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Electronic properties and hyperfine parameters of gold–3d-transition-metal impurity
pairs in silicon

Lucy V. C. Assali and Joa˜o F. Justo
Instituto de Fı´sica da Universidade de Sa˜o Paulo, Caixa Postal 66318, 05315-970, Sa˜o Paulo, SP, Brazil

~Received 29 January 1998!

We report theoretical investigations of the chemical trends in the electronic properties of transition-metal
impurity pair complexes in a semiconductor. Self-consistentspin-unrestrictedelectronic state calculations,
with a scalar relativistic scheme, in the framework of the multiple-scatteringXa molecular cluster method,
have been carried out for the substitutional gold-3d interstitial transition-metal pairs in silicon inC3v symme-
try. The role played by the 5d and 3d states of the transition metals in the formation of the impurity energy
levels in the crystal band gap and resonances is established. The analysis of the one-electron energy spectra of
the AusTi i , AusV i , AusCri , AusMni , AusFei , AusCoi , and AusNi i pair impurities leads to the conclusion that
the electronic, magnetic, and optical properties of the series can be explained by a simple microscopic model.
The calculations do not provide support for the ionic model, where these pairs are described as two point
charges electrostatically bounded with a strong magnetic coupling between their spins. Instead, the results lead
to a model in which the covalent effects are invoked to explain the chemical trends and the physical properties
of the complexes. This model is substantiated by comparing the hyperfine parameters and transition energies
with electron paramagnetic resonance and optical experimental data.@S0163-1829~98!08031-X#
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I. INTRODUCTION

Complexes of point defects and/or impurities have be
studied for many years using several experimental te
niques. It has been found that complexes are formed by
teracting impurities, inducing deep levels, resonances,
hyperdeep levels in the electronic structure of an otherw
perfect crystal. It has been well known for more than
years that the interstitial 3d transition metals are very mobil
in silicon, even at room temperature, forming complex pa
with both shallow and deep impurities in silicon.1

Complexes involving gold and 3d transition metals in
silicon have deserved particular attention. This is beca
gold, a deep impurity, is one of the most extensively inv
tigated centers in silicon.2–7 Electron paramagnetic reso
nance~EPR! experiments have attempted to establish a
croscopic model for isolated gold in silicon. However, t
experimental data pointed only to the existence of go
related complexes.1,8–14

Recently, Zeeman studies of the donor and acceptor e
tation spectra provided detailed information on the electro
structure of the neutral substitutional gold in silicon.15,16The
center is paramagnetic (S51/2) with gi'2.8 andg''0,
and has a statiĉ100& tetragonal distortion (D2d). This ob-
servation suggested that theg''0 could be better explaine
by an increased spin-orbit interaction, as proposed to exp
the missing EPR signal.17 Moreover, the initial states in both
the acceptor and donor excitation spectra were found to h
the same structure.15,16 This provides direct evidence tha
both spectra arise from the same defect since the op
energies match well theEc20.55 eV andEv10.35 eV lev-
els attributed to the acceptor and donor levels, respectiv
of the isolated gold center in silicon.18–20

In addition to the fascinating puzzle that isolated gold h
provided during all these years, numerous experimental
PRB 580163-1829/98/58~7!/3870~9!/$15.00
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vestigations provided a wealth of information on the natu
of various centers related to gold in silicon, specifically t
gold-transition metal pairs.1,8–13 The charge states of th
pairs have been controlled by the concentration of shal
acceptors or donors present in the sample. EPR techn
was used to determine the effective spin and the structur
Au-TM complex defects.1,8–11 Some complexes are assoc
ated with electrically active gap levels that have been ch
acterized by diode capacitance measurements, inclu
deep-level transient spectroscopy~DLTS!.12,13 EPR experi-
ments showed that the pairs are aligned along the^111& di-
rection with a trigonal symmetry, indicating that they ma
consist of a substitutional gold with aTM impurity occupy-
ing a nearby interstitial site. Since the symmetry assigne
the pairs is trigonal, it seems that when the two species,
TM and Au impurities, are present in the sample, the isola
gold impurity moves from its distorted tetragonal configur
tion to a substitutional site to pair with the interstiti
nearest-neighborTM impurity.

An ionic model has been suggested to properly desc
the EPR parameters of the positively ionized go
manganese pair (Aus

2Mni
21)1 in Si.1 This ionic model has

been applied to describe some properties of gold-TM
centers.8–12 According to that description, the observed EP
signals come from a magnetic coupling between the ang
momenta of the two isolated ions, one centered on the g
and the other on theTM impurity. Therefore, the notation
Aus

2TMi
1 has been currently used to denote the pairs.

Previous calculations, using the multiple scatteri
method in thespin-restrictedtreatment, and without scala
relativistic inclusion, for AusFei and AusMni pairs, provided
no support for the ionic model, showing that the pair imp
rity levels arise from an interaction between the molecu
orbitals of the isolated impurities and the Si host atoms.21,22

In this investigation we address the problem of model
3870 © 1998 The American Physical Society
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PRB 58 3871ELECTRONIC PROPERTIES AND HYPERFINE . . .
the microscopic structure of Si:AusTMi trigonal centers,
with TM5Ti, V, Cr, Mn, Fe, Co, and Ni to study the chem
cal trends in the electronic properties along the 3d series.
Moreover, we move a step forward by carrying out the se
consistent simulations to thespin-unrestrictedlimit, using
scalar relativistic theory. This formalism is essential for
proper comparison with experimental properties, such as
total spin and the position of energy levels in the gap. T
Fermi hyperfine contact fields at the Aus , TMi , and Si nu-
clei are evaluated and compared to available EPR res
Besides, the Mott-Hubbard energies are compared to exp
mental donor and acceptor transitions measurements
tained by DLTS. The paper is organized as follows: in Sec
we present the theoretical model, and in Sec. III we pres
the electronic structure for the AusTMi trigonal complexes
in Si, including the Fermi contact fields and the Mo
Hubbard potentials for the centers. Finally, in Sec. IV w
present final remarks.

II. THEORETICAL MODEL

The calculations were carried out within the framework
the molecular cluster model. Initially, a 26 Si-atom clust
centered at the tetrahedral interstitial site, was adopte
order to define the band edges of the perfect silicon clu
that simulates the crystal. The values of 1.4 eV and 10.2
were obtained for the material energy band gap and vale
band width, respectively. The symmetries of the energy l
els in the self-consistent-field~SCF! electronic structure of
the perfect cluster are in agreement with those expected
group theory. The cluster energy-band-gap~valence-band-
width! value certainly decreases~increases! when larger size
clusters are considered, as has been discussed previou23

However, the study of the chemical and physical proper
of impurities using the cluster model is not expected
change if cluster size changes. Therefore, this perfect clu
provides a good reference system to simulate the electr
properties of deep defects and/or impurities.

All complexes analyzed were considered in a configu
tion where one impurity replaces a silicon host atom (Aus)
and the other sits in a nearest-neighbor interstitial tetrahe
site (TMi). The defect pairs are surrounded by 25 Si ato
such that the clusters have a^111& trigonal C3v symmetry.

The one-electron Schro¨dinger equations were solved fo
the molecular cluster by using theab initio spin-unrestricted
multiple-scattering theory developed by Johnson a
Slater24,25 with Xa statistical exchange potential.25

The muffin-tin atomic spheres were chosen such that t
touch each other and have the same radii, consistent with
Si interatomic distance~2.352 Å!.26 In the atomic region the
Schwarz exchange parameters (a) were used.27 Simulations
using either the Hedin-Lundqvist28 or Ceperly-Alder29 ap-
proximations, to the exchange potential, showed that the
sults are qualitatively independent of the exchange poten
used, even in thespin-unrestrictedcase. The sphere that su
rounds the whole cluster touches its surface atomic reg
and is made to coincide with a Watson sphere, which is u
to neutralize the effects of the dangling-bond surface sta
as proposed by Fazzioet al.30 This method has been use
successfully to describe the electronic structure of comple
in semiconductors.21,22,31,32
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All electrons were considered in the simulations, mean
that there are no frozen cores. The basis set for the expan
of the wave functions included values up tol 52 for the
outer region,TM, and Au atoms, and up tol 51 for the
silicon atoms. It is worth mentioning that lattice relaxatio
and distortions were not taken into account. On the ot
hand, scalar relativistic theory was used since it is import
in describing core orbitals. In this approach, the radial fu
tions inside each atomic sphere satisfy an average D
equation that includes the Darwin and mass-veloc
corrections.33,34Such corrections affect all of the energy le
els since the calculations are self-consistent, including
portant direct and indirect level shifts.

III. RESULTS AND DISCUSSIONS

A. Spin-restricted electronic structure of the neutral
Si:AusTM i systems, withTM 5Ti, V, Cr, Mn, Fe, Co, and Ni

To understand the chemical trends in the electronic pr
erties displayed by the systems, it is useful to first anal
the results obtained for thespin-restrictedelectronic struc-
ture of the AusTMi pairs in silicon.

Figure 1 shows the self-consistent one-electron results
the 25Si1AusTMi cluster simulating the electronic structu
of AusTi i , AusV i , AusCri , AusMni , AusFei , AusCoi , and
AusNi i trigonal complexes in silicon. The figure only dis

FIG. 1. Self-consistent one-electron spectra for 25Si1AusTMi

(TM5Ti, V, Cr, Mn, Fe, Co, and Ni! clusters simulating the elec
tronic structure of neutral AusTMi trigonal complexes in crystalline
Si. The figure only displays the gap levels, the gold-5d, and
TM-3d-related energy levels. The occupancy of the gap level
indicated by numbers in parentheses, and resonances inside th
lence and conduction bands are assumed to be completely fille
empty, respectively.
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plays energy levels that play a fundamental role in determ
ing the physical properties of the complexes and are imp
tant to understand the chemical trends along the series.
band edges were defined according to the energy spectru
the 26 Si-atom cluster, which simulates the crystal, and
energy zero is set at the valence-band maximum. The ca
lations were carried out with all the levels filled according
the ordering of increasing energy. The occupancy of the
levels is indicated by numbers in parentheses and resona
inside the valence and conduction bands are assumed
completely filled or empty, respectively. Calculations for t
AusCui complex were also performed. The electronic stru
ture spectrum shows a peculiar behavior related to the 3d-5d
molecular orbitals interaction as resonant energy levels in
silicon valence band, differently from the pairs analyz
here. Therefore, we present the results related to compl
involving Cu in a forthcoming publication.

The analysis of the results depicted in Fig. 1 leads to
conclusion that the electronic properties of the pairs can
described by bearing in mind that the complex impurity le
els come from a covalent interaction between the molec
orbitals of the isolated impurities, split by a trigonal crys
field, for all 3d series, consistent with previous calculatio
for the AusFei and AusMni impurities in trigonal
symmetry.21,22

Neutral Aus in Si gives rise to a threefold degeneratedt2
level in the band gap, occupied by three electrons
5d-derived resonances fully occupied.35,36 According to
Alves et al.,35 using the multiple-scattering method, the As
5d states give rise toe(d) andt2(d) hyperdeep energy level
induced close to the bottom of the valence band, while
cording to quasiband crystal field~QBCF! calculations36 the
5d states are located in the lower part of the valence b
and the t2(d) level ~labeled ast2

CFR) displays a width of
about 1.0 eV. Thet2 gap level is called adangling-bond-like
state in the case of cluster computational simulations
dangling-bond hybridin the QBCF results.

In order to explain the electronic properties of the sta
lized pairs, we propose a model as derived from interacti
between the molecular orbitals of the isolated impuriti
Therefore, we simulate the electronic structure of the isola
substitutional gold impurity in silicon using scalar relativist
theory to provide a better basis to analyze the results of
complexes exposed here.

The results of the calculations, using the same cluster
scribed in Ref. 35, show at2 dangling-bond-like energy leve
in the gap, occupied by three electrons, as before, with ap-d
hybrid character~5% of the charge in the Au sphere!, but
differently, the 5d-derived orbitals give rise to a very com
pact e(d) level (Ev26.15 eV; electronic configuration
5d3.7) and two t2 energy levels (Ev28.80 eV andEv
26.15 eV; electronic configuration 5d5.4). Besides, there is
an a1 resonant level (Ev21.53 eV; electronic configuration
6s0.5), which could be compared to thea1

R level found in the
electronic structure of substitutional gold by Fazzioet al.36

Therefore, it seems that the differences between the calc
tions mentioned above are due to the lack of relativis
theory approach and not due to cluster bound
conditions.36

The first interesting chemical trend in the electronic str
ture of the pairs is the localization of the gold 5d-derived
-
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resonances observed along the series. These fully occu
levels come from the splitting by theC3v crystal field of the
e(d) and t2 resonant levels induced in the silicon valen
band by the substitutional gold impurity, as discussed bef
and are labeled as 1e, 1a1, 2a1, 2e, 3e, and 4e in Fig. 1.
The perturbation caused by theTM impurity in the goldt2
and e(d) resonant levels is small, so that the 5d-derived
levels remain regularly as resonances in the valence b
along the series. The interaction between these states an
silicon host states gives rise to another resonance ofe sym-
metry. Thea1 resonant gold energy level appears in the co
plexes and is labeled as 3a1 in Fig. 1. It has a silicon
valence-band-state character, showing a weak interaction
tweenAu26s andTM atomic orbitals.

The electronic charge in the Aus sphere for the 5d-related
levels is shown in Fig. 2. For all complexes the electro
configuration of these orbitals is about 5d9.14s0.4. We con-
clude that the gold 5d- and 4s-derived states play a mino
rule in determining the pair complexes’ electronic properti

The 9e and 6a1 energy levels, shown in Fig. 1, have
charge distribution that is mostly localized in the gold firs
and second-neighbor silicon atoms and result from
crystal-field splitting of the substitutional goldt2 dangling-
bond-like gap level when the symmetry is lowered from
for the Aus to C3v for the AusTMi complexes. We will dis-
cuss them later.

We now analyze the trends displayed by theTM
impurity-induced levels that originate from the 3d atomic
states, appearing as resonances within the valence band
as impurity levels in the gap.

An isolated tetrahedral interstitial 3dn4s2 TMi impurity
gives rise to 3d-derived states within the valence band and
impurity levels in the gap, witht2 ande symmetries.37–39 In
the C3v crystal field of the pairs, the 3d-derived states lead
to a nondegeneratea1 level and a pair of twofold degenerat
e levels. The 3d-derived resonances in the valence band
described by the electronic configurations 6e, 5e, and 4a1.
The TMi 3d-derived gap states are labeled as 7e, 8e, and

FIG. 2. Percentage of charge~normalized to one electron! inside
the Aus sphere for the 5d-related levels in the neutral AusTMi

trigonal complexes in Si. These levels are labeled according to
1.
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5a1 in Fig. 1 and are complemented by the results displa
in Figs. 3~a! and 3~b!, which show the probability of finding
an electron in theTMi spheres for each of these states.

As in the case of the isolated tetrahedral interstitial
impurity,37 for the AusNi i pair there are no gap levels wit
3d character. The electrons in 7e, 8e, and 5a1 states for the
AusNi i complex have a valence-band-state character and
not shown in Fig. 1, while those occupying the 6e, 5e, and
4a1 states are highly localized in the Ni atom and are re
nant energy levels in the valence band. The 9e and 6a1 gap
levels are degenerated and are typical dangling-bond-
states. As one proceeds to lighter impurities, the 3d orbitals
of theTMi atom interact with the host states and push thea1
ande levels towards the band gap. When Ni is replaced
Co, the electrons in the resonance states begin to deloc
while the 7e, 8e, and 5a1 orbitals show a 3d character.
When Co is replaced by Fe, the interaction between the
purities increases, the crystal field splits the energy level
rived from the substitutional goldt2 dangling-bond-like or-
bitals into 9e and 6a1 energy levels, and the charg
distribution of these levels begins to display a 3d character
while the resonant levels begin to delocalize, as can be s
in Fig. 3. This trend continues through theTMi series, so
that going from Ni to Ti, the resonance states delocalize o
the neighboring silicon atoms.

As one proceeds from heavier to lighter impurities, thed
states interact with the host states and move up into the
lence band. Due to hybridization with valence states,
3d-derived resonances become progressively more delo
ized. We observe the striking similarity between the che
cal trends of the 3d-derived impurity levels for the pairs an
for the TMi impurities themselves.37–39

FIG. 3. Percentage of charge~normalized to one electron! inside
the TMi spheres in the neutral AusTMi trigonal complexes in Si:
~a! 3d-derived gap levels~full lines! and Aus t2-derived dangling-
bond-like levels~dashed lines!; ~b! 3d-derived valence resonanc
levels. All the levels are labeled according to Fig. 1.
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The feature that emerges from the calculations is that
results do not provide support for the ionic model. This co
clusion, already reached for the AusFei and AusMni

pairs,21,22 is here extended to all components in the seri
The values of the net electronic charge inside theTMi

spheres, displayed in Fig. 4, show clearly that there is
charge transfer from theTMi atoms to the Aus impurity. The
values are systematically larger than the correspond
atomic numbers of theTM impurities. Such charge exces
could be attributed in part to the small size of the impur
atoms and the large muffin-tin sphere they occupy. This
not the case here since the muffin-tin-spheres radii are e
to 1.18 Å, much smaller than the atomic radii of theTM
atoms and of the same order of the covalent radii of th
impurities. Here the Haldane and Anderson mechanism40

which is inherent in our covalent model of the complexe
keeps the net charge inside theTMi sphere approximately
neutral. Therefore, the differences between electronegat
of the elements in the pair are not a reliable criterion
analyze charge-transfer effects for impurities
semiconductors.8

The ionic model is based on the idea that theTMi atoms,
acting as donor impurities, are charged positively in comp
sated samples and a related number of acceptor impur
are charged negatively. The pairing occurs due to the in
action between the two ions. This hypothesis could be va
for the tetrahedral interstitial Ti, V, Cr, and Mn impuritie
which are associated to donor transition levels41 placed
above the Aus acceptor level atEc20.55 eV.18–20 It could
also be a reasonable hypothesis to explain the pairing
tween theTMi impurities and the typical isolated shallo
acceptor centers. However, this model would not explain
existence of the stable AusFei pair. Interstitial isolated iron
has only one well established donor level atEv10.385 eV,41

therefore it is below the acceptor level of gold, avoiding t
possibility of a configuration such as Aus

2Fei
1 for the pair.

The overall analysis of the charge distribution in Figs
and 3, associated to the one-electron spectra shown in F
and complemented by Fig. 4, that shows the total cha
insideTMi spheres, allows us to conclude that the pairs
formed by a covalent mechanism that includes, besidess
and theTMi impurities, also the silicon neighbors. Ther
fore, the EPR parameters of the pairs should be relate
molecular orbitals spread out over the cluster rather than
ing derived from the interactions between two localiz
magnetic centers, as has been assumed.8–12We also point out
that the ionic notation Aus

2TMi
1 for all of the complexes is

misleading.

FIG. 4. Net electronic charge inside theTMi spheres for the
neutral AusTMi trigonal complexes in Si.
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From Fig. 1 it can be verified that the 9e and 6a1 are the
only levels in the gap for the AusNi i complex. As one pro-
ceeds to lighterTM impurities, two effects occur simulta
neously. The 8e level moves up, becoming closer to the 9e
level and the 3d composition of the 9e level increases. From
Fig. 3~a! it can be verified that the gap levels behave
typical dangling-bond-like states for the AusNi i and AusCoi
pairs and as typicalTMi 3d states for AusMni , AusCri ,
AusV i , and AusTi i complexes. Therefore, it is expected th
the former systems would behave as an isolated Aus impurity
and the latter as an isolated interstitialTM23d impurity,
both in a trigonal crystal field. Although there is a no
negligible 3d contribution for the 9e state of the AusFei pair,
the energy difference between the 9e ~almost! dangling-
bond-like level and the 8e 3d-derived level is the most im
portant quantity to evaluate whether the exchange split
between states of opposite spin is larger than the crystal-
splitting ~high spin configuration! or lower than the crystal-
field splitting ~low spin configuration!, as has been
suggested.21

Comparing the results presented in Fig. 1 for the el
tronic structure of the AusFei and AusMni complexes with
those obtained previously,21,22 two major differences are ob
served. First, the energy levels related to Aus 5d orbitals are
shallower in the valence band. Second, the trigonal crys
field splitting in the Aus t2-dangling-bond-like gap level, re
sulting in the 9e and 6a1 energy levels, is smaller here tha
in those previous calculations. The differences are due to
use of scalar relativistic theory and the nonexistence of
zen core electrons in the present calculations.

Before exposing thespin-unrestrictedelectronic structure
of Si:AusTMi centers, withTM5Ti, V, Cr, Mn, and Fe, let
us first discuss thespin-restrictedelectronic structures of the
AusCoi and AusNi i pairs in silicon. Figure 1 shows that the
properties are defined by the 9e and 6a1 gap states, the
highest occupied energy levels in the spectra. We interpr
these results as the pairs having properties quite simila
those displayed by the isolated substitutional Au center. T
is supported by the results displayed in Fig. 3~a!, which show
that these two levels and thet2 gap state, in the isolated Aus
impurity, have analogous dangling-bond-like nature. Ba
on this, we could say that the main role played by t
nearest-neighbor Nii impurity in the complex is to lower the
crystal field ‘‘felt’’ by Aus . In the case of the AusCoi pair,
the Coi impurity also decreases by one electron the occu
tion of those levels coming from the Aus gap level. However,
this decrease does not necessarily imply in an ionic inte
tion between Aus and Coi , since the rearrangement of char
prevents charge transfer. As can be seen in Fig. 4, the
SCF charge inside theTMi sphere does not increase by o
electron as a result of the interaction.

It is worth mentioning that during the simulations,
which two or three electrons were accommodated in thee
energy levels, for AusCoi and AusNi i , respectively, it turned
out that their energies moved up higher than the 6a1 levels,
during self-consistent cycles. On the other hand, if two el
trons were accommodated in 6a1 levels, and zero~or one! in
the 9e energy levels, the former moved up higher in ener
than the 9e states, preventing convergence in the se
consistent cycles. Thus, the usual procedure of occupying
energy levels by integer numbers, according to the orde
s
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of increasing energy, leaving all lower levels occupied a
all higher levels empty, is not possible in these cases. Th
fore, we have assigned fractional number of electrons to e
of the two states, choosing the occupancy in order to m
the two energy eigenvalues degenerated, as shown in Fi
The degenerated nature of the 9e and 6a1 energy levels
stems from a very small interaction between the impur
molecular orbitals, which is not strong enough to lower t
degeneracy of the Aus-t2 dangling-bond-like gap level. This
degeneracy remained even when simulating longer or sho
distances~in the ^111& direction! between theTMi and Aus
impurities.

Since the electrons filling these two degenerated ene
levels are occupying delocalized states, the angular mom
tum is expected to be quenched and an effective low s
configuration can be ascribed to the ground state of the c
plexes, so that AusCoi and AusNi i pairs in Si haveS50 and
S51/2 values for the total spin, respectively, makingspin-
polarizedsimulations useless. Moreover, they are not like
active Jahn-Teller~JT! centers due to the delocalized cha
acter of the 9e and 6a1 states. Therefore, distortions a
expected to be small and the Haldane and Anderso40

mechanism is not operative.
By using the Slater procedure,25 we evaluated the tota

energy differences between thespin-restrictedand unrelaxed
electronic configurations in order to obtain the donor~0/1!
and acceptor (2/0) transition energies related to the pair
The difference between donor and acceptor energies is
fined as the Mott-Hubbard potential (U). The one-electron
final states of the donor~1/0! and acceptor (2/0) transi-
tions, as for the isolated gold center, are related to q
delocalized impurity states. For both centers the Mo
Hubbard energies are of the order of 0.4 eV, higher than
value of that assigned to isolated substitutional Au in silic
~0.22 eV!.

The AusCoi pair in silicon has not been experimental
identified yet. However, there are indications that Co, be
a fast diffuser in silicon, may be involved in the formation
complexes.41 Using DLTS measurements, Czaputa13 ob-
served two peaks correlated to Au-Ni complex in silico
both of them with a donor character, corresponding to cha
transition energies ofEv10.35 eV andEv10.48 eV, exhib-
iting a bistable behavior. It was suggested that the comple
may consist of Aus and Nii in two different positions, possi-
bly nearest neighbor and next-nearest neighbor, represen
the two bistable configurations. However, the stabilization
the pair could not be explained by an ionic interaction, sin
this model leads to contradictory conclusions when
Fermi level, inp-type Si, is considered.13 Our results provide
an explanation for why the Au-Ni complex can exist. A
ionic interaction between the impurities is not required
keep the pair stable, even though the driving force to fo
the pair cannot be obtained by our static model. Therefor
is possible that the pairing between aTM atom and an iso-
lated impurity does not necessarily require the latter to be
acceptor center.

The pairs formed by the other atoms in the series~Ti, V,
Cr, Mn, and Fe! have 3d-derived energy gap levels, suc
that thespin-unrestrictedsimulations are important to bette
characterize their electronic structure. The results are pre
in the following sections.
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TABLE I. Ground-state electronic properties of neutral, positive, and negative AusTMi trigonal com-
plexes in Si using thespin-unrestrictedmodel. N is the total number of electrons filling the five highe
energy levels : 7e, 5a1 , 8e, 9e, and 6a1. The multiplet configurations are obtained from one-elect
calculations.

Complex N Electronic configuration Spin Multiplet

(AusTi i)
1 6 5a1↑

1 7e↑
2 7e↓

2 8e↑
1 6a1↑

0 9e↑
0 1 3E

(AusTi i)
0 7 5a1↑

1 7e↑
2 7e↓

2 8e↑
2 6a1↑

0 9e↑
0 3/2 4A

(AusTi i)
2 8 5a1↑

1 7e↑
2 7e↓

2 8e↑
2 6a1↑

1 9e↑
0 2 5A1

(AusTi i)
2 8 5a1↑

1 7e↑
2 7e↓

2 8e↑
2 9e↑

1 6a1↑
0 2 5E

(AusV i)
1 7 5a1↑

1 7e↑
2 7e↓

2 8e↑
2 6a1↑

0 9e↑
0 3/2 4A

(AusV i)
0 8 7e↑

2 5a1↑
1 8e↑

2 7e↓
2 5a1↓

1 9e↑
0 1 3A1

(AusV i)
2 9 7e↑

2 5a1↑
1 8e↑

2 7e↓
2 5a1↓

1 9e↑
1 6a1↑

0 3/2 4E

(AusCri)
1 8 5a1↑

1 7e↑
2 8e↑

2 7e↓
2 5a1↓

1 9e↑
0 8e↓

0 1 3A1

(AusCri)
0 9 5a1↑

1 7e↑
2 8e↑

2 5a1↓
1 7e↓

2 9e↑
1 8e↓

0 3/2 4E

(AusCri)
2 10 7e↑

2 5a1↑
1 8e↑

2 5a1↓
1 7e↓

2 9e↑
2 8e↓

0 2 5A

(AusMni)
1 9 5a1↑

1 7e↑
2 8e↑

2 5a1↓
1 7e↓

2 9e↑
1 8e↓

0 3/2 4E

(AusMni)
0 10 5a1↑

1 7e↑
2 8e↑

2 5a1↓
1 7e↓

2 9e↑
2 8e↓

0 2 5A

(AusMni)
2 11 5a1↑

1 7e↑
2 8e↑

2 5a1↓
1 7e↓

2 9e↑
2 8e↓

1 6a1↓
0 3/2 4E

(AusMni)
2 11 5a1↑

1 7e↑
2 8e↑

2 5a1↓
1 7e↓

2 9e↑
2 6a1↓

1 8e↓
0 5/2 6A1

(AusFei)
1 10 5a1↑

1 5a1↓
1 7e↑

2 7e↓
2 8e↑

2 8e↓
2 9e↑

0 9e↓
0 0 1A1

(AusFei)
0 11 5a1↑

1 5a1↓
1 7e↑

2 7e↓
2 8e↑

2 8e↓
2 9e↑

1 6a1↑
0 1/2 2E

(AusFei)
2 12 7e↑

2 5a1↑
1 5a1↓

1 8e↑
2 7e↓

2 9e↑
2 8e↓

2 6a1↑
0 1 3A
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B. Spin-unrestricted electronic structure of the Si:AusTM i

systems„TM 5Ti, V, Cr, Mn, and Fe…

Table I shows thespin-unrestrictedsingle-particle con-
figuration for the gap energy levels of the negative, neut
and positive AusTMi trigonal complexes in Si, withTM
5Ti, V, Cr, Mn, and Fe. The level ordering is that of in
creasing energy. The ‘‘up’’ and ‘‘down’’ spins are repre
sented by↑ and ↓ arrows, respectively. The spin counte
parts of these levels, which are unoccupied and located in
Si conduction band, are not shown. The table also disp
the total number of electrons (N) filling these gap levels, the
spin of the centers (S), and the multiplet configuration ob
tained from one-electron calculations.

As can be verified from Table I, most of the complexes
positive, neutral, and negative charge states have a no
generated multiplet ground state, with angular moment
L50. Therefore, they are stable configurations in trigo
symmetry. Those complexes in a certain charge state, w
present a degenerated ground-state multiplet, will be a
lyzed case by case.

For the (AusTi i)
1 complex, the ground state is degene

ated. The highest occupied energy level (8e↑
1) presents a 3d

character, so that a JT distortion is expected. In this c
distortions must be considered in the calculations in orde
realistically describe this charge state. For the (AusTi i)

2

complex, two electronic configurations are found, with t
total energy difference between them lower than 0.1 eV,
side the error of the theoretical model. Both configuratio
have total spinS52. The one that has5E ground state, with
the highest occupied energy level (9e↑

1) displaying a Ti-3d
character, is a possible active JT center. Therefore, the
figuration having5A1 ground state is the only stable one in
trigonal symmetry.
l,

he
ys

e-
m
l

ch
a-

-

e,
to

-
s

n-

For the (AusV i)
2 (N59) complex, although the result

show a degenerated4E ground state, the highest occupie
energy level (9e↑

1) has a delocalized character, possibly i
hibiting a JT distortion. In this case, distortions are expec
to be small or absent due to the delocalized character of
9e↑ level. The angular momentum is expected to
quenched and the center would be stable in trigonal sym
try.

For the (AusCri)
0 and (AusMni)

1 (N59,S53/2) pairs,
the stability analysis is the same as the one for the (AusV i)

2

complex. Our theoretical analysis is consistent with EPR
perimental measurements,1 which found both complexes in
trigonal symmetry and total angular momentumJ53/2.

For the (AusMni)
2, two electronic configurations ar

found, each one giving a different total spin (S53/2 or 5/2!.
The one giving4E ground state, having the highest occupi
energy level (8e↓

1) with a strong Mni-3d character, is an
active JT center. On the other hand, the one giving an orb
singlet 6A1 ground state indicates that the system does
undergo JT distortions and matches well the EPR results1

For the (AusFei)
0 pair the ground state is an2E multiplet.

The 9e level exchange splitting is such that the 9e↑ level
presents higher energy than the 8e↓ level, driving the com-
plex to a low spin configuration. Although this result ind
cates that the defect is an active JT center, one can conc
that distortions are expected to be small or absent since
unpaired electron is occupying a delocalized state (9e↑

1).
Therefore, the angular momentum is expected to
quenched and the effective spin of the center would
S51/2. These observations are consistent with EPR resu8

The different spin configurations of the complexes,
shown in Table I, do not arise from a magnetic coupli
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between the independent impurities but originate from d
ferent electronic populations of the molecular orbitals of
complexes.

Another important observation can be extracted from
results shown in Table I related to the (AusCri)

2,
(AusMni)

0, and (AusFei)
1 pairs, all havingN510. The ex-

change splitting is such that it drives the (AusCri)
2 and

(AusMni)
0 centers to high spin configurations, while

drives the (AusFei)
1 center to a low spin configuration. It i

worth mentioning that computational simulations were a
attempted assuming a low spin configuration for (AusCri)

2

and (AusMni)
0 pairs, and a high spin configuration fo

(AusFei)
1 complex. These results indicated that (AusCri)

2

with S50 and (AusFei)
1 with S52 andS51 are excited

states, i.e., they present unoccupied energy levels below
cupied ones. For (AusMni)

0 the low spin configuration
(S50) is 0.5 eV higher in energy than the high spin o
(S52).

We have also simulated the electronic structure of
(AusFei)

0 pair for the nondegenerated multiplet state (2A1),
in C3v symmetry, by transferring the electron from the hig
est spin up energy level (9e↑) to the unoccupied lowest spi
up energy level (6a↑). The calculations indicate that thi

TABLE II. Experimental Fermi contact term in the Au andTM
nuclei for AusTMi trigonal complexes in Si, in units o
1024 cm21. J is the observed effective total angular momentum
the centers.

Au TM
Complex J Ai A' Ai A'

(AusCri)
0 a 3/2 14.5 12.6 110.9 19.1

(AusMni)
1 a 3/2 13.9 12.0 260.4 248.1

(AusMni)
2 a 5/2 61.1 @24.0,4.0# 641.0 638.4

(AusFei)
0 b 1/2 615.1 69.2 63.3 65.6

aReference 1.
bReference 8.
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configuration corresponds to an excited state, giving a t
energy 0.3 eV higher than the one presented in Table I
disagreement with LMTO-ASA~linear muffin-tin orbitals
method in the atomic spheres approximation! results.42

For AusTMi complexes, along the 3d series in the Peri-
odic Table, withTM5Mn and below it, they show a high
spin configuration, while forTM5Fe and over it, the pairs
present a low spin configuration. This conclusion is cons
tent with our results for complexes involving Ni and C
which were analyzed as having low spin configuratio
Therefore, while going from Mn to Fe there is a transitio
related to the exchange splitting. According to these resu
the electronic configurations, which determine the electric
optical, and magnetic properties of the complex grou
states, are defined by high effective spin from Ti to Mn a
by low effective spin configurations from Fe to Co.

C. Hyperfine parameters and transition energies

The spin-unrestrictedcalculations allow us to access th
values of the Fermi hyperfine contact energy at the imp
ties and silicon nuclei. In this section we present results
the hyperfine parameters and transition energies for
AusTMi trigonal pairs in Si, withTM5Ti, V, Cr, Mn, and
Fe. We consider only those complexes that are found to
stable in trigonal symmetry, as discussed in the preced
section.

Table II presents the available experimental results for
effective total angular momentum and the Fermi cont
term in the Au andTM nuclei for the AusTMi complexes in
trigonal symmetry.1,8 Table III displays the theoretical Ferm
contact terms in the Aus , TMi , and Si~first neighbors to the
TMi impurities! nuclei for neutral, positive, and negativ
AusTMi trigonal complexes in Si. The experimental resu
for the Fermi contact terms are presented in parenthe
considering the several possible values due to the uncerta
in the sign of some measurements.

For the (AusCri)
0 and (AusMni)

1 pairs, the theoretica
results are in excellent agreement with the experime

f

ned
TABLE III. Theoretical effective spin and Fermi contact terms in the Au197, TM* , and Si29 nuclei, for
neutral, positive, and negative AusTMi trigonal complexes in Si, in units of 1024 cm21. The numbers in
parentheses are found using experimental results presented in Table II by usinga51/3Ai12/3A' . For those
experimental results in which the sign of eitherAi or A' is not known, the values in parentheses are obtai
assuming (sgnAi)5(sgnA') and (sgnAi)52(sgnA'). (* Ti49, V51, Cr53, Mn55, Fe57.)

Complex Effective spin Multiplet a~Au! a(TM) a~Si!

(AusTi i)
0 3/2 4A 11.7 121.3 125.3

(AusTi i)
2 2 5A1 10.4 18.1 136.6

(AusV i)
1 3/2 4A 14.1 1242.4 117.4

(AusV i)
0 1 3A1 12.5 2141.9 124.4

(AusV i)
2 3/2 4E 10.8 2149.5 129.1

(AusCri)
1 1 3A1 12.9 125.8 122.4

(AusCri)
0 3/2 4E 11.3 ~13.2! 110.8 ~19.7! 125.1

(AusCri)
2 2 5A 12.5 231.2 224.2

(AusMni)
1 3/2 4E 10.9 ~12.6! 281.2 (252.2) 117.7

(AusMni)
0 2 5A 14.2 1101.4 220.0

(AusMni)
2 5/2 6A1 24.2 (@23.0,3.0#) 262.1 (611.9,639.3) 16.4

(AusFei)
0 1/2 2E 22.5 (61.1,611.1) 25.3 (62.6,64.8) 17.7

(AusFei)
2 1 3A 23.2 111.2 18.2
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data.1 For the (AusMni)
2 and (AusFei)

0 pairs, a simple
comparison with experimental data1,8 could be misleading,
although the theoretical results agree reasonably well w
some of the possible values. The effective spin values
these centers are in excellent agreement with experime
effective total angular momentum (J) shown in Table II.

Although there are not many experimental results for
Fermi contact term, our theoretical values may serve a
guideline for future investigations of these complexes.

Table IV presents the experimental acceptor and do
transition energies and Mott-Hubbard potentials (Uexpt and
U theor) for the AusTMi trigonal pairs in Si (TM5Ti, V, Cr,
Mn, and Fe!. The potential is computed assuming for t
crystalline Si an energy gap (Eg) of 1.12 eV.

For AusTi i complex the theoretical Mott-Hubbard pote
tial value is an overestimation. This is because the do
transition involves a final state with strong Ti-3d localized
atomic character, requiring the inclusion of structural dist
tions in order to describe the final state. For all other co
plexes, the theoretical values are in good agreement with
experimental Mott-Hubbard potentials. The value ofU theor
for the AusCri pair and the measured donor transiti
energy12 allow us to predict the acceptor transition energy
be aroundEc20.33 eV.

We expect that the theoretical predictions presented
Tables III and IV will motivate further work on these com
plexes, allowing a more conclusive description of their el
tronic structure.

IV. FINAL REMARKS

In summary, we have studied the electronic properties
the AusTi i , AusV i , AusCri , AusMni , AusFei , AusCoi , and
AusNi i trigonal complexes in silicon. The results show th
the ionic model used to describe the pairs as an interac
between the two impurities in the complex is not valid. I
stead, we find that the microscopic model to describe the
essentially covalent and involves not only the molecular
bitals coming from the Aus andTMi impurities but also the
Si host atoms.

We observe a chemical trend in the properties of the co
plexes as theTMi atom changes. First, the orbitals comin

TABLE IV. Experimental acceptor and donor energy transitio
and Mott-Hubbard potentials (Uexpt andU theor) for AusTMi trigonal
complexes in Si. All values are given in eV, and the gap energy
crystalline Si is assumed to beEg51.12 eV.

Experimental values Theoretical valu
Complex Acceptor Donor Uexpt U theor

AusTi i ,0.75
AusV i Ec20.20a Ev10.42a 0.50 0.56
AusCri Ev10.35a 0.44
AusMni Ec20.24a Ev10.57a 0.31 0.45
AusFei Ec20.354b Ev10.434b 0.332 0.42

aReference 12.
bReference 11.
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from the Au-5d states are very localized and remain in t
bottom of the valence band as resonant states, playing
indirect role in determining the electronic, magnetic, and o
tical properties of the centers. Besides, starting from the
terstitial Ni atom in the complex, the gap dangling-bond-li
levels, which are degenerated states, split as one procee
lighter interstitial impurities, and their charge distribution b
gins to display a 3d character. On the other hand, the res
nant states showing a strong 3d character for interstitial Ni
delocalize onto the neighboring Si atoms as one proceed
lighter impurities. This trend is a consequence of the incre
ing covalent interaction between the Aus and theTMi-3d
gap and resonant levels, going from heavier to lighterTM
impurities.

The spin-polarizedone-electron calculations give a com
prehensive analysis of the stability of the complexes in trig
nal symmetry. Moreover, they show that the exchange sp
ting drives the AusTi i , AusV i , AusCri , and AusMni pairs to
a high spin configuration, while the AusFei , AusCoi , and
AusNi i complexes are described by a low spin configurati
These spin configurations do not arise from a magnetic c
pling between the two spins of the independent impuriti
but from the electronic population of the molecular orbita

The results for the Fermi contact hyperfine terms, eff
tive spin of the centers, and the Mott-Hubbard potentials
in very good agreement with available EPR and DLTS e
perimental data, providing a strong support for structural s
bility analysis and the covalent model suggested by
Moreover, although lattice distortions were not taken in
account, they are not expected to affect the overall pict
resulting from the calculations, such as the covalent mo
and the gap transition energies. This assumption is base
the structural stability analysis related to JT distortions a
the agreement with EPR and DLTS experiments for AusV i ,
AusCri , AusMni , AusFei , and AusNi i complexes, which as-
cribe aC3v symmetry for these pairs. Fermi contact hype
fine terms would be the most sensitive parameters to lat
relaxations, which we have not considered. However,
good agreement between theoretical and EPR values
vides support to state that lattice relaxations should be sm

The donor-acceptor activities involve delocalized imp
rity states, equivalent to the isolated gold center, the o
exception being the AusTi i complex donor transition. This
similarity leads to the conclusion that the convention
multicharge-state model is also applicable to almost all
these complexes.

The understanding of the behavior ofTM-related com-
plexes in silicon has progressed rapidly during recent ye
and we hope that the results presented here may provi
guideline for further theoretical and experimental investig
tions of complexes involving transition metals in doped s
con.
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