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Abstract. We present a formulation of ab initic molecular dynamics with a mixed basis, The
mixed basis is constructed by a plane-wave set and localized basis functions which are defined
by spatially localized functions. The basis functions are orthonormalized with each other, and
the equations of motion for wavefunctions of electrons are simplified. Forces acting on atoms
include the Pulay terms, which are explicitly represented in the present formulation. This method
is tested on diamond and applied iron as a first step in studying the effect of spin polarization.

1. Introduction

Ab initio molecular dynamics proposed by Car and Parrinello [17 is a powerful method
which unifies the calculation of the electronic states and the molecular dynamics, and is
now widely applied for semiconductors or simple metals. The use of pseudopotentials with
a plane-wave basis set plays an important role in the calculations for these materials by
means of this method. Plane-wave expansion can work well when the pseudopotentials are
used simultaneously, because the pseudopotentials are much weaker than the real Coulomb
potentials, especially for most semiconductors and the simple metals. For first-row elements
and transition metals, however, this method must be applied with. some care, because these
elements have strong pseudopotentials {2]. One way to calculate the electronic properties
efficiently for these elements is to use relatively soft pseudopotentials. Calculations with
an ultrasoft pseudopotential [3] have been reported for molecular oxygen [4] and liquid
copper [5]. Another method of calculation is to use a localized basis set and norm-conserving
pseudopotentials. We employ here the latter, in particular a mixed-basis approach.

A. mixed-basis approach, which combines plane waves and localized functions in the
basis set, is introduced to efficiently treat the atomic-like wavefunctions in solids [6-8].
In [6] the Bloch sums of the Gaussian orbitals are used as the localized part of the basis set.
This is the reason why the Hamiltonian and the overlap matrix can be analytically expressed
using the Fourier transform of the Gaussian orbitals which have the analytic representation
of the Fourier transform. However, this choice of the localized part of the basis set leads to
solving of generalized matrix eigenvalue problem, which includes the Hamiltonian matrix
and the overlap matrix of the basis,

While a mixed-basis formalism is appropriate for calculation of the materials
incorporating localized d electrons, it is more complicated and requires increasing calculation
time. In order to overcome this difficulty, there is a way to construct an orthonormalized
basis set from a mixed-basis set. This was proposed by Jansen, Sankey and Klein (JSK) [9]
several years ago. JSK constructed an orthonormalized mixed-basis set from plane waves
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and pseudoatomic orbitals (PAO) to represent the wavefunctions that have atomic-orbital
features. It is noted that PAQ employed by JSK are computed self-consistently for the
psendopotentials of a free atom. Rappe and co-workers [10] have pointed out that the JSK
mixed-basis set is not overcomplete and takes advantage of iterative minimization schemes
for electronic and atomic degrees of freedom.

We note here that the localized functions, which are the origin of the localized part
of a mixed-basis set, are only used as constituents constructing a basis. In principle, one
can choose any functions to constitute a basis. Using this property of the mixed basis, we
present a novel mixed-basis approach which is suitable for an ab initio molecular dynamics
calculation. The key idea of our orthonormalized mixed-basis approach is to make use of
a momentum-space representation for localized functions. This approach leads to a simpler
formulation and more efficient calculation for the electronic states of the system if the
localized function contains an analytic expression of the Fourier transform. In addition, we
can explicitly represent the Pulay term of the force acting on atoms.

‘We applied the mixed-basis approach for ab initio molecular dynamics to diamond as
a first-row material, because the properties of diamond were studied by experimental and
theoretical methods [11,12] many years ago. This method was also applied to iron, as a
transition metal, which may be the first trial using this approach for studying materials with
non-zere spin polarization.

This paper is organized as follows. In section 2 we describe the construction of the
mixed basis. In section 3 we present the formulation for ab initio molecular dynamics
with the mixed-basis set described in the previous section. In section 4 the force formula,
especially the Pulay term, are given. In section 5 we calculate the electronic structure and
the lattice dynamics of diamond and iron. Finally, in section 6 we summarize our results,

2. Mixed basis

A mixed-basis set is introduced [6] to express effectively the wavefunctions of the electrons
in a crystal that have localized features. The mixed-basis set consists of a localized part and
a delocalized (plane-wave-like) part, and is suitable for representing both localized states
and extended states of the system. However, a mixed-basis set is overcomplete and not
orthonormal, in generak. For this reason, calculations based on a mixed basis are more
complex and require a great deal of computer time. To avoid this difficulty, we introduce
an orthenormalized mixed basis which is constructed from plane waves and a localized
basis. We expand the wavefunction of the electron with band index j, wave vector k& and
spin o as follows:

1 : ) .
Vi) = —= 3 S+ GE®TEIT 3 " d O (P) (n
G, ENN)

where £ is the volume of the unit cell and &G is the reciprocal lattice vector. The symbol
s, it means that the pth basis function is connected to the sth atom in the unit cell. The
orthonormality conditions of the basis set are represented by

k+Glk+G) =8¢

{(k+GlEs'y) =0 @

(kS,LLIk’S![L’) = 5kk‘6n"6_:m’
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where

(rlk+G) = %e"f’”@* (3)
and

(PlRSi) = Prsu(T) ()

which is the localized part of the mixed-basis set.

The mixed-basis set in the present approach is constructed as follows. In the first step,
we choose spatially localized functions f, (¢t =1, ..., m) and generate the Bloch function
for each k vector in the reduced Brillouin zone:

Brou(r) = <= S TR S0 7 R) )
TR,

where 7 is the Bravais-lattice vector and K; is the position vector of the sth atom in the
unit cell. The symbol f;, means the localized function f, is linked to the sth atom. In the
second step, we orthogonalize the function, ¢z, to all plane waves with energy less than
or equal to a cut-off energy, Gpy,. This can be easily done by using the Fourier expansions
of the Bloch functions defined above. Introducing a cut-off energy Gpax (= Gpu) for the
Fourier expansions of the Bloch functions, the function orthogonalized to the plane waves
is given by

¢ks.u (T‘) = Z &sp{,(k -+ Gz)ei(k""G’)"'. (6)

Gpm<Gz<Gmmg

The Fourier coefficients J)m(k + G} are
- 1 - i
Pou(e 4+ Go) = 51‘:;;(16 + Gye G R f)

where fw(k + @) is the Fourier coefficient of the localized function:

foulk+ Q) = é f dr e ®HEIT £ (r), @)

In the third step, the functions (6) are orthonormalized with each other by diagonalizing the
overlap matrix. The overlap matrix ;.. is defined as

Ssu;s’u’ = (¢ks,u I ¢ks’u’)~ (9)

The unitary matrix U, which diagonalizes the overlap matrix, is obtained by solving the
eigenvalue problem for the overlap matrix

vsut=p (10
where Dt is the diagoral matrix whose elements are given by

Dspisp = AspSspisw (11)
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and A,, is the eigenvalue of the matrix §. Note that the size of the overlap matrix § is
Mm, where M is the number of atoms in the unit cell. This size of § is so small that there
is practically no additional time for the calculation of the diagonalization of S. We also see
that the diagonalization does not take so much time when treating a larger system, since
the size of § depends linearly on M, not on the number of bands. Then the localized part
of the orthogonalized basis set is generated by

Phap(T) = —— Z Uppsurow = 3, Goull+ Go)e' e (12)
ls“’ s Gpm<G2<Gma1
where
. 1 - G B
%,u(k + GZ) = ‘/— Z Us’u’:sgfs’;z'(k + Gz)ﬂ Gy R, . (13)
5Ll Sf.uf

We note that there are no restrictions on choosing localized functions. While JSK
have taken pseudoatomic orbitals as localized functions, we consider weighted Gaussian
functions here [6]. The reason is that the Fourier transforms of these functions possess
analytic representations and this is also expected to decrease the error in the calculation.
The Gaussian-type orbital

rl exp(—Ar?) i () 14
has the Fourier coefficients
STV G/2) exp(~GP /AN i (G) (15)

where ¥}, are spherical harmonics.

3. Mixed-basis approach in ab initic molecnlar dynamics

Ab initic molecular dynamics introduced by Car and Parrinello [1] unifies an electronic-
states calculation based on density functional theory and molecular dynamics. In density
functional theory, the charge density which minimizes the total energy of the system is
the exact ground-state density and the wavefunctions of the system are given by the self-
consistent solution of the Kohn—Sham equations (for a review, see [13]). In the ab initio
molecular dynamics approach, a fictitious time for wavefunctions of electrons is introduced
and the system evolves obeying a fictitious dynamics. This dynamics is defined by a
Lagrangian whose potential energy is given by the total energy of the system in density
functional theory. The total energy per unit cell [14] is given by

=3 [ b s = B+ Mo + 8Buo+ s (16)

where €7, is the Kohn—Sham eigenvalue, w} is the occupation number of the jth band with
spin o

== fdrVHp {1

1 f dr( () + “") (18)

AEy, = fdr (€xe — Vxcdp (19)
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and

sy M(zva!)z f 1
= E - dr—. 20
TR -Rd % )7 @0

The density of the electron p is given by
o =3 [ kufurmr. e
Jo
The expressions Zye and §, mean

Zoat = — Z Zs 22)

uml celi

and

Qe = (23)

s

respectively.

In the orthogonalized mixed-basis approach, the total energy of the system can be
represented by the coefficients cJ(k+G) and 47, , of the expansion of the wavefunction (1).
We can express the Kohn—Sham eigenvalues whlch appear in the equation (16) as

o= Y fk+ G (k+ GilHlk+Gi)e] (k+ G})

.G
+ Z ¢ (k + G1)* (k + Gi|Hkspu)di,, +cC
Giosp
+ Z sy (s | ks i)y @
susp!

where CC means the complex conjugate of the second term of (24). The symbol K is the
Hamiltonian of the system defined by

8E
sp

H= (25)
The sums of the first and second terms in (24) run over the reciprocal lattice vector &y or
G|, the absolute value of which is less than Gpy,.

The Car-Parrinello Lagrangian which defines the fictitious dynamics is represented in
the form

=% [ arak urberina )|2+Z—1R.,12 Eun[ (451 AR)]

-y f dk A% ( f dryg(r)* ;,c(r)us,-,-) (26)

iLje

where i, is the fictitious mass of the electron, M, is the mass of the sth atom and the third
term is given by equation (16). The last term in equation (26) is introduced to conserve the
orthonormality between the wavefunctions and A;; is the corresponding Lagrange multiplier.
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The equations of motion of the wavefunctions are derived from the Car-Parinello
Lagrangian (26). The minimization of the total energy is achieved by the time evolution
determined by these equations as the system is gradually cooled. Here we employ a different
approach to minimize the total energy of the system, that is, the direct minimization of the
total energy by the steepest-descent method, which can be formulated in terms of first-order
differential equations in the fictitious time as

dE1or
AL
The equations for the expansion coefficients ¢, and 4, of the wavefunction are given by

pell (ke + Gr 1) = = Y (k+ GilHIk+ Gy}l (k + G, 1)
G}

1

Y () = — 27

=3k + G| Hlksu)df, &) + Y AN (k+ Gy, 1) (28)
I

sy

and

peie, (1) = — > _(ksp|HIk + GY)c] (k+ GY, 1)
G
— D (sl Hlkes'w) e, (1) + 3 AN dieg, (). (29)
LTs !
We note that the derivatives of the coefficients ¢f} and d7,,,, are not included simultaneously
in each equation of motion because of the orthonormality of the basis, Therefore we can
easily treat these equations.

The equations of motion for atoms in the system are also derived from the Car—Parrinello
Lagrangian. These are the second-order differential equations

0 E o

3R,

We solve these equations to study the motions of atoms.
To calculate the matrix elements of the Hamiltonian which appear in equations (24),

(28) and (29}, we remember the localized part of the basis set is constructed in the form of

Fourier expansions. Using equations (12) and (13), all matrix elements can be represented

in the reciprocal space. The complete expressions of the matrix elements of the Hamiltonian
are obtained as follows:

tk+ GilHIk + Gi) = b+ G161 + V(G - G + V(b + G1, b+ G (BD)
(k+GilHlksp) = Y Vi(Gr— G)su(k+ Go) + Y Ve (b + Gy, b+ G+ Go)
Gz GI

MR, =— G0)

(32)
and
(s HIK's'u'y = ; |k + Gal*@op (ke + G2)* G (k + Ga)
2
+ D VLG, — G)sulk + Go)'Go ik + G)
GG
+ Y Vilk + G b+ Gk + G Gow (b + GY). (33)

G1.G,
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Here we use the representation of the Hamiltonian:
He= V4V 4+ Vn (34)

where V., and Vy; are the local and non-local parts of the potential, respectively. The local
potential Vy, consists of the Hartree potential, the exchange-correlation potential and the
local part of the psendopotential. The non-local potential is equal to the non-local part of
the pseudopotential.

The use of the above expressions of the matrix elements has a great advantage in
calculation, We need not evaluate the matrix elements of the potentials for the localized
part of the mixed-basis set in the real space. Only the matrix elements of the potential in
the reciprocal space with energy less than G, are required, In practice, we can make
good use of fast Fourier transforms (FFT) for evaluating the matrix elements. This leads to
suppression of the increase in CPU time.

4. Hellmanm-Feynman and Pulay forces

In the force calculation, we need to evaluate the Hellmann-Feynman force as well as the
Pulay term due to the dependence of the basis functions on the positions of atoms. The
aH

force acting on atom s is given by
ad
— 2R &
°R, q’) ? e((aRs H‘ )) G

8Eror
B="%g, = —(q’

where |®) denotes a state of the sysiem, the first term of the right-hand side of this equation

is the Hellmann—Feynman term and the second term is the Pulay term.

In the formulation which we adopt here, the Pulay term can be explicitly represented and
then exactly calculated. By the definition of the force (35), and using the expression of the
total energy (16), we obtain explicit representations of the force. The Hellmann—Feynman
force is given by

aH v,
F”Fs—¢-—--¢=—f —p. 3
7 =~{ol3g] ) IR, o
To represent the Pulay term, we have to know the derivative of the wavefunction.
Since the localized part of the basis set depends on the positions of atoms in the mixed-

basis formalism, this term is not identical to zero. The derivative of the wavefunction is
expressed as

‘f’ (7') 1 3@, (k + Ga) |
’5‘- Z ‘ké ” (oni'yu'(a + 2) ex(k+G‘;)-r (37)
S ' G R'S

using the Fourier expansions of the localized basis (12). The Fourier coefficients @, of the
localized part of the basis set are given by equation (13). Note that the unitary transformation
IJ, which appears in the Fourier coefficients (13), is defined for the fixed set of the position
of atoms {R;}, and this includes { R;} as parameters. Then we can explicitly represent the
derivative of the coefficients as

(r) 1
i;r — 5 Z (—iGg)dgzs;“f(\/.._. E‘f‘;‘-“" (k + Gz)Us#ﬂ o5t r)e iGa» R (38)

S G

Substituting this equation into the second term of equation (35), we get the formula for the
Pulay term of the force.
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5. Applications

5.1, Electronic structure of diamond

In this section, we apply the method described above to carbon with diamond strueture.
Since the pseudopotential of carbon is deeper than that of silicon and there are many
theoretical studies, it may be thought as an appropriate example for testing our mixed-basis
approach.

For the mixed-basis calcuiation, we take a weighted Gaussian with spherical symmetry
as a spatially localized function

Fum1(r) = rexp(—rr?). (39)

Here we put [ = 2 to represent the localized feature of the wavefunction effectively, though
the carbon atom does not have orbitals with d symmetry. The Fourier coefficients of
equation (39) is given by

I 243 =572 G -G* /4
EN;-r (23) 33— ETY e (40)

where N is the normalization constant

772 172
N=(i@” ). @41)

15 =32

In the calculation we use the generalized norm-conserving pseudopotentials of Hamann {151,
the Kleinman-Bylander form of the pseudopotential [15, 16], and the exchange—correlation
potential of Perdew and Zunger {17). We fix the cut-off energy as G, = 55.4Ryd,
the fictitious mass for the wavefunction of the electron is set to u, = 300au, and the
time step to At = 10au. As a unit cell, a simple cubic supercell with a lattice constant
a =3.57 A is taken and k-point summations are restricted to the I" point. We stop iteration
for minimization of the total energy with the fixed atoms if the convergence rate € of the
total energy is less than 1.0 x 1075, The convergence rate ¢ is defined by

_JE(m)y—E(n+1)
€= ——_E(n) 42)

where E(n) denotes the total energy of the system in the nth iteration.

Table 1. Cut-off energy dependence of the total energy. The cut-off encrgy Grax for the Fourier
expansion is fixed as 55.4 Ryd.

Gpw (Ryd) E;.: (Ryd/atom)

30.0 ~10.94
400 -11.05
50.0 -11.0%
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In table 1 we show the dependence of the total energy per atom on the cut-off energy
Gy for the calculation based on the plane-wave basis. This indicates that the total energy
almost converges for the cut-off energy G,, = 40Ryd, and we fix the cut-off energy as
this value in the following calculation. We note that the cut-off energies Gp,, and Gy
correspond to 1357 and 2103 plane waves, respectively. This means that the computer
memory required for the coefficients of the wavefunctions is smaller than that required
for the plane-wave coefficients as a whole, becanse we have only to evolve the 1357 + 1
coefficients. To determine the equilibrivm lattice parameter for diamond, we calculate the
total energy for four different lattice parameters and fit data with a parabolic curve. In
figure 1 we show the total energy calculated and the fitting curve. The equilibrium lattice
parameter is obtained as 3.72A and the experimental value is 3.57 A. 1In the calculation
below the lattice constant is fixed as the calculated equilibrium vaiue. In figure 2 we display
the fictitions time evolution of the total energy of the system for the cut-off energy of the
plane wave G, = 40Ryd with the equilibrium lattice parameter determined above.

-10.85]

]
'y
—_

-11.05 \\M___J__,.o/

11041

Efot (Ry/atom)

Figure 1. Calculated total energies against
-11.15¢ 1 lattice parameters. We determine the equi-
librium lattice parameter from a parabolic

. - - L fitting to the total energies. The arrow in-
6.6 6.8 7 7.2 7.4 dicates the equilibrium value of the lattice
lattice parameter (a.U.)  parameter,

S

-10.5 ¢ .

Etot (Ry/atom)

-11.5 ¢ .
Figure 2. The time evolution of the total energy of
the system. The cut-off energy for the plane-wave
-12 1 t basis Gpy is 40Ryd and the cut-off energy Gmgsx is

o 10 20 30 40  554Ryd. The total energy almost converges over
time step (¥at) ten iterations.
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The Kohn-Sham eigenvalues are tabulated in table 2. The eigenvalues calculated
by the plane-wave basis [11] with the Hamann—Schliiter—Chiang pseudopotential {2] and
LAPW [12] are aiso tabulated for comparison. Since we use a simple cubic supercell in
the calculation, the eigenvalues at the T point and the X point for the Brillouin zone of the
face-centred cubic lattice appear at the I' point of the Brillouin zone of the supercell. The
degeneracies of the eigenvalues for the supercell from the lower-energy side are 1, 6, § and
3, respectively.

Table 2. Kohn-Sham eigenvatues. The eigenvalues calculated by plane-wave (17) basis with
HSC pseudopotential and LAPW are also tabulated for comparison.

This paper  PW LAPW [12}

ry =222 2145 -21.36
Tag 0 0 0

Xy —1328 1265 ~—1261
Xs  —661 —622 582

Next we study the lattice dynamics of diamond. We focus, in particular, on the optical
phonon at the I’ point where the longitudinal and transverse modes are degenerate. The
trajectories of the atoms are generated by solving the equation of motion (30), The initial
displacement of each atom is determined for the velocities of atoms to give a Maxwell
distribution at a fixed temperature and the temperature of the system is kept at 1000K
during the molecular dynamics calculation. In this calculation we omit the Pulay term for
the non-local potential —2 Re({8¢/3.0; |V |D}), because the Pulay term of the non-lacal
potential is muach smaller than that of the local potential. In figure 3, the motion of an
atom along the (111} direction is depicted. This figure indicates that the optical mode has
a frequency of 51.7 THz, which is comparable to the experimental value 39.96THz [18].

0.1 . , i —
0.0051
5
g
g 0
E. \/ Figure 3, Motions of an atom of diamond
o with (111) mode. The frequency is about
-0.0051 20 iteraticns (one iteration corresponds to
4.8 x 10~¥5). The displacement has units
of the latttce constant. The variation of the
-0.01 amplitude of the motion is influenced by the

0 20 40 60 80 100 120 initial states for the atoms and disappears in
iteration the long-time limit,

5.2. Electronic structure of iron

The orthonormalized mixed-basis approach is applied to iron which has nom-zero spin
polarization. Since the pseudopotential of the iron atom is much stronger than most
semiconductors, many basis functions are needed in the plane-wave basis approach. In
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the orthonormalized mixed-basis approach many plane wavefunctions are also required, but
the coefficients of the wavefunctions are far fewer than the number of plane waves. This
reduces the amount of the computer memory and CPU time used in the calculations.

To calculate the electronic structure for iron, which has a body-centred cubic (bcc)
structure, we use four special & points in the Brillouin zone summation, and fix the cut-off
energy to Guax = 300Ryd and Gpy = 150Ryd, which correspond to 39223 and 13949
plane waves. Though we must evolve the 13 149 + 1 coefficients of the wavefunctions,
this number is smaller than all 39223 plane-wave coefficients. In this case we need only
1/3 of the computer memory for the coefficients in comparison with the plane-wave basis
calculation, and this leads to less computational time used in the calculation. Iteration is
stopped if the convergence rate € of the total energy is less than 5.8 x 1072,

In order to determine the lattice constant we carry out the total energy calculation for
the systems with the lattice constants 2.80 A, 2.85A and 2.90 A. Figure 4 shows the total
energies as a function of the lattice parameter. The equilibrium lattice constant is determined
from parabolic fitting and is 2.854 A, as indicated by the arrow in the figure. This value
is good agreement with the experimental value 2.866 A. Unfortunately, the bulk modulus
obtained from data is very much larger than the experimental value. It is supposed that
the core correction for the pseudopotential is not taken into account here. The absence
of the correction leads to an overestimation for the exchange—correlation energy. It has
been indicated [19] that core corrections play an important role in the 3d transition metals
obtaining their qualitative properties.

Etot (Ry/atom)
o
o
o

5.2 5.3 54 5.5 5.6
lattice constant (a.u.)

Figure 4. Calculated total energies for three lattice parameters and the parabolic fitting of these
values. The amow indicates the lattice constant that comesponds to the minimum of the total
energy derived from the fitting curve,

The magnetic properties of iron as well as the electronic structures are interesting. The
magnetic moment per atom converges more slowly than the total energy along the fictitious
time evolution of the system. Continuing iteration to achieve the convergence rate fixed
above for the total energy, we obtain 2.44 ug for the magnetic moment per atom with a
lattice parameter 2.85 A. It is found that the calculated value of the magnetic moment is
slightly larger than the experimental value. This result comes from using a few k points to
evaluate the Brillouin zone summation, since the magnetic properties depend on the Fermi
surface. It is also supposed that we employ the spherical symmetric functions (39) as the
localized function which generates the localized part of the mixed-basis set.
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T e m

4 ¥

Figure 5. Contour of the spin density of iron on the (110) plane. The full contours represent
the positive densities which start from 0.001¢ au™3 to 0.2562au™> spacing by a factor of two in
gach contour. The broken contours are the negative densities which start from —0.001eau™3,
The contours of zerp density are drawn by thick curves,

The spin density on the (110) plane of the bulk iron is shown in figure 5. This figure
clearly exhibits the anisoiropy of the spatial distribution of the spin density. We also find
that the areas of negative spin density appear in the interstitial region, originating from the
spin polarization of the 4s electron. It is known [20] from measurement of the magnetic
form factor by neutron diffraction that iron has these properties. The spin density evaluated
here is consistent with experimental data.

6. Conclusions

We have presented a novel mixed-basis approach of ab initio molecular dynamics. In this
approach, the mixed basis consists of plane waves and the Bloch function of localized
functions connected to atoms in the unit cell, Localized functions that have analytic
representations of the Fourier transform for the precise calculation are chosen, The functions
in the mixed-basis set are orthonormalized with each other.

The equations of motion for the coefficients of expansion of the wavefunction by the
mixed basis have been derived from the Car-Parrinello Lagrangian. These equations
have a form that can be easily treated, because the derivatives of the coefficients are
separated for each equation. All matrix elements of the Hamiltonian are represented by
the Fourier components of the potentials and the localized part of the basis set. This
representation has an advantage in calculation of the matrix elements using FFT. Because
of the orthonormalization conditions for the basis set, the expressions of the matrix elements
are simpler than the non-orthonormal basis. We have also obtained an explicit expression
for the Pulay term of the force in this approach. This is due to the expressions of Fourier
expansions for the localized part of the basis set.

We applied the mixed-basis approach to calculate the electronic structure and the lattice
dynamics of diamond and iron. For diamond, properties such as the lattice constant, bulk
modulus and phoron frequency are in good agreement with experimental data. 'We have
demonstrated an efficient calculation for materials with spin polarization, in particular bee
iron. The lattice constant and the magnetic moment calculated here are comparable to those
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measured in many experiments. In these calculations the mixed-basis approach leads to a
decrease in memory usage in computers and in CPU time,
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