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The key problem of the orbital-free approach is calculation of kinetic energy, especially for hetero-atomic systems. In this work, we used the
mono-atomic functionals of kinetic energy to construct the kinetic functionals of complicated systems. We constructed some atomic weights
associated with densities of single atoms and then calculated kinetic functions for some atomic complexes. For the examples of SiC, SiAl, AlC,
SiO and CO dimers we have demonstrated possibility of our approach to find equilibrium interatomic distances and dissociation energies for

hetero-atomic systems.
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1. Introduction

Nanotechnology requires simulation methods, which could operate with huge numbers of atoms — up to
millions. The most effective quantum methods (for example the Kohn-Sham (KS) method [1]) can work with only
hundreds. Therefore, researchers are obliged to use for large nanosystems some less accurate methods with empiric
potentials (for example [2,3]).

The Kohn-Sham method is based on density functional theory (DFT) [4]. The orbital-free (OF) approach also
follows this theory, however, it operates with the electron density only (without wave functions or orbitals) and
if properly developed, can be applied for the simulation of very large systems: up to millions atoms [5]. Several
groups [5-13] are working in this area with different success, and the calculation of the kinetic energy is noted as a
main problem. In our previous papers [14-16], we suggested that there is no universal way to describe the kinetic
energy of different atoms and compounds. We proposed some simple formulas for systems containing atoms of
identical types and simulated the dimers and trimers with metallic and covalent bonds. For examples of Al, Si, and
C, we obtained equilibrium interatomic distances, binding energies and interbonding angles in good accordance
with published data. Now we try to describe how it is possible to extend our approach to systems with different
types of atoms.

2. A general description of the OF approach

As it is known, DFT claims that the energy E of the ground state of any quantum system can be found by
minimization of the some functional depending only on the electronic density of this system p(r):
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€kin are exchange-correlation and kinetic energies (per electron).
Minimization of (1) means solution the following equation:
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where p have to satisfy the condition [ p(r)dr = N, N is the number of electrons in the system, fie,—c(p) =
decz—c(p) n(p) = derin(p)
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There are some realistic approximations for exchange-correlation potential pic,—.(p) there; the potential Hartree
©(r) may be calculated using Fourier transformations or Poisson equations; the external potential V' (r) usually
consists of atomic potentials or pseudopotentials. The only real problem is the kinetic potential fij;y,.

where V(r) is an external potential, ¢(r) = / | dr’ is the electrostatic electron potential Hartree, €.,_. and
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3. Pseudopotential approach

In practice, the DFT calculations are simpler if one uses pseudopotentials instead of full electron potentials.
Therefore, let us rewrite the above equations in the pseudopotential approach, and, for simplicity, let us limit our-
selves by s- and p-components of pseudopotentials and a diatomic system. Their distribution on more complicated
cases is possible without any trouble. Thus, we will present the total density pi> as a sum of partial densities:
P12 = P12—s + P12—p + - --

The electron energy of this system FEi5 = f €12(p12—s, p12—p)dr must be minimal with the condition
i (plzfs + p12_p>dl‘ = N2, where €15 is the electron energy per electron for the two-atomic system with

the total number of electrons Ni5. In the other words, we have to find the density p;5 that satisfies the system of

two equations:
Fip =0, Fi2 ,=0.

Here
6512 exr—c kin
Fio_ = 5p =Vi_s(r) + Vas(r) + @12(r) + p75 “(p12) + w15 s (p12—s), (3a)
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55 er—c cin
Fay = 55 = Viep(r) & Vap() + 01a(r) + 357 (12) + 1137 (pr2-) (3b)
where Vi_4(r), Vo_s(r), Vi_p(r) and Vo_,(r) are s and p components of pseudopotentials of the first and

second atoms, @12(r) and pi5 “(p12) are the electrostatic and exchange-correlation potentials calculated for the

total electron density pio of a dimer, u¥i" (p12_,) and u’féﬁp(mg,p) are partial kinetic potentials depending on
corresponding partial densities p12—s and pia_p.
Thus we can write equations for finding p12—s and p1a2_p:

Vies(r) + Vaos (1) + @1a(r) + 55" (p12) + 3" o (ps) = 0, (4a)
Viep(r) + Vaop (1) + @12(r) + pi5~(p12) + 115, (pp) = 0, (4b)
Obviously, for two isolated atoms we can write equations similar to (4a) and (4b):
Vieo(r) + @0 (r) + u () + 1™ () ) = 0, Visp(r) + 3 (r) + p§"(p9) + pf™ (p9_,) =0 (5a)
Voo (1) + @5(r) + 15" (p3) + p5 ™ (5_) = 0,  Vap(r) + @5(r) + 5™ %(p3) + p5™(p5_,) =0 (5b)

As p%_., P p, pY_,, and p_, are equilibrium atomic densities taken from DFT calculations, we can write
for Vi_(r), Vi_p(r), Va_s(r) and Vo_,(r):

Vies(r) = =0 (r) — i (09) — 1™ (09 ), Viep(

Vars(r) = =5 (r) — 5" *(p5) — i3 (p5—)s  Vop(
Putting (6a) and (6b) in (4) we obtain:

kin
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er—c kin kin kin
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The kinetic dimer functionals p¥i" (p12_,) and u’féﬁp(pm,p) may be presented as follows:

exr—c

P12(r) =7 (r) =5 (r)+pu75

155" (pra—s) = (09— ) + 5™ (P9 ) + ApsS" (p1a—s), (8a)
s L (p12—p) = 1§ (09_,) + 15 (03 ,) + ApsE" L (p12—p), (8b)

where Apfi™ (p1a—s) and Apfi™ (p12—p) are unknown functions of partial densities of the two-atomic system.
These functions must approach zero if the interatomic distance approaches to infinity. Thus we can take the
following simple approximation for them:

. e . B
AP (g s = VA (Do — VAP (00_,) — VR (05_,), (%)
DB (o = VR (plaey — VR (00_,) — VA (5_,), (9b)

where V4" (p;) and foffp(pp) are some functions having the same kind for single atoms and for dimers formed
from atoms of the same type A.

We can solve these equations with some fitting functions /4™, and fo{fp and then calculate the total energy.
We find the test functions from the simple request: they must lead to the equilibrium interatomic distances and
binding energy for dimers. We hope that these functions will be suitable for more complicated systems in future.
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The electron energy of a dimer ES  contains the electrostatic energy:

By stat / [Via(r) + Voo ()] pra—udr + / [Vip(r) + Vo p(F)] pazpilr + / pra(Opradr,  (10)

the exchange-correlation energy E75 ¢ = [ {57 °(p12)dr and the kinetic energy:

By = B B [ [ A e ooy + i) dpia- Jar. (1)
To find the equilibrium distance and the total energy EY%!, we need to add the repelling energy Ej5" =
YAV .
ﬁ, where Z; and Z, are positive charges of atomic ions with coordinates Ry and Ry. Thus EY% =
1 —Re

Efy ‘”“t+ E§3~¢+ EYin + ET5P. The binding energy for a dimer (per one atom) would be calculated as follows:
E, = (Et"t 2F ), where E, is the atomic energy.

dim
4. Dimers with identical atoms

We took Al, Si, and C as test elements. We used the FHI98pp [17] package as a generator of pseudo-potentials
and equilibrium partial electron densities. We calculated exchange and correlation potentials in the local density
approach [18,19]. Studied atoms were located in a cubic cell of the L size (L=30 a.u.; 1 a.u. = 0.529 A). The cell
was divided on 150 x 150 x 150 elementary sub-cells for the integration with the step AL of 0.2 a.u. The results
of these calculations were compared with published data.

We used the same types of kinetic functions p**" and /ﬂ;m for isolated atoms and dimers and trimers, however
they were found different for different types of atoms. Namely, we used

for Al: 5™ = 1.0py/ " vbm = 22.0p,/ %

for Si: vFn = 8. Opl/1 5, u’“” =1. 6p1/‘3,

for C: vkin = 1.75p8/%; vk pin . 8ps/>.

Calculated values of 1nteratom1c distances and binding energies for the Als, Sis, and C, dimers are collected
in Table 1 in comparison with other data. Agreement is rather satisfactory, when one considers that other calculated
data are often differing from experimental results and each other.

TABLE 1. Equilibrium distances d and binding energies Ej (absolute values, per atom) for Sis,
Als and C, in comparison with known data

Dimer Source d, A Ey.eV
Our OF method 2.2 1.8
Si2 | Other calculations | 2.21 2.23" 1.599% 1.97°
Experiment 2.24¢ 3.0¢
Our OF method 2.8 1.4
Alz | Other calculations | 2.95¢ 2.51¢ 1.239 1.55¢
Experiment 2.567 1.567
Our OF method 1.4 3.0
C2 | Other calculations | 1.249 1.36" 2.69 2.7
Experiment 1.24¢ 3.1°

Notations: 9[20], *[21], €[22], “[23],€[24], /[25], 9261, "[27], '[28].
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5. Dimers with different atoms

Let us rewrite equations (8a) and (8b) for a dimer contained atoms of types A and B:

Mljligfs(pAst) - :uuk47ns(pA )+ :U/’]%ms(pB s) + AMIXLE 5(pAB S) (lza)
WS —p(Pan—p) = 1", (0% ) + HE” () + AplB_ (pan—p)- (120)

The functions Au{ﬁig_s(pAB_s) and Ay AB—p(PAB—p) have to be approximately equal to atomic functions
A,u"”"s(p) or A,u’fB}"S (p) Dear atoms A or B, but they have to be mixtures of the atomic functions in the whole
space. It seems to us that the simplest way to construct the functions Ap~? AB—s(p) and /’Lljﬂigfs(p) is to summarize
the atomic functions with some weights:

ApiE_(pap—s) = Wa— s Apl" (pap—s) + W Aug" (pap—s); (13a)
ANAE p(pAB p) =Wa- pAMA p(pAB p) +Wp- pANkm (PAB—p)- (13b)
For A/,L’”” s(p) and Au’gfs(p) we propose the following approximations:
AP (pa—s) = VA" (pap—s) — V" (0% _s) — VA" (Ph_s), (14a)
ApE" (pap- s)~1/f§ms(m3 s) = VB2 (Pa—s) = v (P, (14b)
AMAnp(PAB p) A VR " (pap- p) — VA" " (P p) — fomp(/’% o) (14c)
ApE"(pas—p) = VET,(paB—p) — VB, (05_p) — VEZ,(PB_,), (14d)

where Vﬁ’”s, V’jf”p, viim and V’f{fp are functions related to atoms A and B. For Al Si and C they are found in

the previous Section.
The weights W4_,, Wa_p, Wp_s and Wp_p may be determined through Gauss functions fitted to atomic

densities: )
QA5 €XP (_%LA))
Wa_y = : (15a)
QA €XP (—7(?:2)2) + ap_sexp <—7(r§;fs)2>
ap_gexXp (_4(r553)2 )
Wp_s = = ; (15b)
an-soxp (-5 ) an o (525
(r—RA)2>

QA_p €XP (— -
WA_p = N B (r—Ra)? B (r—Rp)? ; (150)
A—p €XDP B, + ap—pexp oo,
Qap_pexp (_ (rg;_gf )
Ve =" R R\ (15d)
A—p CXP Ba—p T aB—p eXP BB-p
An example of fitting of the densities and weights is demonstrated in Figure 1. Values for o and 3 for Si, Al, C
and O are presented in Table 2.

TABLE 2. Parameters of weight functions (« and ) for Si, Al, C and O atoms

Type of atom | «; ap | Bs | Bp

Si 0.065 | 0.040 | 3.5 | 4.5
Al 0.065 | 0.005 | 3.5 | 4.5
C 0.200 | 0.160 | 1.5 | 1.8

O 0.300 | 0.450 | 1.0 | 1.5
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Values of weights

14 16 18 20 22 24
Coordinates, at.untits

F1G. 1. The s-densities and the weights W for oxygen (dashed) and silicon atoms (solid)

We fulfilled calculations for the SiC, SiAl, AlIC, SiO, CO, and AlO dimers with parameters shown in Table 2.
The kinetic functions for oxygen " = 1.7p5/* — 1.0p, and vpin = 1.5py/*® — 1.0p, have been found through
simulation of the SiO dimer and then they were used for other oxygen contained dimers. Results of calculations
are presented in Table 3. Unfortunately, we did not find published data for the all studied heteroatomic dimers.
Therefore, we compared our OF results also with results calculated by us in the framework of the KS DFT approach

using the well-known package FHI96md [17].

TABLE 3. Equilibrium distances d and energies of dissociation E; (absolute values) for SiC,
SiAl, AIC, SiO, CO, and AIO

Dimer Source d A | E;eV
Our OF calculations 1.9 6.9
SiC | published calculations 1.8 | 7.7¢
Our KS FHI96md calculations | 1.69 | 6.66
SiAl Our OF calculations 2.5 3.8
Our KS FHI96md calculations | 2.30 | 3.10
AlC Our OF calculations 2.0 6.1
Our KS FHI96md calculations | 1.83 | 4.32
Our OF calculations 1.6 7.0
S0 | Our KS FHI96md calculations | 1.51 | 12.06
Experiment 1.520 | 7.20
Our OF calculations 1.0 9.5
CO | Our KS FHI9md calculations | 1.11 | 15.96
Experiment 1.13¢ | 9.6°
AlO Our OF calculations 1.8 3.0
Our KS FHI96md calculations | 1.55 9.0
Experiment 1.62¢ | 5.27¢

Notations: 2[30], °[31], °[32].
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One can see from Table 3 that our OF equilibrium distances slightly exceed the experimental ones as well as
the KS calculation results, except the CO dimer. As for the dissociation energy, the OF results for the SiO and CO
dimers are closer to experimental data than the KS ones. The OF result for SiC correlates with our KS and known
calculated values (there is no experimental data). OF calculated energies for the Al contained dimers are rather
far from experimental values and from results of KS calculations. The reason for this discrepancy requires future
investigation; however, it is remarkable that the KS results are also far from experimental energies in many cases.
As a whole, we can conclude that the OF method is able to give us a rather satisfactory information on interatomic
distances and energies of systems containing different atoms.

6. Conclusion

We showed the possibility for simulating the interactions of atoms of non-identical types in the framework
of the orbital-free version of the density functional theory. For this purpose, we used a rather simple technique,
namely: first, the atomic kinetic functions were found for homo-atomic dimers Sis, Aly, Co and for the SiO
dimer; second, some atomic weights were proposed using Gaussians associated with atomic densities; third, kinetic
functions for hetero-atomic dimers were constructed. Equilibrium interatomic distances and dissociation energies
for the SiC, SiAl, AIC, SiO and CO dimers were found to be in satisfactory agreement with the Kohn-Shem
calculations and experimental data.

As the calculation of the kinetic energy is a key point in the modeling of polyatomic systems in the orbital-free
approach, it is possible to consider that our work opens a direct way to design an effective modeling method for
complicated nanosystems and macromolecules with a large number of atoms.
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