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Abstract

We present a new algorithm for optimising the configuration of a system of particles using damped molecular
dynamics. This new algorithm has a much faster rate of convergence to the ground-state structure than other MD-based
schemes. We also show how it is possible to use this algorithm to select dynamically the optimum time step or to
precondition the masses for the modified dynamics, so as to produce additional significant efficiency gains especially as
convergence is approached. The performance of the new algorithm is illustrated with several model systems and also by
relaxing a defect in bulk silicon. The defect calculation was also relaxed using a standard BFGS algorithm and the
performance was found to be comparable.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is a common requirement to want to optimise the configuration of a system of particles so as to
minimise the total energy of the system. The simplest (and least efficient) approach of all is that of steepest-
descent dynamics. This can be viewed as a quasi-Newtonian dynamics using only first-order time deriva-
tives and gradients of the energy functional. More efficient schemes, such as conjugate gradients and BFGS
methods [1], use knowledge of higher-order derivatives of the energy functional (either explicitly or im-
plicitly). However, it may not always be possible to use these schemes if the cost of calculating higher-order
derivatives is too high.

Other considerations arise in the case of ab initio calculations. For example, in the Car-Parrinello ap-
proach [2], a fictitious dynamics of the electrons is coupled to the dynamics of the ions to generate the
ground state electronic and ionic configuration simultaneously. In this approach it is therefore not possible
to minimise the ionic configuration using a non-dynamic scheme. An alternative ab initio approach is to use
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direct minimisation of the energy functional, such as the conjugate-gradient method [3,4], whereupon it is
possible to use BFGS-type methods to minimise the ionic configuration. However, even within the direct
minimisation approaches to the electronic problem, it is often better if the ionic configuration evolves
smoothly in time (which is generally not the case in BFGS-type methods) as then techniques such as
“wavefunction-extrapolation” [5] can be used to accelerate the electronic convergence at each ionic step.
Therefore even in these schemes there is still a place for an efficient dynamics-based scheme to optimise the
geometry of the ions.

Damped molecular dynamics, using a second-order equation of motion, would seem to be the natural
solution to this problem. This approach would also make it simple to impose geometric constraints and crystal
symmetry as appropriate. It could also be extended to finite temperature, using a simulated annealing tech-
nique [6], to avoid any problems in the geometry converging to a local and not the global minimum.

In [7], an algorithm for damped second-order molecular dynamics for minimising the electronic energy in
the context of Car—Parrinello simulations was presented, which was shown to be comparable in efficiency to
conjugate-gradient methods. However, there is a difficulty in choosing an appropriate damping rate and
time step. The suggestion made in [7] was that the time step should be determined by the highest frequency
component of the fictitious electron dynamics, and that the damping rate should be estimated from the
analysis of a number of steepest descent steps.

In this work we shall present a new approach to the problem which has marked efficiency gains over
those previously proposed, particularly for the optimisation of the ionic configuration but which may also
prove useful for the electronic minimisation problem as well. We also introduce two extensions that have
additional efficiency gains and which can be applied to both the existing and this new scheme, namely the
dynamic selection of the optimal time step or preconditioning of the ionic masses.

2. Method

In order to converge to the correct optimal geometry, we must start with an initial configuration of ions
that is within the basin of attraction of the global minimum. If this is not the case, then this approach can be
generalised by the addition of thermal effects, to produce a scheme similar to simulated annealing. If we are
within the appropriate basin, then to a first approximation we can consider the dynamics to be that of
damped simple harmonic oscillators. The effect of anharmonic terms will be considered later.

2.1. First- vs. second-order dynamics

The equation of motion for first-order dynamics is simply
F=-VU(r) = mr, (1)

which is the basis of steepest-descent dynamics — i.e., moving downhill in the direction of the direction of
the energy gradient. More conventionally, the equation of motion for second-order dynamics is

F = —VU(r) = m¥. (2)
If we assume that the current configuration r; is “close” to the minimum energy configuration r,, then

r(t) ~ry + or(¢), (3)
and we can similarly expand the potential energy function as a quadratic function

U(3r) =~ ima? (or)*, (4)
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whereupon we can solve analytically the first-order equation of motion as
—?
5e(t) ~ 7, (5)
and the corresponding second-order equation of motion as
or(t) ~ e, (6)

We therefore see that the first-order dynamics corresponds to a decay towards the ground state with a
characteristic decay rate ~ 1/w?, whereas the second-order dynamics corresponds to small oscillations
around the ground state configuration with a characteristic frequency w. In a numerical implementation
therefore, first-order dynamics requires a maximum integration time step ~ 1/’ and second-order dy-
namics requires a maximum integration time step ~ 1/w. If there are multiple modes present, then the
maximum time step allowed is determined by the fastest mode (smallest period).

2.2. Coupled modes damping

In order to convert second-order dynamics into a minimisation scheme, we must introduce some
damping. For simplicity, we will first consider the case of a single particle moving in a one-dimensional
harmonic oscillator potential centred on the origin U(x) = Jkx?

F, = m¥ = —kx — o, (7)

whereupon it is trivial to show that in order to minimise the energy in the least amount of time, the the-
oretical optimal choice for o corresponds to “critical damping”, i.e.,

of = VAmk. (8)

These equations can be cast into a simpler form, by defining y = /2m which we will call the damping
parameter. Critical damping then corresponds to )¢ = m,, where wy is the natural frequency of the oscil-
lator, under-damping corresponds to y < ¢, etc. This is illustrated in Fig. 1.

The most important aspect of using damped molecular dynamics as an algorithm for geometry opti-
misation is therefore the correct choice of . It was shown in [7] that a simple method for estimating y° was
to perform first-order dynamics (“steepest descents’) which can be achieved in the conventional second-
order dynamics scheme by setting P = 1/At, where At is the time step used. If we assume that we are
sufficiently near the minimum for the first-order dynamics to give an exponential decay of the total energy
E, for three successive steps (n = 1,2, 3), then it can be easily shown that

1 1, (E-E
CO N e |
a2 n(E2E3) )

(where the m arises from converting the estimator for y¢ from first- to second-order). We can use this
estimate with the same time step for optimally damped second-order dynamics.

This is the approach that was used successfully in [7] for the electronic problem and which we hereafter
refer to as “coupled modes damping”. The key feature of this algorithm is that it damps all modes uni-
formly with a damping given by the critical damping for the dominant mode in the decay of the total energy
of the system, which is typically the fastest mode present. Hence it is relatively cheap in terms of memory
costs when applied to systems with a large number of degrees of freedom, such as in the electronic problem.

As the simulation progresses the fast modes will be damped first, whereupon the damping for the other
modes will be too small, and the second-order dynamics will then be in the under-damped regime which will
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obviously be inefficient. This can be partly redressed by periodically switching over to first-order dynamics
and resampling y. However, there is a trade-off in efficiency between using the optimal value of y in second-
order dynamics, and the cost of three steps of first-order dynamics necessary to calculate it.

There are many different integration schemes that may be used to generate the dynamics. In common
with many other MD practitioners we use the Velocity Verlet scheme [8] as it is both simple to implement
and stable in practice (for instance, it can be shown to be symplectic [9]). The introduction of velocity-
dependent forces does however require a minor amendment to the standard Velocity Verlet algorithm, as in
the standard algorithm the updated velocities depend on the forces at the updated coordinates. The original
Velocity Verlet algorithm can be written as:

foAL
l’+:l’0—|—V0At—|—02 s
< (10)
<f0 +f+> At
V+:V0+ )
2 m

where rj are the positions at time ¢ and r, are the positions at time ¢ + Az, etc. Note that the forces can be
saved from one time step to the next, and so there is only one force evaluation per time step required.
The introduction of damping and velocity-dependent forces results in:

foA2

r. =1+ VoAt + 02m ,

f(}AI
Vi/2 :V0+2—7

i (11)

~ 1 2m
f. = 1—+V f. —“/V1/2E )

f At
Vi =Vip+ :

2m "’
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where f, is the conventional force calculated at r, and ?+ is the modified force including the effects of
damping and velocity-dependent terms. This new algorithm clearly reduces to standard Velocity Verlet in
the limit y — 0 and has no significant additional cost.

2.3. Independent modes damping

Instead of damping all modes uniformly, the new algorithm we propose damps each mode independently
of all others. We start by introducing a damping parameter, 7,, for each degree of freedom

F;' = _k}",‘ — Zmi’/,-i’,-. (12)

We also note that in second-order dynamics we must have access to the force on each degree of freedom,
and that this force will decay exponentially to zero as we approach the equilibrium configuration. Therefore
it is possible to estimate the damping parameter for each degree of freedom of the second-order dynamics
using only two steps of first-order dynamics (steepest descents with 52 = 1/Ar)

1
yAt =y [In (%) (13)

where F" is the ith component of the force for the nth step of steepest descents, etc.

It might be expected that “independent modes damping” will only improve over ‘“coupled modes
damping” if there is a clear decoupling of the various modes of the system. However, it will be shown in
Section 3 that this is not the case in general, and that often “independent modes damping’ is considerably
more efficient than “coupled modes damping”.

2.4. Optimal time step

Having calculated an estimate of the optimal damping parameter(s) using either coupled- or indepen-
dent-modes damping, we may now proceed to use this information to estimate the optimum time step for
the second-order molecular dynamics. If we are considering the optimisation of the atomic configuration
and not the coupled atomic-electronic system, then it would be natural to choose a time step determined by
the characteristic time scale of the atomic motion(s). For undamped dynamics, it would be appropriate to
consider a characteristic period 7 of the atomic motion and typically Az ~ 7/20 is chosen in order to ac-
curately integrate the atomic motion. But in damped dynamics, our interest is not so much in accurate
integration of a trajectory, but in the accurate determination of the structure that minimises the forces and
so a much larger time step can be used. We therefore propose that the information gained from the steepest
descents steps (for either the coupled-modes or independent-modes damping schemes) be used to calculate
the optimal time step as

o
At =2 14
o, (14)

where for most problems N ~ 7-8 is optimal and
2 coupled modes,
Tmin = (15>

min { Zn } independent modes,

/i

where min{ } is the minimum value over all degrees of freedom i in the independent-modes approach. This
“optimal time step’” can therefore be calculated at the same time as the damping factors.
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Inevitably, as convergence is approached exponentially the damped dynamics will slow down. This can
be offset to some extent by periodically resampling the damping parameter(s) and recalculating the optimal
time step using the appropriate number of steepest descent steps. Obviously there is a tradeoff in efficiency
between using a sub-optimal damping parameter(s) with second-order dynamics, and the less efficient first-
order dynamics steps required in the recalculation. We find that recalculating the parameters every 30 steps
is often a reasonable compromise.

As the faster modes are damped out, the time step chosen will progressively increase, so that as con-
vergence is approached very large time steps may be used. Of course, as the forces and velocities are very
small, the net result is still a very small movement of the atoms. However, this does require the use of a
stable integration algorithm, and it may be appropriate to impose an upper limit to the time step for
numerical stability reasons. We have found the modified Velocity Verlet algorithm (Eq. (11)) to be stable
and sufficiently accurate for this purpose. As demonstrated in Section 3, this automatic time step recal-
culation has resulted in some very large time steps being successfully used near to convergence.

2.5. Mass preconditioning

Whilst the methods presented above, with the automatic time step selection, will be useful in many
classical MD situations, and in some ab initio schemes, it might not always be appropriate to choose the
time step according to the ionic dynamics. For example, within the Car—Parrinello coupled electronic-ionic
approach, the time step has to be chosen according to the electron dynamics. Also, in Car—Parrinello
dynamics there is a degree of freedom for each wavefunction coefficient in whatever basis is used — hence it
might be too computationally expensive to have independent-modes damping. We therefore need a different
variant in this case.

In damped molecular dynamics, the dynamics are merely an artifice to finding the ground state con-
figuration — hence it is apparent that the masses of the particles are irrelevant. Knowing how to calculate a
simple estimate of the period of each mode, it then becomes possible to reassign the masses of all the
particles in the dynamics such that all the renormalised modes are now at the same period, where that
period can be chosen as appropriate to the time step used. Therefore we can use a single damping factor at a
given time step to generate optimally damped motion. We call this new extension, which can be applied to
either the coupled-modes or the independent-modes damping schemes, the “mass preconditioning” scheme.

Considering the case of a single, one-dimensional harmonic oscillator as in Eq. (7), we see that it is the
spring constant k = me? that is the key feature that represents the underlying physics of the situation and
so should be kept constant. Therefore we precondition the mass so as to maintain the original value of k&
using

yNAt)7 (16)

Mpew = mold( m

and therefore Tefreciive = NAL.

This can be simply generalised to the many particle case. We choose the masses so that all the modes are
at the same period — that of the fastest/dominant mode (depending on whether using independent or
coupled mode schemes to estimate the optimal damping) — which tends to reduce the mass of heavy par-
ticles. It is possible that there might be stability problems if the new masses are set to too small a value, and
so the lowest mass used needs to be bounded from below. For coupled modes damping we have a single
damping factor y° and so this scheme corresponds to a simple mass rescaling, whereas for the independent-
modes algorithm we are effectively compressing the vibrational spectrum.

Ideally, for the independent-modes algorithm, we should generate the full mass tensor [10,11] and di-
agonalise this to get the normal modes and proceed from there, but this is too expensive to calculate in
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practice. Instead, recognising that the trace of the mass tensor is invariant under unitary transformations,
we approximate the mass of the jth particle using a simple average over the different components of 5343
in Eq. (16). Once the masses have been appropriately renormalised, all the damping factors become
y¢ = 2n/N for all degrees of freedom — even in the case of independent-modes damping.

This consequently makes this approach feasible even within the Car—Parrinello ab initio scheme al-
though in this case it would be best to reassign the masses of the electrons and ions separately, such that the
coupled system contains a distinct electron mode and a distinct ionic mode, so as to maintain adiabaticity.

2.6. General considerations

One obvious question that should be asked is ““how generally applicable is this algorithm?”” The above
derivation was based upon a simple harmonic oscillator, and so it will clearly apply to all systems if the
initial configuration is sufficiently near the minimum where the quadratic approximation is valid.

What then are the effects of anharmonicity? If we consider a simple quartic perturbation to the harmonic
potential, U(x) = oax? + fx*, with § > 0 to ensure only a single global minimum, then it is straightforwards
to see that the effect of this perturbation is to increase the local curvature and hence increase the oscillation
frequency, w w.r.t. the harmonic oscillator wy. The “independent-modes damping” algorithm will therefore
underestimate the damping, and so the damped dynamics will be in the under-damped regime. This will
tend to produce oscillatory convergence which would be less than ideal. However, this can be easily de-
tected as a reversal in the sign of F; between successive steps and eliminated by quenching the velocity
associated with that degree of freedom. This procedure is stable and efficient and is very useful in such
situations — in fact, we find it a beneficial addition to the basic procedure and use it always.

What then may effect the stability of the algorithm? The “optimal time step” algorithm may sometimes
overestimate the optimal time step that should be used (for instance the anharmonic case above). For this
reason we need to impose a limit on the maximum possible allowed time step. We note that in chemical
systems, the triple bond in Nj is the strongest naturally occurring bond, and has an oscillation period of
approximately 14.1 fs. So denoting the mass of a single nitrogen atom by m(N), we use the following
simple, conservative heuristic for choosing the time step that scales with the typical mass of the atoms in the
system:

™ 14.1  [min {m;} s

Atmax —
N N m(N) 7

(17)

which ensures stability. Similar considerations apply to the “mass preconditioning’ calculation — the worst
effects of anharmonicity are to underestimate the optimal mass and so the choice of mass should be
bounded from below (e.g., taking the minimum mass as the mass of a single hydrogen atom). Similar “‘step-
length” limiting considerations are often used to ensure stability in minimisation algorithms.

More serious is the question of how far from equilibrium can the initial configuration be and still have
the algorithm converge (even if not at the optimum rate)? It can be easily shown that the damping pa-
rameter(s) (and hence time step or masses) will be very poorly estimated if there is a point of inflection in the
potential between the initial configuration and the equilibrium one. This will reduce the efficiency of the
convergence but it should still converge reliably, particularly with sensible limits to the time step/mass as
discussed above. If we consider a Lennard—Jones pair-potential for a molecular system then there is a single
point of inflection at a bond extension of approximately 10% of the equilibrium length. This corresponds to
a gross distortion of the original molecule and is unlikely to be a problem in practice. Periodically re-
sampling y¢ (and possibly assigning a new time step or masses) will be of substantial benefit in this situation.

Another question that needs to be considered is whether or not resampling the damping to accelerate the
convergence of slower modes at long times will undo the damped modes that have already been converged
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at short times. As long as the total energy is converging monotonically, this will not be a problem as the fast
modes generally have the largest contribution to the total energy. This may be a problem if the dynamics
are in the under-damped region, whereupon the convergence may become oscillatory. Quenching is once
again a useful technique in this case. Therefore, we advocate quenching and periodic resampling together
with the stability heuristics above for a general purpose minimisation code.

3. Examples

In this section, the various algorithms discussed above will be tested with a variety of systems, which
serve to illustrate some key points of the method. In Sections 3.1-3.3, we consider some simple “ball-and-
springs’” models which illustrate the effect of periodic resampling, and lead to some general conclusions
about the efficacy of the different methods. Note that all the different methods have essentially the same
computational cost (namely one energy and one force evaluation per step) and so we can compare efficiency
by the total number of steps required to minimise the energy. The highly coupled models are simplistic
representations of bulk solid calculations, whereas the uncoupled model is representative of a molecular
calculation.

In Section 3.4 we compare the algorithms to an existing minimisation algorithm (BFGS) for a more
complex situation — that of an ab initio calculation of an unrelaxed silicon vacancy in bulk silicon. Here, the
comparison is based upon elapsed time, as the BFGS routine may take additional ““line minimisation™ steps
within each basic iteration, and so the cost per iteration may vary due to a varying number of energy/force
evaluations. We expect the BFGS routine to require less steps to reach the ground state than damped MD,
but there is an additional ab initio speedup that can be used with damped MD - wavefunction extrapo-
lation — which enables it to have a consistently faster time per step. Hence the net result should be of
considerable interest.

3.1. Coupled tetrahedron
The first test system is shown in Fig. 2. It consists of a highly coupled system — a tetrahedron with unit

masses at each vertex, joined by harmonic springs along the edges. Each spring has a natural length /, = 0.5
and the initial configuration is that all springs are stretched to length / = 1.0.

Fig. 2. Coupled tetrahedron model. Each vertex contains a point mass and each edge is an harmonic spring.
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Fig. 3. Convergence of the total energy for the coupled tetrahedron model with uniform springs. The (12) and (20) labels indicate the
damping resampling period.

The initial test consists of setting all spring constants to £ = 1.0 and then running the three basic al-
gorithms — steepest descents (SD), coupled modes (CM) and independent modes (IM) — with different rates
of resampling the damping factors. The results are shown in Fig. 3. This clearly shows the effect of the
resampling in periodically updating the optimal damping factors as the minimisation progresses. In all
subsequent tests, the damping factors will be resampled every 30 steps. In this simple test there is little to
distinguish the performance of CM and IM methods, but both are clearly superior to SD.

A slightly more taxing version of the tetrahedron test is to modify the spring constants along each edge,
such that the spring constant between vertices is as given in Table 1.

With this modest spread in spring constants, it would now be expected that CM would outperform IM.
The results are shown in Fig. 4 which also includes the performance of the automatic time step (“CM + dt”
and “IM + dt”’) and mass preconditioning (“CM + m” and “IM + m”’) versions of both algorithms. It can be
seen that both these modifications result in considerable performance benefits over the basic algorithms,
with a net order-of-magnitude increase in convergence rate over SD. There is very little difference between
CM +dt, CM +m, IM +dt and IM + m in this test.

Table 1
Spring constants used in the coupled tetrahedron model with non-uniform springs
Start vertex Finish vertex Spring constant
1 2 12
1 3 13
1 4 14
2 3 23
2 4 24
3 4 34
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Fig. 4. Convergence of the total energy for the coupled tetrahedron model with non-uniform springs.

In order to better understand the effect of the mass preconditioning, it is instructive to calculate the
vibrational density of states (VDOS(w) =), m;|v:(w)|*), using either the original or the preconditioned
masses, in an undamped MD calculation. The result is shown in Fig. 5 where it can be seen that the
preconditioning has lead to a considerable compression of the VDOS, from a broad spread of frequencies
in the range 30 < w < 70 to a single peak in the range 30 < w < 50. This clearly shows the benefits of mass
preconditioning on compressing the vibrational spectrum and hence reducing the spread in modes and
increasing the efficiency of mode-based damping.

3.2. Coupled cube

The second test system is shown in Fig. 6. It also consists of a highly coupled system — a cube with unit
masses at each vertex, joined by harmonic springs along the edges with different spring constants as in Table
2. Each spring has a natural length /, = 0.5 and the initial configuration is that all springs are stretched to
length / = 1.0.

The performance of the different algorithms on this test system is shown in Fig. 7. This shows that as
expected, for such a strongly coupled system, that the basic IM method is inferior to CM. Turning on mass
preconditioning, however, makes a significant improvement in both cases, with CM + m being better than
IM + m as expected. The VDOS shown in Fig. 8 helps to explain how even in the case of IM damping with
such a strongly coupled system the mass preconditioning scheme can produce a significant improvement.
There is a marked compression of the VDOS spectrum around the central peak, with a little additional
weight appearing at higher frequencies.

However, IM +dt and CM + dt have the best performance of all and are essentially indistinguishable.
The initial time step, based upon the spring constants and unit masses, was set at Az ~ 0.0355. This was
progressively increased as convergence proceeded as in Table 3 which shows the new time step at the end of
each successive resampling period (three steps of SD for CM and two steps of SD for IM repeated every 30
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Fig. 5. Vibrational density of states for coupled tetrahedron model with non-uniform springs. The masses are either the original unit
masses or those calculated by the mass preconditioning scheme using the IM algorithm.

z

1 2

Fig. 6. Coupled cube model. Each vertex contains a point mass and each edge is an harmonic spring.

steps). The IM time step is conservatively set (based on the fastest of all modes sampled), whereas the CM
time step is that of the dominant mode.

This (and the previous example) illustrates the validity and usefulness of the damped MD approach to
finding the ground state geometry of bulk systems.
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Start vertex

Finish vertex

Spring constant

1 2 12
1 3 13
1 4 14
2 5 25
2 6 26
3 5 35
3 7 37
4 6 46
4 7 47
5 7 58
6 8 68
7 8 78
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3.3. Uncoupled cube

Fig. 7. Convergence of the total energy for the coupled cube model with non-uniform springs.

Having considered some simple highly coupled model systems, in which it is expected that CM would be
the superior algorithm, we now consider the opposite extreme, as shown in Fig. 9. It consists of unit masses
at each vertex of a unit cube centred on the origin, each vertex being joined to the origin by harmonic

springs. Each spring has a natural length /, = 0.5 and spring constants as given in Table 4.

The performance of the different algorithms on this highly uncoupled system is seen in Fig. 10. It is now
apparent that SD and CM have severe difficulties as the convergence is dominated by the fastest mode and
there is an order-of-magnitude spread in mode frequencies present. IM is an order-of-magnitude faster than
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Fig. 8. Vibrational density of states for coupled cube model with non-uniform springs. The masses are either the original unit masses
or those calculated by the mass preconditioning scheme using the IM algorithm.

Table 3
Time step used at different stages during the convergence of the coupled cube model with non-uniform springs
Resample Atem Atim
1 0.127 0.081
2 0.127 0.121
3 0.127 0.101
4 0.127

SD, and whilst mass preconditioning brings some gains, the best performance is to be had by IM + dt which
is four times faster still.

This illustrates the validity and usefulness of the damped MD approach to finding the ground state
geometry of molecular systems.

3.4. Silicon vacancy

Having considered various model systems, of varying complexity, lying at either extreme of uncoupled or
very tightly coupled, we now consider the performance in a “real-world” calculation. The various algo-
rithms were implemented on top of the existing MD routines in the ab initio plane-wave DFT code CA-
STEP v4.2 [12]. This code uses a conjugate-gradient approach to the electronic minimisation problem, and
so is capable of using a BFGS-type minimiser for the ions which had already been implemented a number
of years earlier. Whilst it is to be expected that the damped MD would take more steps to converge a given
problem than the BFGS minimiser, there are additional speed-ups such as wavefunction extrapolation that
can be used with MD and not with BFGS. Hence the most reasonable comparison between the two ap-
proaches must be based upon comparing wall-clock time for equivalent electronic calculations on the same
computer and not the number of minimisation steps taken.
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Fig. 9. Uncoupled cube model. Each vertex contains a point mass and is joined to the centre using an harmonic spring.

Table 4
Spring constants used in the uncoupled cube model with non-uniform springs
Vertex Spring constant
1 10
2 20
3 30
4 40
5 50
6 60
7 70
8 80

The actual calculation undertaken was the relaxation of the neutral silicon vacancy. Whilst this might
not be the hardest test case, it is an interesting one as previous ab initio studies have suggested that the
energy surface around the minimum is quite flat. Hence it is a useful test of the reliability and accuracy of
this approach. All calculations used the same electronic parameters (a well-tested ultrasoft pseudopotential
for silicon with 120 eV plane-wave cutoff energy, the Perdew-Wang 1991 approximation to the exchange-
correlation functional, and a 2 x 2 x 2 Monkhorst-Pack grid for Brillouin zone sampling) and were con-
tinued until the same simultaneous convergence parameters were reached for the ionic configuration. The
choice of convergence parameters were those commonly used in high quality calculations of defects (e.g.
[13]) — namely that the energy difference per iteration be less than 0.00001 eV /atom, the RMS force be less
than 0.001 eV/A and the RMS displacement be less than 0.0001 A per iteration. The calculation contained
31 silicon atoms, initially situated at the perfect lattice sites around the vacancy in a 32-atom BCC supercell.
Further details of the calculation are reported elsewhere [14].
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Fig. 10. Convergence of the total energy for the uncoupled cube model with non-uniform springs.

The convergence of the total energy vs. wall-clock time on a Silicon Graphics Octane (with a 300-MHz
R 12000 MIPS CPU) can be seen in Fig. 11. All calculations, using the same convergence criteria, converged
to the same final structure to a remarkably high degree, which illustrates the accuracy and reliability of the
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damped MD approach. The convergence rate of the basic IM calculation obviously slows down as equi-
librium is approached, but IM + dt does not. As a test of the stability of the method, no upper limit was
imposed on the time step allowed, and by the end of the calculation At ~ 25 fs was being safely used
(although the actual motion of the ions was by this stage very slight). The net result is that the execution
time for IM + dt (10833 s) was hardly distinguishable from that of the BFGS calculation (10621 s), as can be
seen in the inset to Fig. 11 which shows the final approach to equilibrium in more detail.

This result may seem surprising — certainly, the expectation of the author had been that BFGS would be
an order of magnitude faster. However, closer investigation revealed several clues (the upwards spikes in
the total energy and the slowing down as convergence was approached) as to what was going on with the
BFGS minimizer. The lack of a rigorous line minimisation due to the ab initio cost involved resulted in a
general degradation of the Hessian with time. This explains the occasional upwards step (a wrong step
direction was chosen before the routine back-tracked). Simple descriptions of the BFGS method [1] suggest
that there should be an acceleration in the convergence rate as the minimum is approached and the qua-
dratic regime is entered but this does not seem to be happening here. It would appear that the routine is
either struggling to find a step direction or to set an appropriate step length after a large number of BFGS
steps. One possibility (given the age of the code) is that there is no periodic resetting of the Hessian as is
nowadays often recommended [15] to combat error accumulation. Such limitations of the BFGS imple-
mentation are quite common in ab initio codes due to the high cost of the energy/force evaluation.

It can be seen that the damped MD routine does not suffer from these deficiencies, and that with the
periodic resampling and automatic time step selection its efficiency accelerates as convergence is ap-
proached. There is also no difficulty with “poisoning” of the step direction as this is determined by the
second-order dynamics. Whilst the performance difference might be greater on other problems (and indeed
on this problem with a different implementation of BFGS), there will always be situations for which BFGS
will struggle to converge, whereupon having a second independent minimiser will always be a useful fall-
back option.

4. Conclusions

We have introduced a new scheme, which we call “independent modes” (IM) for calculating the optimal
damping parameters for geometry optimisation using damped MD. We have also introduced two addi-
tional refinements, namely automatic time step calculation and mass preconditioning, which can be applied
to this scheme or to the “coupled modes’ scheme introduced in [7]. These refinements result in significant
speed advantages.

We have shown how these different schemes perform for a variety of model systems, comprising different
mixtures of springs and masses. We also consider the performance on a “real world” calculation, namely
the lattice relaxation around a silicon vacancy using an ab initio DFT treatment of the electrons and direct
minimisation of the energy functional. This latter calculation showed that using IM + dt as the minimi-
sation strategy results in a scheme that (for this system at least) is comparable in execution time to BFGS.
This is partly due to the reduction in ab initio computation by using wavefunction extrapolation and partly
due to the inexact BFGS implementation commonly found in ab initio codes (due to the high cost of
rigorous line minimisation steps). We therefore propose that these schemes should be of widespread interest
as they are simple to implement and efficient in practice, and can be used in conjunction with many different
types of ab initio calculation, including Car—Parrinello and direct minimisation DFT codes. In more ap-
proximate schemes, where the BFGS implementation can afford to be more rigorous and the benefits of
wavefunction extrapolation are lost, it is to be expected that this new scheme will not be as competitive.

As a general rule, we find that the independent-modes scheme with automatic time step calculation
(“IM +dt”) to be fast and robust, and is our preferred choice for direct minimisation ab initio codes,



146 M.1LJ. Probert | Journal of Computational Physics 191 (2003) 130-146

whereas the independent-modes scheme with mass preconditioning scheme (“IM + m””) should be used for
Car—Parrinello codes.
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