View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Repositorio da Producao Cientifica e Intelectual da Unicamp

AI P ‘ The Journal of

Chemical Physics
Comments on the guantum Monte Carlo method and the density matrix theory
José Roberto dos Santos Politi and Rogério Custodio

Citation: The Journal of Chemical Physics 118, 4781 (2003); doi: 10.1063/1.1558393
View online: http://dx.doi.org/10.1063/1.1558393

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/118/11?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Zero-variance zero-bias quantum Monte Carlo estimators for the electron density at a nucleus
J. Chem. Phys. 135, 134112 (2011); 10.1063/1.3644964

Efficient and robust quantum Monte Carlo estimate of the total and spin electron densities at nuclei
J. Chem. Phys. 129, 124101 (2008); 10.1063/1.2982930

Transcorrelated method for electronic systems coupled with variational Monte Carlo calculation
J. Chem. Phys. 119, 10015 (2003); 10.1063/1.1617274

Robust wave function optimization procedures in quantum Monte Carlo methods
J. Chem. Phys. 116, 5345 (2002); 10.1063/1.1455618

On the time-dependent Lagrangian approach in quantum chemistry
J. Chem. Phys. 108, 5194 (1998); 10.1063/1.475956

AI P Ajﬂuopugl?:cll cszhyﬁic.%

ﬁgf Journal of Applied Physics is pleased to
' announce André Anders as its new Editor-in-Chief



https://core.ac.uk/display/296668995?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1691523420/x01/AIP/JAP_HA_JAPCovAd_1640banner_07_01_2014/AIP-2161_JAP_Editor_1640x440r2.jpg/4f6b43656e314e392f6534414369774f?x
http://scitation.aip.org/search?value1=Jos�+Roberto+dos+Santos+Politi&option1=author
http://scitation.aip.org/search?value1=Rog�rio+Custodio&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.1558393
http://scitation.aip.org/content/aip/journal/jcp/118/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/135/13/10.1063/1.3644964?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/129/12/10.1063/1.2982930?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/119/19/10.1063/1.1617274?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/116/13/10.1063/1.1455618?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/108/13/10.1063/1.475956?ver=pdfcov

JOURNAL OF CHEMICAL PHYSICS VOLUME 118, NUMBER 11 15 MARCH 2003

Comments on the quantum Monte Carlo method and the density
matrix theory

José Roberto dos Santos Politi® and Rogério Custodio”
Departmento de Bico-Qumica, Instituto de Qumica, Universidade Estadual de Campinas, CP 6154,
13083-970 CampinasSan Paulo, Brazil

(Received 13 May 2002; accepted 15 January 2003

Density matrix theory is implemented in a variational quantum Monte Carlo computation of
electronic properties of atoms and molecules. Differences between electronic densities from
conventional and density matrix methods are detected. However, calculated properties present
similar behavior and partial antisymmetry can be ignored in the cases studielO0®American
Institute of Physics.[DOI: 10.1063/1.1558393

In the last few years, quantum Monte Carlo methods In order to perform the integration of the electronic
(QMC) have been widely applied in atomic and molecularproperties, trial wave functions are considered as the product
studies of many different systems such as electron' ¢jgs,  of two determinants built from spin—orbital functiogs and
uid He? molecular and metallic hydrogén,carbon a correlation factor¥ ., as
clusters*® and several molecules including LiH,,8, Hs,
and other$® ®1(ry)  @a(ra) - @a(ry)

_ The simplest form 01_‘ quantum _Monte Ca_rlo is the varia- ea(r1)  @alry) o ealr))

tional methodVMC), which determines atomic and molecu- v, =N : : ] :
lar properties from approximate solutions of the electronic : : ' :
Schralinger equation through the expectation value of the @j(ry)  @j(ra) == @i(r))
corresponding operator. If a HamiltoniaRl operates on a

trial wave function(y), the variational principle states that eivafid) @j4alliez) o @jealln)
the expected value to the enerdyf,) is an upper bound to o Pi+2(lj+1)  @j+2lje2) o @jea(rn)
the exact ground state energi, : : . : corr-
f\I’*H‘I’dR ‘Pn(rj+1) ‘Pn(rj+2) @n(rn)
Eo= f’\If*\I]dR :E(iﬂ)' 1) 5

The electronic space and spin coordinatesr(,,...,r;) and
the one-electron functionse( , ¢5,...,¢;) refer toj electrons
of a spin. The space and spin coordinates ,rj:2,---,/n)
and the one-electron functiong(,1,¢;+2,...,¢n) refer to
n-j electrons of opposite spitN is normalization constant.

To perform Monte Carlo integration, E¢L) is written in an
appropriate form,

Ty Ayl dR  [y* yEdR

Ew= [y*ydR  [¢*ydR @ This procedure is often used for the QMC methods because
it allows for the calculation of the local properties by elimi-
where the local energy is defined as nating the spin functions. Howeveg; g trial wave functions
represented by Eq5) ignore pure spin states and cannot
Ay fulfill the general antisymmetric requirement for multielec-
EL=7- (3)  tronic systems. Despite its fundamental deficiencies, the use

of Eq. (5) provides correct electronic properties for most of
the systems in the literatufe not only for VMQ but also for
the diffusion quantum Monte Carld®QMC) method. The
success of this formalism relies in the case of DQMC largely
on the argument that the correct nodal properties of the wave
function are preserveti.® On the other hand, space and spin
N variables can be properly treated restricting fundamental
2 EL(Ri))- (4) antisymmetry constraints and electronic indistinguishability
=1 by means of the density matrix thedf*2 In this model a
well-behaved density matrix must satisfy the antisymmetry
dpermanent address: Instituto de @ioa, Universidade de Brds, Cam- ConStrqint for fe_rmions and its integra_ltion ov_er all the spatial
pus Darcy Ribeiro-Asa Norte, CP 04478, 79910-900 BiasDF, Brazil. ~ and spin coordinates must be associated with the number of
D Author to whom correspondence should be addressed. particles of the system. A convenient way to establish a link

The total energy(E) can be obtained by Metropolis algo-
rithm sampling points of the configuration spad®} from
the probability distributiorjy|? providing the well-know av-
eraged energy

Zl
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between the density matrix concept and a well-behaved and  -765
arbitraryn electron wave function is through timeorder den-
sity matrix I S ————— spin separation
| density matrix
TO(rirgrs . rl|rarors...rp) 7887
=W (rirorg .. .r)W(rrors...r). (6) |
Any quantum mechanical operator applied Bf? acts 7677
only on the unprimed coordinatasr,rs...r,, but not on 5 il
rirsrs...rn. Subsequently, the dashed coordinates are re- @©
placed setting;=r,, r,=r,, and so on. In this way, any LCu -7.68
local atomic or molecular property averaged over the spin
coordinates can be defined as
o JJ..JOrMWdé dé,...d¢, @ 7897
L TdEdE, .. dE, ]
where¢ are the spin coordinates. Equatigf defines a local 7704
property depending only on the spatial coordinates and it is
formally exact, generally, preserves the correct spin state of 1
the system, and does not violate indistinguishability of fer- ,
771

mions or antisymmetry of a trial wave function. These fea- T T 5000 | 10000 15000 20000 | 25000 | 30000
tures suggest that Eq7) is a formally superior representa-

tion to the local properties than E() using wave functions N
defined by Eq(5). The purpose of this Communication is t0 FIG. 1. Typical convergence of the accumulative average energy fof LiH
show that Eq.(7) can be suitably implemented in a VMC using Hartree-Fock molecular orbitals.

computation of electronic properties of atoms and molecules.

The results reported here are restricted to the behavior of the

e.Iectro.nlc energy of simple systems in order t,o evaluate pos1\7Ietropo|is algorithm is straightforward. The same is correct
sible differences between the present alternative and the COPsgarding the use of the Fokker—Planck method to improve
ventional mathematical treatment. It can be anticipated thaﬁ1e importance sampling during the Monte Carlo simulation.
our results show that both methods present similar behavior When Hartree—Fock wave functions are used. a conve-

and possibly partial antisymmetry can be ignored in most O‘1ient and efficient algorithm to compute theorder density

the properties studied. However, it must be said that diﬁer'matrix[Eq (8)] and the energy componer&q. (9)] can be

ences between both electronic densities were detected byf. ..~ from the Fock—Dirac first-order density matAxts
have not provided significant discrepancies between the tra- '

ditional method and the more rigorous alternative introduced "

in this work. More complex systems and the use of the den- P(fl,fz)zgl o7 (r)e;(ra), (10)
sity matrix theory along with diffusion Monte Carlo methods
will be treated in forthcoming works. using the expression
_M_ost of the conventlo_nal properties |r_1vest|gated with p(rir)) p(rlra) - p(rl.rm)
variational Monte Carlo using density matrix from Hartree- ) ) )
Fock wave functiongd-VMC) are restricted to operators not Q. =N p(ra,re) p(ra,ra) == p(ra,ry)
depending of the spin coordinates. In this case, (Bfcan B : : : : corr:
be simplified and the integration over the spin coordinates is , , ,
carried out on thex-order density matrix providing p(rnsf)  p(raarz) = p(ro.ro) 11
QM= (x1X5 .. X} X1 Xz Xp) Tests for a set of atoms and simple diatomic molecules
using either separation of spins or density matrix formalism
=J J f L(rirh . rlfrr,.. r)dédé,. . .dé, showed, as expected, equivalent accuracy for both methods

as well as numerical convergence. Figure 1 shows an ex-
(8 ample of the behavior of the accumulative average energy
for a simulation of LiH" using Hartree-Fock molecular or-
bitals obtained from conventionab initio calculation with
éQ(n)(Xixé X |XqXg . X single-zeta Slater type functiofisind bond length of 3.0495
L= oM vy, o . (9)  a.u. The molecular orbitals obtained from STO-10G basis set
QM(X1X5 .. X X1 X0 ... Xp) .
are given by
. Oth.er methods used along'W|th quantum Mpnte Carlo 10920'99743.]5(5,40.01385.3<Lis>+0.00221_39
simulations can also be associated with the spin averaged
density matrix. For instance, substitutionwf ¥ by Qina and

and the local property as
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204=—0.09685.5(7 —0.02837.2{7 + 1.01689. 5" .

s

The exponents of the Slater functions dfg ;=2.690 63,
gZS,Li: 0.63961 an(ZlS’H: 1.0000.

The acceptance ratio was 0.56 and two distinct set of
steps were used to determine the average enejgyxd 0
and B 1x10°. The Hartree-Fock energy froab initio cal- 7
culation for this wave function is-7.7053 a.u. and the re-
sults obtained by the simulations using Eg8) and Eq.(9)
and 3x10* steps are—7.7036:0.0008 a.u. and-7.7029
+0.0008 a.u., respectively. The same total endrgy.7046
+0.0001 a.u.is obtained using either separation of spins or
dens.lty matrix method and>t10° steps. The resultg are es- FIG. 2. Density matrices for Li in the ground state calculated from Hartree-
sentially the same although better performance with respe@yck atomic orbitals with single-zeta basis functions and wave functions
to theab initio result can be obtained incorporating impor- with separation of spins and conventional Slater determinant.
tance sampling methods in the simulation. Variational Monte
Carlo simulations, including d-VMC, present the best con-sity matrix. Tests show that the convergence of d-VMC is
vergence rate with an acceptance ratio between 40% armlways reached independent of the acceptance ratio and ini-
60%. tial configuration. The best accepted ratio is near to 50%, as

However, some intriguing differences in the electronicit is common to most Monte Carlo simulations.
densities can be observed when simple Hartree-Fock atomic The reproducibility of the Hartree-Fock energies and
or molecular orbitals are used by both methods. The elecsome frequently calculated properties as dipole moment and
tronic density of the lithium atom is taken as example. Thehigher moments suggest that the nodal properties are pre-
nucleus is fixed at the center of the coordinate system and adlerved by both methods and consequently the computation-
electrons are confined in the plarg Two electrons are held ally most efficient methodlEq. (3)] should be used.
fixed with arbitrary coordinates xE&1.269 867 a.u.y Differences between electronic densities calculated with
=0.834961 a.u.) for electron 1 and=€ —1.669867 a.u.y  the conventional method and the more rigorous alternative
=0.834 961 a.u.) for electron 2. The third electron is allowedsuggest that specific properties in highly correlated systems
to move along they plane. Two density matrices are deter- can present disagreement when calculated by both methods.
mined from the Hartree-Fock single-zeta wave function ofStudies in this sense and exploring diffusion quantum Monte
Clementi and Roetfi® each of them with different multielec- Carlo are in progress.
tronic wave functions: one using determinants with separa- i )
tion of spins and the other the complete Slater determinant, 1 ne authors acknowledge financial support _from
Both density matrices are integrated over the spin coordif APESP(Fundaeo de Amparo &esquisa do Estado decsa
nates. Electrons 1 and 3 are assigned as alpha spin in sefd!!0, CNPq(Conselho Nacional de Desenvolvimento Ci-
ration of spins description and electron 2 is a beta spin. Sy<Entfico e Tecnolgico), and FAEP (Fundo de Apoio a
tematic analysis shows that the cusps are well defined bfy€Sauisa—Unicamp
both surfaces and tend to zer.o when the electron is movqu_ M. Ceperley and B. J. Alder, Phys. Rev. Let§, 566 (1980.
away from the nucleus. The differences between the surfacey A Lee, k. E. Schmidt, M. H. Kalos, and G. V. Chester, Phys. Rev.
profiles arise when electron 3 is near electrofsde Fig. 2 Lett. 46, 728(1981).
The surfaces show opposite tendencies from1.5 to 1. iJD-C'V'-GCepe”ey aCdMB'{ J-A'djkpgys‘f &ilc_’al(:lh—3)v§75(19t8ﬂ%06
Figure 2 shows that the density matrix with spin separation (igg'a_rossman’ - Mitas, and K. Raghavachari, Phys. Rev. T&
provides a surface with a minimum, while the use of the 5;. c. Grossman, L. Mitas, and K. Raghavachari, Phys. Rev. I&t8870
complete Slater determinant provides a maximum at the6(1995).
same coordinates. The electronic correlation in most Hartree-g-og‘]-) Barnett, Z. W. Sun, and W. A. Lester, J. Chem. Pyt 2013
Fock calculation is comparatively small regardlng the total 7 Barnett, P. J. Reynolds, and W. A. Lester, J. Phys. Cl8arr2004
energy of the system and, although differences exist between(19s7.

both treatments, they are apparently not significant for the’P. J. Reynolds, D. M. Ceperley, B. J. Alder, and W. A. Lester, J. Chem.

cases studied. Phys.77, 5593(1982.

h bi . f d . . d 9A. Luchow and J. B. Anderson, Annu. Rev. Phys. Chém.501 (2000.
In summary, the combination of density matrix and wop A . Dirac, Proc. Cambridge Philos. S@6, 376 (1930.

variational Monte Carlo is capable of recovering the anti-'p. A. M. Dirac, Proc. Cambridge Philos. S&%, 240 (1931).
symmetry and preserve indistinguishable characteristic of th&J. E. Lennard-Jones, Proc. Cambridge Philos. 88c469 (1931.
; ; ; 3P 0. Lowdin, Phys. Re®7, 1474(1955.
electrons. The consistence of the combination can be easily. . '
: X P. O. Lowdin, Phys. Re\97, 1490(1955.
demonstrated by reproducing Hartree-Fock calculations ussp o | owdin, Phys. Re\®7, 1509(1955.

ing the conventional Slater determinant to generate the denfe. Clementi and C. Roetti, At. Data Nucl. Data Tables 177 (1974.

2107

)
{

10

()
e B s :& ‘,d 2

ey




