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We consider descriptions of a Density Functional Theory (DFT), a flexible L(_Z:\O\Y‘IIIE?OI". ;lmf;l a(r}
implementation of the SIESTA code for electrenic simulations in crystalline solids. e have define

cquilibrium lattice paramecters and relaxcd atom
and ordered) with 16 water molecules by an Ab

code. These results will be compared with the results of a pl

method by the CASTEP code.

I. INTRODUCTION

One of studies in the condensed matter physics is
a study of structures of hydrogen bonded molecular
solids. Such solids include various phases of ice and
crystallinc organic acids, which have been intcresting
biological applications.

Theoretical and computational parts of these stud-
ies have been developing by first - principles methods
(Ab nitio methods), which are based on a DFT [1-4]
with norm - conserving pseudopotentials [5]. These
methods consist of the Ab Initio Total Energy Cal-
cnlations [6, 7} and the Car - Parrinello Molecular
Dynamics (MD) [8]. In this area, there are different
methodologies as embodicd in the CAmbridge Serial
Total Energy Package (CASTEP) [6] and Spanish
Initiative for Electronic Simulations with Thousands
of Atoms (SIESTA) (7] codes. The CASTEP code is
very accurately, and PW basis scts with a ultrasoft-
pseudopotential method are used to solve a self -
consistent Kohn - Sham (KS)equation of the DFT.
In the SIESTA code, the self - consistent KS equa-
tion will be also solved by using a flexible LCAQO
method in a Tight Binding Approximation (TBA),

The TBA is a widely used to electronic structure
studies, and has proven its uscfulness for a wide
range of systems ranging from transition metals to
covalent materials. The main advantage of the TBA
is that it is significantly faster than the Ab Jnitio
Plane Wave Total Energy Calculation (6] and Car -
Parrinello MD simulations [8] but still gives accurate
enough results in many cases. The TBA is not highly
accurate. Therefore it is not necessary to calculate
quandtities with very high precision in the SIESTA
code.

In this overview, we will first introduce to the DFT
and an implementation of the SIESTA code. In the

ic positions of ordinary hexagonal ices(disordered
Initio total energy calculation using the SIESTA
ane wave (PW) ultrasoft-pscudopotential

tent KS equation and a total energy functional. The
implementation of the SIESTA code on the fAexible
LCAQ mecthod is described in the third section. The
fourth section, we will have presented results of to-
tal energy calculation, to define equilibrium lattice
paramcters and rclaxed atomic positions of ordinary
hexagonal ices (disordered and ordered) with 16 wa-
ter molecules by using the SIESTA and CASTEP
codes.

II. THE DENSITY FUNCTIONAL THEORY

(DFT)

In 1964, P. Hohenberg and W. Kohn derived a
method to solve many electronic systems, as intro-
duced a concept of an electronic density by basic
variables within the framework of DFT [10]. The
DFT will be based on the below two theorems: i.)
The density as basic variables. The ground state
energy of the system is a "unique functional "of
the electronic density. i) The variational princi-
ple. The total energy functional attains its minimumn
v'alue with respect to variation of the electronic den-
sity subject to the normalization condition when the
deusity has its correct values. These theorems arc
the formal Justification for working with clectronic
densities instead of wave functions.

In 1965, a practical scheme for DFT calculations
became possible by a work of W. Kohn and L. J.

_Sham [“]- They chose the electronic density, which
1S expressed as:

oce

P =2 1 (M, (1)

SIESTA code, the Numerical Atomic Orbital (NAQ and one obtains n (7 . whiohosats
basis sets [97 ] are used to calculate a émunc)i tion; (7 satisfies the below equa-
state total energy. In second section, we consider
ihe brief description of the DFT: the self - consis- (= h? A 4 VKS
2m, et 7 (MY; (7) = ¢;9,(7), (2)
103
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THE SIESTA CODE FOR ELECTRONIC
SIMULATIONS

where the first term is an external potential, the sec-
ond terin is an electrostatic potential, whicix is clas- A
sical and is included by the Hartree-Fock approxima-
tion(HFA), the last term is an exchange-correlation
potential, which is defined as:

The Tight Binding Approzimation (TBA)

To sol_ve equations for electronic states in a crystal,
there exist many methods for band structure calcu-

. _ SEz|p(P)
V:rc(ﬂ - "Tp(ﬁ— (4)

Here ¢; is eigenvalues of an jth ground state with the
eigenfunction ¥;(r) at the given V,.(7). E. [p())
is an exchange correlation functional of the system.
This equation must be solved self-consistently, and is
called the self-consistent Kohn - Sham (KS) equation
[11]. : .

In practice, the convergence of solutions for the
self-consistent KS equation with the given V,.(F) is
given as a tolerance of a self-consistent charge den-
sity, which is usually chosen to be 107* —10~7. The
exchange-correlation effect is the quantum effect of
the system with many electrons. In the DFT, the
exchange - correlation potential not only includes ex-
change effects, but also correlation effects due to the
Coulomb repulsion between the clectrons (Dynami-
cal Correlation Effects). In the HFA the exchange in-
teraction is treated exactly, but we do not know the
exact form of the exchange - correlation potential:
both exchange and dynamical correlation effects are
practically treated approximately. We therefore use
a Local Spin Density Approximation (LSDA) [12],
and a Generalized Gradient Approximation (GGA)
[13] in the exchange - correlation functional.

Thus the total energy of the system can be written
as a functional depending on orbitals 1; (7, R) and of
the nuclear co - ordinates, collected together in the
variables R. We minimize total energy with respect
to the above orbitals, according to the varia_t‘.ional
principle. Usually, a finite basis sets (, (F— R) are
used, in the terms of which the orbitals are given as:

v, (7 R) = S Ciuuli = R). ()
I

Onlv the minimum value of KS functional has
ph,ysic-al meaning. At the minimum, the KS energy
functional is equal to the ground state total energy of
the system of electrons with the ions at the positions
R, and we can write by the below form [14]):

(ﬁ) = min F;{:F(cﬂn ﬁ) (6)

Cyp—rn(F)

U;(,:

-

lations: i) Augmented plane wave method (APW),
ii.) Orthogonalized plane wave method (OPW), iii.)
Green’s function method of Korringa, Kohn and Ros-
toker (KKP), iv.) (Eﬁ) method, v.) Empirical pseu-
dopotential method, vi.) Self - Consistent Field
(SCF) Iteration method or Ab Initio pseudopoten-
tial method and etc. From these methods, in the
limiting cases, there are below two methods: i.) The
nearly free electron approximation, in which the po-
tential is considered to be weak everywhere #.) The
TBA is important in calculations of states, which are
tightly bound to the nuclei. The TBA deals with the
case in which the overlap of atomic wavefunctions is
enough to require corrections to the picture of iso-
lated atoms, but not so much as to render the atomic
description completely irrelevant. This method is
particularly useful for ”insulators” and the "d - levels
of transition metals”, consists essentially of a flexible
LCAO type of approach, in which the atomic states
are used as basis orbitals.

In crystals, due to the translation symmetry, the
crystalline KS orbitals are included as the Bloch the-
orem. The crystalline KS eigenstates are character-
ized by a reciprocal vector k, and can be expanded
in sets of Bloch functions ¢ () , in which we expand
as LCAO:

PE ) =3 G (B
©®

+0o0 - oo .
=Y > Ciu(R)e*f g, (7 - Ry) )
4 n=—oo0

where R, are direct lattice vectors, which are de-
fined as R, = n,@ + nydy + nads with basis vectors
@), @7 and a3 of the direct lattice, and ¢, (7— ﬁn) are
NAO basis sets. By using a diagonalization method
[15), the coefficients Cj, (k) can be determined self-
consistently by solving coupled matrix equations for
chosen sets of fc'-points within thie reference unit cell:

SIHES(R) - ,(BISEIC, (B =0 (g)

m

with

+00 - - :
HES(B = 5 e ioa(MIB 10,7 - Ro),

(9)
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= +oo '
k SR -
Stu= 30 Ry (lgu(r - ). . (10)
n=—o0o
i In practice, the sum over n restricts as the first few
f tells of neighbouring atoms or only nearest neigh-
Yours, and the electronic density in solids becomes:

A=Y [ EEARDE = 3 oot (a0

nw
(11)

Wwhere py,, is a density matrix of electrons, which is

obtained as an integral over the volume of the BZ:

__V s o iR(Ruy—Ra) gk
= T 2. [ m G, (B, Ry

. (12)
where V' is a volume of the primitive cell in real
Space, 'n,-(l_»:) is an occupation of electrons in the jeh
state. This integral is performed in a finite uniform
grid of the BZ [16].

B. The Numerical Atomic Orbital (NAO) basis sets

In the fexible LCAQ method, the basis sets
can be classified into two groups: i.) Slater-type
and Gaussian-type Orbitals (STO and GTO), ii.)
Pscudo Atomic Orbitals (PAQ) [9], which arc pro-
vided as the numerical solution of atomic problem
(with the same atomic pseudopotential as used in
the PW calculation).

Within the cut-off radius, the atomic basis orbitals
are written as products of a numerical radial function
and spherical harmonics. For atom I, located at R', i
the wave function is written as: '

- Yrntm(P) = Bt (r)Yim (7r)

where 71 = ¥ — R;. The radial functions are defined
" by a cubic spline interpolation [15] from the given

values on a fine radial mesh. Each radial function
“‘may have a different cut-off radius and, up to that
radius, its shape is completely free and may be in-
troduced by the user in an input file. te. These
radial functions and their charge densities are de-
“rived by pseudopotential generationu methods for an
~“Atorii [6]. Their basis orbitals are the cigenfunctions
of the pseudo-atom within a spherical box (although
the radius of the box may be different for each or-
bital.). In: other words, they are the (angular mo-
mentum dependent) numerical eigenfunctions R;(r)
of the atomic pseudoptential V,;”3(r) for an cnergy
¢ + ¢y chosen s0 that the first node occurs at the
desired cut-off radius rj: ‘

: i+l
- 2dr

(13)

]R((T) = (ﬂ‘;{”‘ 661)R;(1‘)

: (14)
. — ) shift. ‘In orde
th Ri(rf) = 0. Here d¢ is an energy sh r
;:: obtai(n la well balanced basis orbital, in which the

2 2r?

.SZ basis are comparab

v——'
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onfinement is similar for z:ll the or_bit'afli.
. is usually better to fix a common "energy Thlﬁ |
: than a common cut-off radius ry, for all the
r?gl::; an(d angular momentums. This means t,h.at
:he orbital cut-off radii depend on the atomic species

Y r mmomentum. ; . .
an’(;‘ou;gl‘:ilsve good converged r.esults, in addition to
the atomic valence orbitals, it is generally necessary
to also include polarization orbitals, to a_u:count for
the deformation induced by bond formation. In the
valence pseudo-atomic orbitals there are no valence
orbital with angular momentum {+1. As included a
small electric field in the z-direction of an atom, we
can calculate the polarization orbital with angu.la.r
momentum [ + 1 using the first-order perturbation
theory (7]. ‘ .

The angular momentum may be arbitrarily large,
and there will be several orbitals (labelled by index
n) with the same angular dependence, but different
radial dependence, which is conventionally called a
"multiple -¢” basis. The term steams from the fact
that the cxponent of STO basis functions is often
denoted by the greek letter (. The most important
factor is the number of functions to be used. The
small number of functions possible is a minimum
basis set. Only enough functions are employed to
contain all the eclectrons of the ncutral atom. For
hydrogen (and helium), this means a single s- func-
tion. For the first row in the periodic table, it
means two s-functions (1s and 2s) and one set of
p-functions (2p,,2p, and 2p.). Lithium and beryl-
lium formally only require two s-functions, but a set
of p-functions is usually added. For the second row
elements, three s-functions (1s, 2s and 3s) and two
sets of p-functions (2p and 3p) are used.

The next improvement in the basis sets is a dou-
bling of all basis functions, producing a Double-C
(DZ) basis. A DZ basis employs: i.) two s-functions

effect of the ¢

_for hydrogen (1s and 1s' ), #i.) four s-functions (1s,

1s', 25 and 2s' ) and two p-functions (2p and 2p' )
for first row elements, 4ii.) six s-functions and four
p-functions for second row elements.

In most cases, higher angular momentum func-
tions are also important and these are denoted as
polarization functions. Polarization functions arc
added to the chosen sp-basis. Adding a single set of
polarization functions (p-functions on hydrogen and

-functions on heavy atoms) to the DZ basis forms
a Doub!e—g plus Polarization (DZP) basis. There
1s a variation where polarization functions are only
added to non-hydrogen atoms. This does not mean
that polarization functions are not important on hy-
d.m%e“- However, hydrogen atoms often have a ” '\Z‘r
sive™ role, sitting at the end of bond, whi h d o
take an active part in the pro O intorce O

the property of interest.

The multiple-¢ basis set, may be seen that the

le Lo PW cut-offs typically

used Car-Parrinello molecular dynamics (MD) simu-

e —————
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where T i the kanetic energy operatlor. Vg7 and
1V, 1F) are 1pe operators of torta: Bamres and XC
poentiais The construcuion of we Hartree po-
tential is the equivaient with the solution of Pois-
SOn £QuAMon wWith pernlodic boundary cond: 13}
Vieelie  and VA # are the jocal and non-loval Kiein-
mar Bvaiander (KB parts of the pseudopotential
of atom ] [19]. In order 1o eliminate iong range of
Vieer) . we screen 1t with the potential V™ as
created oy an zromic clectron density n?*®™ | Sinee
tie mromic basis orbitals are zero bevond the cut-
off racius ) = max){r},). and the screened "neutral
atom” (NA) potential VN 4(r) = V/eesi(r) 4+ Vptomis
#is. bevond tras radius {205, Then the total Hamil-
neikal Imay De rewritien as:

F = TN AEELS VNN 8V (1) + Ve (1)
7 7

(16)
seene A1 or @ the clectrostatic potential generated
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sramss w© and we surs of atomic densities n*!o" =
— pee= =%  Toe matrix elements of the first
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in finaliy. atomic forces and strasses car be caioe-
iated eficiently and accuratelv. Forces on the 1oms
are obtained by the Hellman - Feinman thearem
3. 6]. and are used 10 relax ionic positons i the
minimum energy by the conjugare gradien: methaod
{67 }. The main convergence of 1o1al enargy depends
on: i) a mesh cut-off energy £.,;. which depenacs on
elements in the svstem, u.) a numbsr of &- poinis.
which is used to accurately integrate over all the BZ
{16]. In the calculation of goometry aptimization.
the speed of convergence depends on a given woier-
ance of atomic forces and a given displacement aof
atoms. In the SIESTA code, the relaxed internal
co~ordinates of atoms are found as with a given 1ol
crance of atomic forces.

IV. AN APPLICATION OF THE SIESTA
CODE IN ORDINARY HNEXAGONAL ICES

A Structures of Ondimnary Hevagonal Toes

A ordinary hexagonal ice is obtained when a lig-
uld water fireezer at atmospherie pressure. 1t is called
as leelh, which has a disordered arvangement of wa-
ter molecnles, The spaee group is Pe/mmel21]. An
otdered arrangement of leelh is 1eeXT which was dis-
covered helow 720 by calorimetne measurements on
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KOH-doped icelt, in 1982

;f:z;:l ': E:’"—Q: [21]; In these ices, the oxygen atoms

*agonal " wurtzite” lattice, and each oxy-
geN atom is tetrahedrally coordinated. In icelh, to
create a disordered arrangement of molecular orien-
tations, hydrogen atoms were randomly distributed
Into two potential minima along each hydrogen bond
In order to satisfy the Bernal and Fowler “ice rules”
[23]. In iceXI, hydrogen atoms were located at one
9f the two minima according to Whitworth et al. In
icelh, there are four kinds of nydrogen bond. and two
kinds of them are found in the iceXI 2s shown on the
figure 1.

The ordering transformatior from icelh to iceXI
cannot take place in pure ice, because there is insuf-
ficient hydrogen mobility at the transition temper-
ature for the ordering to occur. Therefore doping
with KOH introduces sufficient mobility for iceXI
to be formed during suitable annealing below the
transition temperature. Doping ice with the alkali
hydroxides has the remarkable effect of maintaining
sufficient proton mobility at low temperatures for
the transition to the ordered orientation of hydro-
gen atoms, to occur at 72K.

We have done total cnergy calculations on the
above two supercells for iceXI and icelh with 16 wa-
ter molecules [217 ].

[22). The space group of

B. -Computational Methods

When relaxed structures for ordinary hexagonal
ices find, a structural geometry optimisation will be
done by the conjugate gradient minimization method
|67 ] of the energy functional in the framework of the
Self-Consistent Iteration (SCI) method in the DFT.
We have done the structural geometry optimisation
by both the SIESTA and CASTEP codes. The DFT
can not describe Van Der Waals interaction. We
will use pseudoptential methods, to describe the hy-
drogen and covalent bonds in ice. A Local Density
Approximation (LDA) can not be used for a descrip-
tion of the properties of hydrogen bonded complexes.

But gradient corrected functionals should be used to .,
the exchange-correlation functional. Therefore the ,
GGA is needed to usé in hiydrogen bonded systems '
[24). The state of valence electrons is expressed as

the KS equations of the DFT with an exchange cor-
relation functional of GGA by PBE [25]. In all the
calculations of a diagonalization method; we used the
8 points as to be 22223 by a scheme of Monkhorst
and Pack [26]. We have got the values of measure-
ment of ratio ¢/a for icclh and iceXI as 1.6280 at
253K, and 1.6277 at 10K respectively (where a and
¢ are cell parameters of unit cells), and the experi-
mental values are: a = 4.5194ng, ¢ = 7.357Ang for
icelh, and a =4.4934(1)Ang, c = 7.3139(1) Ang for
iceXI [? 7 ). Using a LAPACK math library, we will
use a serial version for the SIESTA 1.3 code on the
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FIG. 1: The structures and projections of supe:'cell for
Icelh and lceXI with 16 water molecules respectively

SUNFIRE V880 cluster node with 8 processors and -
16G of memory. Vs
. In the calculation of the CASTEP code we have. .t
, 8ot SCF convergence criterion per atom as 10-7eV,
and the tolerance for total energy per atom as
0.2'10"*eV. The interactions will be expressed as an
ultrasoft. - pscudopotential. ‘The maximum force tol-
erance-and the atomic maximum displacement were
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FIG. 2: The calculations of total energy curves for icelh
by the SIESTA code

chosen as 0.001eV/Ang and 0.005Ang respectively.
The cut-off energy of PW's is 500e V.

In the calculation of the SIESTA code, the inter-
actions of valence clectrons with the ionic cores are
described as a norm - conserving pseudopotential by
Troullier and Martins [27). By using diagonaliza-
tion and Order-N methods we have found relaxed
internal co - ordinates and lattice parameters in the
above two supercells of ices by using a DZP basis
set and pseudoptentials with the partial core cor-
rection (PCC) of 0.6 a.u. on the oxygen atom [17].
The maximum force tolerance and the atomic max-
imum displacement were chosen as 0.02¢V/Ang and
0.02Ang respectively. The mesh cut off energy is
350y in the all supercells. In the Order-N method
[28], a localized basis set is used, and we chose a cut-
off radius of Localized Wave Functions (LWF's) and
energy tolerance as 7Ang and 1078 respectively.

C. Calculations and results

As the CASTEP code, the equilibrium lattice pa-
rameters was found that there were 2.5 and 3.0 per-
cent less than the experimental values in iceXI and
icelh respectively, at which the equilibrium volume
corresponds to 474.06Ang”* as shown on the figure 4.

In the SIESTA code, the default value of the en-

for Ordinary Hexagonal Ices

TABLE I: The convergence of equilibrium lattice param-
cters as an cnergy shift at the split norm 0.15

e

at energy
shift, meV [272.1|200.0|175.0|150.0]100.0!50.0/25.0
percent
less than
experimental| 5.75 [ 5.75 | 5.25 | 4.5 | 4.75 | 4.0 |3.75
-4.0

lattice

parameters

TABLE II: The effect of equilibrium lattice parameters
as a split norm at the energy shift 50.0meV

at different
split norins 0.10/0.15]0.20/0.25{0.30(0.40(0.50
percent less than
the experimental | 5.0 | 4.0 [ 3.5 | 3.5 [3.75] 4.0 | 4.0
Jattice parameters

ergy shift is 272.1meV, and the default cut-off radius
of the basis sets is short. In our case, we have to get
a large cut-off radius of the basis scts. Therefore, at
the default split norm, which is chosen as 0.15, we
have found a convergence of equilibrium lattice pa-
ramcters as a function of the encrgy shifts. In these
cases, the cquilibrium lattice parameters are found
to be 4 percent less than the experimental values as
shown on the table I. In next case, we have shown
a effect of split norms at the energy shift 50.0meV.
At the split norm 0.20 the equilibrium lattice pa-
rameters are found to be 3.5 percent less than the
experimental values as shown on the table II. These
results of the total energy calculations are shown on
the figure 2.

Therefore, we will calculate the total energy curve
at the energy shift 50.0meV with the split norm of
0.20, then we have calculated the total cnergy curves
by the SIESTA code. By using the SIESTA code, in
the delocalized DZP basis set, we have found that
the equilibrium lattice parameters are 3.0 and 3.5
percent less than the experimental values in iceXI
and icelh respectively. ' ’

As used eigenvalues of the Hamiltonian operator
in the diagonalization method, we can show elec-
tronic densities of states, and we used a Gaussian
»hroadened” function of half width at half maximum
of 0.25eV. In the occupied bands, one could notice
two high peaks at the —13.99¢V and -§.39eV m'l.he
both ices. The peak at the —13.99¢V is a cor'nbma,—
tion of 2p orbital for oxygen atoms and 1s Orbltif.l for
hydrogen atoms, while the peak at the —8.39¢V is al-
most a pure 2p orbital for oxygen atoms. Moreover,
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FIG. 3: The Electronic Total Densities of States for icelTh
and iceXI at the I' péint. by the SIESTA code

ane can notice that the highest occupied bands are
mostly a conbination of 2p orbital for oxygens and
1s orbital for hydrogens with a small 2s orbital for
oxygens at the —25.90eV [29]. But the other small
peak at the —2.39eV corresponds to an unoccupied

band as shown in the figure 3. Therefore, the Fermi--
level of Kim functional in the Order-N method [28]

has found to be —5.3eV in the both ices. In localized

DZP basis set, the equilibrium lattice parameters are

found to be 2.25 and 3.0 percent less than the ex-
perimental values of iceXI and ic (,Ih reape(,t.lvely,
shown in the figure 4.

The CPU time of single pomt calculations at
the obtained relaxed. structures was 1.49 hours for
iccIh, and 1.45 hours for iceXI in the diagonalization
method, and it was 1.62 hours for icelh, and 1.56
hours for iceXI in the Order-N method.

V. CONCLUSION

We have done Ab Initio total energy calculations
for ordinary hexigonal ices, using a SCI method
in the flexible LCAO method with norm-conserving
pseudopotcnnals, within a framework of the DFT.
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FIG. 4: Our main results of the total energy calculauun
for iceXI and icelh by both the codes

When the transferability of the charge density be-
tween core and valence electrons for the oxygen atom
is decreased, we included the partial core correction
to the pseudopotential for oxygen atoms.

By using the delocalized basis set, we have found :

the relaxed lattice parameters of the supercell in
hexagonal ices, which are 3.0 and 3.5 percent less
than the experimental values of iceXl and icelh re-
spectively. By using the localized basis set, we have
also found the relaxed lattice parameters of the su-
percell in hexagonal ices, which are 2.25 and 3.0 per-
cent less than the experimental values of iceX1 and
icelh respectively. As used the CASTEP code with
the ultrasoft- pseudoptential in the GGA, we also

. found that there are 2.5 and 3.0 percent less than

the experimental values of iceXI and icelh respee-
tively.

In the case of ‘the delocalized basis set, the re-
laxed lattice parameters of unit cell have found to

be 4.36084ng and ¢ = 7.0995Ang for icelh, and :
7.09454ng for iceXL. In

a = 4.3586Any and ¢ =

the case of the localized basis sct, the relaxed lat-
tice parameters have found to be 4.3834Ang and

i 2 onbat o
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