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The “classical” model of thd AlO,4]° defect center in irradiated quartz, an Al impurity having replaced a
four-coordinated Si atom, is that a hole forms in a nonbonding orbital of an oxygen atom, with consequent
asymmetric relaxation along that particular Al-O direction. This model has been proposed years ago, based on
the analysis of the electron-paramagnetic-resonance spectra of Al-containing crystaljren&iénalysis of
Hartree-Fock cluster model calculations. Three recent theoretical studies based on first-principle density-
functional theory(DFT) and band-structure plane-wave calculations proposed an alternative model where the
hole is completely delocalized over four oxygen neighbors to the Al impurity, at 0 K. Using cluster models
containing as many as 104 Si and O atoms and various theoretical approaches, we show that the delocalized
picture is an artifact of the DFT approach and that a fully localized hole is obtained when an exact treatment
of the exchange term is used. The validity of this conclusion is based on the direct comparison of computed
and measured quantities such asf@ hyperfine and’Al, 2°Si superhyperfine coupling parameters, &l
nuclear quadrupole effect, and the derivable local distortion around the defect. This work shows that great care
is needed when DFT is used to describe localized holes in insulators.
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[. INTRODUCTION eral processes occurring in silicate glas€e$heir impor-
tance is also connected to the proven possibility for use of
Al-doped SiQ has been studied in great detail, both theo-the highly sensitive EPR spectroscopy in combination with
retically and experimentally in the past four decatidd. other techniquessuch as optical absorption and photolumi-
Early experimental studies based on electron-paramagnetifescence measurements identify the structure of point
resonanc EPR spectroscopy have shown that the defectdefects'® The theoretical description of these centers is of
center corresponding to an Al atom substituting for a four-great help for the correct assignment of an observed spectral
coordinated Si atom in the lattice, the neufralO,J° center, fe_ature to a given struct_ural de_fezet.'l'herefore the contra-
contains a hole trapped in a nonbonding @rbital of an O dictory res”'.ts reported n the' I.|tere.1ture abogt the.nature of
atom adjacent to Al-36 The existence of a fully localized holes associated to Al impurities in crystalline $i0pen

hole at sufficiently low temperatures has been shown by thguestions which go beyond the simple scientific controversy,

accurate analysis of the EPR spectrum and in particular bgnd make the elucidation of the reasons for the different

the 2c;eterzrgination 1(;f the hyperfine coupling constants meriority.
the ’Al, #*Si, and*’O nuclides’ Above room temperature, ™"t study we have examined the electronic structure
the hole jumps rapidly among all four adjacent O atoms.,,q gpin distribution in thBAIO ;] center using cluster mod-
Cluster calculations performed at the Hartree-Fock levels of various sizes, as well as various first-principle theoret-
have then confirmed the model proposed based on the ¥ methods. These range from unrestricted Hartree-Fock
perimental data, showing the occurrence of the hole Iocaliza(-UHF) with exact treatment of the electron exchange but
tion at 0 K and the elongation of the corresponding Al-Oneglect of electron correlation, to more sophisticated ap-
bond?*0:1213 proaches where the exchange and correlation terms are de-
This “classical” model has recently been challenged byscribed in various ways. In particular, we explicitly included
three theoretical papers based on advanced first-principleorrelation effects using second-order IMo-Plesset pertur-
approache$>1%1'These studies were based on supercell calbation theory(MP2). We compared these results with those
culations with proper inclusion of boundary conditions andof DFT calculations or of hybrid methods where the HF
density-functional theoryDFT). They all concluded that the exchange is mixed in with the DF exchange or where the
hole in the[AlO,]° defect is completely delocalized over the exchange is treated at the HF level and only correlation is
four O neighbor®~1"“in contrast to the phenomenological included through a self-consistent DF treatment. The validity
model results” reported previousk. of our theoretical results has been checked by comparing the
Paramagnetic centers in pure and doped, i@y a major  hyperfine coupling parameters computed at various levels
role in determining the electrical properties of the materialof theory with the corresponding experimental quanti-
and are of paramount importance for the elucidation of sevties. Herein, we present a very complete theoretical

nswers given by the various theoretical methods of highest
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below). These clusters are terminated by either O-H or Si-H
groups; however, in our experience, this kind of “chemical
distinction” does not reflect in a different electronic structure
of the defect. The AIOH), cluster has been used in previous
HF calculations;*®*?3and yielded results very similar to
those obtained with larger clusters, and hence will not be
discussed in detail herein.

The cluster wave functions were constructed using the
following Gaussian-type atomic orbitals all-electron basis
sets: 6-3% +G* on Al,*26-31G* on Si®? EPR-II (Ref. 33
on the four O atoms nearest neighbors to the Al impurity,
and 6-35 (Ref. 39 on the other O atoms and on the termi-
nating H atoms. The EPR-II basis set has been specifically
designed to accurately compute hyperfine couplifgC)
“constants” for O atoms* Geometrical optimizations were
performed by computing analytical gradients of the total en-
ergy.

Unrestricted HHUHF) calculations were performed as a
reference. In HF theory, the energy has the form

Enr=Enuc, H(hP)+3(PJI(P))—3(PK(P)), (1)

whereEyc, is the nuclear repulsion enerdy s the density
matrix, (hP) is the one-electron energy including kinetic and
potential energy terms;(PJ(P)) is the classical Coulomb
repulsion term and-3(PK(P)) is the exchange energy re-
FIG. 1. Cluster models used to represent flAt0,]° center in  sulting from the quantum nature of the electrons. Notably,
a-quartz: A(OH),, Al(OSiHy)4, AI[OSI(OH)s]s, and AlG;SisHso  the HF method does not include electron correlation, and in
In the last of these, the Si atoms occur as 6 with no bonds tasH  principle this can lead to a different hole localization, or lack
is true also for A, 14 with one such bond, and 23 with two; the thereof. Correlation effects have been included in two ways.
bl_ack atom; are 'Freated with z_ifirst-principle Hamiltonian, the restgjrst we performed unrestricted MP2 calculatioitsMP2)
with a semiempirical Hamiltoniafsee text where electron correlation is treated by perturbation theory at
, : , ) the second-order level. The second group of calculations has
analysis of the hyperfine and superhyperfine coupling paranjeen hased on DFT. In the Kohn-Sham formulation of DFT,
eters of thdAlO,]° defect center. The results show the inad-the exact HF exchange for a single determinant is replaced
equacy of the DF method without ;elf-lnteraoctlon correctionyy 5 general expression, the exchange correlation functional,
in describing the hole localization in tH&lO,]” center. which can include both exchange and electron correlation
energy terms:

Il. COMPUTATIONAL METHOD
Exs=EnucL+(hP)+3(PJ(P))+Ex+Ec, 2
The calculations have been performed within the cluster ks=Enuert (NP)+2(PI(P)) +Ex+Ec @

model approach. The cluster dangling bonds have been satwhere Ey[ P] is the exchange functional arie,[ P] is the
rated with H atoms, and the positions of the cluster atomgorrelation functional. In HIEy[ P] is given by the exchange
were initially fixed to those of-quartz at 94 K* The fixed  integral — $(PK(P)) andEc=0. Here we used three differ-
H atoms provide a simple representation of the mechanicaint approaches: one based on the DFT formalism, and two
embedding of the center within the solietquartz matrix.  hybrid approaches where the exchange interaction is de-
The atoms were fixed at a distance of 0.98 and 1.48 A fronscribed partially or totally by the HF exchange. In the pure
the respective O and Si atoms along the O-Si directions oDFT scheme, we used the gradient-corrected exchange func-
a-quartz. The positions of the Al, Si, and O atoms in thetional proposed by Beck& combined with the nonlocal ex-
electrically neutral cluster were then fully optimized. This pression of the correlation functional proposed by Lee,
approach has been successfully adopted previously for theang, and Part® denoted by BLYP. In one hybrid approach,
study of the ground state and some excited states of poiB3LYP, the HF exchange was mixed in with the DF ex-
defects in Si@*?° and SiN,3°3*! Note that in pure change while the correlation was treated as in the previous
a-quartz, each Si cation is surrounded by O anions, with twaase(LYP correlation functional®® For the exchange treat-
bond distances: Si-Q=1.6101A and Si-@,=1.6145A, at ment, we used the Becke appro¥cihere three parameters
94 K;*! there isC, local symmetry at the cation. were derived in order to accurately describe the thermochem-
The clusters used to model thgAlO,]° center are: istry of a set of molecules. In the last case, we used another
Al(OH),, Al(OSiHy),, AI[OSiI(OH)3ls, and AlOsSisHeo, @s  hybrid approach where thigy[ P] term was completely re-
seen in Fig. 1. This latter structure has been computed wittnoved and the exchange interaction was described at the HF
the help of a mixedab initio semiempirical approactsee (UHF) level while the correlation pafE-[P] made use of
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the LYP correlation functional described abo¥ethis ap-  tion, Table I, as well as by spin-density plots, Fig. 2. The
proach is referred to as UHF/LYP in the following. All the AI-O bond involving the hole-bearing O atom is substan-
calculations are for open-shell structures and correspond tgally elongated with respect to normal Si-O bonds in quartz
nearly pure spin doublet state§S{) =0.75+0.01). and to the other Al-O bonds of the centd@ble II). In fact,
The effect of long-range mechanical relaxation on the lothe computed Al-O distance is 1.96 A, which corresponds to
cal structure of th¢AlO,]° center has been studied by using an elongation of 17% compared to the other Al-O distances
the ONIOM (our ownn-layered integrated molecular orbital (experimentally the elongation was estimated to be of the
and molecular mechanicsnethod®®~*' The idea behind the order of 12%.° Furthermore, we found that the hole local-
ONIOM approach is to partition a system into two or morejzes preferentially on the O atom which corresponds to the
parts, where the most interesting part of the system is treatg@nger type of Si-O bond in quartz, as was experimentally
at a “high” level of theory and the rest is described by a gpserved. Also the Al-O-Si angle changes and becomes
computationally less demanding method. Here a cluster cont28° for the hole-bearing oxygen ion, 12° smaller than in the
taining 1 Al, 60 O, 44 Si, and 60 terminal H atoms has beergorresponding cluster model of nondefective quartz. The
derived froma-quartz and divided into a “core” region in stryctural deformation is consistent with that found in previ-

which the defect is positioned and a surrounding “matrix.” ous cluster calculatiof$?3 and with that estimated from
The core has been described at the UHF, UHF/LYP, B3LYPEPRS The computed principal valugg\;, A,, andAj) of

and BLYP |eve|S, while the matrix has been treated with thqhe matrix A(17O) are 11.5, 13.6, and-128.6 G, respec-
semiempirical medium neglect of differential overlap tively. The corresponding experimental values, 15.3, 17.9,
(MNDO) Hamiltonian®? For the core region we considered and—111.0 G>° are close to the UHF ones: the small dif-
two sizes, AIQ and A(OSi),, and we used the same basis ference is entirely due to thai, value, —34.9 G in the
sets as described for the (@H), and A(OSiHy), clusters.  calculation and-26.0 G in the experiment, while the dipolar
Applications of the ONIOM method to the study of point interaction is reproduced with very high accuracy. The repro-
defects in insulators have been reported recéfitly. duction of an observable quantity such as the hyperfine cou-
The hyperfine interactions of the electron spin with thepling parameters provides a strong validation of the model of
nuclear spins of thé’0, ?’Al, #Si, nuclides have been de- g fully localized hole. This result is in line with previously
termined. The hyperfine spin-hamiltonian for eat¢h,rc  reported UHF results for cluster models of thalO,]°
=S-A-1, is given in terms of the hyperfine matr which  cente?'*>**and confirms the picture originally proposed for
describes the coupling of the electron with the nuclear $bin. the paramagnetic Al impurity center in quartz. The analysis
The components oA can be represented in matrix notation: of the spin population shows that the unpaired electron has
2.2% of 2 and 97.8% of p character, in qualitative agree-
At 0 0 B, 0 O ment with the estimates of Nuttall and Wil(For a discus-
A=| 0 A, O0|=a,U+| 0 B, 0|, (3 sion, seealso R_ef.)9|n principle, however, the absence of
0 0 A 0 0 B electron correlation effects casts some doubts on the validity
8 8 of this conclusion. In fact, electron correlation could lead to
whereU is the unit matrix. The isotropic pagj, of each @ more pronounced delocalization of the hole, so that the
coupling constant is related to the spin density at the nucleugbove-cited agreement could be fortuitous. To this end, we

(the Fermi contact terin have performed UMP2 calculations where correlation effects
are explicitly taken into account. Starting from the structure
Aiso= (20/3) InBNTeBLP®), (4) of a-quartz with presence of an Al impurity ion, and reopti-

. » mizing the structure, we find an elongation of the Al-O bond
wherey, is the permeability of free spacgy andg. are the g |ocalization of the unpaired electron similar to the UHF
nuclear and electronig factors, By and B are the nuclear  gq|ytion. The spin-population analysis shows that the hole is
and Bohr magnetons, arf@®) is the expectation value at the completely localized:; the value of the spin population on the
nucleus of the spin-density operator. In one-electron systemgyher O atoms around the Al impurity is 0.01 at meEable
(p%)=|¥*(0)|2. The anisotropic traceless contributiBre- ) Also in this case we have determined the HFC parameters
sults from the dipolar interaction. The comparison of thegyr 170: the resulting principal value$11.4, 13.6, and

computed with the experimental hyperfine parameters pro-_128 8 G are virtually identical to those obtained at the
vides an extremely useful way of associating a structurajjqr |evel.
model with an obs_ervable guantity. 5The calculations have Tpe analysis herein of the hyperfine interaction has not
been performed using theaussian-og"® computer code. been restricted to th&O nucleus. In Table | we also report
the A matrix for the coupling with thé’Al and 2°Si nuclei of
Ill. RESULTS AND DISCUSSION the two atoms nearest neighbor to the hole-bearing O atom.

The results are compared with the values measured by Nut-
tall and Weil for Al-containing quart2® The agreement be-

The electronic structure of thgAlO,]° center has been tween theory and experiment is almost quantitative for Al,
investigated with an ADSiH,), cluster. At the UHF level, while for Si thea,y, is somewhat overestimated. The general
the ground state is characterized by the presence of an upicture, however, is quite consistent with the experimental
paired electron localized in a nonbonding orbital of a bridg-spectrum. Also, the UHF and UMP2 results are virtually
ing O atom. This is shown by the values of the spin populaidentical. Thus no significant differences in the description of

A. Hartree-Fock and MP2 results
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TABLE I. Spin distribution and hyperfine coupling parameters for the ground state pAtg]° center,
as computed with the ADSiH;), model.

Spin
population UHF UHF/LYP  UMP2 B3LYP BLYP Expt(Refs. 5 and B
O, 1.04 1.02 1.04 0.29 0.24
0123 <0.01 <0.01 <0.01 0.21-0.29 0.23-0.24
0 hyperfine matrix &
A 11.5 11.2 11.4 8.5/6.9 7.6/8.5 15.3
A, 13.6 125 13.6 8.7/6.9 7.7/18.6 17.9
Aj —128.6 —-130.4 —-128.8 —33.9~24.0 —26.3~23.7 —-111.0
Aiso —34.5 —35.6 —34.6 —-5.6/-3.4 —-3.0/~2.2 —26.0
B, 46.1 46.8 46.0 14.1/10.3 11.6/10.7 41.2
B, 48.1 48.1 48.2 14.3/10.3 11.7/10.8 43.8
Bj —-94.1 —-94.8 —-94.2 —-28.3~20.6 —23.3~215 —85.0
27l hyperfine matrix,G
A -5.1 —-4.5 -5.3 —-10.7 —-8.7 —-6.1
A, -5.0 —-4.5 —-5.3 —10.8 —8.8 —6.2
Aj —-4.1 —-3.4 —4.4 —-10.2 —-8.5 -5.0
e ~4.8 —41 -5.0 ~10.6 -8.7 -5.8
B, -0.3 -0.4 -0.3 -0.1 0.0 -0.3
B, -0.3 -0.4 -0.3 —-0.2 -0.1 -0.4
Bj 0.6 0.8 0.6 0.3 0.2 0.7
295j hyperfine matrixG®
A 17.4 14.2 17.5 6.0/4.7 4.6/4.5 11.4
A, 17.8 15.4 17.9 6.2/4.8 4.7/14.7 11.6
Aj 15.5 13.0 15.6 5.9/4.6 4.5/4.2 10.8
Aiso 16.9 14.2 17.0 6.0/4.7 4.5/4.5 11.3
B, 0.5 0.0 0.5 0.0/0.0 0.0/0.0 0.1
B, 0.9 1.2 0.9 0.2/0.1 0.1/0.3 0.3
B, —-1.4 -1.2 —-1.4 -0.1/-0.1 -0.1/~0.3 -0.5

aTwo sets of values, separated by a slash, are given for the pairs of O atoms bearing ttw fmiehe
neighboring nuclgiwhen the hole is computed to be present on both such anions.

the electronic structure of tH&\lO,]° center are found after With this physical property too, we see that the computed
inclusion of correlation effects at the UMP2 level, in this fixed-hole model simulates the experimental results very
case. well.
We also computed the electric-field-gradi€éBEG) tensor These results have been obtained with a cluster model of
E evaluatable at any nucleus selected as provided by theedium size, i.e., one which includes the first and second
GAUSSIAN-98 code. For?’Al, the principal values calculated neighbors to the defect Al atom. The model electronic struc-
with the cluster A[OSiH;), are —0.669553, 0.261613, ture of the[AlO,]° center is very similar if one uses the
0.407 940 a.u., while the principal values of nuclear quadruminimal model A(OH),, a model employed in previous
pole tensorP measured by EPR, using spin Hamiltonian cajculations’*%'>*3Going from the minimal to the medium-
Hnq=1-P-1,** are 0.03756,—0.01533, —0.02223 mT>  gjzed cluster, we do not find any qualitative difference in the
The relation between tensofsandE is description of the hole localization or of the structural defor-
_ 2 3 mation(Table Il). Minor differences in the observable quan-
P={=e"Q/I(I=1)4mz0cpe s 1} E, ®) tities are primarily due to the presence of O-H replacing O-Si
whereg, is the permittivity of free space ang is the Bohr  bonds around the impurity. For instance, with thé@iH),
radius. We can adjust the first member of the measured set|uster, the HFC values show a slightly larger deviation from
normalizing with the factor-17.8262 a.u./mT, to equal the experiment than with ADSiH;),, but these differences do
first of the computed set, yielding the set0.669553, not change the conclusions. The similar responses of the
0.273 28, 0.396 28 a.u., which agrees nicely with the comAl(OH), and AOSiH,), clusters is one piece of evidence
puted set. Furthermore, the value of the nuclear quadrupol®r the highly localized nature of the defect.
paramete for 2’Al obtained thereby is-0.134 barns, to be To further bolster this conclusion, and in particular to
compared with the literature value0.1506) barns*® Thus,  prove beyond any doubt that the asymmetric relaxation and
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delocalized over two O atoms, Table Ill. This structure is
characterized by two elongated Al-O bonds, but the whole
deformation is smaller than for that of the fully localized
hole. The second minimum is 1.60 eV higher in energy than
the fully localized holg UHF). No attempt was made to cal-
culate the barrier which separates the two minima. Here the
hole is distributed over two O atoms of the short-bond type.
Not surprisingly, the modeled hyperfine structure of an un-
paired electron delocalized over two O atoms is substantially
different from that of the single hole-bearing O atom. This is
clear from inspection of th&’O HFC, and in particular of the
dipolar part(Table Ill). The computed\ for the 2’Al nucleus
differs substantially from the experimentally observed ma-
trix. The existence of a local minimum where the hole is
delocalized over two O atoms is not inconsistent with reality,
as it has been observed by 10 GHz EPR that at temperatures
>100 K the hole hops from one O atom to another at a rate
which is fast relative to the inverse EPR time scale at this
frequency’*®

a)

B. Density-functional theory results
FIG. 2. Spin-density plots depicting @SiH;),, computed at: 4 y

(a) the UHF level(yielding the hole localized on a single oxygen ~ Three recent papers based on a DFT supercell band struc-
atom), and(b) the DFT/BLYP level(yielding the hole spread over ture approach come to the conclusion that the spin density in
four oxygens. the electronic ground state pAlO,]° at 0 K is evenly dis-
tributed over the four oxygens nearest neighbors to°Al’
spin localization are not artifacts of the relatively small clus-This conclusion contrasts with the results described above
ters used, we have considered two larger modelsshowing the presence of a localized hole. Several explana-
AI[OSIi(OH);]4, where the next shell of 12 O third neighbors tions can in principle be proposed to explain the discrepancy:
to the Al impurity is included, and AlgQSi,sHgo shown in (i) the inadequacy of the HF approach, due to the lack of
Fig. 1. In this latter case we used the ONIOM techniquecorrelation effects(ii) a failure of the cluster modéh pos-
described above. The results, Table II, fully confirm the con-sibility which is indeed mentioned in one of these papéts
clusions obtained with the smaller clusters. In particular, theiii) an incorrect interpretation of the EPR specti) inad-
asymmetric distortion is also observed here with one Al-Oequacy of DFT. We have shown already that HF and corre-
bond distancé1.92 A), which is 14% longer than the other lated calculations give the same results, so that hypotligsis
ones(the elongation estimated from EPR is 12%Even a  can be discarded. Clearly, to establish which of the remain-
more quantitative analysis of the spin distribution and HFCing possible reasons is the correct one has an importance
values does not show significant deviations as one goes fromhich goes beyond the simple question of the electronic
the minimal AlOH), to larger models. Thus we can con- structure of thg AlO,]° impurity center. Therefore the elec-
clude that the hole localization and the corresponding asymntronic structure of th¢ AlO,]° system has been recalculated
metrical distortion are features which do not vary with theusing the DFT approach and the same cluster models.
cluster size. We consider first the purely DFT BLYP approach with
The solution yielding the hole fully localized is not the the medium-sized cluster KDSiH;),. Starting the optimiza-
only minimum on the potential-energy surface of thetion from the structure ofi-quartz, we found an energy mini-
[AlO,4]1° center. It has been discussed in the literature that aum where the hole is completely delocalized over four O
thermally excited state of this center can be observed bwtoms, Fig. 2, in full agreement with the results obtained in
EPRY which is ca. 42 meV above the ground state, andsupercell DFT studies where periodic boundary conditions
which contains the hole on the other typghort-bond of  are properly included®!” The Al-O bond distances com-
oxygen atom. Self-consistent field molecular orbital model-puted with the cluster model are all very similar, 1.75
ing of this state also has been accomplishadd agrees well +0.01A, and only slightly longer than those reported in
with the experimental findings. With the @SiH,), cluster  other gradient-corrected DF calculations, 1.72'AVe re-
and a UHF wave function, we found that the excited statepeated the optimization starting from the UHF minimum
with the hole localized on the short-bond O atom lies 79structure(fully localized holg but the calculation converges
meV above the ground state. While this is extremely close t@ao the same delocalized minimum found before. The calcu-
the energy separation deduced from experiment, one has tations have been repeated for the whole series of clusters of
be cautious in attributing too much importance to this resultjncreasing size, and the hole delocalization is always found.
given the small energy at stake and the lack of periodicActually, when we consider the KDSiH;), cluster at the
boundary conditions in our approach. DFT/BLYP level we found a tendency to partially delocalize
We have found still another state, one in which the hole ighe hole even on the next shell of O atoms, Table II. Low-
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TABLE |Il. Structural parameters and spin distribution of the ground state of 4@,]° center as
computed with cluster models of various size and by different methods.

Cluster Property UHF UHF/LYP B3LYP BLYP
Al(OH), Al-O, (A) 2.10 2.01 1.77 1.78
Al-O; 53 (A) 1.70 1.68 1.77 1.79
spin Q, 1.07 1.05 0.29 0.28
spin Q23 <0.01 <0.01 0.28-0.29 0.27
Al(OSiHy)4 Al-O, (A) 1.96 1.94 1.75 1.76
Al-O;,3(R) 1.68 1.67 1.72 1.74
spin Q, 1.04 1.01 0.29 0.25
spin Q23 <0.01 <0.01 0.21-0.29 0.23-0.24
AI[OSi(OHy)], Al-O, (A) 1.98 1.96 1.76 1.78
Al-O4 53 (A) 1.70 1.68 1.75 1.77
spin Q, 1.04 1.03 0.23 0.16
spin Q23 <0.01 <0.01 0.20-0.22 0.13-0.17
AlOg,SiyHed core-AlQ,] Al-0, (A) 1.91 1.76 1.76
A0 53 (R) 1.67 1.70 1.72
spin O 1.07 0.44 0.36
spin Q23 <0.01 0.15-0.35 0.28-0.23
AlOgoSisHed core-AOSi),] Al-O, (A) 1.92 b 1.76
Al-O4 53 (A) 1.68 1.75
spin O, 1.04 0.27
spin Q23 <0.01 0.21-0.25

#The oxygen-atom labels are consistent with those of Ré&fe6 Fig. 1 therejn The choice of Qrather than
O; as being hole-bearing is arbitrary.
PConvergence was not reached for this calculation; see text.

lying states of this kind have been found also in Ref. 16.gence of the geometry optimization. This is true in particular
Thus local cluster models and periodic supercell calculationfor the AlOgSisHgg cluster where two different Hamilto-
give the same answer. Not surprisingly, the HFC values for aians are used, the DFT one for the core and the MNDO one
system where the hole is delocalized are completely differerfor the matrix. Since the MNDO method is a simplified HF
from those obtained for the fully localized case, and are imrapproach, and because of the implementation of the ONIOM
gross disagreement with the experimental val{deble ). technique which requires the calculation of the “core” part

We have repeated the calculations using the B3LYP apat both levels of theory, MNDO and DFT, we are in the
proach where the HF exchange is partially mixed in with the o , .
DFT exchange. The results are similar to, although not ex-. | ~BLE Ill. Spin distribution, "0 hyperfine coupling param-

) - . . . eters inG, and energy for the excited state of th&lO,]" center

actly identical with, those obtained with the BLYP methoq. bearing the hole on two O atoms, as computed with tHOSIHy),
In fact at the B3LYP level we found two states very close in

. o rinodel.
energy, one corresponding to a complete delocalization o

the hole over all four O atoms, and the other where the hole g,y opuiation UHE UHE/LYP?
is distributed over only two O atoms. In the first case, the

spin population on two O atoms is 0.29 and on the other two 01, 0.57 0.55
it is 0.21 and the four Al-O distances are similar, 1.77 A O34 <0.01 <0.01
(Table Il). This state is slightly highe(0.05-0.15 eV, de- A,(O) —-10.0 -4.0
pending on the cluster useth energy than a state with the A,(0) -9.2 -3.2
hole distributed over two O atoms. This suggests that the use A3(O) —-97.5 -90.2
of a mixed HF-DFT exchange leads to a more pronounced ais(0) -38.9 -325
tendency towards a partial localization. The HFC values B,(0) 28.9 285
(fully delocalized caseremain very far from the experimen- B,(O) 20.7 29.3
tal ones. These results have been checked against cluster size B4(O) _588 587
by computing the structure of teAlO4]° center with the AE (eV)® —160 167

[Al(OSi(OH)3)]4 and AlGseSissHeg Clusters. As for the UHF
calculations, also at the B3LYP level no significant change i$Values averaged for the two slightly nonequivalent O atoms bear-
found as function of cluster size. The only difference is that, ing the hole are reported.

by increasing the dimensions of the model, more conformaEnergy difference with respect to the ground state having a fully
tional minima appear, leading to a more difficult conver- localized hole.
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presence of an opposite tendency: the MNDO Hamiltoniartheory compared to the previow initio cluster calcula-
tends to localize the hole, the DFT one tends to delocalize itjions. In fact, gradient-corrected DFT combined with a su-
and the result is an oscillatory behavior in one of the calcupercell approach where periodic boundary conditions are in-
lations for which convergence in the optimization has notcluded is generally considered to provide very accurate
been achievedTable II). answers for solid-state problems. From these three studies, a
At this point, we considered a second hybrid approackcompletely different picture emerged. In fact, it is found that
where the exchange is treated exad#{F exchangg and the hole in[AlO,]° is completely delocalized over four O
correlation is treated with the LYP functional, see UHF/LYP atoms'®>~" It is somewhat surprising that in two of these
in Table I. The method has been applied only to thestudies®!’ the previous literature on the subject has been
Al(OH),, Al(OSiH;),, and A[OSi(OH);], models, Table Il. ignored and that no attempt was made to compare the new
In the ground state, the hole is found to be fully localized andwith the old results. In the work of Magagniet al.'® on the
the results are extremely close to those obtained at the UMP&her hand, this comparison was done and the “classical”
level. The computed HFC values are virtually the same as imodel was discarded as a “phenomenological” one in favor
UMP2 and in close agreement with the experiment. We alsof the new model of a delocalized hole. It is also surprising
found a second minimum, with the hole distributed over twothat these conclusions have been reached without computing
O atoms(Table Ill), at an energy of 1.67 eV above the any physical observable, but were simply based on theoreti-
ground stat€1.60 eV in UHB. This result shows unambigu- cal arguments.
ously the importance of the exact exchange for the descrip- In the present work, we have shown that the two different
tion of a localized hole ifAlO4]°. The failure of the DFT  physical pictures emerging from cluster HF and from super-
method in this case is probably due to the afore-mentionedell DF calculations have nothing to do with the model used
problem: the self-interaction correcti6h.The HF energy (cluster or supercélbut rather are due to the nonexact treat-
contains no self-interaction contributions because the selfment of exchange in DFT and to the well-known problem of
interaction part of the Coulomb energy cancels that of thehe self-interaction correction. Correlation effects, explicitly
exchange part. This requirement cannot be satisfied in DFincluded in a post-HF approach through perturbation theory,
without special efforts. Because of the self-interaction, indo not change the picture obtained at the HF level of a fully
DFT the unpaired electron tends to delocalize over manyocalized hole. On the other hand, the use of the DF ex-

atoms to reduce the Coulomb repulsion. change, even when mixed with the HF exchange in a hybrid
HF/DFT approach, leads to the incorrect picture of a delo-
IV. CONCLUSIONS calized hole. The inadequacy of the delocalized model is

shown by the direct comparison of the hyperfine matrix, a
The first model structure of 4iAIO,]° center ina-quartz  physical observable. In some of the previasinitio stud-

was proposed almost 50 years ago by O'Bfi€rit consists jes, the isotropic part of the hyperfine interaction was
of “an unpaired electron in a localized orbital on one of thecomputedl.3 Here we have reported a theoretical analysis of
four nearest O atoms.” This model was refined by Nuttallthe dipolar parameters. The agreement between the com-
and Weil in 1982 In a careful analysis of the relevant EPR puted and measured values is almost quantitative for the
spectrum of Al-doped quartz at 35 K, they determined the:c|assical” model, while it is very poor for the “delocal-
hyperfine coupling parameters féfAl, *Si, and*’O, de-  ized” model. It is worth mentioning that the “classical”
spite the very low natural abundan@037% of the oxygen  picture is consistent also with dielectric relaxation and
isotope® The spin-Hamiltonian parameters that they derivedacoustic-loss experimefifs®2 suggesting that the Al center
confirmed the original assignment of the signal to an Al atomhgle can jump between different O atoms under an applied
substituting for a four-coordinated Si cation with an unpairedg|ectric field, a fact which is not easy to reconcile with the
electron located in a nonbonding O orbiffaFurthermore,  “gelocalized” description.
they established that the trapping oxygen is of the type which |y conclusion, we have shown that the “classical” model
would have a “long” bond in quartz, relative to @1).°  of an Al impurity center in Si@is correctly described by
These experimental findings have then been corroborated lygh quality first-principle calculations, provided that a
four ab initio studies based on small-cluster models abd proper treatment of the exchange is done. Specifically, care
initio Hartree-Fock wave functioris:®***%In all these stud- is necessary in the use of DFT for the study of localized

ies a full localization of the hole has been observed, consisholes in insulators. We note that no excitonic or vibronic

tent with the O'Brien modet:* _ effects were invoked in our modeling.
The picture of a fully localized hole ifAlO,4]° centers
has been brought into question by three recent band-structure ACKNOWLEDGMENT

calculations performed at the DFT levér!’ In particular,
the last of these studi¥s(which includes gradient correc- This work has been supported in part by the Italian INFM
tions) represents a considerable improvement in the level ofhrough a PAIS project.
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