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A self-consistent, parameter-free approach is described which allows one to calcu-
late the lattice distortion around neutral and charged simple defects. The method is
applied to the Ga-site single donor Ge in GaP. It is predicted that the nearest-neighbor
atoms of the impurity move towards the impurity. The influence of an ionization of the
defect on this lattice relaxation is found to be very small. The results are interpreted

in terms of simple mechanisms.

PACS numbers: 61.70.Rj, 71.55.Fr

The knowledge of the lattice distortion around
a defect in a crystal is crucial for a theoretical
description of its electronic structure. In the ab-
sence of direct experimental information about
the atomic positions and in the face of the com-
plexity of a reliable theoretical calculation of the
lattice geometry, the approach in most theoreti-
cal investigations has usually been to neglect the
influence of the lattice distortion completely. In
fact, accurate self-consistent calculations of the
electronic structure of simple undistorted de-
fects are already quite complicated and those cal-
culations became possible only during the last
few years (see, e.g., Scheffler,' Jaros,? and ref-
erences therein), Only for a few cases has the
influence of lattice distortions on the electronic
structure been studied, and such investigations
have shown that a change of theoretical ionization
energies of about half an electronvolt is in fact
possible as a consequence of a lattice distortion
(see for example Ref. 1, or Fig. 1 below). These
results thus indicate the range of uncertainty that
may affect the predictions based on calculated
charge densities and ionization energies, when
the actual lattice reconstruction is unknown.

Parameter-free, self-consistent calculations
of the lattice distortion around a defect have only
been performed so far with the repeated super-
cell method.** However, this method is limited
to neutral unit cells and usually to quite small
distortions: The interaction between the different
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unit cells implies that the impurity induces a
band within the gap rather than a discrete level.
As a consequence, the method usually breaks
down for distortions where the impurity band en-
ters the valence band.

In this paper we describe a parameter-free,
self-consistent scheme which allows us to calcu-
late the lattice distortion for neutral and charged
states of simple defects. The approach is based
on the self-consistent pseudopotential Green’s-
function method® ® for the calculation of the elec-
tronic charge density at the defect. In the addi-
tional step we then calculate directly the force
acting on the atoms. The zero of the force gives
the equilibrium distortion.” The theory is ap-
plied to the Ge single donor in GaP. These cal-
culations show that the nearest-neighbor atoms
around the impurity move towards the Geg, cen-
ter, which is found to induce a deep A, level in
the gap. The corresponding wave function is anti-
bonding between the impurity and its nearest
neighbors, For a neutral center this antibonding
level is filled with one electron, and for a singly
positively charged state the deep level is empty.
It is plausible and in fact also confirmed by our
calculations for the two different charge states
that the inward relaxation is stronger when this
deep level is empty. However, the amount of the
change in the lattice relaxation upon ionization of
the deep defect is very small.

We briefly outline our method.® If § is a vector,
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giving a point in configuration space, which de-
scribes the geometry of the nuclei, the force on
these nuclei is given by®

5 - > . )
Fi(c’l)=j -—V;(—;’i)n(—f,q)dar+a—2——E‘m. (1)
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The first term is the Hellmann- Feynman force
due to the electronic charge density »(¥,q). As
we use the frozen-core approximation, V(%,q)
describes the ionic potential of all nuclei together
with their core electrons. This potential is re-
placed in our actual calculations by ionic pseudo-
potentials. The second term in Eq. (1) describes
the electrostatic interaction between the ions.
Because ¢; is a generalized coordinate in config-
uration space, F i(ﬁ) is a component of a gener-
alized force. Usually, a great difficulty arises

in using Eq. (1), because this expression depends
sensitively on the charge density »(¥,q). In an
actual calculation it is therefore important to en-
sure that n(, q) is converged with respect to the
basis set.'® We note that this difficulty is sig-
nificantly reduced if a Green’s-function method

is used for the calculation of the electronic struc-
ture. Then the different contributions to »(%,q),
namely the perfect-crystal charge density »°(F)
and the defect-induced charge density Ax(F,q),
can be calculated with two different basis sets
(see Scheffler et al.''). This allows us to study the
convergence of each contribution separately. Fur-
thermore, the flexibility of the basis set for the
calculation of An(F,q) is no longer determined by
the long-range wave functions, but by the very
localized defect-induced potential. It is conveni-
ent to split the force into two contributions, F;(q)
=F,;°(@) +F;*(q), with

0(") J'GV I' Q) o(*)ds?,_*_ngn 2)
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Here »°(F) is the electronic charge density of the
perfect crystal. Thus Eq. (2) is independent of
the defect electronic structure and can be calcu-
lated very easily: As »°(F) is a periodic function
the integral is evaluated in Fourier space. The
second term in Eq. (2) involves a summation
over all ions in the system, which is easily eval-
uated with the Ewald technique. We note that for
the perfect crystal each term in Eq. (2) vanishes
as a result of symmetry at the undistorted geom-
etry. The other contribution, F;'(q), to the force
requires the knowledge of An(f,q), the defect-in-
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duced change in the electronic charge density:
av(r,q .
Fi@- | -—8<;‘:i)An(r,q)d3»r. 3)
i

Because An(t,q) is very localized, this integral
can be evaluated numerically very fast and accu-
rately.

The above theory has been applied to the Ga-
site single donor Ge in GaP. The group-IV single
donors Si, Ge, and Sn have been systematically
investigated from an experimental point of view
in the last few years,'* *® and it is well estab-
lished that Geg, exhibits some special proper-
ties,'® which clearly contrast with the electronic
properties of the shallow centers Sig;, and Sng,.
There is experimental evidence that Geg, is deep
with a deep-level wave function belonging to the
A, representation and with an ionization energy
€(+/0)=E 5— 0.2 eV, 5 The Geg, center is thus
one of the best-known deep-level defects. There-
fore we have used this system as the first exam-
ple to be studied with the above-described meth-
od in order to test the theory and to get a better
understanding of the effects which determine lat-
tice distortions. For the impurity ion we use a
norm-conserving Hamann-Schliter-Chiang pseu-
dopotential” and for the host ions we use local
pseudopotentials which have been successfully
used in previous defect calculations and give a
good description of the band structure and the
electronic charge density.'%®

Our results for the undistorted geometry show
that both Geg,” and Geg," have an A, level in the
gap. There is no Jahn-Teller effect and there-
fore we studied the influence of a symmetry-con-
serving breathing-mode relaxation. Our coor-
dinate g is then a scalar, and also the general-
ized force has only one component. The coordi-
nate ¢ is defined by the positions of the four
neighboring atoms with respect to the impurity,
R,ed=4R,. Here R, (k= 1,...,4) are the po-
sitions of the four P atoms in the perfect crystal.

The results of the study of Geg," are summa-
rized in Fig. 1. We find that the four nearest-
neighbor P atoms move towards the Ge impurity,
reducing their bond length to the center by 3.5%
compared to the geometry of the perfect crystal.
This result can be understood as follows. The
impurity core is of similar size as that of the Ga
atom which is being replaced. However, the Ge
ion has a higher ionic charge than the Ga ion. As
a consequence, this higher positive charge repels
the nearest-neighbor P ions. The force F° is
therefore repulsive at the lattice geometry of the
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FIG. 1. The generalized force (solid line) acting on
the nearest-neighbor P atoms around GaP:Geg,* as a
function of a breathing relaxation of the four P neigh-
bors. A positive force drives the neighbor atoms to-
wards the impurity; a negative relaxation refers to a
relaxation towards the impurity. The zero of the gen-
eralized force gives the equilibrium lattice distortion.
The dashed line shows the corresponding eigenvalue of
the deep level with respect to the top of the valence
band. The calculated points are connected for visual
clarity.

perfect crystal. [The first term in Eq. (2), which
depends on the unperturbed electronic charge den-
sity, »°(F), vanishes at this geometry as a result
of symmetry.] A further consequence of the high-
er nuclear charge of the Ge atom compared to
that of Ga, however, is an increase of electronic
charge at the Ge (see Fig. 2), which because of
the higher electronegativity of Ge not only screens
the additional nuclear charge, but even attracts
further electronic charge towards the impurity.
As a consequence the force F! is attractive at
zero distortion and it even overcompensates the
force F° This gives a net force on the nearest
neighbors which pulls them towards the center
(see Fig. 1).

The ionization energy of this center as obtained
with the transition-state approach!® is €(+/0)
=E—-0.1 eV, which compares well with the ex-
perimental value (£ —0.2 eV).'**® 1t is clear
from Fig. 1 that a small error in the determina-
tion of the equilibrium distance would have led to
a significant error in eigenvalues and ionization
energies. Thus the comparison between the theo-
retical and experimental ionization energies pro-
vides a test of the calculated lattice distortion.
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FIG. 2. The change in the electronic charge density
induced by GaP:Geg,* along the [111] direction. The
atomic geometry is that of the perfect crystal. The
impurity sits at R = 0 and the position of the nearest-
neighbor P atom is indicated by the arrow.

For the neutral Geg, center the calculated equi-
librium lattice relaxation is found to be reduced
compared to that of the Geg,* center. This change
in the lattice distortion goes in the expected di-
rection: The filling of the deep (antibonding) lev-
el yields a contribution to the force which is re-
pulsive between the impurity atom and its near-
est neighbors. However, this influence of the
occupation of the deep level on the lattice distor-
tion is found to be very small, i.e., 0.01 A. This
comes about because the deep-level wave function
is vacancylike,® i.e., it is largely built from p
orbitals at the four neighboring P atoms. A
change in the occupation of this deep level yields
therefore a change in the defect-induced charge
density which is roughly symmetric along the
(111) directions with respect to each of the four
P atoms. As a consequence the change of the lat-
tice relaxation upon ionization is very small.

Similar calculations have been performed for
the single donors Cg, and Sig, in GaP.® These
results support the above-discussed interpreta-
tions: Also for these systems we find an inward
lattice relaxation which changes only by very lit-
tle upon ionization.

In conclusion, we have developed a parameter-
free approach which allows us to calculate the
lattice distortion around simple defects in semi-
conductors. The calculations demonstrate that
the proposed method is efficient, computational-
ly simple, and fast. The results have brought in-
sight into the mechanisms which determine the
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lattice relaxation for neutral and charged defects.
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The local-density approximation and the linear muffin-tin orbital method have been
used within the atomic-sphere approximation to calculate structural energy differences
for all the alkaline earth metals at zero temperature. At ordinary pressure the cal-
culations predict the crystal structure sequence hep—fcc—bcc as a function of atomic
number. As a function of pressure they predict the structure sequence fcc—bec—hep.
The structural transitions and the onset of superconductivity under pressure are cor-

related with the d occupation number.

PACS numbers: 64.70.Kb, 61.50.+t, 61.60.+m, 62.50.+p

The crystal structures of the elemental metals
tend to occur in certain sequences, both as a
function of atomic number and as a function of
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pressure. Most celebrated in this respect are
the hep—~ Sm-type—~ dhep—~£fce and the hep—~ bee
—~ hep—fcc sequences observed in the rare-earth
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