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Modern Iterative Minimization
Techniques for Quantum Chemistry

In recent years, advances in computer
technology and theoretical modelling
of quantum many-body systems have
made it possible for theory to begin
addressing real materials problems
and issues using only the atomic num-
bers of the constituent atoms as
experimental input. Theoretical inves-
tigations of this type are commonly
described as being “ab initio.” They
can be extremely useful in providing a
fundamental understanding of the
physical and chemical phenomena un-
derlying materials behavior, can
help guide experimental research, and
can even probe into regimes that are
inaccessible to experiment.

Ab initio investigations typically
begin with a calculation of the total
energy of a material system. This Is
because nearly all physical properties
of materials are related to total ener-
gies or to differences between total
energies. Since a material system is
essentially an interacting many-body
system of electrons and nuclei, such a
calculation involves minimization of
the total energy with respect to its
electronic and nuclear coordinates.
Because of the large difference in mass
between the electrons and nuclei, and
the fact that the forces on the particles
are the same, the electrons respond
essentially instantaneously to the mo-
tion of the nuclei. Thus the nuclei can
be treated adiabatically leading to a
separation of electronic and nuclear
coordinates in the many-body
wavefunction. This “Adiabatic Prin-
ciple” then reduces the many-body
problem to the solution of the dynam-
ics of the electrons in some frozen-in
configuration of the nuclel.

Even with this simplification, the
many-body problem remains formi-
dable. Further simplifications, how-
ever, can be introduced that allow total

energy calculations to be performed
accurately and efficiently. One efficient
method that has proved to be very
useful in the study of solids involves
the following approximations: density
functional theory'? to model the
electron-electron interactions, pseudo-
potential theory*® to model the electron-
ion interactions, and supercells® to
model systems with non-periodic
geometries.

Very briefly, the essential concepts
are the following:

() Density functional theory!? allows
one, in principle, to map exactly the
problem of a strongly interacting elec-
tron gas (in the presence of nuclei)
onto that of a single particle moving in
an effective non-local potential.
Although this potential is not known
precisely, local approximations to it
seem to work remarkably well. Pres-
ently, we have no a priori arguments
to explain why these approximations
work. Density functional theory was
revitalized in recent years only be-
cause theorists were able to perform
total energy calculations using these
potentials and show that they could
reproduce a variety of ground state
properties within a few percent of
experiment. Thus the acceptance of
local approximations to density func-
tional theory has only emerged, a pos-
teriori, after many successful investi-
gations of many types of materials and
systems. Generally, total energy differ-
ences between related structures can
be believed to within a few percent
and structural parameters to within a
tenth of an A.

(ii) Pseudopotential theory*® allows
one to replace the strong electron-
nuclei potential with a much weaker
potential—a pseudopotential—that
Continued on page 29
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SunSoft Introduces ToolTalk

SunSoft, a subsidiary of Sun Microsys-
tems, Inc. has unvelled its first prod-
uct, ToolTalk, a new software package
that allows easy communication be-
tween UNIX applications and the first
component of a comprehensive soft-
ware environment to be announced by
Sun later this year. The product as-
sures application interoperability with
other vendors’ software. By the end of
the year, ToolTalk is scheduled to be
available for SPARC computers and
other platforms which include, DEC,
Hewlett-Packard, IBM, Integraph, and
Sun. ToolTalk is to be shipped in the
fourth quarter, with prices to be avail-
able at that time. Developer copies are
available now. Product inquirles
should be directed to SunSoft corpo-
rate headquarters (415-336-0678). =

Alliant Announces Pax
Compiler Availability from Intel

In conjunction with a recent announce-
ment from Intel Corp., Alllant Comput-
er Systems Corp. notes that its parallel
FORTRAN and C compilers are avalil-
able this quarter from Intel for use
with the i860 RISC microprocessor
family. Significant performance en-
hancements Include on-chip support
for the Alliant-developed Concurrency
Control Architecture (CCA), atechnology
that provides sychronization and con-
trol functions for multiprocessing
computer systems, a feature not found
on other RISC microprocessors. This
technology was licensed to Intel when
the two companies formed a strategic
alliance in 1989. The Alliant compllers
and the CCA are key components of
the PAX (Parallel Architecture eXtend-
ed) specification, a unified hardware
and software standard for technical
computing co-developed by the Com-
panies. For more information, contact
Alliant Computer Systems Corp.,
One Monarch Dr., Littleton, MA 01460
(508-486-4950). £
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describes all the salient features of a
valence electron moving through the
solid. This Is shown schematically in
Figure 1. Thus the original solid is now
replaced by pseudo-valence-electrons
and pseudo-ion cores. These pseudo-
electrons experience exactly the same
potential outside the core region as
the original electrons but have a much
weaker potentlal inside the core re-
gion. The fact that the potential Is
weaker Is crucial, however, because it
makes the solution of the Schrédinger
equation much simpler. This simplici-
ty, in turn, makes the study of com-
plex, low symmetry configurations of
atoms much more tractable. Use of
plane waves as basis functions, for ex-
ample, Is a very efficient way to accu-
rately and systematically investigate
systems with very low symmetry.

(i) The super cell approximation®
allows one to deal with aperiodic con-
figurations of atoms within the frame-
work of Bloch’s theorem. One simply
constructs a large unit cell containing
the configuration in question and

repeats it perlodically. This Is shown
schematically In Figure 2 (Page 30) for
the case of a simple molecule. By
studying the properties of the system
for larger and larger unit cells, one can
gauge the Importance of the induced
periodicity and systematically filter
it out.

Using all these ideas a typical cal-
culation would then proceed as
follows: (1) freeze the lon cores at a
certain configuration; (2) choose an
appropriate plane wave basls; (3)
choose a starting potential; (4) diago-
nalize the Hamiltonian to generate a
new potential; (5) repeat step (4) until
the potential Is self-consistent; (6) in-
clude lon-ion Interactions and calcu-
late the total energy and forces on
the lons; (7) move lons along forces
for a short distance; (8) repeat steps
(2) through (7) until the equilibrium
configuration is reached.

The limiting aspects of this ap-
proach are the amount of memory
avallable to set up a large matrix and
the time spent in diagonalizing it.

A few years ago, Car and Parrinello’
described a new method for perform-
Ccontinued on page 30
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ing ab initio total energy calculations
that provided a different way of per-
forming steps (3) to (6) described
above. The scheme created a great
deal of excitement because it prom-
ised to achieve global minimization of
the total energy with respect to both
electronic and ionic coordinates, thus
implying that structural determination
in solids could now proceed essentially
by simulated annealing.

The basic idea is to minimize the
total energy functional using a molec-
ular dynamics approach. In the usual
molecular dynamics approach one is
given a system of particles with coor-
dinates c{ﬁ} and some total-interac-
tion potential V({X]). One then begins
with the system at some high tempera-
ture and gradually cools down to what
is hopefully the configuration {X,}, that
minimizes V. This is shown in Figure 3
(page 31). In the Car and Parrinello
scheme, the total energy functional

F = F({oy}) where a, represents the
coefficients of the plane wave basls
and the set of lonic coordinates. Thus
one now thinks of each o, as a coordi-
nate of some “particle”. To minimize F
one adds a kinetic energy to these
“particles” and gradually cools the sys-
tem down to {oy},. Thus, in principle,
one is reduced to solving a simple clas-
sical EOM problem. It should be em-
phasized, however, that Fis physically
meaningful qguantum mechanically only
when the o,'s, corresponding to the
plane-wave coefficients, have zero
kinetic energy.

The molecular dynamics method
developed by Car and Parrinello” has
transformed the philosophy of local
density approximation pseudopoten-
tial plane wave (LDAP-PW) calcula-
tions. The method can be used to
perform calculations for systems con-
taining on the order of 100 atoms in
supercells with sides no longer than
about 20 A. However, severe difficul-
tles are encountered when attempting
to use the molecular dynamics meth-

1

Figure 2
Schematic
illustration of a
supercell fora
molecule. The
supercell is the
mess=======d area enclosed
by the dashed
lines.

A

od to perform calculations on much
larger systems. The problem lies with
the discrete nature of the minimiza-
tion procedure. Recently, conjugate
gradients methods have been devel-
oped?®!? that overcome the difficulties
encountered with the molecular dynam-
ics technique by using a continuous
minimization procedure. Conjugate
gradients methods have again trans-
formed the philosophy of LDAP-PW.
Using these methods calculations can
be performed for systems containing
many hundreds of atoms and length
scales greater than 20A.

The molecular dynamics and con-
jugate gradients methods allow LDAP-
PW calculations to be performed for
much larger systems than is possible
using conventional matrix diagonaliza-
tion methods. They also allow, for the
first time, tractable ab initio quantum
mechanical simulations to be per-
formed for systems at finite tempera-
ture. While these abilities offer the
obvious advantage of permitting more
complex systems to be studied, there
is yet another benefit to be gained by
using these new computational meth-
ods. At one time it was believed that
noble and transition metal atoms and
first row elements such as oxygen are
intractable with pseudopotentials In a
plane wave representation. Recent
work?s has shown that pseudopoten-
tial calculations can be performed for
systems containing these atoms for a
large but manageable number of plane
waves in the basis set. Molecular
dynamics and conjugate gradients
methods allow very large plane wave
basis sets to be used In pseudopoten-
tial calculations. These methods there-
fore permit LDAP-PW calculations to
be performed for a considerably larg-
er variety of systems than previously
possible,

LDAP-PW’s characteristics of sim-
plicity, generality, and efficiency natu-
rally lead to the consideration of its
use to study large heterogeneous non-
periodic systems such as biological

Continued on page 31
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molecules that may consist of extend-
ed organlic fragments, metal lons, and
solvent water molecules. As a first step
in this direction, this article presents
the results of tests of the ability of this
ab initio quantum mechanical method
to reproduce structural properties of
molecules with a varlety of sizes and
combinations of functional groups
consisting of first-row elements.!!
These include the simple molecules
Hj, H,0, CH, and NH; that are constitu-
ents of the “biotic-soup” of the primor-
dial atmospherei!? neutral glycine
which Is the simplest amino acid, and
formamide which models the peptide-
bond between amino acids in a pro-
tein. Formamide and glycine are
illustrated In Figures 4 and 5 (page 32)
respectively.

The supercell approximation al-
lows one to use plane waves as basis
functions very easily, but care must be
taken to minimize potential artifacts
due to interactions between molecules
in adjacent unit cells. Because one Is
attempting to calculate properties of
molecules in the gas phase, two restric-
tions are imposed on the supercell
environment: (1) the supercell size is
chosen so that there Is no van der
Waals overlap between molecules in
adjacent cells, and (2) rotations and
translations of a molecule within the
supercell are eliminated by constrain-
ing three atoms to remain in a plane,
two of these to remain in a line, and
one of these atoms to be fixed in space.
This constraint Is necessary because,
without it, electrostatic interactions
between cells would cause polar mole-
cules to orient in a way that would
align their dipoles. Such large rota-
tions cause a practical problem of inef-
ficient optimization of ionlc positions,
but have little effect on resultant inter-
nal geometries. The internal coordi-
nates of molecules given different
orientations In the supercell are found

V (x)

Figure 3.
Schematic
illustration of
annealing proce-
dure in molecular
dynamics. The sys-
tem is started at a
high temperature
with total energy E,.
The trajectory at
this energy allows
the system to
sample a large
amount of phase
space. As the
system is gradually

cooled to E3 E3

X elc., the system
settles downto s
o

to differ by less than 1%. Calculated
geometries are also found to be Insen-
sitive to supercell size as long as the
unit cell is large enough to include the
molecule together with the van der
Waals radil of their atoms.

The calculations were performed
at 544.232 electron volt (eV) energy
cutoff (except for the H, at 816.35 eV
cutoff) and supercell sizes of 5.5A x
5.5A x 5.5A (5,000 plane waves), 7A x
7A x 7A (10,000 plane waves), or 11A x
7A x 5A (11, 000 plane waves) depend-
ing on the molecule considered. Mo-
lecular geometries were considered to
be converged when cartesian forces
were less than 0.01 eWA: optimiza-
tions beyond this level changed struc-
tures by less than 1%. Initial starting
configurations for H,0, CH,, and NH,,
were such that the hydrogen atoms
were placed at right angles to one an-
other and a distance of about 1.0 A
from thelr assoclated heavy atom. The
initial coordinates for all other mole-
cules were taken from AM1 semi-em-
pirical calculations using the MOPAC"®
program.

Table 1 (page 32) lists the results
of the calculations and compares them

configuration.

with both experimental values and MP2/
6-31G* Hartree-Fock calculations.
Overall agreement of LDAP-PW
with experiment : MP2 calculations is
excellent; 0.019 : 0.01 A and 0.6 : 0.4
degrees for bond lengths and angles
respectively. For these molecules the
MP2 results differ from experiment by
0.011 A and 0.3 degrees for bonds and
angles respectively. These results are
very encouraging. Future work will test
the utility of the LDAP-PW approachto
determine relative energy changes for
arbitrary chemical transformation as

- well as make algorithmic and method-

ological improvements to the efficien-
cy and accuracy of the method for the
study of periodic and non-periodic
chemical and biochemical systems.

By J.D. Joannopouloes, Ph.D., Dept.
of Physics, Massachusetts Institute
of Technol. Building 12, Room
116, Cambri MA 02139; Paul
Bash, Ph.D., Dept. of Chemistry,
Florida State University, Talla-
hassee, FL 32306; and Andrew M.
Rappe, Ph.D., Dept. of Physics,
Massachusetts Institute of Tech-
nology, Building 12, Room 110,
Cambridge, MA 02139.

Continued on page 32
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Table I. Geometry Optimizations
Molecule Parameter Exp MP2 Al LDAP-PW A%, Ag
H, r(HH) 0.742 0.738 0.004 0776 0.034 0.038
H,0 r{OH) 0.958 0.969 0011 0976 0.018 0.007
<(HOH) 1045 104.0 05 104.0 05 0.0
CH, r(CH) 102 1080 0002 1102 001 0012
NH, r{NH) 1.012 1.017 0005 1028 0.016 0.01
<(HNH) 1067 106.3 04 105.7 1.0 06
Formamide r(C=0) 1193 1.224 0.031 1217 0.024 0.007
HCONH, r(CN) 1376 1361 0015 1385 0.01 0.004
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All experiment and MP2 values are taken from reference 14 except those of glycine which were optimized using
GAUSSIAN 90 at MP2/6-31G*. A", and A%, are the deviations of the MP2 and LDAP-PW calculations from experi-
ment, and Ag is the deviation of LDAP-PW from the MP2 values.

Figure 4. Ball and stick model of formamide: HCONH;. The shaded Figure 5. Ball and stick model of glycine: NH,CH,CO'0?H. The shaded
sticks highlight the conjugated n-bonding system. stick represents a double bond.
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