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We report theoretical investigations of the chemical trends in the electronic properties of transition-metal
impurity pair complexes in a semiconductor. Self-consistin-unrestrictedelectronic state calculations,
with a scalar relativistic scheme, in the framework of the multiple-scatteiagnolecular cluster method,
have been carried out for the substitutional gottiBterstitial transition-metal pairs in silicon @3, symme-
try. The role played by thedband 3 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 AuTi;, AugV;, AucCri, AusMn;, AugFe , AusCo , and AuNi; 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[ 88tb63-1828)08031-X]

I. INTRODUCTION vestigations provided a wealth of information on the nature
of various centers related to gold in silicon, specifically the

Complexes of point defects and/or impurities have beemold-transition metal pairs®='® The charge states of the
studied for many years using several experimental techpairs have been controlled by the concentration of shallow
nigues. It has been found that complexes are formed by inacceptors or donors present in the sample. EPR technique
teracting impurities, inducing deep levels, resonances, andas used to determine the effective spin and the structure of
hyperdeep levels in the electronic structure of an otherwiséu-TM complex defect$®~1* Some complexes are associ-
perfect crystal. It has been well known for more than 30ated with electrically active gap levels that have been char-
years that the interstitiald3transition metals are very mobile acterized by diode capacitance measurements, including
in silicon, even at room temperature, forming complex pairsdeep-level transient spectroscofLTS).}2'% EPR experi-
with both shallow and deep impurities in silicon. ments showed that the pairs are aligned along(iHd) di-

Complexes involving gold and & transition metals in rection with a trigonal symmetry, indicating that they may
silicon have deserved particular attention. This is becauseonsist of a substitutional gold with M impurity occupy-
gold, a deep impurity, is one of the most extensively invesing a nearby interstitial site. Since the symmetry assigned to
tigated centers in silicof.’” Electron paramagnetic reso- the pairs is trigonal, it seems that when the two species, the
nance(EPR experiments have attempted to establish a mi-TM and Au impurities, are present in the sample, the isolated
croscopic model for isolated gold in silicon. However, thegold impurity moves from its distorted tetragonal configura-
experimental data pointed only to the existence of goldtion to a substitutional site to pair with the interstitial
related complexek®-14 nearest-neighbdf M impurity.

Recently, Zeeman studies of the donor and acceptor exci- An ionic model has been suggested to properly describe
tation spectra provided detailed information on the electroniédhe EPR parameters of the positively ionized gold-
structure of the neutral substitutional gold in silid5f8The ~ manganese pair (AIMn?*)* in Si! This ionic model has
center is paramagneticSE 1/2) with gj~2.8 andg, ~0, been applied to describe some properties of gald-
and has a stati¢100) tetragonal distortion,q). This ob- center$~12 According to that description, the observed EPR
servation suggested that tge~0 could be better explained signals come from a magnetic coupling between the angular
by an increased spin-orbit interaction, as proposed to explaifmomenta of the two isolated ions, one centered on the gold
the missing EPR signal.Moreover, the initial states in both and the other on th& M impurity. Therefore, the notation
the acceptor and donor excitation spectra were found to hawug TM;" has been currently used to denote the pairs.
the same structure:*® This provides direct evidence that  Previous calculations, using the multiple scattering
both spectra arise from the same defect since the opticahethod in thespin-restrictedtreatment, and without scalar
energies match well the,—0.55 eV andE,+0.35 eV lev- relativistic inclusion, for AuFe and AuMn; pairs, provided
els attributed to the acceptor and donor levels, respectivelyno support for the ionic model, showing that the pair impu-
of the isolated gold center in silicdfi-2° rity levels arise from an interaction between the molecular

In addition to the fascinating puzzle that isolated gold hasorbitals of the isolated impurities and the Si host atéhfS.
provided during all these years, numerous experimental in- In this investigation we address the problem of modeling
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the microscopic structure of Si:AUM; trigonal centers, 300 T v Cr Mn Fe Co Ni
with TM=Ti, V, Cr, Mn, Fe, Co, and Ni to study the chemi- 6a,

cal trends in the electronic properties along thk sries. 20— \%_jjj%ii | | \
Moreover, we move a step forward by carrying out the self- o ED Z (3 D T ) @
consistent simulations to thgpin-unrestrictediimit, using ' 7e! m@

scalar relativistic theory. This formalism is essential for a ¢ _ S SN
proper comparison with experimental properties, such as th

total spin and the position of energy levels in the gap. The  -1.0— | &

Fermi hyperfine contact fields at the AuT M;, and Si nu- 42 A~

clei are evaluated and compared to available EPR results . **xﬁ\_“___\‘x

Besides, the Mott-Hubbard energies are compared to exper /| \
mental donor and acceptor transitions measurements ol

tained by DLTS. The paper is organized as follows: in Sec. 15 40 —
we present the theoretical model, and in Sec. Ill we preseng

the electronic structure for the AOM; trigonal complexes % -5.0 —

.

in Si, including the Fermi contact fields and the Mott- 4o
Hubbard potentials for the centers. Finally, in Sec. IV we 60 I
present final remarks. g0 % L]
R N R EEm RN —
80 — T
Il. THEORETICAL MODEL la, |
90 _| |1 i

The calculations were carried out within the framework of
the molecular cluster model. Initially, a 26 Si-atom cluster,
centered at the tetrahedral interstitial site, was adopted ir
order to define the band edges of the perfect silicon cluste 110 -
that simulates the crystal. The values of 1.4 eV and 10.2 eV ) _
were obtained for the material energy band gap and valence- FIG- 1. Self-consistent one-electron spectra for 258i;TM,
band width, respectively. The symmetries of the energy lev{TM=Ti, V, Cr, Mn, Fe, Co, and Niclusters simulating the elec-
els in the self-consistent-fiel SCH electronic structure of trgnlc stru_cture of neutr_al AT M; trigonal complexes in crystalline
the perfect cluster are in agreement with those expected hy: 'N€ figure only displays the gap levels, the gottl-fand
group theory. The cluster energy-band-gaplence-band- M-3d-related energy levels. The occupancy of the gap _Ievels is
width) value certainly decreaséimcreaseswhen larger size indicated by numbgrs in parentheses, and resonances |nS|de_ the va-
clusters are considered. as has been discussed pre\ﬁauslylence and conQuctlon bands are assumed to be completely filled or

! . . - ‘empty, respectively.
However, the study of the chemical and physical properties
of impurities using the cluster model is not expected to

. > ; All electrons were considered in the simulations, meaning
change if cluster size changes. Therefore, this perfect cluster . )
. . hat there are no frozen cores. The basis set for the expansion
provides a good reference system to simulate the electronic,

properties of deep defects and/or impurities of the wave functions included values up lte2 for the

All complexes analyzed were considered in a configura—omer region, TM, and Au atoms, and up tb=1 for the

tion where one impurity replaces a silicon host atom JAu S|I|con_ atoms. It is worth mentioning that lattice relaxations
o i . - nd distortions were not taken into account. On the other
and the other sits in a nearest-neighbor interstitial tetrahedr L . L
. . . and, scalar relativistic theory was used since it is important
site (TM;). The defect pairs are surrounded by 25 Si atoms S : . ;
. in describing core orbitals. In this approach, the radial func-
such that the clusters haveal1) trigonal C5, symmetry. . e . . ;
- : tions inside each atomic sphere satisfy an average Dirac
The one-electron Schdinger equations were solved for

the molecular cluster by using tlad initio spin-unrestricted equation that includes the Darwin and mass-velocity

multiole-scattering theory. developed by Johnson and:orrection_@,?”?“‘Such corrections affect all of the energy lev-
Slate$4'25with Xagstatisticzl exchange pote>r/1ti%?l. els since the calculations are self-consistent, including im-

The muffin-tin atomic spheres were chosen such that the(}Ortant direct and indirect level shifts.
touch each other and have the same radii, consistent with the
Si interatomic distancé.352 A).?% In the atomic region the Ill. RESULTS AND DISCUSSIONS

7 . .

SC.hwar.Z exchange pgrametec@_(were used: Slmul%tlons A. Spin-restricted electronic structure of the neutral
using either the Hedin-Lundqvf§tor Ceperly-Aldet® ap- N . . .

: . : Si:AugTM; systems, withTM =Ti, V, Cr, Mn, Fe, Co, and Ni
proximations, to the exchange potential, showed that the re- _ . .
sults are qualitatively independent of the exchange potential To understand the chemical trends in the electronic prop-
used, even in thepin-unrestricteccase. The sphere that sur- erties displayed by the systems, it is useful to first analyze
rounds the whole cluster touches its surface atomic regionte results obtained for thepin-restrictedelectronic struc-
and is made to coincide with a Watson sphere, which is useture of the AYTM; pairs in silicon.
to neutralize the effects of the dangling-bond surface states, Figure 1 shows the self-consistent one-electron results for
as proposed by Fazziet al>® This method has been used the 25Si+AusT M; cluster simulating the electronic structure
successfully to describe the electronic structure of complexesf AugTi;, AugV;, AulCr,, AusMn;, AusFe, AuCa, and
in semiconductors!2231:32 AugNi; trigonal complexes in silicon. The figure only dis-
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plays energy levels that play a fundamental role in determin-

ing the physical properties of the complexes and are impor- 00 | 3e

tant to understand the chemical trends along the series. The

band edges were defined according to the energy spectrum of 80 1 2

the 26 Si-atom cluster, which simulates the crystal, and the % 70 4 2,

energy zero is set at the valence-band maximum. The calcu- £

lations were carried out with all the levels filled according to 2 60+ 2y

the order_mg of increasing energy. The occupancy of the gap g 50 4

levels is indicated by numbers in parentheses and resonances &

inside the valence and conduction bands are assumed to be § 40 3e

completely filled or empty, respectively. Calculations for the T 30 ] 4% fe

Au,Cu complex were also performed. The electronic struc- © %: le
1

ture spectrum shows a peculiar behavior related to thé® 20 4 1a
molecular orbitals interaction as resonant energy levels in the 10 4
silicon valence band, differently from the pairs analyzed
here. Therefore, we present the results related to complexes I I i i i i i
involving Cu in a forthcoming publication. Ti V. Ct Mn Fe Co Ni
The analysis of the results depicted in Fig. 1 leads to the ) o
conclusion that the electronic properties of the pairs can be FIG. 2. Percentage of chargeormalized to one electromside
described by bearing in mind that the complex impurity lev-the A sphere for the 8-related levels in the neutral ATUM;
els come from a covalent interaction between the mo|ecu|at|r|gonal complexes in Si. These levels are labeled according to Fig.
orbitals of the isolated impurities, split by a trigonal crystal L
field, for all 3d series, consistent with previous calculations
for the AuFe and AuyMn; impurities in trigonal resonances observed along the series. These fully occupied
symmetry?1:22 levels come from the splitting by th@,, crystal field of the
Neutral Ay in Si gives rise to a threefold degeneratgd e(d) andt, resonant levels induced in the silicon valence
level in the band gap, occupied by three electrons andand by the substitutional gold impurity, as discussed before,
5d-derived resonances fully occupi&t® According to  and are labeled asel 1a;, 2a;, 2e, 3e, and 4 in Fig. 1.
Alves et al,*® using the multiple-scattering method, the/Au The perturbation caused by tAeM impurity in the goldt,
5d states give rise te(d) andt,(d) hyperdeep energy levels and e(d) resonant levels is small, so that thel-Berived
induced close to the bottom of the valence band, while aclevels remain regularly as resonances in the valence band
cording to quasiband crystal fiel@BCP calculations® the  along the series. The interaction between these states and the
5d states are located in the lower part of the valence bandilicon host states gives rise to another resonanae syfim-
and thet,(d) level (labeled astgFR) displays a width of metry. Thea, resonant gold energy level appears in the com-
about 1.0 eV. Thée, gap level is called a@angling-bond-like plexes and is labeled asag in Fig. 1. It has a silicon
state in the case of cluster computational simulations anslalence-band-state character, showing a weak interaction be-
dangling-bond hybridn the QBCF results. tweenAu—6s and TM atomic orbitals.
In order to explain the electronic properties of the stabi- The electronic charge in the Asphere for the 8-related
lized pairs, we propose a model as derived from interactiontevels is shown in Fig. 2. For all complexes the electronic
between the molecular orbitals of the isolated impurities.configuration of these orbitals is abouti%'4s%4 We con-
Therefore, we simulate the electronic structure of the isolatedlude that the gold & and 4s-derived states play a minor
substitutional gold impurity in silicon using scalar relativistic rule in determining the pair complexes’ electronic properties.
theory to provide a better basis to analyze the results of the The 9% and 6, energy levels, shown in Fig. 1, have a
complexes exposed here. charge distribution that is mostly localized in the gold first-
The results of the calculations, using the same cluster deand second-neighbor silicon atoms and result from the
scribed in Ref. 35, showig dangling-bond-like energy level crystal-field splitting of the substitutional gold dangling-
in the gap, occupied by three electrons, as before, wigkda  bond-like gap level when the symmetry is lowered from Td
hybrid characte(5% of the charge in the Au spherebut  for the Au to C5, for the AuTM; complexes. We will dis-
differently, the Sl-derived orbitals give rise to a very com- cuss them later.
pact e(d) level (E,—6.15 eV; electronic configuration We now analyze the trends displayed by tfev
5d®>" and two t, energy levels E,—8.80 eV andE, impurity-induced levels that originate from thed 3atomic
—6.15 eV; electronic configurationd3%. Besides, there is states, appearing as resonances within the valence band and
ana, resonant level E,—1.53 eV; electronic configuration as impurity levels in the gap.
6s%9), which could be compared to tta level found in the An isolated tetrahedral interstitiald84s? TM,; impurity
electronic structure of substitutional gold by Fazeipal®®  gives rise to 8-derived states within the valence band and as
Therefore, it seems that the differences between the calculémpurity levels in the gap, with, ande symmetries’=*In
tions mentioned above are due to the lack of relativisticthe C5, crystal field of the pairs, the®Bderived states lead
theory approach and not due to cluster boundaryto a nondegenerate level and a pair of twofold degenerate
conditions™® e levels. The 8l-derived resonances in the valence band are
The first interesting chemical trend in the electronic struc-described by the electronic configurations, e, and 4;.
ture of the pairs is the localization of the goldilerived The TM; 3d-derived gap states are labeled a5 B8e, and
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FIG. 4. Net electronic charge inside tAeM; spheres for the
neutral AT M; trigonal complexes in Si.

£ 90 (b) 56 The feature that emerges from the calculations is that the
5 80 6e results do not provide support for the ionic model. This con-
E 70 1 da clusion, already reached for the &g and AuMn,
= gg: pairs?1?2is here extended to all components in the series.
2 40 The values of the net electronic charge inside W,
g 30 spheres, displayed in Fig. 4, show clearly that there is no
E 204 charge transfer from th€M; atoms to the Ayimpurity. The
O 10 4 values are systematically larger than the corresponding

atomic numbers of th@ M impurities. Such charge excess

Ti V C Mn Fe Co Ni could be attributed in part to the small size of the impurity

atoms and the large muffin-tin sphere they occupy. This is
not the case here since the muffin-tin-spheres radii are equal
to 1.18 A, much smaller than the atomic radii of tfié/
atoms and of the same order of the covalent radii of these
impurities. Here the Haldane and Anderson mecharifsm,
which is inherent in our covalent model of the complexes,
4eeps the net charge inside tié/; sphere approximately

FIG. 3. Percentage of chargeormalized to one electrpimside
the TM; spheres in the neutral ATM; trigonal complexes in Si:
(a) 3d-derived gap levelsfull lines) and Ay t,-derived dangling-
bond-like levels(dashed lines (b) 3d-derived valence resonance
levels. All the levels are labeled according to Fig. 1.

5a, in Fig. 1 and are complemented by the results displaye ) -
in Figs. 3a) and 3b), which show the probability of finding neutral. Therefore_, the dlffgrences betweer_1 electrqnegatlwty
an electron in thd M, spheres for each of these states. of the elements in the pair are not a reliable criterion to
As in the case of the isolated tetrahedral interstitial Nianalyze charge-transfer ~ effects for impurities in
impurity,3” for the AuNi; pair there are no gap levels with semiconductor8.
3d character. The electrons ire78e, and T, states for the The ionic model is based on the idea that THd; atoms,
AugNi; complex have a valence-band-state character and aggting as donor impurities, are charged positively in compen-
not shown in Fig. 1, while those occupying the,®e, and  sated samples and a related number of acceptor impurities
4a, states are highly localized in the Ni atom and are resoare charged negatively. The pairing occurs due to the inter-
nant energy levels in the valence band. Tleeadid a, gap  action between the two ions. This hypothesis could be valid
levels are degenerated and are typical dangling-bond-likéor the tetrahedral interstitial Ti, V, Cr, and Mn impurities,
states. As one proceeds to lighter impurities, teoBbitals ~ Which are associated to donor transition leflplaced
of the TM; atom interact with the host states and pushahe above the Ay acceptor level aE.—0.55 eV:**It could
ande levels towards the band gap. When Ni is replaced byalso be a reasonable hypothesis to explain the pairing be-
Co, the electrons in the resonance states begin to delocaliz¢een theTM; impurities and the typical isolated shallow
while the 7, 8e, and S, orbitals show a @ character. acceptor centers. However, this model would not explain the
When Co is replaced by Fe, the interaction between the imeXxistence of the stable Aleg pair. Interstitial isolated iron
purities increases, the crystal field splits the energy level dehas only one well established donor leveEgt0.385 eV;*
rived from the substitutional golt, dangling-bond-like or- therefore it is below the acceptor level of gold, avoiding the
bitals into ® and €, energy levels, and the charge possibility of a configuration such as A&g" for the pair.
distribution of these levels begins to display d 8haracter The overall analysis of the charge distribution in Figs. 2
while the resonant levels begin to delocalize, as can be seemnd 3, associated to the one-electron spectra shown in Fig. 1
in Fig. 3. This trend continues through tAeM; series, so and complemented by Fig. 4, that shows the total charge
that going from Ni to Ti, the resonance states delocalize ontinside TM; spheres, allows us to conclude that the pairs are
the neighboring silicon atoms. formed by a covalent mechanism that includes, besides Au
As one proceeds from heavier to lighter impurities, thle 3 and theTM; impurities, also the silicon neighbors. There-
states interact with the host states and move up into the vdere, the EPR parameters of the pairs should be related to
lence band. Due to hybridization with valence states, thenolecular orbitals spread out over the cluster rather than be-
3d-derived resonances become progressively more delocalRg derived from the interactions between two localized
ized. We observe the striking similarity between the chemi-magnetic centers, as has been assufnEdVe also point out
cal trends of the 8-derived impurity levels for the pairs and that the ionic notation AUTM," for all of the complexes is
for the TM; impurities themselve¥ —3° misleading.
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From Fig. 1 it can be verified that thee@&nd 6, are the  of increasing energy, leaving all lower levels occupied and
only levels in the gap for the AiNi; complex. As one pro- all higher levels empty, is not possible in these cases. There-
ceeds to lightelTM impurities, two effects occur simulta- fore, we have assigned fractional number of electrons to each
neously. The & level moves up, becoming closer to the 9 of the two states, choosing the occupancy in order to make
level and the @8 composition of the 8 level increases. From the two energy eigenvalues degenerated, as shown in Fig. 1.
Fig. 3@ it can be verified that the gap levels behave asThe degenerated nature of the @nd G, energy levels
typical dangling-bond-like states for the Mi; and AuCo  stems from a very small interaction between the impurity
pairs and as typical M; 3d states for AyMn;, AusCri,  molecular orbitals, which is not strong enough to lower the
AugV;, and AuTi; complexes. Therefore, it is expected that degeneracy of the Att, dangling-bond-like gap level. This
the former systems would behave as an isolategidpurity  degeneracy remained even when simulating longer or shorter
and the latter as an isolated interstititM —3d impurity,  distancegin the (111) direction between thél M; and Ay
both in a trigonal crystal field. Although there is a non- impurities.
negligible A contribution for the @ state of the AyFg pair, Since the electrons filling these two degenerated energy
the energy difference between the 9almos) dangling-  levels are occupying delocalized states, the angular momen-
bond-like level and the & 3d-derived level is the most im- tum is expected to be quenched and an effective low spin
portant quantity to evaluate whether the exchange splittingonfiguration can be ascribed to the ground state of the com-
between states of opposite spin is larger than the crystal-fielglexes, so that AilCo and AuNi; pairs in Si haves=0 and
splitting (high spin configurationor lower than the crystal- S=1/2 values for the total spin, respectively, makisgjn-
field splitting (low spin configuration as has been polarizedsimulations useless. Moreover, they are not likely
suggested! active Jahn-TellefJT) centers due to the delocalized char-

Comparing the results presented in Fig. 1 for the elecacter of the @ and 6, states. Therefore, distortions are
tronic structure of the AlFg and AuMn; complexes with  expected to be small and the Haldane and Andéfson
those obtained previoushy;*?two major differences are ob- mechanism is not operative.
served. First, the energy levels related ta,Ad orbitals are By using the Slater procedufg,we evaluated the total
shallower in the valence band. Second, the trigonal crystalenergy differences between thgin-restrictedand unrelaxed
field splitting in the Ay t,-dangling-bond-like gap level, re- electronic configurations in order to obtain the don@ft+)
sulting in the ® and 6, energy levels, is smaller here than and acceptor £/0) transition energies related to the pairs.
in those previous calculations. The differences are due to th€he difference between donor and acceptor energies is de-
use of scalar relativistic theory and the nonexistence of frofined as the Mott-Hubbard potentialj. The one-electron
zen core electrons in the present calculations. final states of the donof+/0) and acceptor €/0) transi-

Before exposing thepin-unrestrictecelectronic structure tions, as for the isolated gold center, are related to quite
of Si:AusTM; centers, withTM=Ti, V, Cr, Mn, and Fe, let delocalized impurity states. For both centers the Mott-
us first discuss thepin-restrictedelectronic structures of the Hubbard energies are of the order of 0.4 eV, higher than the
Au,Co and AyNi; pairs in silicon. Figure 1 shows that their value of that assigned to isolated substitutional Au in silicon
properties are defined by thee9and 6, gap states, the (0.22 eVj.
highest occupied energy levels in the spectra. We interpreted The Au,Cqg pair in silicon has not been experimentally
these results as the pairs having properties quite similar t@lentified yet. However, there are indications that Co, being
those displayed by the isolated substitutional Au center. Thia fast diffuser in silicon, may be involved in the formation of
is supported by the results displayed in Figg)3which show  complexed! Using DLTS measurements, Czaplitaob-
that these two levels and tlig gap state, in the isolated Au served two peaks correlated to Au-Ni complex in silicon,
impurity, have analogous dangling-bond-like nature. Basedboth of them with a donor character, corresponding to charge
on this, we could say that the main role played by thetransition energies d&,+0.35 eV andg, + 0.48 eV, exhib-
nearest-neighbor Nimpurity in the complex is to lower the iting a bistable behavior. It was suggested that the complexes
crystal field“felt” by Aus. In the case of the A€o pair, may consist of Ayand Nj in two different positions, possi-
the Cq impurity also decreases by one electron the occupably nearest neighbor and next-nearest neighbor, representing
tion of those levels coming from the Agap level. However, the two bistable configurations. However, the stabilization of
this decrease does not necessarily imply in an ionic interache pair could not be explained by an ionic interaction, since
tion between Ayand Co, since the rearrangement of chargethis model leads to contradictory conclusions when the
prevents charge transfer. As can be seen in Fig. 4, the tot&lermi level, inp-type Si, is consideretf Our results provide
SCF charge inside th€M; sphere does not increase by onean explanation for why the Au-Ni complex can exist. An
electron as a result of the interaction. ionic interaction between the impurities is not required to

It is worth mentioning that during the simulations, in keep the pair stable, even though the driving force to form
which two or three electrons were accommodated in #e 9the pair cannot be obtained by our static model. Therefore, it
energy levels, for AyCo and AuNi;, respectively, it turned is possible that the pairing betweermd atom and an iso-
out that their energies moved up higher than tlag Bvels, lated impurity does not necessarily require the latter to be an
during self-consistent cycles. On the other hand, if two elecacceptor center.
trons were accommodated implevels, and zergor one in The pairs formed by the other atoms in the sefiEsV,
the % energy levels, the former moved up higher in energyCr, Mn, and Fé¢ have 3i-derived energy gap levels, such
than the @ states, preventing convergence in the self-that thespin-unrestrictecsimulations are important to better
consistent cycles. Thus, the usual procedure of occupying theharacterize their electronic structure. The results are present
energy levels by integer numbers, according to the orderingn the following sections.
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TABLE I. Ground-state electronic properties of neutral, positive, and negatiy& Mutrigonal com-
plexes in Si using thepin-unrestrictedmodel. N is the total number of electrons filling the five highest
energy levels : &, 5a,, 8e, 9e, and @,. The multiplet configurations are obtained from one-electron

calculations.

Complex N Electronic configuration Spin Multiplet
(AugTi)) * 6 5aj, 7e? 7€7 8e{ 6aj; % 1 E
(AugTi;)° 7 5aj, 7e? 7e” 8e% 6af, % 3/2 A
(AugTi)) ™ 8 5ay, 7e” 7e7 8¢% 6ay, % 2 °A;
(AugTi;) - 8 5aj; 7e? 7e? 8e? 9e] 6ay, 2 °E
(Augvy)* 7 5ay, 7e? 7e” 8e% 6af; % 312 “A
(Augv))° 8 7e? Bay, 8e? 7€” 5ay| 9? 1 A,
(AugV)~ 9 7ef 5a1, 8e? 7e? 5ay 9e7 6aj, 32 E
(AugCr)* 8 5aj, 7e? 8e? 7e? 5ay| 9e? 8e) 1 A,
(Au,Cr)° 9 5ay, 7e? 8e? 5aj| 7€’ 9] 8e) 3/2 ‘E
(AuCr)~ 10 7€? 5ay, 8e? 5ay| 7€’ %] 8e) 2 °A
(AugMn;) * 9 5ay, 7e? 8e? 5ay, 7e? 9e; 8e) 3/2 “E
(AugMn;)° 10 5ay, 7e? 8e? 5ay| 7€’ 97 8e) 2 A
(AugMn;) - 1 5ay, 7e? 8e? 5ay| 7€ 9ef 8e 6af, 3/2 E
(AugMn;) ~ 11 5ay, 7ef 8e? 5ay, 7€’ %’ 6a;, 8e! 5/2 A,
(AugFe)* 10 5aj, 5a;, 7e] 7e? 8¢? 8e? 9e) 9e! 0 A
(AugFe)° 11 5aj, 5a;, 77 7€” 8e? 8¢ 9et 6ay, 1/2 2E
(AugFe)~ 12 7¢? 5ay, 5ay, 8e? 7e 9ef 8e? 6af, 1 A

B. Spin-unrestricted electronic structure of the Si:AuTM; For the (AuV;)~ (N=9) complex, although the results
systems(TM=Ti, V, Cr, Mn, and Fe) show a degeneratetE ground state, the highest occupied

Table | shows thespin-unrestrictedsingle-particle con- €nergy level (2}) has a delocalized character, possibly in-
figuration for the gap energy levels of the negative, neutralhibiting a JT distortion. In this case, distortions are expected
and positive AJTM; trigonal complexes in Si, withfM to be small or absent due to the delocalized character of the
=Ti, V, Cr, Mn, and Fe. The level ordering is that of in- 9e; level. The angular momentum is expected to be
creasing energy. The “up” and “down” spins are repre- quenched and the center would be stable in trigonal symme-
sented byl and | arrows, respectively. The spin counter- try.
parts of these levels, which are unoccupied and located in the For the (AuCr;)® and (AuMn;,)* (N=9,S=3/2) pairs,

Si conduction band, are not shown. The table also displayghe stability analysis is the same as the one for the,yAa

the total number of electron$\j filling these gap levels, the complex. Our theoretical analysis is consistent with EPR ex-
spin of the centers), and the multiplet configuration ob- perimental measuremeritsyhich found both complexes in
tained from one-electron calculations. _ trigonal symmetry and total angular momentdm 3/2.

As can be verified from T{:\ble I, most of the complexes in "£q; the (AuMn,)~, two electronic configurations are
positive, neutral, and negative charge states have a nond?o'und, each one giving a different total spisi€ 3/2 or 5/2.

generated multiplet ground state, with angular momenturq_he one giving’E ground state, having the highest occupied
L=0. Therefore, they are stable configurations in trigonal level (81 with ; ' Mn3d ch or i
symmetry. Those complexes in a certain charge state, which 'S 9y 'eve (&) with a strong Mp-3d ¢ aracler, 1s an
present a degenerated ground-state multiplet, will be anzﬁcuve ‘]6T center. On the (_)th(_er hand, the one giving an orbital
lyzed case by case. singlet ®A; ground state indicates that the system does not

For the (AuTi;)* complex, the ground state is degener-undergo JT distortions and matches well the EPR reSults.

ated. The highest occupied energy levet{Bpresents a 8 For the (AuFe)° pair the ground state is aiE multiplet.
character, so that a JT distortion is expected. In this casd,ne ® level exchange splitting is such that the,9evel
distortions must be considered in the calculations in order t@resents higher energy than the, 8evel, driving the com-
realistically describe this charge state. For the (A~ plex to a low spin configuration. Although this result indi-
complex, two electronic configurations are found, with thecates that the defect is an active JT center, one can conclude
total energy difference between them lower than 0.1 eV, inthat distortions are expected to be small or absent since the
side the error of the theoretical model. Both configurationsunpaired electron is occupying a delocalized state%XQ
have total spirS=2. The one that ha3E ground state, with Therefore, the angular momentum is expected to be
the highest occupied energy Ievele(TJQ displaying a Ti-3 quenched and the effective spin of the center would be
character, is a possible active JT center. Therefore, the cos=1/2. These observations are consistent with EPR reSults.
figuration having®A; ground state is the only stable oneina The different spin configurations of the complexes, as
trigonal symmetry. shown in Table I, do not arise from a magnetic coupling
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TABLE Il. Experimental Fermi contact term in the Au aifid/ configuration corresponds to an excited state, giving a total
nuclei for AWTM; trigonal complexes in Si, in units of energy 0.3 eV higher than the one presented in Table I, in
104 cm 1. Jis the observed effective total angular momentum Ofdisagreement with LMTO-ASA(linear muffin-tin orbitals

the centers. method in the atomic spheres approximaticesults??
For AuTM; complexes, along thed3series in the Peri-
Au ™ odic Table, withTM=Mn and below it, they show a high
Complex J A AL Al AL spin configuration, while fom M= Fe and over it, the pairs
(AuCr)° 2 32 445 126 +10.9 +9.1 present a low spin configuration. This conclusion is consis-
(AuMn)* 2 32 +3.9 120 604 —48.1 tent with our results for complexes involving Ni and Co,

(AuMn)~ 2 52 =11 [-404( +410 +384 which were a_nalyz_ed as having low spin (_:onf|gurat!qns.
Therefore, while going from Mn to Fe there is a transition

AugFe)0P 1/2 *15.1 +9.2 +3.3 +5.6 _— .

(AuFe) related to the exchange splitting. According to these results,
aReference 1. the electronic configurations, which determine the electrical,
bReference 8. optical, and magnetic properties of the complex ground

states, are defined by high effective spin from Ti to Mn and

between the independent impurities but originate from dif-Py low effective spin configurations from Fe to Co.
ferent electronic populations of the molecular orbitals of the

complexes. C. Hyperfine parameters and transition energies
Another important observation can be extracted from the  The spin-unrestrictectalculations allow us to access the
results shown in Table | related to the (&IF)™, values of the Fermi hyperfine contact energy at the impuri-

(AugMn;)®, and (AuFe) ™ pairs, all havingN=10. The ex-  ties and silicon nuclei. In this section we present results of
change splitting is such that it drives the (&)~ and the hyperfine parameters and transition energies for the
(AugMn;)® centers to high spin configurations, while it Au.TM; trigonal pairs in Si, withTM=Ti, V, Cr, Mn, and

drives the (AyFe) " center to a low spin configuration. Itis Fe. We consider only those complexes that are found to be
worth mentioning that computational simulations were alsostable in trigonal symmetry, as discussed in the preceding

attempted assuming a low spin configuration for (Bx) ~ section.
and (AuMn;)° pairs, and a high spin configuration for  Table Il presents the available experimental results for the
(AugFg) " complex. These results indicated that (8y)~  effective total angular momentum and the Fermi contact

with S=0 and (AuFe)" with S=2 andS=1 are excited term in the Au and' M nuclei for the AYTM; complexes in

states, i.e., they present unoccupied energy levels below ogigonal symmetry:® Table 11l displays the theoretical Fermi

cupied ones. For (AWn;,)° the low spin configuration contact terms in the Ay TM;, and Si(first neighbors to the

(S=0) is 0.5 eV higher in energy than the high spin oneTM, impurities nuclei for neutral, positive, and negative

(S=2). AusTM; trigonal complexes in Si. The experimental results
We have also simulated the electronic structure of theor the Fermi contact terms are presented in parentheses,

(AugFe)® pair for the nondegenerated multiplet stat&{),  considering the several possible values due to the uncertainty

in C3, symmetry, by transferring the electron from the high-in the sign of some measurements.

est spin up energy level €9) to the unoccupied lowest spin For the (AuCr)® and (AuMn;)" pairs, the theoretical

up energy level (6,). The calculations indicate that this results are in excellent agreement with the experimental

TABLE Ill. Theoretical effective spin and Fermi contact terms in the&uTM*, and S#° nuclei, for
neutral, positive, and negative &UM; trigonal complexes in Si, in units of 16 cm 1. The numbers in
parentheses are found using experimental results presented in Table Il byesifgh+2/3A, . For those
experimental results in which the sign of eitiferor A, is not known, the values in parentheses are obtained
assuming (sghy) =(sgm,) and (sgiy) = —(sgm, ). (*Ti*®, VL, Cr*%, Mn®®, Fe’’.)

Complex Effective spin Multiplet a(Au) a(TM) a(Si)
(AugTi;)® 3/2 A +1.7 +21.3 +25.3
(AugTi;) ™ 2 5A, +0.4 +8.1 +36.6
(AugV)) " 3/2 A +4.1 +242.4 +17.4
(AugV;)° 1 A, +2.5 —141.9 +24.4
(AugV;)~ 312 ‘E +0.8 —1495 +29.1
(AuCr) ™" 1 SA, +2.9 +25.8 +22.4
(AuCr)° 3/2 ‘E +1.3(+3.2 +10.8(+9.7) +25.1
(AuCr)~ 2 5A +2.5 -31.2 —24.2
(AugMn)) * 3/2 ‘E +0.9(+2.6) —81.2 (-52.2) +17.7
usMn; +4. + . —20.
(AugMn;)° 2 5A 4.2 101.4 20.0
(AugMn;) ™ 5/2 A, -42(0-3.030) —621(+11.9+39.3) +6.4
(AugFg)° 1/2 ’E —25(x1.1+11.1) —5.3(£2.6+4.8) +7.7

(AugFe) ™ 1 A -32 +11.2 +8.2
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TABLE IV. Experimental acceptor and donor energy transitionsfrom the Au-d states are very localized and remain in the
and Mott-Hubbard potentiald e,y andUeo) for AusTM; trigonal  pottom of the valence band as resonant states, playing an
complexes in Si. All values are given in eV, and the gap energy ofngirect role in determining the electronic, magnetic, and op-
crystalline Siis assumed to lig,=1.12 eV. tical properties of the centers. Besides, starting from the in-
terstitial Ni atom in the complex, the gap dangling-bond-like
levels, which are degenerated states, split as one proceeds to

Experimental values Theoretical value

Complex  Acceptor  Donor  Ue Ytheor lighter interstitial impurities, and their charge distribution be-
AugTi; <0.75 gins to display a @ character. On the other hand, the reso-
AugV, E.—0.20* E,+0.42* 0.50 0.56 nant states showing a strongl haracter for interstitial Ni
AugCr E,+0.352 0.44 delocalize onto the neighboring Si atoms as one proceeds to
AuMn; E.—0.24* E,+0.57% 0.31 0.45 lighter impurities. This trend is a consequence of the increas-
AuFe  E.—0.354° E, +0.434° 0.332 0.42 ing covalent interaction between the Aand theTM;-3d

gap and resonant levels, going from heavier to lightés
®Reference 12. impurities.
"Reference 11. The spin-polarizedone-electron calculations give a com-

prehensive analysis of the stability of the complexes in trigo-
nal symmetry. Moreover, they show that the exchange split-
data’ For the (AuMn;)~ and (AuFe)° pairs, a simple ting drives the AgTi;, AuV;, AucCr,, and AuMn; pairs to
comparison with experimental datacould be misleading, a high spin configuration, while the Atg, AusCo, and
although the theoretical results agree reasonably well witi\u Ni; complexes are described by a low spin configuration.
some of the possible values. The effective spin values foThese spin configurations do not arise from a magnetic cou-
these centers are in excellent agreement with experimentgling between the two spins of the independent impurities,
effective total angular momentund) shown in Table II. but from the electronic population of the molecular orbitals.
Although there are not many experimental results for the The results for the Fermi contact hyperfine terms, effec-
Fermi contact term, our theoretical values may serve as five spin of the centers, and the Mott-Hubbard potentials are
guideline for future investigations of these complexes. in very good agreement with available EPR and DLTS ex-
Table IV presents the experimental acceptor and donoperimental data, providing a strong support for structural sta-
transition energies and Mott-Hubbard potentials.{; and  bility analysis and the covalent model suggested by us.
Utheoy for the AuTM; trigonal pairs in SiTM=Ti, V, Cr,  Moreover, although lattice distortions were not taken into
Mn, and Fe. The potential is computed assuming for the account, they are not expected to affect the overall picture
crystalline Si an energy gaje() of 1.12 eV. resulting from the calculations, such as the covalent model
For AuTi; complex the theoretical Mott-Hubbard poten- and the gap transition energies. This assumption is based on
tial value is an overestimation. This is because the donothe structural stability analysis related to JT distortions and
transition involves a final state with strong Tit3ocalized  the agreement with EPR and DLTS experiments fog\Ay
atomic character, requiring the inclusion of structural distor-Au,Cr;,, AuMn; , AusFg , and AuNi; complexes, which as-
tions in order to describe the final state. For all other comcribe aC5, symmetry for these pairs. Fermi contact hyper-
plexes, the theoretical values are in good agreement with thine terms would be the most sensitive parameters to lattice
experimental Mott-Hubbard potentials. The valuelfe,,  relaxations, which we have not considered. However, the
for the AuCr, pair and the measured donor transitiongood agreement between theoretical and EPR values pro-
energy? allow us to predict the acceptor transition energy tovides support to state that lattice relaxations should be small.
be arounde.—0.33 eV. The donor-acceptor activities involve delocalized impu-
We expect that the theoretical predictions presented imity states, equivalent to the isolated gold center, the only
Tables Il and IV will motivate further work on these com- exception being the Alli; complex donor transition. This
plexes, allowing a more conclusive description of their elecsimilarity leads to the conclusion that the conventional
tronic structure. multicharge-state model is also applicable to almost all of
these complexes.
The understanding of the behavior ®M-related com-
plexes in silicon has progressed rapidly during recent years,
IV. FINAL REMARKS and we hope that the results presented here may provide a
. . ) uideline for further theoretical and experimental investiga-
In summary, we have studied the electronic properties ofions of complexes involving transition metals in doped sili-
the AuTi;, AugV;, AuCr;, AusMn;, AugFe, AusCqg, and  ¢on.
AugNi; trigonal complexes in silicon. The results show that
the ionic model used to describe the pairs as an interaction
between the two impurities in the complex is not valid. In-
stead, we find that the microscopic model to describe them is

. . ACKNOWLEDGMENTS
essentially covalent and involves not only the molecular or-
bitals coming from the AyandTM; impurities but also the We are indebted to Professor A. Fazzio for the critical
Si host atoms. reading of the manuscript. L.V.C.A. acknowledges partial

We observe a chemical trend in the properties of the comsupport from Brazilian Agencies CNPq and FAPESP. J.F.J.
plexes as thd M; atom changes. First, the orbitals coming acknowledges support from FAPESP.



3878

1G. W. Ludwig and H. H. Woodburry, Solid State Phyis8, 223
(1962.

2A. G. Milnes, Deep Impurities in SemiconductotgViley, New
York, 1973.

3H. G. Grimmeiss, Annu. Rev. Mater. Sdl, 341 (1977).

4J.-W. Chen and A. G. Milnes, Annu. Rev. Mater. St0, 157
(1980.

5D. V. Lang, H. G. Grimmeiss, E. Meijer, and M. Jaros, Phys.
Rev. B22, 3917(1980.

L-A. Ledebo and Zhan-Gou Wang, Appl. Phys. Let@, 680
(1983.

7J. Utzig and W. Schitter, Appl. Phys. Lett45, 761 (1984.

8R. L. Kleinhenz, Y. H. Lee, J. W. Corbett, E. G. Sieverts, S. H.
Muller, and C. A. J. Ammerlaan, Phys. Status Solidl@3, 363
(1981).

9E. G. Sieverts, S. H. Muller, C. A. J. Ammerlaan, R. L. Kleinheiz,
and J. W. Corbett, Phys. Status SolidilB9, 83 (1982.

0D, Rodewald, S. Severitt, H. Vollmer, and R. Labusch, Solid
State Commun67, 573(1988.

115, D. Brotherton, P. Bradley, A. Gill, and E. R. Weber, J. Appl.
Phys.55, 952(1984).

24, Lemke, Phys. Status Solidi &5, 473 (1983.

1BR. Czaputa, Appl. Phys. A: Solids Sud9, 431(1989.

14M. Hohne, Phys. Status Solidi @9, 651(1980; 109, 525(1982.

15G. D. Watkins, M. Kleverman, A. Thilderkvist, and H. G. Grim-
meiss, Phys. Rev. Let67, 1149(1991.

16\, Kleverman, A. Thilderkvist, G. Grossmann, H. G. Grimmeiss,
and G. D. Watkins, Solid State Commu38, 383(1995.

Y. G. Anderson, J. Phys.: Condens. Mafied421(1991).

Solid State Commurb6, 303 (1985.
9M. Kleverman, J. Olajos, and H. G. Grimmeiss, Phys. Re@5B
4093(1987.

Phys. Status Solidi B25 357 (1984).
211, V. C. Assali, J. R. Leite, and A. Fazzio, Phys. Rev3B 8085
(1985.

LUCY V. C. ASSALI AND JOAO F. JUSTO

PRB 58

22| v. C. Assali and J. R. Leite, Solid State Commu&g, 577
(1986.

233, R. Leite, V. M. S. Gomes, L. V. C. Assali, and L. M. R.
Scolfaro, J. Electron. Matefl4a 885 (1985.

24K . H. JohnsonAdvances in Quantum Chemistdcademic, New
York, 1973, Vol. 7, pp. 143-185.

253, C. SlaterThe Self-Consistent Field for Molecules and Solids
(McGraw-Hill, New York, 1974.

264, Sjegert and P. Becker, Acta Crystallogr., Sect. A: Found.
Crystallogr.40, C340(1984.

27K. Schwarz, Phys. Rev. B, 2466(1972.

28, Hedin and B. I. Lundqvist, J. Phys. & 2064 (1971).

29D, M. Ceperley and B. J. Alder, Phys. Rev. Let§, 566 (1980.

30A. Fazzio, J. R. Leite, and M. L. de Siqueira, J. PhyslZ>513
(1979; 14, 3469(1979.

3Lw. M. Orellana and L. V. C. Assali, Mater. Sci. Foru3-147
779(1994); Braz. J. Phys24, 390(1994).

32|, v. C. Assali and J. R. Leite, Phys. Rev. Lef6, 980 (1985:
Phys. Rev. B36, 1296 (1987; Mater. Sci. Forum38-41, 409
(1989; 83-87, 143(1992.

33p. D. Koelling and B. N. Harmon, J. Phys. 10, 3107 (1977.

343. H. Wood and A. M. Boring, Phys. Rev. B3, 2701(1978.

353, L. A. Alves, J. R. Leite, V. M. S. Gomes, and L. V. C. Assali,
Solid State Commurb5, 333(1985.

36A. Fazzio, M. J. Caldas, and A. Zunger, Phys. Rev3B 934
(1985.

37G. G. DeLeo, G. D. Watkins, and W. B. Fowler, Phys. Re23
1851(1981); 25, 4962(1982); 25, 4972(1982.

38F Beeler, O. K. Andersen, and M. Scheffler, Phys. Rev. [5&it.
8G. Armelles, J. Barrau, M. Brousseau, B. Pajot, and C. Naud,

1498(1985: Phys. Rev. B41, 1603(1990.
39H. Katayama-Yoshida and A. Zunger, Phys. Rev3R 8317
(1985.

“OF. D. M. Haldane and P. W. Anderson, Phys. Revl® 2553
20D, Thebault, J. Barrau, G. Armelles, N. Lauret, and J. P. Noguier,

(1976.

41E. R. Weber, Appl. Phys. A: Solids Sus0, 1 (1983.
42H. Overhof and H. Weihrich, Mater. Sci. Foru®6-201 1357

(1995.



