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THE IMPLEMENTATION OF THE ITERATIVE
DIAGONALIZATION SCHEME AND 4B INITIO
MOLECULAR DYNAMICS SIMULATION
WITH THE LAPW METHOD
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A new ab initio molecular dynamics method based on the full-potential linearized-augmented-
plane-wave (LAPW ) basis set has been implemented. The LAPW basis set has been successful-
ly employed for systems containing localized electrons such as first row atoms and transition
metals. In our implementation of the LAPW-MD scheme, iterative residual minimization al-
gorithm is used to solve the electronic states problem. The atoms are moved according to
forces derived from the Hellman - Feynman theorem and incomplete basis set correction terms.
The performance of the program is further enhanced by parallelization. We will discuss tech-
nical details of the program implementation and present results obtained from this code to
the equilibrium structures and vibrational properties of simple diatomic molecules.

Keywords: LAPW-MD; Hellman - Feynman theorem; ab initio molecular dynamics

PACs numbers: 02.70.-c, 07.05.Tp, 31.15.Ar, 31.15.0g

1. INTRODUCTION

The linearized-augmented-plane-wave (LAPW) method [1,2] is one of
the most accurate all-electron method. Within the framework of density
functional theory [3—6], this method has been applied to a wide range of
solid state systems and yielded very accurate electronic structure, total
energy, bulk modulus and so on [7-10]. Recently, Yu et al. [11] derived a

*Corresponding author.

343



19: 00 14 January 2011

Downl oaded At:

344 K. UEHARA AND J. S. TSE

practical representation of the atomic forces for the LAPW method. These
expressions have been implemented in some LAPW codes and the equi-
librium geometries and vibrational frequencies obtained using these force
formulae show good agreement with the experiments and the theoretical
results.

One of the prominent features of the LAPW method is its ability of
optimizing basis sets in accordance with the change of the local potential
profile. In contrast, the standard pseudopotential method suffers from
the problem of transferability in the case when a large change of local
environment from reference system takes place. Such a large change is ex-
pected to be present in some cases, e.g., chemical reactions, photoactiva-
tion processes, where the chemical state of the element may be altered. An
ab initio molecular dynamics (AIMD) simulation is an excellent tool to
investigate the systems in which dynamics of the ions and the electro-
nic properties are strongly correlated. Therefore, it is expected that the
combination of the LAPW method and molecular dynamics (MD) simula-
tion would provide a very useful tool in these particularly difficult cases.

One of the most challenging systems for the LAPW method is the first
row transition metal clusters. To our knowledge, there are few applica-
tion on the cluster systems studied by the LAPW method. The difficulties
associated with the cluster systems mainly come from the need of small
muffin tin (MT) radii Ryt and the use of large supercell box. In a LAPW
calculation, the product of the MT radius and the magnitude of maximum
wave vector Ry1Knax roughly determines the quality of the calculation.
The value usually lies between 7.5 to 10. Therefore a small MT radius in-
crease the number of plane-wave (PW) coeflicients [2]. Furthermore, a large
super-cell simulation box requires many PW’s because of the periodic bound-
ary condition imposed on the wave functions.

It is well known that the cost of matrix diagonalization process is pro-
portional to NEW, where the N, represents a number of plane waves. In
the conventional LAPW method, explicit matrix diagonalization is often
used to solve the eigenvalue problem. Thus, a large scale calculation using
the conventional LAPW method will become prohibitively expensive. In
order to overcome this difficulty, we have adopted the iterative diagonaliza-
tion scheme to the LAPW method.

The iterative diagonalization scheme is the preferred technique for large
scale electronic structure calculations and an AIMD simulations. As we
will show in Section 3, it is possible to carry out Car-Parrinello (CP) type
AIMD [12] using the LAPW method. However, in this case, the number
of operations involving the manipulation of the overlap matrix scales as
O(Ngw). Among several iterative diagonalization schemes, conjugate gradient
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(CG) {13,14] and ‘residual minimization/direct inversion in the iterative
subspace’ (RMM-DIIS) methods [15-18] exhibit very good convergence
properties. The CG method optimizes wave functions by searching in con-
jugate direction, whereas the RMM-DIIS scheme directly minimizes the re-
sidual vector.

This paper is organized as follows. In Section 2, we will briefly describe
representation of the LAPW wave function, Hamiltonian and overlap mat-
rix elements using projector method. In Section 3, implementation of the
iterative diagonalization schemes to the LAPW method will be discussed.
Numerical results on simple diatomic molecules will be presented in Sec-
tion 6. We will discuss parallel efficiency using a different approach in
Section 7.

2. LAPW METHOD

2.1. Wave Function

A non-orthogonal basis set is used in the LAPW method. A LAPW wave
function is simply written as,

P(r) =Y cch6(r). )
G

The LAPW basis set ¢s(r) is equivalent to planewave in the interstitial (IST)
region and similar to the atomic eigenfunction in the muffin-tin (MT)
region.

¢6(r) = exp(iG - r)O(r € IST)
+ Z O,(r € n'th MT) Z @5, (G)ui(r) + b, (G)uf(r)Ym(t) (2)

Im

where O(r) represents a step function, which is unity in the defined region
and zero otherwise, u}(r) and u}(r) are the solutions of the radial
Schrodinger equation and its energy derivative respectively. Linear co-
efficients a},(G) and b7, (G) appearing in Eq. (2) are determined by the
boundary conditions imposed on the wave functions

UST(A)l =y, = OMT(P)| = pr, 3)

= o (o) @
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These conditions guarantee that the wave functions are smoothly
connected on the n’th MT sphere surface up to first derivative. Substituting
Egs. (1), (2) into Egs. (3) and (4), we obtain the expressions for the linear
coefficients a7, (G) and b},(G),

ou’
(@)= 1},,(6) 5

P @R /89

—Rn
r=Ryr

n
/

n iG- 6“
b(6) =™ - 7}, (6) G

RO R /8 ©

r=Ryr

on’ ouj
or

ouf

A=upRm S R S ™

...'l p—
r=Ryr r=Ryr

where p! jmn @04 le , are the analytical projector functions [19,20] that con-
sist of spherical Bessel functions j;(GR,) and spherical harmonics Ylm(G),

Pinn(G) = 4nilji(GRY1)Y,(G) (8)

4ri'G . . P
PhoalG) = 573 Wit (GRigr) = (1+ Wit GR))Y3(6)  (9)

The Hamiltonian Hg e = (G/H|G') and overlap matrices Sg g = (G|G')
are represented as

1
Hoor = N5666:G - %GF(G ~ GG’
+ / V(r)O(r € IST)e 6-6") 14y
DS e O e (GYH} S Pimia(G) (10)

n Im I'm kk'
Se6' = Qb — F(G — G')
+ 3D e G R (G)ShPina(G) (1D)

n Im kx'

where
= Ze‘iG'R"/e"'G"dr (12)
n n

! Riar n,K K’ 2
Spr = / W () 2 (13)
0
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: 1( R 00 (r) 0 (r)
e Bt = ! 1 2

Ry ,
HIl+ 1) / T (P (r)dr}
4]
Ripr ,
+ /0 W ()Y BV (0) Vo (0L (1)l (14)

The all-electron potential V(r) in Eq. (10) includes the electrostatic potential
and exchange-correlation potential [8,2].

For heavy elements with atomic number Z > 50, relativistic effects be-
come important. In the conventional LAPW method, the wave function is
treated relativistically in the MT region and non-relativistically in the in-
terstitial region. This treatment is reasonable because the electrons near
the MT surface have small velocity in comparison with the ones near the
nucleus. The Dirac’s equation is used to solve the radial wave function
in the relativistic case [21]. On the MT surface, only the major component
of the solution of the Dirac’s equation is considered to be connected
with the interstitial wave functions. The minor component normally has a
very small magnitude on the MT surface.

3. ITERATIVE DIAGONALIZATION SCHEME

When a large number of basis functions are involved in a electronic structure
calculation, the explicit matrix diagonalization process consumes a lot of
CPU time. In addition, the memory space required to store the Hamiltonian
and the overlap matrices quickly grows to more than a few giga-bytes.
The conventional LAPW method explicitly constructs the Hamiltonian and
overlap matrices. The number of operation for both of these process are
proportional to N;w. Furthermore, the CPU time of the diagonalization
process grows as O(Njw). On the other hand, Car-Parrinello (CP) type cal-
culation requires neither the explicit diagonalization of Hamiltonian nor
the huge matrices arrays in a program code. The scaling property of stand-
ard CP calculation is O(N,, log N,,) for the iterative diagonalization pro-
cess and O(N,,) for memory usage. Goedecker et al. [20] have recently
shown a method for an efficient matrix-vector multiplication in the LAPW
method. The time consuming part in the Hamiltonian matrix-vector product
is calculated by a convolution technique using fast Fourier transformation
(FFT). When we adopt this scheme, the total operation count is lowered
to O(N,, log Np,) and no storage of large matrix arrays is necessary.
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3.1. Car-Parrinello Type Scheme

When the basis set is non-orthogonal, the overlap matrix appears on both
sides of the Car-Parrinello’s equation [12]

pSIP) = —(H — eS)[y). (15)

where Hg = (GIH|G'), S=(G|G’) and e= (Y|Hy)/(¢|y). In order to
transform Eq. (15) to a symmetric form with respect to [¢), we de-
compose the overlap matrix into the form S=U'U. This process is called
Choleski decomposition [22] and most numerical library packages contain
this routine. Substituting the decomposed form into Eq. (15) and multi-
plying by U!™ from the left hand side, we obtain

pUg) = (U HU™! ~ e)U[) (16)

Equation (16) can be rewritten as

pl) = ~(H ~e)ly)’ (17)

where

W)’ = Uly), H'=U"HU (18)

Equation (17) has the same form as in the case of an orthogonal basis set.
Therefore, based on the Eqs. (17) and (18) we can use same methodology of
the CP method.

We have implemented the damped Newtonian dynamics (23] method to
optimize the wave function in the LAPW code. The damped Newtonian
dynamics equation is written as

pip(r) = —(H — )(r) — anb(r) (19)

where p and 7 are fictitious mass and damping coefficient, respectively. A
large value of n value results in slow convergence near the quadratic en-
ergy region, whereas a smaller 1 value approaches to the steepest descent
(SD) method. Therefore, we must choose an appropriate value of 7 at every
quenching step, i.e., a small 5 at early steps and a large n in the quadratic
region. The value of 7 at the i’th quenching step is determined using the total
energy at three preceding successive steps,

L [1in (AE
M+l = E\/EIT(—&:TS AE;\/AE; > 1 20)
m + An Otherwise
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where AE;=E,_|—E; and Arn represents the increase in the value of 7. We
chose the Ar to be 5% of the 7 value at a particular early step. The value of
71 is increased while the second condition of Eq. (20) is applied. When the
first condition is applied, i.e., in the case of overdamping, 7,4+ is compar-
ed with n; and adopted as a new damping coefficient if #;,, is smaller than
1. An is also re-evaluated when the condition of overdamping is applied.

Figure 1 shows the comparison of total energy convergence between
the SD method and the damped Newtonian dynamics method. In this
calculation, a 8 atom diamond structure Si fcc unit cell is used and the
initial wave functions and charge density are generated from random
number sequences. At the early steps, the convergence rate of the both
method is same. It is because in the first 10 iteration 1 was set to be zero
in order to find the optimal value of 5 by running with the SD method.
After the 10th iteration, the optimal value of n was set and n was updat-
ed every 5 iteration steps so as to achieve a good energy convergence rate.
As it can be clearly seen from Figure 1, the damped Newtonian dynamics
method has a great advantage compared with the SD method. Note that
the operation cost of the Choleski decomposition is O(N;w). This implies, as
long as we use the Choleski decomposition, there is no advantage compared
with the explicit diagonalization scheme.

50 T L L
\‘ w
5
0.0 N 3
— \\\
[ AY
0 j
w 5.0 s
E \\”\\
= -
o
-10.0 Teal .
-15.0 —— - :
0 50 100 150 200

Number of iteration i

FIGURE 1 The evolution of total energy measured from converged total energy E. for
diamond structure Si crystal. Solid line corresponds to steepest descent method and dashed line
corresponds to damped Newtonian dynamics method.
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3.2. RMM-DIIS Method

Here we define the residue as

R(r) = (H - )y(r). (21)

If we expand the residue and wave function using the non-orthogonal basis
set {¢(G)}, we obtain the matrix and vector notation of Eq. (21)

SIR) = (H - S)[¢) (22)

Therefore the task of solving the eigenvalue problem is transformed to the
search for a point in the phase space where the magnitude of residual vector
becomes zero.

The RMM-DIIS method minimizes the residual vector iteratively. At the
(m+Dth step of iteration, a new trial vector is calculated from the linear
combination of preceding trial vectors and the initial guess of the cigen-
function,

|¢<m+1)> _ Xm:aj)g(f)> (23)
=0

where we assume |¢U=%) is identical to the initial wave function [¢(@). The
linear coefficients {c;} are obtained by solving an eigenvalue problem

Ala) = 7’Bla) (24)
The matrix elements of A and B are defined as

Aj = ((H—eS)EV|(H — £S)¢V)) (25)

By = (£9|S|EV). (26)

where the ¢ is an eigenvalue of the trial wave function and the lowest eigen-
value of Eq. (24) corresponds to the square of the norm of the residual
vector. Substituting the lowest eigenvector into Eq. (23) yields the new trial
vector which minimizes the residue. Note that this procedure only gives the
point in which the norm of residual vector is minimum, i.e., the RMM-DIIS
method does not guarantee the norm of residual vector converges to zero.
In order to circumvent the problem of sticking in a quasi-minimum, we must
choose the initial wave vector to be close to the quadratic region of the
energy surface.
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The dimension of the matrices in Eqs. (25) and (26) is (Ny+1)?, where
Nj; is a number of iterations that has a value of at most 10~ 15, so the
computational cost of the diagonalization is negligible in comparison with
the other part of the SCF cycle.

The flowchart of the band structure caiculation using RMM-DIIS
scheme is depicted in Figure 3. At the initialization step, charge density is
initialized by the overlapping of free atom’s charge densities. After the cal-
culation of the charge density, the electrostatic potential V4 (r) and ex-
change-correlation potential Vyc(r) are evaluated on the real space grid.
In the next step, the RMM-DIIS scheme is used to quench the wave func-
tions onto the Born-Oppenheimer (BO) surface. Usually, the number of
the RMM-DIIS iteration steps required is within 5 to 7. After the resid-
uals of all the band satisfy the convergence criterion, the core states and
the basis set is updated by solving the radial Schrodinger equation. Finally,
the input charge density for the next iterative step is calculated by mixing
the new charge density and old charge density using the Broyden’s II meth-
od [24]. This self-consistent loop is repeated until the convergence criterion
for the total energy is satisfied.

One of the significant features of the RMM-DIIS method is that there
is no need to orthogonalize the wave functions explicitly during the itera-
tive diagonalization. As it has been pointed out by several authors, the
computational cost of an explicit orthogonalization, such as a Gram-

0 T , T
—e— Block Davidson
—6— RMM-DIIS
-5 - .
e
=
10} i
15+ i
0 5 10

Number of lteration

FIGURE 2 Comparison of convergence efficiency between block Davidson (solid line with
filled circle) and RMM-DIIS scheme (solid line with open circle).



19: 00 14 January 2011

Downl oaded At:

352 K. UEHARA AND 1. S. TSE

Initialize charge density by the overlapping
free atom's charge density.

<«
Calculate potential from charge density
V(r) = Vi(r) + Vxc(r)
VVi(r)= - 4n p(r)
Vxe(h) = fxc [ p(r) ]
I

Quench the electronic state onto the BO surface
using RMM-DIIS scheme

(H-&S)yi=—>0

Update core states by solving
radial Schrodinger equation

|

Calculate new charge density and
mix with the old charge densities.

Is the total energy
converged?

FIGURE 3 Flowchart of self-consistent cycle of LAPW calculation using the RMM-DIIS
scheme.

Schmidt diagonalization scheme, scales as O(N°) (N: system size), and it
might become a serious problem when carried out on large system calcula-
tion. Thus, it is preferable to avoid the orthogonalization process if pos-
sible. Another good aspect of the RMM-DIIS method is that the each
band is optimized independently since there is no need to orthogonalize
the current band to the other bands. This feature allows us to make band
parallel code easily. We will discuss the parallel efficiency of the RMM-
DIIS later.
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Figure 2 shows evolution of the residual vector of block Davidson and
RMM-DIIS scheme for diamond Si system. In this case, the initial wave
function was taken from the result of a few iteration using SD method. At
the 9th iteration step, the absolute value of the residual vector obtained
from the RMM-DIIS scheme is smaller than the block Davidson scheme
by around an order of 6.

4. SPIN POLARIZATION CALCULATION

For open shell systems, we employed spin unrestricted calculations where
the a- and (-spin states are treated separately. The local spin exchange-
correlation potential (V,.) is calculated for each spin component and
contributes to the potential energy terms of the Hamiltonian. In the
electronic states quenching process, the wavefunctions are quenched
separately for each spin component. The Fermi energy is calculated at the
end of every SCF steps to evaluate the fractional occupancy of the bands.
We have implemented both the finite temperature Fermi distribution
function and Gaussian smearing for the calculation of the fractional
occupancies.

1
Femi€) = T explle 21700 @
fGaussian (€) = %Erfc(g —;_EF) . (28)

Here ep,0 and Erfc represent Fermi energy, smearing width of the
Fermi distribution and complementary error function respectively. Several
unoccupied states are included to take into account the fractional
occupancy.

The total number of electrons is calculated by summing over band occu-
pancies f; from the lowest level.

B Nband
Ny = th (29)
H

Initially, the Fermi energy is assumed to be the midpoint between the low-
est occupied and highest unoccupied eigenvalue. Then we calculate N,;
and move the Fermi energy according to the sign of N,,— N,;, where N,;
represents the true number of total electrons. This procedure is repeated
until Wez— N,/ satisfies the convergence criterion.
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S. IMPLEMENTATION OF THE MOLECULAR
DYNAMIC SCHEME

Here we describe the implementation of AIMD simulation using the LAPW
basis set. The Car-Parrinello method, the pioneering technique for AIMD
simulation, has been applied to many systems, including bulk solids, sur-
faces and molecules. As we mentioned earlier, in principle it is possible to
implement the CP method by means of the non-orthogonal basis set. How-
ever, in a large system, the existence of the overlap matrix results in O(N;w)
scaling in the wave function updating process.

Apart from CP method, the AIMD using CG or RMM-DIIS iterative
diagonalization scheme has been recognized as a good alternative to the CP
method. It has two significant features. First, the MD time step can be
taken much larger (by even more than a factor of 10) than that of the CP
method. Secondly, it does not have any difficulty in the case of small
band gap systems or metallic systems, whereas in the CP method, the MD
time step is restricted by the nature of the electronic structure because the
ionic and the electronic degrees of freedom are treated in the same way. For
these reasons, we chose the RMM-DIIS iterative diagonalization based
AIMD and implemented it using the LAPW basis set.

A flowchart of the molecular dynamics calculation is depicted in Fig-
ure 4. At the initialization step, wave functions and charge densities are
fully optimized by the iterative diagonalization. Next, we proceed to the MD
loop. The atoms are moved according to the Hellman—Feynman and in-
complete basis set correction forces [11]. The incomplete basis set correction
consists of core and valence contributions. The velocity Verlet method is
employed to integrate the equation of motion for the atoms. Then the
charge density is extrapolated to obtain a good initial guess of the charge
density for the next MD step. The second order extrapolation formula is
used when the MD step is greater than 2, and a lower order relation is used
in the other cases.

piri(r) = pi(r) + 2[pi(r) — pi1(r)] = [pic1(r) — pi_2(r)] (30)

Note that the LAPW wave functions are not extrapolated because the basis
set has changed during the consecutive MD steps, so we used the converged
wave functions of the previous MD step as an initial guess of the wave
functions in the subsequent step.

The extrapolated charge density and the initial guess of the wave
functions are quenched onto new BO surface using the RMM-DIIS scheme.
When the total energy and the residuals satisfy the convergence criterion, we
return to the force calculation step.
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Quench electronic state to the BO surface.

Calculate forces acting on each atom

F=Fyp+Fs
Fias= Fooret Frart Four

core

Move atoms by velocity Verlet method

Guess the new ground state's charge density by
linear extrapolation.

Pi+ /(1) = (1) + 2 {p(r) - p ;(N} - {p;.,(r)-p;.o(r)}

Quenching the electronic state to the new
ground state using RMM-DIIS scheme

L

\/

FIGURE 4 Flowchart of the LAPW-MD calculation.

6. NUMERICAL EXAMPLES

6.1. H,

We choose the H, molecule as a first test case of the new LAPW-MD
method. A simple cubic (SC) supercell of volume 1000a.u. is used and
two hydrogen atoms are initially placed along the z-axis with 1.4 a.u. inter-
atomic distance. The MT radius Ryt for H atom is chosen as 0.65a.u..
Only the I'-point is included in the k-point sampling. The cut-off energ-
ies for the wave function and the potential energy are taken to be 40 Ry.
and 160 Ry. respectively. This choice of the cut-off energy for the wave
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functions yields 4337 LAPW’s and corresponds to RyvKmax =4.1. Inside the
MT sphere, the angular momentum expansion for the wave function, charge
density and potentials are truncated at /,,,=6. It is a reasonable choice,
because higher angular momentum components of the charge density and
potentials of such a small MT radius is very small. The Vosko~ Wilk -
Nusair’s [25] parameterized exchange-correlation functional is used. Be-
fore starting the wave function optimization using RMM-DIIS method,
we carried out a single iteration of the block Davidson method in order
to provide a better initial wave functions.

Next, we studied the motion of hydrogen atoms using molecular
dynamics method. The time step is 20a.u. and no temperature control
method is employed (i.e., microcanonical ensemble), From the observa-
tion of the atomic motions, the vibrational frequency and equilibrium
distance are determined as 1.45a.u. and 4306cm ™' respectively. These val-
ues are reasonably close to the experimental values of 1.40a.u. and
4403 cm™".

6.2. O,

As a test for the open shell system, the triplet ground state of a molecu-
lar oxygen is studied. Initially, two oxygen atoms are aligned on one of a
vertices of the 1000 a.u.® SC supercell at 2.30 a.u. interatomic distance. The
MT radius is chosen as 1.1a.u. and the number of radial mesh points
(logarithmic mesh) is set to 351. The energy cut-off of 30Ry. is applied
for wave functions, corresponding to 2777 LAPW’s and Ry1Kypnax=6.0.
We first obtained the triplet electronic ground state for the initial configu-
ration. Then we performed a MD simulation with Ar=100a.u. and ob-
tained the vibrational frequency and equilibrium distance to be 1531cm™"
and 2.31a.u. respectively. The vibrational frequency was determined from
the oscillation curve of the total force depicted in Figure 5. In Table I,
we summarize the present result and compared to experimental value and
other calculations. The deviation from the experiment is less than 2% in the
equilibrium distance and 4% in the vibrational frequency.

6.3. M02

As an example of the LAPW-MD calculation on transition metal elements,
we investigated the structure and dynamics of Mo, diatomic molecule. A
symmetry-broken ground state electronic structure is one of an attractive
feature of Mo, diatomic molecule. The spatial spin density distribution of
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FIGURE 5 The time evolution of total force for O, molecule obtained from LAPW-MD
calculation.

TABLE I Comparisons of the equilibrium distance and vibrational frequency of O,

LCAO? LMTOP Present work Experiment®
R.(a.u.) 2.34 247 2.31 2.28
we(em™") 1590 1467 1531 1580
3 Ref. [27].
5 Ref. [28].
°Ref. [29].

the Mo, exhibits broken-symmetry (C,.,,) at the interatomic distance larg-
er than the equilibrium distance [26]. The antiferromagnetic pattern of the
spin density is a consequence of strong correlation interaction between the
electrons of each Mo site.

At first, Mo atoms are placed along a vertex of a 5832a.u.® SC supercell
at a 3.7a.u. interatomic distance. The MT radius and radial mesh point is
chosen as 1.8 a.u. and 451 respectively. Due to the small MT radius, 4p core
orbitals are treated as semi-core states. A relativistic calculation is employed
inside the MT spheres, because the relativistic effect becomes important
in the case of heavy elements. Wave function expansion is truncated at
8 Ry. cut-off energy (RymrKmax="7.2). The initial broken symmetry wave-
functions for a and $-spin are constructed by a random number generator.
The calculated equilibrium distance and vibrational frequency are 3.86a.u.
and 424cm™', respectively. We compare the LAPW-MD result with
experiment and other calculation in Table II. The equilibrium distance in
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TABLE II  Comparisons of the equilibrium distance and vibrational frequency of Mo,

LCAO? Present work Experiment®
R.(a.u.) 1.97 2.04 1.938
welem™) 423 424 477.1
% Ref. [26].
® Ref. [30].

the present calculation is about 5% larger than the experiment, whereas
vibrational frequency is very close to the LCAO result and both results
underestimate the vibrational frequency by 11%.

7. PARALLEL EFFICIENCY

We have investigated parallel efficiency of our LAPW-MD program code.
Parallelization of the code is achieved in two ways. The first method uses
SGI Fortran77 compiler’s automatic parallelization function, and the oth-
er employs the Message Passing Interface (MPI) protocol. In these calcu-
lations, we have used the SGI Origin2000 32 processor shared memory
computer.

No difficulty was encountered in the automatic parallelization, we need
only to insert some compiler options in the code. The SGI Fortran77
compiler divides “DO loops” into blocks and allocates one of these to
separate processor. The MPI parallelization requires some efforts to
implement, because it is essential to know which part of the code can be
parallelized efficiently or not. The most time consuming part of the prog-
ram is the quenching process of the wave functions. In most solid state
band structure calculations, efficient parallelization can be achieved by di-
viding the loop over k-points. However, when a calculation involves small
k-point set (e.g., cluster, large supercell box etc.), the k-point division strat-
egy is not too efficient.

Our implementation of the MPI parallelization was accomplished by
dividing the band loops. At the DO loop statement for bands, the loop
counter increment is set to be the number of processors and a number of
bands are assigned to each processor. Before entering into the band loop,
each processor has the same data (e.g., wave function, charge density etc.).
Inside the band loop, each processor has different data, because the bands
assigned to different processor are separately quenched and updated. Af-
ter quenching a band, each processor broadcasts the wavefunction to the
other processor, and finally, all of the processors share same memory im-
age. This procedure makes program coding very simple, but the memory
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FIGURE 6 The time ratio of single CPU run and parallel run for MPI implementation
(filled circle) and SGI's pfa automatic parallelization (open circle).

requirement increases linearly with respect to the number of processors. In
the RMM-DIIS and Davidson iterative diagonalization scheme, each band
is quenched independently and no explicit orthonormalization process is
required during the band loop, so the data transfer between processors is
kept small. Therefore, it is expected that good performance and scalability
with respect to the number of processors will be achieved.

Figure 6 shows the speedup of the parallel calculation on a 8 atom
supercell calculation of diamond Si. Here the speedup is defined by the
time ratio between n-processors and a single processor calculation. The
curve for the automatic parallelization is almost saturated at 8-proces-
sors and no gain is expected for more than 8-processors. On the other
hand, the MPI parallelization results show an almost linear trend with re-
spect to the number of processors. At 8-processor the performance gain
by the MPI parallelization is 1.66 times larger than that of the automatic
parallelization, '

8. CONCLUSION

We have implemented the iterative diagonalization scheme for LAPW
electronic structure calculation and extended the method to AIMD cal-
culations. It was pointed out that the RMM-DIIS scheme has several
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advantages over the conventional Car-Parrinello type iterative diagonali-
zation scheme in the case of LAPW basis set. We have shown that the
AIMD calculations using the LAPW basis set applied to some diatomic
molecule yield good results for the equilibrium distances and vibrational
frequencies. The parallelization of the program code based on the band
parallel strategy using MPI exhibited excellent scalability with respect to
the number of processors. It is expected that more large scale LAPW-MD
calculations will be realized using the iterative diagonalization scheme and
more powerful parallel computers in near future.
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