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A detailed treatment of a confined relativistic atom, needed as an initial step for the parametrization of the
self-consistent-charge density-functional tight-binding method, is presented and discussed. The required one-
component quantities, i.e., orbital energies, orbital wave functions, and Hubbard parameters, are obtained by
weighted averaging of the corresponding numbers determined for the atomic spinors. The wave function and
density confinement is achieved by introducing the WoeeBlaxon potential in the atomic four-component
Dirac—Kohn—Sham problem. The effect of the additional confining potential on energy eigenvalues and the
shape of atomic wave functions and densities is discussed and numerical examples are presented for the
valence spinors of carbon, germanium, and lead.

I. Introduction this approach and approaches derived from it as density-
functional-based tight-binding (DFTB) methods. A strict theo-
retical interpretation of this type of TB techniques as an
approximate, noniterative density functional theory was given
at about the same tin¥é°To extend the transferability of DFTB
to various systems and to describe better the charge reorganiza-
tion in polar molecules, Elstner and his co-workers introduced
a self-consistent correction in the DFTB formalism. The
resulting techniqué! known as self-consistent-charge density-
functional-based tight-binding (SC(DFTB) method, uses
iteratively determined induced atomic Mulliken charges as a
descriptor of electron reorganization in a molecule. This
extension allowed for the quality of total energies, band
structures, geometriéd,and vibrational frequenciés1® to be
improved in comparison with the standard DFTB approach.
Recently, a spin-polarization formalism was presented that
enables high-spin open-shell molecular systems to be studied
4 using SCCG-DFTB.16.17

The SCC-DFTB method fulfills most of the requirements
of a fast and reliable semiempirical computational technique.
It considers explicitly only valence electrons and, therefore,
allows for a substantially larger system size when compared to
standard all-electron ab initio approaches. It has well-defined
theoretical foundations; the approximations introduced in its
derivation have been extensively analyzed and tested. The
accuracy of the SCEDFTB method is rather striking in

" Part of the “DFTB Special Section”. comparison with other related approaphes; reaction energies and

*To whom correspondence should be addressed. E-mail: Molecular geometries determined with SEOFTB are often
hwitek@mail.nctu.edu.tw. only slightly worse than those obtained from DFT calculati&ns.

The growing importance of nanotechnology and biomolecular
engineering has shifted the center of interest in many disciplines
of molecular science from small and medium-size molecules
to very large, extended atomic systems. This statement is
especially true about theoretical branches of physics and
chemistry. Until recently, usual systems studied by theoretical
chemists using ab initio methods contained up to about 100
atoms due to the limitations of available computing resources.
Dynamical development of computer technology allowed for
shifting this limit to a few hundred atoms. Another way of
enlarging the size of the system under study is a systematic
and well-tested approximation scheme, where the usually very
involved computational algorithms are replaced by simpler
theories with lower computational complexity. These simplified
approaches usually give lower accuracy of the final results, but
in many situations are able to provide qualitathand often
also quantitative-answers to many interesting physical an
chemical problems that would be intractable otherwise.

One of the first attempts to treat extended systems that contain
a large number of atoms was the tight-binding (TB) technique
of Slater and KosteY A similar approach was adopted later by
Seifert and his co-workers, who discussed the possibility of
using density functional theory (DFT)* for parametrization
of their version of the two-center TB methéd We refer to
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Similarly, harmonic vibrational frequencies calculated with the field (SCF) Dirac-Kohn—Sham problem. The two-center
SCC-DFTB method are of similar quality like DFT if one uses quantities can then be computed numerically as integrals over

specially reoptimized parameter fil&%. the valence atomic orbitals. Below we describe technical details

The most serious practical drawback of the SIFTB of the first step of this process, determination of atomic wave
method is its restricted applicability due to the limited number functions, their energies, and the corresponding Hubbard
of existing parameter files. These so-called Statéoster parameters. Determination of the remaining components of

parameter files contain all necessary integrals, precomputed forSlater-Koster parameter files, i.e., spin-polarization constants,

a large number of interatomic distances, together with one-centeroverlap and Hamiltonian integrals, and two-center repulsive

DFTB parameters and distance-dependent repulsive potentialspotentials, will be presented in subsequent publications. Some
In the DFTB method, the SlateKoster files play a dominant  of the technical details given in this article have been already
role comparable to the role of pseudopotentials and basis setgpresented in various monographs; however, we find it appropri-
in DFT. However, in contrast to one-particle pseudopotentials ate to collect all of this scattered information here in one place

or basis sets, the SlateKoster parameter files are precomputed so that they can serve in a twofold manner: as a complete
for pairs of atoms. Therefore, the parametrization effort of the reference for the relativistic parametrization of DFTB and as

DFTB method scales quadratically with the number of atomic an instructive manual for the DFTB parametrization program

species when compared to linear scaling for conventional DFT (especially with respect to the information presented in the

pseudopotential/basis set approaches. At present, the existingsupporting Information).

DFTB parameters cover mostly the first and second row of the We have decided to choose the Dirac equation in our
periodic table, especially the elements C, O, N, F, H, antt Si. parametrization process to provide a consistent physical frame-
A serious limitation of the existing parametrization program Work for all atoms through the periodic table of elements. This
employed until now for calculating the Slater-Koster integrals choice ensures that relativistic effects are intrinsically included

is the use of the nonrelativistic S¢hlinger equation to generate  in the formalism. We would like to stress here that DFTB is
the atomic reference data, atomic potentials, and atomic waveessentially a nonrelativistic theory. The molecular eigenvalue
functions. In the present study, we introduce a new DFTB problem is solved in a basis of one-component valence-shell
parametrization paradigm that is based on numerical solutionsatomic orbitals, and a nonrelativistic version of the molecular
of atomic Dirac-Kohn—Sham equations. This framework Hamiltonian operator is used to calculate the off-diagonal
allows for including relativistic effects, both scalar and spin  €lements of the Hamiltonian matrix. [The off-diagonal elements
orbit, in the parametrization process; it also enables us to treatof Hamiltonian can be in principle, calculated using also a
all chemical elements, both light and heavy, on the same footing. relativistic form of kinetic energy operator, however the
For the lighter elements, the solutions of the Dirac equation difference for valence shell electrons should be negligible.] The
tend to converge toward the solutions of the Sdimger only places where relativity enters into the DFTB formalism
equation. This assures that the new DFTB parametrization then are (i) construction of a minimal atomic valence orbital
scheme would yield similar results for light atoms like the basis, (i) computing atomic densities (or alternatively atomic
parametrization based on the Satirmer equation. This is a exchange-correlation potentials) used to construct the molecular
very important issue since the existing parameter sets for carbon gxchange-correlation potential, and (i) computing one-electron
nitrogen, oxygen, and hydrogen have been extensively testedparameters like orbital energies and Hubbard parameters. The
and are known to produce reliable molecular geometries anddiagonal elements of the Hamiltonian matrix, i.e., orbital
reaction energies. energies, are computed by appropriate averaging of spinor
At this point, we would like to note that a relativistic program €nergies. The one-electron valence basis is a standard one-
to generate the SlateKoster data needed by the DFTB program component basis obtained by neglecting the small components
based on work by Seifert and Eschrig already ex%t8.  and appropriate averaging of the large components of valence
However, it has severe technical limitations making it difficult SpiﬂOfS. The detalils of its construction are described below. The

to use in connection with the SCDFTB ansatz as developed Valence basis sets obtained in that way can be compared to basis

by Elstner and co-workerd. sets obtained with the scalar portion of a two-component
The organization of this paper is as follows. Section Il gives Similarity-transformed Dirac operator. Some of the advantages

a general outline of the parametrization process. Section III Of our approach are (i) atomic spinors are obtained as numerical

presents technical details of obtaining confined four-component Selutions of differential equations, i.e., they correspond to a

atomic wave functions. Here, we discuss the theoretical formal- COMplete basis set limit, and (ii) the electron density obtained

ism and describe the employed techniques and approximationsfrom our calculations contains also the sporbit effects.

This section also presents a number of numerical results obtained . . . .

with the new formalism. Section IV explains the details of lll. One-Particle Spinor Energies and Wave Functions of

obtaining one-component orbitals. The determination of Hub- AtOMS

bard parameters is discussed in section V. The conclusions are A. Method. The first stage of the parametrization process

given in section VI. consists of solving radial DiracKohn—Sham equations for a
confined pseudoatom. Numerical solutions are computed using

Il. Relativistic SCC—DFTB Parametrization: An a modified Dirac-Slater program originally written by Des-

Overview claux?'22 Atomic four-component spinorg; are obtained by

Determination of electronic DFTB parameters requires cal- solving iteratively a system of coupled equations

culating the following quantities: (i) one-center valence orbitals ) 5

energies, (i) two-center overlap integrals at various internuclear [—icaV + (B — 1) + veeld) = € (3.1)
distances, (iii) two-center Hamiltonian integrals at various

internuclear distances, (iv) one-center Hubbard parameters, andvheree; denotes the energy of thth spinor (without the rest
(v) one-center spin-polarization constants. The one-centerenergymd), c is the velocity of light (which was taken to be
guantities are obtained by solving the atomic self-consistent- 137.03599911),1 denotes the 4x 4 unit matrix, vett iS an
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effective potential, and and are Dirac matrices. All quantites =~ GGA exchange-correlation potentidf*25In general, we should
are expressed in atomic units. The four-component sginisr employ a truly relativistic exchange-correlation potential that

given by contains other physical effects in addition to the statistical and
Coulomb correlations of the nonrelativistic formalism, e.g.,

1 PJ-(r);('Kn retardation effects, magnetic interaction between electrons,

(A in(r)XTK 3.2) vacuum polarization, and radiative corrections. Various versions

of such relativistic exchange-correlation potentials have been
y proposed in the literatu®®-3° Here we have decided for the

nonrelativistic form ofvy since it is not obvious that these
effects would be noticeable within the inherently approximate
DFTB formalism.

B. Confining Potential. In standard ab initio methods, the
atomic basis set is usually constructed as a linear combination
of a large number of primitive functions with coefficients and

where ™ and 4™ are two-component spinors obtained b
appropriate combination of spherical harmonics multiplied by
spin eigenfunctiongg) and (§). Owing to the spherical sym-
metry of the atomic problem, eq 3.1 can be reduced to a system
of coupled differential equations for the large and small
component radial functionB;(r) and Q;(r) of each spinor;

given by exponents optimized for a free atom. However, if the optimiza-
dP(r) P(r) € — Vet tion is performed for an atom in a molecule, the optimal values
St e+ | —2c - - e) Q) =0 of the coefficients and exponents would be different. This
d(gr(r) QM) [e—u ¢ (3.3) problem arises from using an incomplete basis set to describe
N (1 eff) Pj(r) =0 one-particle eigenstates of electrons in the atom. Such an
dr c inconvenient situation can be partially remedied by including

) L ) in the atomic basis sets diffuse virtual orbitals. These additional
where « is the relativistic quantum number defined by the pitals provide extra variational freedom to readjust the linear
angular momentum quantum numbend the total momentum o mpination coefficients of valence orbitals in a molecule.
quantum numbey as Unfortunately, such a solution cannot be used for the DFTB

1\2 method while retaining its efficiency resulting from the use of
k=1(1+1)— (j +§) (3.4) a minimal valence basis set. Therefore, an additional radial
confining potentialvcon(r) is used in eq 3.6 to mimic the
After introducing a new variable= Inr, eq 3.3 is transformed ~ €nvironment of atoms in solids and molecui&€$he functional

into form of veond(r) used in the previous nonrelativistic parametriza-
tion of DFTB was
dP;(t) ( € — v, ff)
i t i e =
—+kP()+€ |—2c— Q=0 r\k
eV j 35) VeonD) = (- (3.10)
dQ(® o (€ Vert _ ' 0
—= -+ (I P =0

wherergp andk are variational parameters. (In practicevas
very often set to 2 or 4 that left only one variational parameter,
ro.) This approach allowed for reducing the effective size of
atoms by compressing the outer part of the electron density
without changing its behavior in the core region. Unfortunately,
this approach cannot be directly extended to the relativistic

(3.6) parametrization process. The potential given by eq 10 diverges
onf for r — o yielding highly oscillatory asymptotic limits foP
whereun,cis the nuclear attraction potentiabouis the Coulomb  andQ given by
potential, vy is an exchange-correlation potential, anghs is

which is more suitable for numerical integration. This form
assures finer integration mesh at the region close to the nucleus
i.e., in the region where the wave function changes rapidly. The
effective potentiakes is defined as

Veff =

nuc+ Ucoul + Uxc + Ve

an additional confining potential. The first two components of | p(r) — b, co L + b, sin L
the effective radial potential are given by (k+ 1)r0k (k+ l)rok
i} . T @i\ B1D
_ ry— —b,co————| + b; sin[———
tdf) == (3.7) Q0= b 5((k o)t \k+ D
1o o oy dr’ These functions violate the usual boundary conditions inferred
Yeoull) = r j;) p(r) dr' + j; p(r') r' (3.8) for bound statesR(r), Q(r) — 0 for r — ) and give no
) ) restriction on permitted energy values. They are, however,
whereZ is the nuclear charge. The radial electron densfty permissible solutions for continuum states. Hence, the confining
is given by potential given by eq 3.10 produces a Dirac pseudo-atom with
continuous energy spectrum that is of little use for the DFTB
_1 24 o2 trizat This situation has cl logy in th
o(r) = - z n(P’+Q? (3.9) parametrization process. This situation has close analogy in the
24 relativistic harmonic oscillator mod&*3that also possesses a

continuous energy spectrum. These two facts are in strong
where the summation runs over all occupied spinors |gnd  opposition to the nonrelativistic case and can be considered as
denotes the occupation number of the spigor a manifestation of the Klein paradé%.

The Xa exchange potenti&d of Slater, that was used in the This problem can be circumvenf&dy introducing a mixed,
original program of Desclau&;?2is replaced by a more accurate  scalar-vector coupling for the confining potential. [We would
exchange-correlation potential. In the present implementation, like to thank the anonymous referee of this paper for bringing
we are using ax. the nonrelativistic versions of LDA and these results to our attention.] The resultant operator,
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[(@ + B)2]vcon(r), can be considered as a linear combination
of a Lorentz scalar and time-like Lorentz vector potentials. Since

such a confining potential acts only on the large component of
every valence spinor, eq 3.1 can be reduced to a system ¢
coupled differential equations for the compone®(s) andQ;-
(r) that is given by
dPJ(r) n KPj(r) i (—ZC _ € ™ Unuc ~ Ycoul — ch) Qj(r) =0
dr r c
d(x;jr(r) _ Ker(r) n (Gj ~ Yhue T UCc::uI T Uxe T Uconf) Pj(r) =0

(3.12)

Solutions to this system of equations can be found using &
numerical integration algorithm that is discussed in the next

section of this article. The only required modification for solving
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eq 3.12, in comparison with our standard approach given by eq
3.3, concerns using a set of two effective radial potentials for
each component of the spind?(r) and Q(r), that include or
exclude, respectively, the additional confining potential.

In the present study, we introduce an alternative approach
based on a confining potential that is coupled as a time-like
component of a Lorentz four-vector. Such a choice seems to
be more natural than that of Eschrig and co-worfesince
the additional confining potential has then the same Lorentz
transformation properties as the other components of the
Hamiltonian. A proper radial confining potential that would be
applicable in the relativistic four-component atomic calculations
should fulfill a number of conditions. Such conditions were
studied by Pless& and Rose and Newtéhfor a family of
central fields. They can be succinctly characterized by requiring
that the only two singular points of differential equations given
by eq 3.3, i.e.;r = 0 andr = o, should be regular. In practice
this means that the potentials should fulfill two conditions:

(i) llim—o(rvem)| = 1 and (ii) |vert(e0)| < . On the other hand,
we require that the confining potentialon is negligible in the
region corresponding to the atomic core and that it grows fast
at the region outside the atomic radius. Motivated by these
requirements, we have decided to employ in our parametrization
scheme of DFTB the spherical WoodSaxon potentidf3°
commonly used in nuclear theory. It is given by

W

Lre®o o

Uconf(r) =

The values o#, ro, andWin eq 3.13 can be optimized to provide
a good representation of the electronic states in various
molecules and solids. Intuitively, the value of should be
similar to the atomic radius ana should be larger than 2 to
ensure the unperturbed charactep @f the atomic core region.
Both approaches, the WoodSaxon potential and the
relativistic generalizatioft of the confining potential of Eschrig
and co-worker$!“° have been included as options in our
parametrization program. The Woee&Saxon confining potential
seems to provide more variational freedom than the potential
suggested by Eschrig and co-worké&3his additional freedom
can be used for more efficient fine-tuning of atomic densities
and orbitals in order to reproduce accurately various molecular
and solid-state properties. The Woedsaxon potential yields
correct expt-ar) asymptotics of atomic orbitals, whereas the
orbitals obtained with ther{rg)k potential vanish faster with the
exp(—ar*¥2) asymptotics. Another favorable feature of the

Figure 1. Effective radial potentiades calculated for the lead atom in
the presenceW = 0.50) or absenceW = 0.00) of the additional
confining Woods-Saxon potential. The shape of the confining potential
veont IS Shown for comparison.
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Figure 2. Dependence of one-particle spinor energies of lead on the
heightW of the confining Woods Saxon potential.

well with smooth walls. On other hand, an advantage of the
family of the /ro)¢ confining potentials is their well studied
behavior, both in nonrelativistic and relativistic framework.
Several other forms of admissible potentials have been suggested
for the radial Dirac equation in the literatutfe*® We believe
that inclusion of the two particular forms of confining potentials
described above is sufficient for a successful parametrization
of DFTB. Numerical tests of the new approach that uses the
Woods-Saxon confining potential are discussed below.
Figure 1 gives a comparison of total effective potentia
obtained for the lead atom with and without the Woo8sxon
confining potential given by eq 3.13. For completeness, we also
show the shape of the confining potentigh,s in which the
following parameters have been usetl= 3, ro = 3.5 (which
is approximately equal to the atomic radius of lead), ¥hek

Woods-Saxon confining potential is its noninvasive character 0.5 hartree. The effect of the applied confining potential on the
in the atomic core region, since an appropriate choice of large one-particle atomic energies is shown in Figure 2. We plot there
ain eq 3.13 gives a potential that closely resembles a squarethe spinor energies against the height of the confining potential
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Figure 3. Contraction of the large component radial functiBrof
the 6s/2, 6pu2, and 6py2 spinors of lead in the valence region. The
wave functions have been calculated with three different valu&¥ of
(W = 0.00, 0.20, and 0.50) defining the confining Woe®&axon
potential.

W, which varies smoothly in the range between 0.0 and 0.5
hartree. As expected, the valuesepfrow monotonically with
increasingW. This behavior can be anticipated from Figure 1,
where the effective potential well is “narrower” with the
confining potential switched on. The effect of the applied
confining potential on the shape of valence wave functions is
shown in Figure 3. This figure shows the change in the tail
region of the large componemR of the &, 6pi», and Gz
spinors of lead for three different values W 0.0, 0.2, and

Witek et al.

algorithm except for the regions wheR(t) and Q;(t) have
approximately exponential character, i.e., at regions where

0 andt — . To avoid numerical instabilities in these regions,
the step-by-step integration must proceed in the direction in
which the solution sought is increasing. We therefore require
outward integration for smatland inward integration for large

t, together with some procedure for matching the two solutions
at some convenient intermediate pdifitn the present imple-
mentation, we follow Desclad%2-22and choose for this purpose
the outer classical turning point determined for the corresponding
nonrelativistic limit of eq 3.5 given by

2
19dP (k@ + 1)
Ed_rzj — T — E]- + Ueﬁ(r) P]- =0 (3.14)
i.e., the pointty = In ry, for which
k(x + 1)
— + ve(r) = €; (3.15)
2r,

The selected integration algorithm requires knowing the values
of P; andQ at five consecutive points of the mesh to start out

the integration process. The initial conditions for the outward

integrations are obtained through a series expansidt ahd

Q around the origin

P(r) = 17 (py + pof + por + pgr® + ...)
Q) =1r"(d + ayr + apr® + gr® + ...)

The value ofy can be found after substituting eq 3.16 into eq
3.3 and taking the limit — 0. It is given by

(3.16)

(3.17)

This limit yields also the relationship betweppandqg; it is
given by

0.5 hartree. To visualize better the changes over a large range

of distances, we choose to plot the abscissa values on the

logarithmic scale. It can be seen that the larger valud gields
more compact wave functions, which justifies the name of the
confining potential. In addition to the information presented in
Figure 3, we would like to emphasize another two facts
concerning the confined wave functions: (i) the nodal points
of confined and pristine wave functions are approximately
identical and (ii) the shape of wave function obtained for the
core spinors is identical with the confining potential switched
on or off. Both these facts are readily understandable if one
realizes that the confining potential is negligible in the atomic

core region, i.e., the region responsible for the shape of inner P

spinors and the region where most of wave function nodes are
located. Very similar features can be also observed for atomic
radial densities. Figure 4 shows radial electron densities
calculated for carbon, germanium, and lead with and without
the confining potential. We have used the following values of
a andrg in our calculations:a = 6 andro = 1.3 for carbona

= 4 andro = 2.4 for germanium, and = 3 andrp = 3.5 for
lead. The employed values W are specified in the Figure 4.
All values are given in atomic units.

C. Technical Details. Solutions of a set of differential
equations of first-order given by eq 3.5 are obtained with a five-
step Adams predictor-corrector method. Technical défeits
concerning this approach are given in the Supporting Informa-
tion. This integration technique provides a stable computational

_k=y)

> (3.18)

Po o
Higher coefficients appearing in eq 3.16 can be found in a
similar manner. Their detailed derivation is given in many
textbooks (we give this derivation in the Supporting Information
for the completeness of this presentation together with the
derivation of initial conditions for the inward integrationy);
andq for | =1, 2, 3, ... are given recursively by

_(+y—=K)(2c—w) L Z_w
) T2y P

(I +y+w _Z2t—w
ql_ |(|+2V) 1-1 CI(|+2’J/) q|,1 (319)

wherew is related to the slowly varying part of the potential
and is computed at the first grid point of the mesh as

w= %[uCom(rl) + 0, (1) + Veons () — €] (3.20)

The series given by eq 3.16 converges fast for smaglling
initial conditions for the outward integration. The valueggf
is taken to bet1 with a sign assuring that the large component
radial functionP is positive for large values af. The initial
conditions for the inward integration are obtained by inspecting
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Figure 4. Contraction of the radial electron density of carbon, germanium, and lead in the valence region. The densities have been calculated with
three different values odV defining the confining WoodsSaxon potential.

the solutions of a set of differential equations obtained from eq The attempt to match the small component yi¢ldscorrection

3.3 forr — . They are given by to the energy eigenvalue equal to

—wy? CP(r(Q(r) — Qo)

€
Pr)=b ex;{—(\/—Z(e —-W) — %H (3.21) Ae=—" 5 (3.25)

c Jo (PN + Q(r)) dr

and After the modification of the spinor energy the procedure of
=Yy outward and inward integration is restarted and the iterations
s . . - i
Q) =— /2—p(r) (3.22) are continued until convergence is achieved.
2" t+e—W
IV. Scalar Relativistic One-Particle Orbital Energies and

where W is the limit of ver at large distance an8 is an Wave Functions of Atoms
adjustable constant. In the case when the relativistic generaliza- L . ) ) .
tion of the confining potentialr(ro)* of Eschrig and co-workers Relativistic atomic spinor radial wave functlon_s are chara_cter-
is employed instead of the WoodSaxon potential, the initial ~ 12€d by the quantum numbemsandx. Scalar relativistic atomic
conditions for the inward integration are given by orbital radial wave functions are characterized by the quantum

numbers andl. The latter can be obtained directly by solving
2(2c2 +e) an equation analogous to eq 3.3 but without the spirit
P(r) = br ¥ exg - =———?2| (3.23) coupling terms. Here we adopt another appréaébilowing
(k+2)cT, Heera, Seifert, and Ziesche. We simply average the-spibit
split components of p, d, and f orbitals using the following
and formula:

o) P P_
an=-,/ mrmp(r) (3:24) (QI|) =1 1(QK[_'.) + —ZII_:-ll(Q:I|11) *1)

whereb is an adjustable constant. Derivation of these equations Orbital energies are obtained using a similar formula

is given in the Supporting Information. | | +1

The outward integration is performed from the origin to the €= o1+ 161 + ol + 16=-1-1
classical turning point. If the number of nodal points is wrong,
the value of spinor energy is adjusted and the integration is |t must be stressed that the relativistic orbitals obtained from
repeated. After assuring proper number of nodes in the outwardsych averaged radial wave functions neglect completely the
integration region, the inward integration is performed. The spin—orbit coupling effects.
values of the large component radial function at the classical  For the purpose of parametrization of DFTB, we need one-
turning point obtained from both integration procedures are component orbitals for each atomic valence subshell. We obtain
matchedP(ry) = P(r, ), by appropriate choice dfin eq 3.21.  them by neglecting the small radial componefr) in the
Similar matching of values of the small component radial orbital given by eq 4.1. Note that this procedure is a good
function, Q(r,f) = Q(ry), can be only achieved if the wave approximation since for the valence spinors the value of the
functions are evaluated with the correct energy eigenvalue small component is usually much smaller than the value of the

(4.2)
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Here ¢ is the Kohn-Sham single particle energy of orbital

= andn; is its (noninteger) occupation number. Obviously, owing
2py 2p 2py to self-consistency requirements, one has to address this equation
4 by a numerical differentiation scheme. The Hubbard parameters
Ge 4p % U are then used in the SCOFTB calculations to evaluate
014 iy the energy change due to charge redistribution, either between
atoms or between various atomic angular shells.

0.0 _Z_—\ Retaining the fundamental design of the SEQFTB energy
,,r};.,: p .}}_._.: \_/ expression, one has to translate the procedure defined by eq
5.1 to the framework of the relativistic Diradohn—Sham
problem. To this end, we have to express eq 5.1 using quantities
available from the relativistic treatment. Thecan be replaced
by a linear combination of spinor single particle energies
according to eq 4.2. Similarly, the nonrelativistic occupation
numbern; can be expressed as a some linear combination of
the spinor occupation numbers. Both quantities can be substi-
0.01 0.1 1 10 tuted to eq 5.1 to yield its relativistic equivalent.
r[a] However, for the numerical differentiation, one has to

Figure 5. Plots of large (bold characters) and small (slant characters) distribute a finite change in to the spinor occupation numbers.
components of the atomic spinor (solid line) and orbital (dotted line) It is not obvious how this has to be done. For example one
radial wave functions for the 2p shell of carbon, the 4p shell of could distribute this linearly or using the same weights as are
germanium, and the 6p shell of lead. For carbon and germanium, the ysed in eqs 4.1 and 4.2. An alternative approach is to average
';rt?itegﬂg‘gggg&‘:u%fntgea‘l’;?c"tg E%?r']i'ic‘j"éa"e function and its bothspin e spinor Hubbard paramete, with the same weights as

P ’ in eq 4.2. The Hubbard parametéis, can be obtained with a

large component. This is especially true for the region outside relativistic analog of eq 5.1 given by
the atomic core. (See the relationship betw&én and Q(r)

given by eqgs 3.22 and 3.18.) A formal justification of neglecting U — %
the small component was giv&my Heera, Seifert, and Ziesche. Ac T an,
Numerical examples of this procedure are given in Figure 5,

which shows the large and small components of the 2p orbital
of carbon, the 4p orbital of germanium, and the 6p orbital of
lead together with the corresponding sporbit split spinor
wave functions. For carbon and germanium, the spibit split
spinor components are practically identical, especially for the
large component radial wave functions. For lead, the differences
are more distinct, but the overall shape and characteristics of
both spinor wave functions are very similar. The small
component wave functions are almost negligible in comparison
with the large component wave functions. The presented results
suggest that both approximations, averaging -spiit split - ) )
portions of the large component and neglecting entirely the small 2V€raging appropriate spinor Hubbard parametdss The
component, are legitimate. entries in Table 1 have been obtained with the LDA exchange-

The final valence orbitals used in the DFTB parametrization correlatior_l functional and with_no confining pote_ntiql. The two
then have the following form: electrons in the valence p orbitals have been distributed to the

2
o
N

2
¥
N

0.2 4

Pb 6p

0.1

00 =T,

large [rP(r)] and small [rQ(r)] component of radial wave function

\
Gy Op 6ps

(5.2)

Table 1 presents the values of Hubbard parametérs
calculated for the 2p orbitals of carbon and the 5d and 6p orbitals
of lead. These values have been obtained using both approaches,
by averaging appropriate spinor Hubbard paramdtigs and
by weighted scaling of appropriate spinor occupation numbers
n.. We denote these values respectivelyhyerandUsca The
presented results show that the valuetJgfdo not depend on
the procedure used for their determination; the numerical values
of Uaver and Usca cOmputed for carbon and lead are identical.
For future reference, we decide to obtain the valueb gfby

— TABLE 1: Values of the Hubbard Parameters Calculated
Yol 0, 8) = Py(n)Y'(0, 9) (4-3) for the 2p Orbitals of Carbon and the 5d and 6p Orbitals of
Lead?
wherePy(r) denotes the radial wave function obtained from eq

4.1 andY]'(0, ¢), usual spherical harmonics. The radial wave C. 2p Orbitals
functions Py (r) are obtained as a collection of values at the U(2pur2) U(2pzr2) U(2p)aver U(2p)sca
grid points. To obtain a convenient analytical representation of 0.381 0.381 0.381 0.381

Pni(r) a fit is performed using cubic spline functions. A similar Pb. 6p Orbital
fitting procedure is applied to atomic densityand atomic , Op Drbtals
exchange-correlation potentiak. to provide an analytical U(6p1) U(6psr) U(6p)aver U(6p)scal
representation of these quantities to be used in the further steps  0.208 0.181 0.190 0.190
of the parametrization process. Pb. 5d Orbitals

V. Atomic Hubbard Parameters U(5d312) U(50s/2) U(5d)aver U(5d)scal

In the nonrelativistic case, we define the Hubbard parameter 0.420 0.409 0.413 0413
U for the orbitall of atomA by the derivative aFor details, see the text.
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corresponding spinors;p and 2 in proportion 1:2 giving (7) Blaudeck, P.; Frauenheim, T.; Porezag, D.; Seifert, G.; Fromm, E.

fractional spinor occupations 2/3 and 4/3; analogous proceduresmmas 1992 4, 6389. o .
(8) Porezag, D.; Frauenheim, T.;'Kler, T.; Seifert, G.; Kaschner, R.

is applied for the d orbitals. i 1995 51, 12947,
) (9) Harris, J pikGenaei 1985 31, 1770.
VI. Conclusion (10) Foulkes, W.; Haydock, Rkl 1989 39, 12520.

. ) (11) Elstner, M. et al. Bk 1998 58, 7260.
nghf.ave presentfed an'extenswe treatment of a conflned (12) Kriger, T.; Elstner, M.; Schiffels, P.. Frauenheim g 'S
relativistic atom as it applies to the DFTB method. Explicit 2005 122 114110.

formulas for obtaining wave functions, on-site orbital energies,  (13) Motepsza, E.; Witek, H.; Morokuma, fissilisssssisst?005

HubbardU parameters, and atomic potentials and densities have#12 237. _ _

been present(_ed. Two different \_/e_rs_ions of the radial cor)fining 82; ngt ﬂ I&%r?ﬁuﬂ%@&%ﬁf %%'1123"52_163'
potential applicable to the relativistic four-component Dirac (16) Kohler, C.; Seifert, G.; Frauenheim, iniimiias2005 309
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potential of Eschrig and co-workers and (i) the Woe@sixon (18) http://www.dftb.org.
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