 3 0.0486 0.0438 0.0012 dopotentials by Trail and Neetls'2

2’ Ad' 0.0493 0.0445 -0.0001 We use basis sets of V5Z quality for our pseudopotentials
28’ 2p' 4d'  0.0127 0.0184 0.0040 and construct equivalent V5Z basis sets for the Trail-Needs
2¢ 2p° -0.0049 0.0141 -0.0011 pseudopotentials. To ensure a fair comparison, we foll@w th
28 0.0499 0.0451 -0.0012 same procedure outlined in Section I D in constructingehes
MAD 0.032 0.027 0.002 large and flexible basis sets for both pseudopotentialsthieor

all-electron calculations, we employ the V5Z basis setmfro
TABLE I: Errors on the HF excitation energies, ionizatiortentials ~ Refs. 42—46 in a re-contracted form to be used with the DKH-
and electron affinities for the carbon atom computed witfedit ~ Hamiltonian as described in Ref. 47. We restrict both the
pseudopotentials. The errors are given with respect to dheec  pseudopotential and the all-electron basis sets to gifumst
sponding all-electron scalar-relativistic Hartree-Fartergies. TN 5¢ highest angular-momentum quantum number due to limi-
denotes the pseudopotential by Trail and Needs and OAL thgse ; 8
Ovcharenkeet al. The mean absolute deviation (MAD) is also given. ::ZtllngIZtci)(];r:Ze program packagbAUSSlAl\‘l used for these
All energies are in eV. o .
We optimize the bond lengths of the dimers at the V52/MP2
level of theory and determine the analytic harmonic fre-
silicon TN  OAL  This quencies at the same level of th(_ao_ry. The total energies of
the dimers are then computed within V5Z/CCSD(T) on the

configuration work V5Z/MP2 optimized geometries. The atomic ground-state en-
3¢ 3p° 0.0000 0.0000 0.0000 ergies are also calculated within V5Z/CCSD(T) and the bind-
3s' 3p° 0.0347 -0.0228 -0.0019 ing energy obtained as difference of the energy of the dimer
3¢ 3p* 0.0105 0.0122 0.0070 and the energies of the two atoms.

3s' 3p? 0.0298 -0.0239 0.0037 In Table Ill, we compare the calculated pseudopotential
3¢ 3p' 3d"  0.0091 0.0354 0.0074 bond lengths, frequencies, and binding energies agaiest th
32 34! -0.0024 0.4206 0.0012 all-electron results. The MAD from the all-electron freque

cies is 5 cnt! and 10 cnT! for our and Trail-Needs pseu-
dopotentials, respectively. For both pseudopotentidls, t
largest error occurs for the LiF molecule: Trail-Needs pseu

3s' 3p' 3s'  0.0104 0.0097 -0.0055
3s' 3p® 3d'  0.0272 0.0115 0.0030

3’ 3df -0.0032 0.3986 0.0026 dopotentials give an error of 36.33 ciwhereas the error
3¢’ 4d' 0.0051 0.2071 -0.0025 for our pseudopotential is 22.71 crh For the binding ener-
3¢’ 3p' 4d'  0.0097 0.0260 0.0072 gies, the MAD for our pseudopotentials is 0.5 kcal/mol which
3¢ 3p° -0.0107 -0.0116 -0.0059 is less than half the value obtained with the Trail-Needsipse
32 0.0088 0.0114 -0.0027 dopotentials. The largest error for our pseudopotensdlsis
MAD 0012 0092 0004 kcal/mol for SiO while, for Trail-Needs pseudopotentiass,
4.60 kcal/mol for LiF.
TABLE II: As in Table | but for the silicon pseudopotential. IIA Both sets of pseudopotentials yield very accurate bond
energies are in eV. lengths with an MAD from the all-electron values of 0.007

A for the Trail-Needs pseudopotentials and of 0.008or
ours. The largest error for our and Trail-Needs pseudopo-
tentials occurs for LiF, and it is equal to 0.08land 0.036

As al(rjead_y merz]ntlgned in S%C'DI_I B, tne atom||:c eﬁcna}tlo_ns Ob'é, respectively. We note that deviations of the order of 0.01
tained using the J-averaged Dirac-Hartree-Fock solusoes &', ot have a significant impact on other properties such

very similar to the Wood-Boring HF results even for eIementsaS the binding energy: For example, a compression of 0.013
as heavy as gold. ' ’ '

A from the all-electron equilibrium distance causes a cleang
The HF atomic excitation spectra computed with our pseuin the binding energy of theRdimer of only 0.05 kcal/mol
dopotentials can be found for all elements in the suppleatentin a CCSD(T) all-electron calculation. Even in the case of
material®. The largest error we obtain is of 0.043 eV for the LiF where we have the largest error, a compression of 0.036
two-fold ionization potential of astatine. A from equilibrium raises the all-electron CCSD(T) binding



Bond length Frequency Ehinding Carbon Silicon

(A-1072) (em™1) (kcal/mol) TN Thiswork TN This work
Dimer TN Thiswork TN Thiswork TN This work o 0.281 0258 0.118 0.104
LiH 284 -0.77 -30.10 -12.00 2.28 0.02 Teorr 1.16 1.16 1.19 1.17
BeH -0.60 -0.50 1.70 285 -0.32 -0.09 Tcpu 1.00 1.00 1.14 1.00
CH 0.08 -0.11 -106 -561 055 0.21 Kour/KTN 1.19 1.49
NH 0.07 -004 -824 -591 0.62 0.40
OH 0.08 -0.01 754 -490 052 0.27 TABLE 1V: Relative efficiencykour /s~ Of our and Trail-Needs

(TN) pseudopotentialsTcpy is the computer time for a VMC run
HF 007 -001 -596 -431 048 015 of the same length, relative to the time obtained with ouugepo-
HCI -022 -051 975 581 -0.61 -0.50 tentials. o is the root-mean-square fluctuations in a.u. ang the
Liz 155 -131 -6.09 -080 0.86 -0.33 autocorrelation time of the local energy computed in a VM. ru

LiF 351 -359 -36.33 -22.71 4.60 -1.28
CN -0.04 -042 -27.04 -20.22 198 -0.52
co 012 -0.34 -1227 -288 178 -0.94
N2 0.09 -024 -13.14 -6.77 196 -0.24

This new effective potential is explicity many-body butas |
cal and can be easily incorporated in a DMC algorithm. How-
ever, the potential depends now on the trial wave functiod, a

NO -0.01 -019 3455 -805 201 028 the energy computed in DMC is no longer necessarily varia-
(o)} 0.33 -0.01 -1186 032 149 -0.06 tional and depends on the quality of the trial wave function

Fo 035 -0.08 -452 291 066 -0.18 As the trial wave function approaches the fixed-node satutio
Na, -159 -143 -0.10 -051 -0.25 -0.18 obtained without the locality approximation, the DMC energ
Si, -094 -122 477 177 -077 -0.64 converges to the correct fixed-node energy.

P, 097 -129 914 459 -083 -041 To estimate the effect of the locality approximation for a

given pseudopotential, we employ three different wave func
tions with the same determinantal component and, conse-
qguently, the same nodes, but with different Jastrow factors

S -1.04 -1.45 7.38 541 -1.17 -0.92
Cl, -075 -1.44 2.04 248 -045 -0.74

NaCl -2.60 -1.50 412 -214 -133 026 We use no Jastrow factor, a two-body, and a sophisticated
Sio -035 -097 688 -3.07 -205 -175 three-body Jastrow factrwhose parameters are optimized
CS -032 -086 236 259 -0.22 -117 by energy minimizatio??. For the determinantal component,
SO -0.75 -1.07 8.93 6.14 -1.14 -156 we use a single HF determinant computed with an uncon-
clO -047 -145 503 7.40 -0.12 -1.09 tracted even-tempered single-particle basis of 9 s- and 9 p-
CIF -027 -087 -031 030 029 -048 functions whose exponents were separately optimized fibr bo

pseudopotentials as described in Section 11 D.

In Fig. 2, we plot the fixed-node DMC energyyf) of the
TABLE III: Errors on the V5Z/MP2 bond lengths, the V5z/MP2vi  carbon and silicon atoms for the three wave functions and for
brational frequencies, and V5Z/CCSD(T) binding energims26 ~ our and Trail-Needs pseudopotentials. As the wave function
dimers using our pseudopotentials and those by Trail andidNee becomes more accurate, the difference between the vaudtio
(TN). The errors are given with respect to the correspondiliy ~ Monte Carlo (VMC) and the fixed-node energy goes to zero,
electron values computed at the same level of theory usm®KH  and the fixed-node energy approaches the value one would
Hamiltonian to account for relativistic effects. obtain without the locality approximation (it can be estiath

by extrapolation as &"). If the pseudopotential were local,
the fixed-node DMC energy would not depend on the Jastrow
energy by only 0.17 kcal/mol. factor, so the slope of the curves in Fig. 2 gives a qualiéativ
idea of the size of the localization error for the differes¢p-
dopotentials. We find that the two sets of pseudopotentials
C. Pseudopotential performancein QMC perform comparably: For carbon, the Trail-Needs pseudopo-
tential gives a slightly smaller localization error tham paeu-

We address two issues specific to QMC, that is the localizadoPOtential while the behavior of the two pseudopotentials

tion error in DMC and the efficiency in VMC. For all QMC 'def?“ca' for the s_|I|con atom. - .
calculations, we use tHeHAMRrogram packad®é. Finally, we estimate thg relative efﬂmency of our and Frail

In the DMC method, one obtains the best energy WithinNeeds ps_eudopoten'uals in a VMC calculation of theltotal en-
the fixed-node approximation, i.e. the lowest-energy stitte ergy obtamed_ as an average the local endrgy= U~ "W
the same zeros (nodes) as a given trial wave function. In th Ver .the conf|gurat|o_ns sampl_eq from the square of the wave
presence of non-local pseudopotentials, the standard DMC a unction . .To quaqtlfy the efficiency, we compute the ratio
proach cannot be applied and the so-called “locality approx/“our/#Tx With  defined as
imation” is usually employed, which approximates the non- K = 1/(02 Teorr Tepu) » 9)
local potential with a new effective core potential by local
izing the non-local potential on the trial wave funciéf™>2  where Tcpy is the computational timeg the root-mean-

MAD 0.7 0.8 10 5 11 0.5
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2.33A and 2.38A, respectively, while the corresponding radii

0.014 ‘ ~ ¢ _ o o
B Our carbon L for Trail-Needs pseudopotential are 24Znd 3.13A. From
0.012  [J TNcarbon A the ratioss.,, /<N, we conclude that, for the carbon and sil-
® Our silicon s ) icon atoms, our pseudopotentials are respectively abdt 19
0.010 [ © TN silicon P and 49% more efficient than Trail-Needs pseudopotentials.
,:-i\ 7 D
& 0.008 - P il
£z e
U 0.006 . |
. il
u" 0.004 f e 1
y IV. CONCLUSIONS
0.002 F 2 .
0.000 : ‘ ‘ ‘ ‘ i i . L
0 0.02 0.04 0.06 0.08 o1 We present non-singular energy-consistent scalar-velati

stic Hartree-Fock pseudopotentials for the main-group el-
ements, and demonstrate their accuracy and transferabil-

FIG. 2: Fixed-node DMC energies £f) for the carbon and silicon ity by performing extenswe _ber_1chmark|ng. We compute
pseudo-atoms computed for our and Trail-Needs (TN) pseteop the Hartree-Fock atomic excitation spectra of all elements

tials. For both atoms and pseudopotentials, we use as tembw ODtaining excellent agreement with the corresponding all-
function a Hartree-Fock determinant with no Jastrow, a bedy  €lectron results. To test the transferability to correlatal-

and a three-body Jastrow factor. A more accurate wave fimctr-  culations, we use a test-suite of 26 first- and second-row di-
responds to a smaller difference between the VMC and the DMGatomic molecules, and find that our pseudopotentials repro-
fixed-node energies.& denotes the fixed-node energy which is ob- duce the valence-only-correlated all-electron CCSD(Tipbi
tained by extrapolation for each system. ing energies and MP2 vibrational frequencies with a mean av-
erage deviation of 0.5 kcal/mol and 5 ch respectively. Fi-
nally, we provide a variety of basis sets (VnZ with n=D,T,Q,5
square fluctuations of the local energy, aggl. the autocor-  for 1st and 2nd row, and n=D,T for 3rd to 5th row) optimized
relation time of the local energy calculated as explained irfor our pseudopotentials. The basis sets and the pseudspote
Ref. 56. A larger value of corresponds to a smaller product tials are given in a standard Gaussian representation and, t
o2 Teorr Tcpu @nd, therefore, a higher efficiency. The statisti- our knowledge, can be used in every standard quantum chem-
cal error on the energy decays@g/ 7corr /M with the num-  istry program package which supports pseudopotentials.
ber M of Monte Carlo samples, so a smalletr..,, requires . .
a shorter VMC run to obtain the same statistical error on thi\ Non-singular pseudopotentials for QMC have been pub-
p

Evmc - Epn (@:U)

energy. Then, for a fixed length of the run, one also desires shed before by two other groups but they are inferior to the

small value oflcpy, which will depend on how often the non- _seudopotentials generated in this work. The pseu_d_op_oten-
’ fials by Ovcharenket al.%!° do not account for relativistic

local component of the pseudopotential must be computed o ot | I part of th iodic table. are
equivalently, on how compact in space the non-local compo‘-a ects, coveronly a small part of the periodic tablé, are no
delivered with basis sets, and do not provide a p-projector f

nentsy Eqg. 2) are. . .
In Ta:lgg I(V qWe)collect the results for the carbon and siliconthe second-row elements. The pseudopotentials by Trail and
' Need4112do account for relativistic effects and are available

atoms obtained Wi.th our and Trail-Needs pseudoppteqtial%r a large number of elements. However, they also lack the
The pseudopotentials for the two atoms are shown in Fig. 1 ; X

As trial wave function, we use a single determinant mukigli corresponding basis sets, and their transition-metal ast p
by a sophisticated three-body Jastrow factor and optiniize atransmon-metal pseudopotentials do not include a deutoy

arameters in the orbitals and in the Jastrow factors byggner but treat the d-potential as local. In addition, we show that
parameter . . D)Jg seudopotentials give a higher accuracy both when comput-
minimization. We use the same single-particle basis for th

orbitals as in the calculations for the localization erii.al- ng the Hartree-Fock excitation spectra and in the cordat

low a fair comparison of,.., we put all pseudopotentials on calculqtions of the dimer binding er_1ergies_ and vibratidreal
a grid instead of using thgi);r(';aussian form since the expansi quencies, Wherg the average erroris two times sm_aIIer th.mn t
in Gaussian functions of the Trail-Needs pseudopotensals one obtained W'th. the Trail-Needs pseudppote_ntlals. Binal
much longer than that of our pseudopotentials. For all pse \ve test the behay_lor of our pseudopotentials within QMC for
dopotentials, we do not compute the non-local' component i he carbon and S|I|con atoms, where we recover _a_comparable
all non-locaII'/l (r) are smaller than 10 ize of the DMC Ioc_ahzat|on error buta h|gher efficiencyrtha

' when using the Trail-Needs pseudopotentials. The pseudopo

We find that the autocorrelation time,,, is roughly the on4ia| and basis-set data is available from the supplemhent
same for both pseudopotentials while our pseudopotentials, 5ierial® and from the authors institute homepagés
yield smaller fluctuations of the local energy. For siliconr

pseudopotential is more compact giving a saving in compu- Future directions of this work include the generation of
tational time: The non-local componerits(r) andV,,(r) of  transition-metal pseudopotentials and the corresporzists
our pseudopotential are smaller tharri®eyond a radius of ~ sets.
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