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The electronic structure of neutral substitutional 3d transition-metal impurities in an in-
finite silicon host crystal has been calculated for the first time. The calculation is carried
out self-consistently in the local-density-functional formalism to within a high precision.
We use nonlocal, first-principles pseudopotentials and the recently developed quasiband
crystal-field (QBCF) Green's-function method. The elements of the electronic structure of
this system are discussed in detail. The calculation reveals the chemical trends in the defect
energies (gap states as we11 as resonances) for the impurities Zn, Cu, Ni, Co, Fe, Mn, Cr, V,
and Ti, as well as the regularities in the density of states, wave functions, charge distribu-
tions, and screening potentials. For charged
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atom itself. ' For example, a diffusion of a transi-
tion atom into p-type silicon near its melting tern-
perature followed by a relatively slow quenching (a
rather loosely quantified quantity' ) often produces
impurity-acceptor pairs. A more rapid quench-

ing, however, can also produce isolated
interstitials. "" For the fast
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In an all-electron representation, v~, '~'(r)
Z—~/r, where Z~ is the atomic number of atom

P. In a pseudopotential representation, the effects
of the Zp —Z~ core electrons are replaced by a static
external potential. Hence u~, '~'(r)PL p is the bare
pseudopotential of atom P acting on the Lth
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TABLE I. Calculated self-consistent single-particle
band structure of silicon with the semiempirical local
pseudopotential of Ref. 26, employing an exchange coeffi-
cient u„=1.For comparison, we give also the results for
a„=0.8 and experimental data (Refs. 27—30). The zero
of energy is set at the valence-band maximum. The unit-

cell volume used is twice the atomic volume 135.188
a.u. . 181 plane waves are used at the I point and a
comparable number at other k points. The self-consistent
screening is constructed from the lowest 1471 plane
waves. Four special k points are used to obtain the
ground-state charge density. All components of the pseu-
dopotential up to a momentum q =6 a.u. are included.

Level o,„=1 Experimental

—12,5 +0.6'

predictions that reAect the underlying local-density
theory (not the computational approximations to it,
such as finite clusters, muffin-tin approximations,
semiempirical tight-binding parametrizations, etc.)

to a level of precision of about 0.1 eV in energies
and 1—2% in charge density and potentials. A new
computational scheme ' recently developed by us
enables one to achieve this objective very efficiently
for an entire group of impurity atoms (e.g. , the 3d
row) with only modest investment of computer time.

D. Approach

We use the quasiband crystal-field (QBCF) self-
consistent Green's-function method. The method
was described in detail previously. For our present
discussion we need only to describe the wave-
function, potential, and density representations.
These definitions will aid the analysis of the results
(Sec. III).
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structure of isolated atoms. This is done by defining
in the host crystal a region r &R, where both
VH"'( r ) and Vrv'( r ) are removed (hence the potential
there equals the constant host vacuum level). We
have placed in this vacuum the screened pseudopo-
tential [vv,'~(r)+v"'(r)] of a free transition
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If a defect state could have been constructed solely
from the Mb pure-host-crystal-band wave functions,
then a&~ ——1, whereas if the local quasibands are
needed, then a LQq would be sizable. Recall that in
the effective-mass approximation Mb = 1 for donor
state (Mt, ——3 for acceptor states), a its ——1, and
a LQz ——0, and that in tight-binding models
Mb ——8—10 and a~QQ —0.

4. Charge-density population analysis

It will be of interest to us to establish the total
amount of electronic charge in the central-cell re-
gion and its distribution among various I com-
ponents and representations a. We will hence define
Qt to be the electronic charge contribution within
the central-cell region from the 1th component of all
occupied states belonging to the nth representation:

OCC 8
Qt =gN~ f [Gt;(r)] r dr . (15)

~Q = (Q )impurity (Q )vacancy ~ (19a)

properly renormalized by its self-consistent interac-
tions with the host. This requires the definition of
an arbitrary reference state that represents the host
before a substitutional defect is introduced into it.
For this reference state we select the self-consistent

silicon-vacancy system calculated in Ref. 34. We
conceptualize that first one prepares a vacancy and
then drops into it a noninteracting effective impuri-

ty atom that produces an overall electronic distribu-
tion which is identical to that of the interacting sys-
tem. The effective impurity atom may be different
in its electronic structure from the isolated free-
space impurity atom; that is, it may
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density fluctuation; cf. Fig. 2). This screening
length is considerably shorter than that expected
from a point-ion Thomas-Fermi model, for a sil-
icon vacancy, or from the bulk linear screening
used in effective-mass calculations. Second, it is
seen that although the screening of the s and p per-
turbations are similar (the small-r divergencies result
from the occurrence of turning points at Ro and & i
for the I.=O and L= 1 pseudopotentials; cf. Figs. 4
and
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TABLE III. Energies,
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repulsiveness as Z decreases. The energy of the
more localized defect levels (as well as the 31 energy
of the free atoms) is controlled by the short-r
behavior (r (2 a.u. ) simply because most of the
wave-function and potential amplitudes are confined
there [cf. the (r )3d values for TA. in Table IV (Ref.
43) and the 1=2 components of the impurity wave
functions in Fig. 10]. As Z increases, both the
atomic 3d orbitals and the d portion of the defect
wave functions become more localized. Hence the
positive kinetic-energy contribution to the orbital
energy e; increases with Z. The faster decrease in

gs I t 1 I I l I I l~
0 1 2 3 4 5 60 t 2 3 4 5 6

Distance (a.u.)
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~
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)

[Eq. (Scl] for the tz dangling-bond-hybrid wave functions
of substitutional 3d impurities in silicon, and the silicon
vacancy. Note the various scale factors for the different l
components.

the negative and larger potential-energy contribution
causes the well-known increase in binding energy

of atomic 3d orbitals with increasing Z (Table IV).
The same behavior occurs for the 3d impurities
whose binding energy (relative to the VBM) in-

creases with increasing Z. The binding energies do
not follow the (reversed) order and the magnitudes
of b, V' (r) in the outer central-cell region simply be-

cause the overlap of the wave function and AV' (r)
is far larger in the inner central-cell region.

Notice that the energy of the vacancy t2 levelDBH

is lower than that of the impurity atoms lighter than
Co (Fig. 9) despite the fact that the vacancy poten-
tial is more repulsive than the impurity potential.
The reason for the absence of pinning of the impuri-

ty levels by the vacancy level is that whereas the
large and localized I =2 components of the impurity
wave functions have a large positive kinetic contri-
bution to e; (including the centrifugal term), the
smaller and diffused l =2 components of the vacan-

cy wave function come with a smaller kinetic term.

Thts effect ts mtssed by ttght-btndtng cajcuiattons.
The amount of p-d hybridization in the DBH is

shown in Fig. 11, where the percentage of p and d
charact«[qt; tn Eq. (11)] is depicted across the 3d
series. The DBH begins at Si:Zn as a predominantly

p state (coupling with p-like valence-band states, cf.
Table II). It reaches a 50%—50% p-d character
near the center of the 3d series, after which the p
character increases a little on account of the renewed
availability of nearby p-like host states (this time,
from the conduction bands). The large extent of p-d
hybridization found near the Fermi energy is not en-
tirely surprising; it is often found in inorganic chem-
istry of transition-metal tetrahedral coordination
co~pounds [e.g., 25% p character
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TABLE IV. Summary of calculated ground-state one-electron atomic energy levels in eV.
The results of the local density (LD) and Hartree-Fock formalisms (Ref. 43) (HF) are shown.
The typical size of the atomic d shell is given by the orbital moment (r )3d in atomic units.
Although the LD results for energies are consistently below the HF results, the two calcula-
tions produce nearly parallel trends.

Atom Configuration
LD (a„=1)

P
—E'd

HF

Zn
Cu
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100% d state, whereas the t2"" is 80—100% d-like.
Both crystal-field resonances commence at the Si:Zn
end as very localized states (percentage of localiza-
tion, 90—100%). In contrast to the DBH,
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t2" peak at e[t2]=—0.88 eV. The availability of a
high host tq density of states at this region leads to
their substantial mixing into this state. This is re-
flected by the high percentage of valence-band char-
acter for Si:Cr (Table II). These examples illustrate
how the details of the host band structure, together
with the depth of the external perturbation 5VL"'( r ),
control the nature of the defect levels. In sharp con-
trast to



27 ELECTRONIC STRUCTURE OF TRANSITION-ATOM. . . 1211

cd
V
cd

0
O

~ 1K
~ 1+0

'a
cd

M
P

V
CA

M

0

I

U'

ch

0
V
CP

Y)
~ 1H

Ch
~ ~

cd

cd

0
~ f~~l

C40

~ W
QO

'a
bQ

cd

OQ
OOO~'4
Q Q ~0

Ql

V
~ p~l

M
CA

CA

CA

N

QNOOOt

V

cd

M trt. O ~OOOOOO

Ch
OO
O rt'

QONOON

OO
O QOOOO~

~t ~V)t
Ch ~ Ch
Ch M t

OO Q Q 0

t '4)Mt
Ch m Q t
Ch QO~nOOt

OO~OOQOOO

~ ~
~ %+~I

t
OO

O HOO&OO

QOOQQ

8

oo ~ II II II II II ~
0
8

OO
O

II

O o

OO W OO Chmt ~~OO
OHOQOn

ChQ oo ChQOOOOOQ

ehO
OOOOOO

'PRO
QOOOO

Vl & Ch O
t nlnC) OO~

IIrl OO~0

OOWt QChCh
W m e4 ~ Ch

O & rP O O '4

Ch Ch

OOOQOO

Ch
ChQ VOOQOOQO

Q Ch

QOOOO

Q
II II II II II ~

ing combination is predominantly Si-like and resides
in the valence band, whereas the antibonding TA-
like states appear at much higher energies and do
not contribute to the occupied states.

This phenomena is very well known in the chem-
istry of transition-atom compounds: when a TA
forms a binary compound with an element X having
a lower-lying valence s orbital (e.g., X =Cl in CuCl),
the I ~ „bottom of the occupied valence band is
composed predominantly of the X-atom s orbitals
(ap, +bp, with a »b), whereas the antibonding
counterpart of this state is the empty conduction-
band level I"

~, composed primarily of the TA s orbi-
tals (cP, —dP, , with d »c). Note, however, that
although anchored at the TA site, this wave func-
tion may have most of its amplitude on the anion. "
Hence, the TA s orbital gets effectively depopulated
relative to its atomic ground state. The extent of
this depopulation increases with the increased
separation in the atomic s energies of the two atoms.
Considering the trends in the atomic energies given
in Table IV, one expects the effective s occupation
of a TA in silicon to decrease as Z decreases. The
a~ valence-band resonances are accordingly mostly
hostlike, whereas the atomic 4s state of the TA is
expected to be mostly empty (diffused throughout
the conduction

o9 Tf
3S4
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(N Nc)q;, wh—ere q; is the gap-level charge per
electron given by Eq. (11). Similarly, in an
effective-mass donor model, Qvs(N) is conceptual-
ized to remain almost constant as the system is
charged, since ZH of the impurity electrons are used
to "heal" the vacancy site, and the remaining
(Zt"—ZH +N Np ) impurit—y electrons occupy the
extended donor-gap levd. Furthermore, in a non-
self-consistent calculation for a deep impurity,
Qvs(N) would likewise be independent of N, and

Qs»(N) would increase linearly with N Nc. —
Figure 15(a) shows for Si:Mn the variations in

QvB(N) and Qs,„(N)with N, as obtained by per-
forming separate self-consistent calculations for
each value of N. It is seen that whereas Qg, &(N) in-
creases nearly linearly with X, as expected, the
valence-band contribution Qvs(N) decreases with N,
leading to Q(N) that varies with N considerably
slower than Q„„=NNc or Qs,~(N) a—lone. Much
like a pool below a waterfall, as electrons are poured
into the gap level the valence-band states rearrange
themselves so that they leak out of the central ce11 to
partially compensate for the disturbance. This self-
regulating behavior of the system, in response to an
external perturbation, is remarkably analogous to
the homeostasis control mechanisms in biology or to
servomechanisms in machine operations. In such
systems, despite the existence of Qhemselvj
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to approach a noble-metal configuration. This is in
marked contradiction to the Ludwig-%oodbury
model which hypothesized that for substitutional
3d elements, the 3d electrons will be promoted into
the sp subshell to form a tetrahedral hybrid (i.e.,
d"s ~d" s'p, or d" +'s' —+d" s'p ). We find
that for the completely filled d-subshell elements Zn
and Cu, where the 3d shell cannot accommodate any
s electrons, the latter are being promoted into a p
state, yielding =s p

' d ' for Zn and
so'9p084d9'9z for Cu. The Ni impurity has the in-
termediate occupation of s '

p d; hence Ni in
silicon forms a noble-metal-like compound with a
nearly filled d subshell. This should be contrasted
with the effective electronic configurations deduced
for the bulk elemental metals of s' d, s' d
s "d', and s' d for Cr, Fe, Ni, and Cu, respec-
tively, showing a much higher occupation of the s
orbitals.

A calculation of the charge-density components
5I(r) of the effective impurity atom [Eq. (19c)]
shows them to be very similar to those of a free
atom (in fact, almost indistinguishable on a
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(ii) Slater's transition-state (TS) concept approxi-
mates the first three terms on the
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tal-field splitting depends on the l =4 potential
component alone' .



traps near the top of the VB were shown '" to be due
to complexes with acceptor impurities such as boron
(the most
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The logic of the model is then as follows: If the
electronic configuration of the free atom is d"s~,
but only 2S&n+m spins are observed in the im-
pure system, one needs to
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ism appropriate for shallow effective-mass impuri-
ties.

(v) The consequence of the special screening in
this system is that whereas in the inner central cell
(r &1.5 a.u. ) the screened perturbation b, V follows
the atomically determined order of the bare pseudo-
potentials, b, V "&hV '&hV ', etc., (and hence
that of the atomic 3d ionization energies); in the
outer central cell (r &2 a.u. ) the order is reversed.
This may lead to the interesting possibility that de-
fect energy levels e;(Z) associated with very local-
ized wave functions will exhibit an opposite ordering
with the atomic number Z to that characteristic of
delocalized wave functions (e.g., excited states).

(vi) Although impurities encompassing Zn to
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