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The embedding approach to the electronic structure of local perturbations in extended systems is
based on the fundamental assumption that beyond a certain region around the defect, the properties
of the environment are not altered by the presence of the defect. In many computational schemes the
resulting subdivision of the defect system into a central and an external region is defined in terms
of orbital basis functions. The fundamental embedding assumption then translates into a partitioning
of matrix representations, accompanied by fixing the external region contributions to their values in
the unperturbed reference system. With the help of density functional cluster-in-cluster embedding
calculations we have investigated the quality of this assumption without introducing any additional
approximation as usually done to arrive at a computationally feasible embedding scheme. The
fundamental embedding assumption is found to cause spurious virtual orbital admixtures to the
density matrix which lead to artifacts in the results of embedding calculations. To minimize these
undesirable effects, a special “class orthogonalization” scheme has been employed. It allows a
perfect reproduction of the defect induced charge density changes as judged by cluster-in-cluster
model calculations for a hydrogen substitutional defect in largeclusters(with n up to 309.
However, equilibrium geometries, total energies, and vibrational frequencies calculated with this
embedding scheme do not exhibit any improvement over results from calculations employing the
corresponding nonembedded model clusters. The reason for this failure which prevents the expected
convergence of the calculated results with increasing cluster size is analyzed. Thus, from a
pragmatic point of view, “naked” cluster models are preferable, at least for metal substrates, due
to their relative computational simplicity. Possible techniques to either avoid the virtual orbital
admixtures or to improve the quality of the total energies obtained from the embedding calculations
are discussed together with the drawbacks of these schemed.99® American Institute of
Physics[S0021-960807)00514-X

I. INTRODUCTION is embedded in an array of point chargésin a crystal
_ _ o . field, > in a homogeneous dielectric medidm or in a

Ever since first principles quantum mechanical calculaspe|l model representation of the environm¥nt® More
tions have been established as a powerful tool for studyingenerally, the partitioning of the system is implemented as a
the microscopic structure of solids and molecules, embedyjyision of the variational Hilbert space into appropriate
_d|ng schemes have been developed to extend the applicabj|jnctional subspacé€6 These subspaces are most com-
ity of these new methods toward more complex systems. Sgyonly defined by means of localized basis functions which
far, a bewildering \gj‘(lgty of different embedding schemes, e introduced to spamot completely, but sufficiently accu-
have been suggested.” They all share the concept of par- a¢e|y) the Hilbert space of either the central region only, or
titioning the system under investigation into a central regiory the entire system of interest. Among these techniques one
which contains the structure of interéatdefect, a functional may further distinguish between methods with a dynamic
group, an adsorbate complex, ¢tand a surrounding exter- 4 itioning, such as the group function schemes based on
nal region. The impact of this “environmental” region on |,aiized orbitald®32or the concept of Whitte#?~%® which
the central region is considered as non-negligible, yet of IeSgykes into account the actual electronic structure at the region
importance so that it may be represented only approximately,iarface when constructing the two regions, and partitioning
to reduce the effort of the calculations or to even make thgchemes which are based on a fixed choice of the functional

calculations feasible at all. Of course, the central region i%ubspaces like in the various embedding techniques pro-
described at as high a level of sophistication as deemed ”e?'osed by F;isarﬁ§—4l

essary for properly representing the physical situation a
hand. This fundamental partitioning into an embedded cluspoximations concerning the electronic structure of the exter-

ter and an “indented” environment is often visualized as apg| region and its influence on the embedded cluster have to
direct subdivision in real space, as actually implemented by,e iniroduced. As long as there is a distinct chemical sepa-
Greens function matching technlql,i'éé.AIternatlvely, 't ration between the part considered as central region and its
may simply be given by the different levels of theory at g, rounding, as is obvious for molecules in solvents or for

which the two regions are treated, as in cases where a clusi@foay)y hound adsorbates, a simple cluster-in-environment
approach often is appropriate. Thereby, the embedded cluster
dAuthor to whom all correspondence should be addressed. is treated as an almost isolated particle, except that contribu-

To arrive at an embedding scheme of practical use, ap-
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tions of the external region to the Hamiltonian are repre-structure of the defect system, and to be able to restrict the
sented by some approximative terms which are not necessaapproximation exclusively to introducing the reference den-
ily simpler, but are at least easy enough to obtain. A similaisity matrix, we have adopted a cluster-in-cluster embedding
approach may be applied to systems with strong ionic interapproach in the present investigation. Although embedding
actions between the two regions, as long as no significargschemes are generally designed to yield reasonable results
covalent bonding and charge rearrangement occurs acros#eady for relatively small central clusters, it is important to
the region boundar{.*®However, for less ionic, covalent, or check cluster convergence. This may perhaps not be neces-
even metallic environments with direct contact to the centrabkary in routine applications, but has to be done in benchmark
region, like in defect and chemisorption systems, or wherstudies like the present one in order to evaluate the reliability
functional groups within larger molecules are taken to makedf a method. With this in mind, two rather simple, yet quite
up the environment, proper boundary conditions for the waveealistic test systems have been chosen for the present study:
function of the embedded cluster have to be taken int@ vacancy and a hydrogen substitutional defect in icosahedral
account®7=49Such a physical situation requires a parti- lithium clusters. By this choice, rather large host systems
tioning of the wave functions or, alternatively, of the densitymay be treated with a density functional method.
matrix of the system. In these cases, one of the most com- Before turning to the actual cluster-in-cluster test calcu-
monly adopted assumptions, the so-called “fundamental emlations, various ways of establishing a partitioning in func-
bedding assumption,” is to take the density matrix, or evertional space will be discussed. Subsequently, the results on
its energy resolved contributionghe projected density of the validation of the embedding assumption are presented in
state$, in the external region to be essentially independent ofwo steps. First, the necessity of a balanced orthogonaliza-
the specific structure and composition of the inner part of thdion scheme for the orbital space partitioning is demon-
central region. This allows one to evaluate the contributiorStrated, and then the influence of the approximated density
to the Hamiltonian and to the total energy of the embeddednatrix on the charge distribution and on the formation ener-
cluster due to the “indented” environment once and forevergies of the defects is discussed.
in a separate and, in general, much easier calculation.

The moderately large embedded clusteiLEC) tech-
nique, which was Originally deSigned as a Hartree—Fock emn_ THE CONCEPT OF ORBITAL SPACE PARTITIONING
bedding schem&:" and which we have adapted to set up a
density functional embedding scheri2F-MLEC) intended In embedding schemes which employ localized, and
for applications to infinite metallic substrat®s’® is one of  preferentially atom-centered orbital basis functions to repre-
these methods which rest on this fundamental embeddingent the electronic one-particle wave functions the partition-
assumption. TheeMBED program based on the perturbed ing of the density operatd? is usually established by block-
cluster equations is another ofte?! The assumption of an ing its matrix representatioR according to
essentially unperturbed external region density matrix is not
beyond criticism, despite the successful application of both p:(PCC Pco _ (1)
of these methods to a variety of defect and adsorbate systems Poc  Poo

: . 6,50—52 : o .

with various substrates and host crystére! U EXperi- - Here, C denotes the part of the matrix indices attributed to
ence shows that the approximations unavoidably introduceghe embedded cluster which, in general, consists of an adsor-
by the fundamental embedding assumption may affect bindyate or defect regio and a surrounding interface regign

ing and defect formation energies up to the order of a fewy genotes the part assigned to the indented environment.
tenth of an eV for some critical combinations of adsorbate;rhe fundamental embedding assumption then reads

substrate, and basis sets employed, and thus may signifi-

cantly exceed what is commonly accepted as “chemical ac- Pcc PfCD

curacy.” If these observations pointed to a specific method- P= p! pf or F=
ological problem, embedded cluster calculations would not pc DD

perform better on energetics than common nonembeddedepending on whether only the “cluster—cluster” subblock
model cluster calculations. Such a conclusion would seri- P is allowed to relax with respect to the reference density
ously question the motivation for using the more compli-matrix P’ (as is the case in the MLEC formalis$f®8454§ or
cated and often also significantly more demanding embedahether the overlap contributiori®.p and Py are allowed
ding approach, at least for situations where accurate totdb relax as well(like in the EMBED methodology®*). We
energies are important. envisage amodified self-consistent fieldSCH procedure,

It is the goal of the present work to assess this “funda-Kohn—Sham or Hartree—Fock, where approximati@h is
mental embedding assumption,” which is crucial for the ap-applied in each cycle, though one might also conceive a
plicability of many schemes. To this end, we will isolate the strictly variational formalism based on this fundamental em-
effects which occur when the density matrix in the externalbedding assumptiofsee Sec. VI for further discussipriFor
region of a complex system is replaced by a reference derntwo reasons the matrix blocking strategy of Eg). does not
sity matrix from the effects of additional approximations thatlead to aunique partitioning of the density operator. First,
are generally invoked to arrive at a computationally efficientthe density matrix may either be taken as a twofold contra-
embedding scheme. To have access to the exact electroniariant representation

)

PCC P?D
PDC I:)DD
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- - -~ charges of the embedded cluster. These nonvanishing purely
P=(P1)j—1..n With P=2 )P (g, (3 formal net charges of the unperturbed embedded substrate
! clusters do not cause any problems during the evaluation of

as is common in quantum chemistry, but it may also be rethe CC subblock of the Hamiltonian of the embedded system

garded as a twofold covariant representation as long as the “crystal field” correctiodH is evaluated
_ , _ A exactly as in the Hartree—Fock bagaeBeD program?* This
P=(Piij=1..n With Py=(ei|Ple), (4) crystal field correction is defined as
or as any of the possible mixed representations with co and
y P P AH=Hcc[P]~Hisoied Pecl, ®

contravariant indices. Unfortunately, in the quantum chemis-
try literature the type of matrix representations actually emwith Hisoaeqb€ing the Hamiltonian of the embedded cluster
ployed is often not clearly indicated and the tensor notatiorireated as an isolated species. It totally compensates those
of Egs.(3) and(4), ideally suited for this purpose, is hardly contributions to the Hartree potential of the isolated cluster
used. Second, the matrix representafis only defined up  HamiltonianH;gg g Which result from the arbitrary decom-
to unitary transformations which may be applied to the comJosition of the electron overlap population enteriNg .
plete basis seCUD without actually changing the varia- However, the crystal field correction is not easy to calculate
tional space of the total system. As soon as basis functions all non-negligible matrix elements between the central
assigned to regiorC and regionD are mixed by such a region and the, in principle, infinite external region have to
unitary transformation, different partitioning schemes are debe computed. A further complication in case of a density
scribed by Eq.(1). In principle, any of these partitioning functional implementation is caused by the nonlinearity of
schemes might be adopted, and the question on the motite exchange-correlation functional with respect to the den-
suitable scheme is still subject of discussion. There are, howsity. On the other hand, with the crystal field correctibH
ever, certain restrictions, in case an orbital space partitioningyeated approximately as
is not only applied to the density operai@r to the Greens auf_af f f
operator to which the former one is closely relatdalit also AH~AH=Hcd P ]~ Hiolated Pecl, ©)
to quantities like the Hamilton or Fock operator. Because invhere AH' is the crystal field correction from a reference
practical implementations relations such as calculation on a defect free system, it turned out to be rather
~on A ~ ~ o~ difficult to compensate the Coulomb potential of the artificial
(z-H)G(2)=1 or (A)=tr(PA) 5) charge contributions td-—N to sufficient accuracy, espe-
are interpreted as matrix equations, the representatiorgially in the vicinity of some adsorbates which was the kind
adopted for the various operators are associated with eagH defect we were primarily interested in when developing
other, unless the matrix equations are extended appropriatelpe DF-MLEC schem&*° This situation arises because the
by metric tensorg;;; andg' (which are given by the overlap variational space of the reference system only partially cov-
matrix g;; =(ei|¢;) and its inverse, respectivelyHere, we  ers the variational space of the adsorbate, and hence a kind of
refrain from giving any detailéfor explicit expressions see, truncation in the approximated crystal field correctibhi'
e.g., Ref. 53 but will focus on the partitioning of the density occurs near the adsorbate. In response to this problem, we
matrix as the central quantity to which the fundamental emhave developeti an extrapolation scheme based on arrays of
bedding assumption is applied. atom-centered point charges around the embedded cluster.
In the course of optimizing the DF-MLEC formalidaf®  The point charges are optimized in such a way that the ma-
we have tested various partitioning schemes for the densitfix elements ofAH" on substrate atoms in the direct vicinity
matrix, among them the common twofold contravariant par-of the adsorbate are reproduced, as well as possible, by the
titioning in the original atom-centered basis set. The use oforresponding matrix elements of the electrostatic potential
the standard contravariant density matrix results in problemsf the point charges. To arrive at a well-defined and numeri-
with the conservation of charge on that part of the systengally stable fitting procedure, and also to guarantee a sensible
which is to be treated self-consistently. As evident from  extrapolation of the resulting electrostatic potential into the
; region of the adsorbate, the variational freedom of the point
N=tr(SP)=tr(SccPcc) +{2 tr(ScoPoc) charges is reduced by constraints which only allow the major
+r( SDDPfD o) 6) mgltipole cpntributions around the adsorbate to be corrected.
This technique has successfully been employed to extrapo-
the number of electrons attributed to the “relaxed” part of late the missing Coulomb contribution toH" into the ad-
the density matrix, sorbate’s variational space.
Ne=tr(SecPec) @) _ Yet other problems remain, the most important of th_em
¢ crech is related to the fact that the elements of the MLEC matrices
differs from the sum of the nuclear chargég of the em-  coupling the central region to the outer regidor their defi-
bedded cluster due to the overlap population S¢PLc). nition see Ref. 3ywere found to become rather large when
For a metallic Li substrate an electron charge defect of up ta twofold covariant density matrix partitioning scheme was
10% was encounteré&teven for unperturbed substrate clus- employed; this entails serious numerical instabilities. Similar
ters; conversely, the twofold covariant partitioning leads toproblems were encountered for twofold contravariant parti-
electron numberdlc much larger than the sum of nuclear tioning within the MLEC embedding scheffién line with
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previous findings of other research grodpd’*?>43These numbers of those lithium atoms in the remaining icosahedral
difficulties are independent of how the cluster Hamiltonianshells which belong to the embedded clugierand to the
Hcc[P] is actually set up, and most likely they also occur in environmentD, respectively. X designates the atom at the

closely related to the MLEC matricés. indicates the use of a reference dendtyin the external

One way to avoid spurious charge contributions on em'region. For exact cluster calculations the corresponding no-

pedded c_It_Jsters as we]l as undeslrable numerical 'n.Stab'“t'et%tions are XLj(12+m) and XLi,(12* +m), wherem is the
is to partition the density matrix in aorthonormalbasis set

of the entire variational spac@U D .“2-% Then the distinc- total number of Li atoms beyond the first icosahedral shell.

tion between co and contravariant representation becomes 1N€ cluster calculations as well as the cluster-in-cluster
superfluous, but it is crucial choosing the orthogonalizatiofMmbedding calculations were carried out with a suitably
in a balanced way. To illustrate this point consider an orthoimodified version of the.cGTo-DF (linear combination of
normal basis set which is generated by simply orthogonalizGaussian-type orbitals-density functionabde>’ The orbital

ing the basis functions of the external region onto those obasis sets(9,4—[4,2] for Li and (6,1)—[3,1] for H, as well

the central region before any intraregion orthonormalizatioras the basis sets for representing the electron charge density
is carried out. This partitioning scheme would be equivalentand the exchange-correlation potentials(®d,2,5p) for Li

to a twofold covariant partitioning as far as the cluster—ang (&) for H, are taken from previous cluster-in-surface

cluster subblock of the density matrix is concerned, and th”émbedding studie®* The local density approximation to

the difficulties discussed above remain. Similarly, preor- exchange-correlation functional as parametrized by

thogonallzgtlon of the central region ba§|s functions on.to thg/Osko et al%® is used throughout this study.

basis functions of the external region with subsequent intrar- _ . . .
egion orthogonalization leads to an embedding scheme In a_II embedding gqlcqlatlons prgsented n .the fol_lowmg,
which is equivalent to that where the twofold contravariantth€ Orbital space partitioning according to E2) is realized
form of the density matrix is partitioned directly. Symmetric Py means of an orthonormal basis set which is generated via
Orthogona|ization appears to be the ideal procedure for gerﬁ.n intermediate orthonormalization step. To this end, the
erating an appropriate orthonormal basis set. This strateggtandard SCF procedure is modified as follows. Once the
will be employed for parts of the calculations of the presentKohn—Sham orbitals of the complete defect system and the
investigation. However, as will be discussed in Sec. IV, ancorresponding one-particle energies have been obtained, a
even more balanced orthogonalization scheme had to be dgial Fermi level is chosen, anéh) fractional occupation

Ve|0ped to f|na”y arrive at an acceptable partitioning. numbers are determined by Gaussian broade@@ew of
the cluster level spectrufi. Then, (b) the cluster density
1. METHOD AND MODEL SYSTEMS matrix is set up as usual and transformed into the represen-

) o tation of the intermediate orthonormal basis set. Nejtthe
Two typ?ﬁ of Imr?'del defect systems \IIIVI” be Stug'e,d In thegyiernal region subblocks of the density matrix are replaced
present work: a lithium vacancy as well as a su sntuuonal)y those of the reference density matrix which has been ob-

hydrogen impurity in metal-like lithium. The metallic host tained before in a separate calculation of the correspondin
system is simulated by clusters of up to 309 Li atoms. For P P 9

computational efficiency, these model systems are chosen &pperturbed lithium cluster. Finallyd) the total number of

exhibit icosahedral symmetry, comprising up to four icosa-S/eCtrons is computed from the new density matrix, and a
hedral shells. The intershell distance of the Li icosahedra i§€W Step(@) is carried out after a suitable adjustment of the

fixed at the experimental nearest-neighbor lithium distanc&ermi level. This procedure is iterated until the formal, pre-
of bee bulk lithium, 3.022 AP resulting in a slightly ex- assigned number of electrons of the complete defect system

panded intrashell lithium distance of 3.178 A. To create thds reached. Except for the constraint imposed by @ythe
defect the central Li atom is either removed or substituted bgharge distribution is allowed to relax freely over the whole

a hydrogen atom. The surrounding nearest-neighbor shell afefect system, and the total energy is evaluated as in a stan-
12 Li atoms is geometrically relaxed unless stated differdard cluster calculation without resorting to any further ap-
ently. The geometry of all further shells is chosen to coincideyroximation. Since replacing density matrix subblocks, in
with that of the unperturbed reference host system. Only thgenera|, violates charge conservation, the Fermi energies de-

outermost shell will be regarded as the external region bet'ermined for the exact cluster and for the corresponding

cause size convergence of the embedded cluster is more im: . . . .
. . Cluster-in-cluster embedding calculation will differ. How-
portant in the present context than convergence of the in-

dented environment toward a realistic infinite bulklike “host ejver., f(?r sxstems wher.e.the fur?damental embedding assump-
crystal.” The defect systems constructed in this way will pelion is ].UStIerd, no sllgmflcant differences are expected. Bgth
denoted by either XL{12+m+k") or XLi (12" +m+k') strategies of replacing the subblocks of the external region
depending on whether a geometrical relaxation of the firsfhentioned in Eq(2), only theDD subblock and all but the
icosahedral shell is taken into accoh®*) or models with ~ CC subblock, will be considered in this study.

an unchanged geometry of the nearest-neighbor shell around The Fermi level adjustment described above closely
the defect are being considerét?). m and k denote the follows the concepts developed for the DF-MLEC form-
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alism#>% It is based on the idea that for overall neutral To manifest such admixtures in the approximated den-
defects any charge concentratir abstractiop at the de-  sity matrix P obtained from a self-consistent embedding cal-
fect site is completely screenedthin the embedded cluster. culation, the difference

Of course, this requires the embedded cluster to be suffi- ~

ciently (“moderately”) large. Alternatively, one could allow AP=P-P (14
for some charge transfer across the boundary of the embedsith respect to the corresponding exact density maRix
ded cluster even though the external region subblocks of thgesulting from a standard SCF calculation@t D) will be
density matrix are kept fixe®. This is justified because an analyzed as follows. To first order the difference in total
infinite indented host system may act as a perfect electrosnergy between the embedding calculation and the exact cal-
reservoir without any changes in its electronic structureculation is given by

However, to account for the energy connected to this charge

exchange, a chemical potential has to be !ntrod?Pcwhlch ADE=tr(APH)= >, (4| AP|¢)en=> Anen,

is found to be quite distinct from the Fermi level of the host n n

crystal. Furthermore, this chemical potential may signifi- (15

cantly depend on the shasple and composition of the boundagyith . being the eigenfunctions from the exact reference
of the embedded clustéf calculation and, the associated eigenvalues. The difference
in total electron charge

IV. OPTIMIZATION OF THE PARTITIONING AQ=tr(APS =2 (Y|AP|yn)=2 Ay, (16)
n n

Orbital space partitioning, though a quite natural scheme,, e other hand, has to vanish because of the Fermi level
at first glance, conceals an intrinsic problem as far as theqistment discussed in Sec. IIl. However, the fact that this
wave functions are concerned. Ligf be one of the occupied g, oyer the orbital resolved density matrix differerce
orbital wave functions of the target system, i.e., toenplete  anishes does not guarantee that the energy weighted sum in
defect system, which is composed of contributions from reg (15 does so as well, or even stays small. To visualize the
gionsC andD orbital resolved density matrix differences, we introduce

Y= ¢§+ 'ﬂr? (10) sign-sensitive, and locally integrated orbital resolved density

matrix differences
according to the intermediate orthonormal basis set. Each of

the two contributions may be reexpanded in the complete set Q*(e,A€)= Z' (Ap=|ALD/2, (17

of eigenfunctions of the defect system, L . : :
where the prime indicates summation over orbitals energies

€, Subject toe—3Ae<e,<e+3Ae. We also define the related
lﬂﬁ:}m: Yo, ‘ﬂf?:% Y- (12) energy contributionsE " (e,Ae) and E (e,Ae) to the first-
order energy differencA® E, e.g.,
In general, there will be admixtures of all kinds of orbitals,
occupied as well as virtual ones, in both pajfsand 7, but E (ehe)= S’ A (en—ep) (19)
as long as no approximations are introduced these contribu- ’ Ao T P

tions will cancel exactly, The quantities defined in Eq$l7) and (18) are similar in

aﬁm+ aﬁn: Sn- (12) spirit to density of states, and may easily be displayed as
histograms. The reason for introducing the sign sensitivity is
to document the random scattering signs of the individual
contributionsA,, which otherwise would cancel to a large
- extent during the local integration. For convenience, the

Un=yS+YR =2 (@Gt am). (13 Fermi levele: has been chosen as zero energy in @8).

" Figure 1 shows the quantitie®~(e,Ae) and E*(¢,A¢€)

Since the cancellation according to E#j2) will no longer be  for the defect system Hiig12+42+92"). The orbital parti-
perfect, admixtures of high-energy virtual states may occutioning in this example is based on a symmetrically orthogo-
in the approximated occupied orbitalg which, in turn, sig- nalized basis set, and all but t@aC subblocks of the density
nificantly distort the electronic structure and the total energymatrix have been replaced here. As expected, the main con-
of the approximated defect system. Replacing regional cortributions are gathered around the Fermi lefal—3.0 eV),
tributions to orbitals is not equivalent to replacing densitybut obviously, there also are significant high-energy virtual
matrix subblocks, nevertheless it provides some insight int@rbital admixtures with energies up to almost 200 eV. Even
the impact of a procedure where orbital space partitioning isome admixtures of Li 4 core orbitals(between—48.8 and
combined with freezing contributions from the external re-—49.9 e\ are discerniblgsee the insgtand it is evident
gion. Most likely there will be some similar high-energy vir- from Fig. 1b) that there is little hope for the energy
tual states admixture in density matrix partitioning schemesveighted orbital resolved density matrix differences
as well. A, (€,— €) to sum up to zero. ActuallAPE=1.35 eV in

However, replacing the external region contributighl by
that of an unperturbed reference system leads to

J. Chem. Phys., Vol. 106, No. 14, 8 April 1997
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0.8 only introduced by the intermediate basis set.
a) 0.010 The results displayed in Fig. 1 leave little hope for a

067 0.008 HH I successful formalism that implements the fundamental em-

04+ _z:zzz |I B bedding assumption in gstraightforward fashion. To ar_ri\{e at
? 0010 L ' a physically more m_eanmgfgl orthogona!lz_anon,_the or|g|_nal
o 02t T 40 0 40 80 120 160 atom-centered basis functions are divided into various
= _ classes of “chemically separated” orbitals, such as core or-
8 00 - bitals, valence orbitals, and polarization functions, and
© 02 Schmidt orthogonalizatiofin order of increasing energys

applied for the interclass preorthogonalization, while a sym-
0471 metric orthonormalization is used for the intraclass orthogo-
nalization. This scheme, which in the following shall be de-
noted as “class orthogonalization,” takes advantage of the
geometrical balance of the symmetric orthogonalization be-
tween orbitals of the same kind, and at the same time pre-
Energy [eV] vents that localized atom-centered basis functions for the
core (and valencgorbitals to become contaminated by po-
larization functions and basis functions for atomic orbitals of
higher energy. A similar strategy has successfully been ap-
plied previousl{? to avoid unbalanced core orbital admix-
tures to configuration—interaction spaces which are espe-
cially set up to study localized chemical bonds in extended
systems. The positive effect of the class orthogonalization
can be seen in Fig. 2 which shows data for the same system
as in Fig. 1, yet is computed by means of a class orthogo-
nalization. Three classes of basis functions have been intro-
duced for the Li atoms: theslcore orbitals of all atoms, the
2s and 2 valence orbitals(orthogonalized on the core
clasg, and the 3, 3p, and 4 polarization functiong(or-
thogonalized on the core and the valence clgssks ex-
L L pected, the Li & core orbital contamination of the density
40 20 O 20 40 60 80 100 120 140 160 180 matrix difference vanishes completdbee the insert of Figs.
Energy [eV] 1 and 2, and the overall amount of high-energy virtual or-
bital admixtures is significantly reducddf. Figs. 1 and 2
FIG. 1. Plain(a) and energy weightecb) orbital resolved density matrix ~ Furthermore, the energy weighted orbital resolved density
differencesA = (| AP| 4, of the HLiy,f(12+42+92") defect system due  matrix differencesE*(e,Ae) now tend to zero with increas-

to the fundamental embedding assumption. The orbital space partitionin _ . . .
scheme considered here is the one based on a symmetrically orthogonalizgrzig one partlde energies, which was not the case for the

basis set with all but th€ C subblocks of the density matrix being replaced €mbedding calculation based on orbitals that had been sim-
(see the text for detalsShown are the sign-sensitive and locally integrated ply subjected to symmetric orthogonalization. In addition,
quantitiesQ*(e,Ae) and E*(e,Ae) as defined in Eqs(17) and (18) with the first-order energy differenczie(l)E, ~0.50 eV, is signifi-
Ae=10eV. The i f ibuti ith Il | lues, . . .
e=10¢e e insert focuses on contributions with small absolute va uesCarltly reduced in magnitude compared to the previous re-

sults. Clearly, class orthogonalization achieves a much more
this example. During symmetric orthogonalization localizedPalanced orbital space partitioning of the density matrix than
basis functions acquire admixtures from diffuse basis funcSymmetric orthogonalization. Common contravariant parti-
tions of neighboring atoms, and vice versa, and thus a stron@oning, on the other hand, turned out to be much worse with
interlocking of the two functional subspac€sandD takes APE=-15.9 eV for HLi412+42+92").
place. As a consequence the region contribution coefficients

40 20 0 20 40 60 80 100 120 140 160 180

Energy [eV]

aS, andaR, of each occupied orbital become much larger EVALUATION OF THE EMBEDDING SCHEME
than one would expect from the neglect of the defect induce(\{'

changes in the electronic structure of the external region. Orbital space partitioning based on class orthogonaliza-
Even core orbitals in the central region, if located near thdion, as has been shown in Sec. IV, substantially reduces the
region boundary, require admixtures of orthonormal basisiegative impact of the fundamental embedding assumption
functions from theexternalregion, in order to compensate as compared to other orthogonalization/partitioning schemes.
all of the diffuse atom-centered basis functions which haveret, it remains to be verified whether the approximation in-
been added to the core orbital-like atomic basis functions ivolved provides a reasonable description of the electronic
the course of the symmetric orthogonalization. In systemstructure of an embedded cluster. This will be done in two
with heavier elements this holds for both core as well assteps: first, we will examine in detail the charge distribution
“semicore” states. All these admixtures are artificial andof the defect system Hiig12+42+92), and then we will
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FIG. 3. Charge density difference maps of the defect system

HLiq4¢(12+134) displayed in one of the fifteen equivalent mirror planes of

T the icosahedral cluster. Shown is the quantity(HLi, .12+

12+, . . . . , ) . , ) , 42+92")— p(HLi 144(12+134) for cases wheréa) only the subblockPpp

_4'0 _2'0 0 2'0 4'0 6'0 8IO 1(')0 1é0 1"‘0 1('30 1é0 of the density matrix has been replaced(by all subblocks excepPcc .
Panel (¢ displays the corresponding difference map

Energy [eV] [p(HLis(12+42))— p(HLi 1,12+ 134)]—[p(LiLi 5)—p(LiLi 149] for a non-

embedded cluster calculation. The values of the contour lines are

FIG. 2. Plain(a) and energy weightetb) orbital resolved density matrix ~ =0.000 032,0.000 10,=0.000 32,%+0.0010,*0.0032, and=0.010 a.u.

differencesA ,= (| AP|4,,) of the HLij,(12+42+92") defect system due  Wwith positive and negative differences represented as solid and dashed lines,

to the fundamental embedding assumption as in Fig. 1, but with an orbitatespectively. The positions of the atoms in the displayed plane are marked

space partitioning based on a class orthogonalized basis set. ().

compare typical defect formation characteristics in a series ashells. Some minor impact on the defect center is also dis-
embedded cluster models comprising up to 308 Li atoms. cernible. Obviously, the transfer of electron charge density

Figure 3a) shows the difference between the self- onto the more electronegative hydrogen atom is already sup-
consistent density of an embedded cluster calculation fopressed to some extent when the overlap subbl&gksand
HLi14¢(12+42+92"), with only the external region subblock Ppc of the density matrix are fixed to their values in the
Pop being replacedthe second variant of Eq2)] and that  unperturbed reference host system. Still, the differences in
of a normal SCF calculation of the whole defect systemthe charge density are small compared to those typically ob-
HLi146(12+134). The overall charge density difference is re- tained by nonembedded model cluster calculations, e.g., for
markably small(less than 10* a.u). It is completely re- the HLig,(12+42) model of the HLj4s defect system shown
stricted to the external region which is the outer shell of thein Fig. 3(c). Here, a profound difference is discernible be-
LiLi 146 icosahedron in the present case. The charge distribuween the induced charge rearrangement around the substi-
tion in the central region is almost perfectly reproduced bytutional hydrogen as predicted by the nonembedded cluster
the embedding calculatiotthe lowest value of the contour model and that of the complete defect systémore than
lines: +3.2x10 ° a.u). If the subblocksP-p andPpc are  3.2x10°* a.u. in the immediate vicinity of the hydrogen
replaced as wellthe first variant in Eq(2)], the fundamental atom). In summary, proper cluster embedding certainly leads
embedding assumption is expected to be fulfilled to a loweto a substantially improved description of a defect system as
degree. This is indeed the caffeéig. 3b)], yet the charge far as the charge distribution is concerned, and consequently
density differences remain essentially localized near the inef all related quantities like the dipole moment and atomic
terface region between the second and the third icosahedreharges.
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TABLE I. Comparison of the defect formation energies of a Li vacancy andTABLE Il. Comparison of various defect formation characteristics of a
a hydrogen substitutional defect in Li icosahedra obtained by various emhydrogen substitutional defect in Li icosahedra obtained from calculations
bedded and nonembedded model calculations. The reference eriggies  using embedde(tlass orthogonalization and all bBt . replacedl and non-

the second column result from full SCF calculations on the complete defecembedded model clusters. The reference values resulting from full SCF
systems. The columns headed By, andPLp,Phc ,Php refer to the two calculations on the corresponding complete defect systems are given in the

variants of replacing the density matrix sub-blo¢kee Eq.2)]. The non- second column. The quantities considered are: the optimized radius of the
embedded model clusters are constructed by removing the atoms in theearest-neighbor Lj shellr,, the corresponding defect formation energy
external regior(denoted byk'). Energies are given in eV. E4, and the vibrational frequenay, of the totally symmetric shell breath-

ing mode.

Eg(mode)—E4

Model induced difference

System Eq Pho  PLp.Phc.Pho  Nonemb. Reference ——

HLi(12 0.90 System value Pco,Poe,Poo Nonemb.

HLig,(12+42) 1.07 -11.51 +1.66 -0.17 Optimized defect energi, (eV)

HLiy,q(12+42+92) 0.53  +0.89 —-0.50 +0.54 HLi15(12) 0.43

HLisg12+134+167) 0.33  +0.51 -0.15 +0.20 HLig, (12" +42) 1.04 +1.19 —-0.61
HLi14(12* +42+92) 0.37 -0.36 +0.67

Liy5(12) 2.67 HLi 312" + 134+ 167) 0.13 -0.28 +0.24

Lic,(12+42) 2.87 —9.96 +1.75 -0.20

Liy4g(12+42+92) 257 4055 —0.24 +0.30 Equilibrium shell radiug , (A)2

Lizog(12+134+167) 251  +0.22 -0.02 +0.06 HLi15(12) 2.78
HLig, (12" +42) 2.97 -0.15 -0.19
HLi14¢(12* +42+92) 2.90 +0.16 +0.07
HLigog(12* +134+167) 2.89 -0.14 +0.02

. . . Vibrational frequencyw, (cm™?)
Next we turn to a discussion of the energetics. Table IHLi12(12*) 251

summarizes the defect formation energigsfor a lithium i, 12+ +42) 263 +207 _12
vacancy and for a hydrogen substitutional defect in Li icOSaHLi4(12* +42+92) 274 +7 -11
hedra. These quantities are defined according to the forméiLisod12* +134+162) 268 +11 +6

reactions aUnrelaxed shell radius: 3.022 A.

LiLi ,+ Eq—Li,+Li,

(19 Table | show that embedded clusters with just one neighbor-

H+LiLi ,+ Eq— HLi ,+ Li. ing shell around the defect treated self-consistently do not

provide appropriate models.

So far only total energies of geometrically unrelaxed de-

systems have been discussed, and the question arises

due to the two variants of fixing the external region sub—Whe.ther calcqlated equilibrium prpperties show a similar be-
havior. For this purpose, we decided to study models where

blocks of the density matrix are shown in the next two COI_the nearest-neighbor shell around the hydrogen substitutional
umns. For comparison, the deviations found for nonembed- 9 ydrog

. . . _defect is allowed to relax. We have considered only the DF-

ded model clusters without an external region are also give . . .
! . : LEC-like embedding schemfthe second variant of Eqg.

(the fifth column. No geometrical relaxation of the nearest-

neighbor Li shell around the defect has been considered her 2.)]' The Comp”ted optimized shgll ra@us, the equilibrium
. . . efect formation energy, and the vibrational frequency of the
Two general trends are discernible. The defect formation enl:. . . ; :

. L . .~ Li4» shell breathing mode of all four HL.iclusters investi-
ergy differences become smaller with increasing cluster size ated are summarized in Table Il. No sianificant improve-
and the results for the less restrictive embedding schemment it anv_ is discernible upon en&beddir? for an o?these
(only Ppp fixed) are always worséand opposite in sign ! Y, P 9 y

- . quantities. From these results we are lead to the conclusion
than those of the more restrictive embedding schéatiédut that the approximations introduced by the fundamental em-

Pcc fixed). The former trend was to be expected since th : : L .
fundamental embedding assumption is satisfied better, tg%eddmg assumption, though minimized by performing the

larger the distance between the defect and the cluster boun§[bltal space partitioning in a class orthogonalized interme-

. .. diate basis set, are still too strong to yield improved results
ary. On the other hand, the latter trend is rather surprisin ! " :
. . S . ~for the energetics and related quantities than those obtained
and a much more detailed analysis of individual contribu-

tions to the total energy would be required to trace its origin]crom the usual nonembedded cluster models.

beyond doubt. However, the most important observation i
the present context is that the quality of the predicted defec
formation energies is generally not improved upon embed- At this point it is instructive to recall that the reliability
ding. Only in some cases the defect formation energy fronof the defect formation energies computed with thBED

an embedding calculatiofwith all subblocks ofP but P  program have improved substantially after a variational
fixed) is closer to the target quantity than the correspondingharge balance correction has been introdi§€athis energy
value of the nonembedded cluster calculation, but the energgorrection takes into account the defect induced charge trans-
differences are smalk0.05 e\j. Furthermore, the results of fer between the embedded cluster and the indented host crys-

The defect formation energy of the reference defect system ifsect
given in the second column of Table | while theviations

|. DISCUSSION
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TABLE lll. Correlation between the deviationskE, of the defect formation energy and of the Fermi lexet

due to the fundamental embedding assumption for Li vacancies and hydrogen substitutional defects in Li
icosahedraPf, andPLp, Phc Pl refer to the first and second variant of the approximations to the density
matrix P [see Eq.2)]. Energies are given in eV.

Pbo Pto.Pbc.Pho
SyStem AEd AEF AEd/AEF AEd AEF AEd/AGF
HLi 14¢(12+42+92) 0.89 —0.042 —-211 —0.50 0.016 -31.7
Li4d(12+42+92) 0.55 —0.026 —21.2 -0.24 0.006 —36.8
HLi 30g(12+134+167) 0.51 —0.024 —-21.0 —0.15 0.003 —-57.4
Lizog12+134+167) 0.22 —0.011 —-19.4 —0.02 0.001 —34.7

tal even though the density matrix in the external region iditioning used to define the embedded cluster, and that given
assumed to remain unchanged. Empirically a remarkably linby the occupied and virtual states of the defect system. This
ear correlation between the “missing” char@ge and the  mismatch causes the nonvanishing virtual orbital admixtures
corresponding chang&EY in total energy was found anqd a
correction in the spirit of a chemical potentiallE
=unAQ, has been suggest&4®* A similar correlation is also Ui = % Ymdmns Yovir= % YmBimn (21)
noticeable in our datésee Table Ill. Recall the procedure

described in Sec. Ill to ensure a constant electronic charge do the regionC and regionD contributions of the occupied
the embedded cluster which leads to a change of the  orbitals discussed in Sec. IMee Eq(11) for the notation.
Fermi level. Using the density of stateée:) at the Fermi A new method to avoid this mismatch was recently pro-
level, this change may directly be related to the missing clusposed by Hea In the light of the present discussion and
ter charge that would be found if the Fermi level would haveusing the nomenclature introduced here, his idea may be
been kept fixedAQ=p(er)Aer. Furthermore, for adjust- phrased as follows. Let)o be the functional subspace
ments Ae- on the order of a few hundredth of an eV as spanned by the atom-centered basis functions located in the
encountered in the present stu@able Ill) the linear rela- region of the cluster that is to be embedded, andPlgt and

tion AE™=pu.0(ec)Aer provides a good estimate of the Py, =1— P, be the projectors onto the occupied and virtual
associated total energy change of the embedded clustetates of the complete, unperturbed reference syéigrich,
Thus, together with the missing charge contributibB®,  for a closed shell system, are directly related to the density
the changeAE, of the defect formation energy due to the operatoy. Then Head’'s formalism corresponds to defining
application of the fundamental embedding assumptiorthe embedded cluster through its functional subspace,
should read

vir vir

U=U;®U, with U;=P,(Uc), U,=P(Ug),

B~ (faus— 1)p(p) A (20 ” @
For theeEMBED type of density matrix fixingPpp only) the
correlation betweeAE4 and Aer is surprisingly good, the
ratio AE4/Aep varies only between-19 and—21. For the
DF-MLEC type of fixing the density matrix, the range is
chh Iarger(—30 to —60), nevertheless a qualltatn_/e COMe- indented environment in two ways such that the rotated basis
lation exists, too. Therefore some evidence exists that § - .ons on the one hand exclusively belong to the sub-
charge balance correction amends th? poor performancg Zhace of the occupied orbitals of the entire reference system
the fundamental embedding assumption for the energencE

dint . th i d ¢ Y U,), and on the other hand, exclusively belong to the sub-
and, In turn, Improves the geometry and geometry Sensitiv pace of the virtual orbitals of the complete unperturbed sys-
guantities. However, such a corrective device carries an ex-

. . . . ' Sfem (U,). By constructionU is an extension of the original
post flavor and may be viewed as interfering with the “first subspaceUc, which is almost twice as large dsc. As

p.ringiples” character that one.generally stri\{es for when de'evident from Eq.22), U is invariant undetP., which re-

signing sophisticated embedding schemeg like DF'MLEC Oults in a block diagonal matrix representation,

EMBED (see also the remarks on the chemical potential at the

end of Sec. Ill]. From a pragmatic point of view it is also Pou O

worth recalling that embedding schemes are, in general, Pocc™ 0 pvv)

computationally much more demanding than calculations .

employing nonembedded model clusters. of the projectorP,... Consequently, the occupied orbitals
According to our understanding, the main reason for theof the complete system not only ob&.,,= ¢,,, but also

ultimate failure of the orbital space partitioning schemes, aP /5= ¢% and P .\ =, which immediately leads to

least for metal host systems tested in the present investiga- U v

tion, is related to the mismatch of the functional space par-  ¥nvir=0:  ¥n.vir=0. (24)

and the indented host crystal through the orthogonal comple-
mentV=U". Specifically, the subspadé is constructetf

by orbital rotations which are generated by augmenting the
original basis functions ol by atomic orbitals from the

(23
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Hence, no virtual orbital admixtures occur in this orbital it is important to check their quality and consequences. By
space partitioning scheme, and there may be a chance testricting ourselves to pure cluster-in-cluster embedding we
substantially improve the quality of the fundamental embedwere able to exclusively focus on the fundamental embed-
ding assumption. However, there are two aspects to consideding assumption which is generic to embedding schemes that
First, it is crucial to recognize that there is no guarantee foare based on orbital space partitionifgge Eq.(2)] and to
the subspace defining the embedded cluster to stay localizetvoid any further approximations with regard to the theoret-
in the common sense. Depending on the nature of the ho#tal and computational treatment of the reference defect sys-
crystal material, the basis functions spannihgandU, may  tem. Vacancy and hydrogen substitutional defects in large Li
become rather extended. Especially for metals one may ruitosahedral clusters have been chosen as test cases.
into serious problems because of the large number of matrix  Matrix blocking and subsequent replacement of the sub-
elements which have eventually to be evaluated and becaustocks which refer to the external regipsee Eq.(2)] is an
of the orthogonalization steps necessary to set up the suldgorithmic scheme rather than a definite procedure because
spaceU (for details see Ref. 63 The difficulties encount- its concrete meaning strongly depends on the underlying or-
ered when this new orbital space partitioning scheme waspital basis set and on the matrix representation adopted. In
applied to hydrogen adsorption on-top of &001) mono-  order to arrive at an orbital space partitioning scheme which
layer may very well be related to a largenplicit) geometri-  is well suited for embedding, it turned out to be extremely
cal extension of the subspate which is assigned to the important, especially for total energy calculations on metal
embedded Li cluster, and further investigations seem necesost systems, to reduce as much as possible the spurious
sary to characterize the type of host systems which may bgdmixtures of virtual orbitals. These contaminations of the
treated successfully with the method of Head. density matrix are unavoidably introduced if one implements
The second aspect which has to be taken into account ke fundamental embedding assumption by means of orbital
that the projectors?,.. and P, depend on the electronic space partitioning. A special orthogonalization scheme,
structure of the system considered. Therefore the SUbSpaC@med “class orthogona”zation,” has been emp|oyed to
U andV, which have been set up for the unperturbed referminimize these undesirable consequences, and it was found
ence system, will in general no longer be perfectly invarianthat performing the orbital space partitioning in such a class
under P, once the defect is introduced. Without specific orthogonalized basis set yields the best results with respect to
tests it is hard to judge to which extent this will influence thethe spurious virtual orbital admixtures.
validity of Eq. (24). If the electronic structure of the defect Defect induced charge rearrangemémtd related quan-
system is treated within the constrained SCF approach agties) were found to be almost perfectly reproduced by a
done in Ref. 63, the block diagonal form of the matfy..  cluster-in-cluster embedding calculation based on the class
[Eq. (23)] is guaranteed and no problems arise with @4).  orthogonalization partitioning scheme. The fundamental em-
On the other hand, if some Coupling between orbitals of th%eddmg assumption is Obvious|y well-suited for that pur-
embedded cluster and orbitals of the indented host crystal iﬁose_ However, as far as the energetics and the geometry of
allowed before the fundamental embedding assumption isthe defect systems investigated is concerned, we found that
applied, there will most likely be high-energy virtual orbital the embedding calculations did not perform any better than
admixture in the density matrix again. To our understandingstraightforward nonembedded cluster model calculations for
only a strictly variational approadltike the constrained SCF  the defect system. Although minimized by the class orthogo-
schem&) is able to yield regional orbital contributions) nalization, an effect of the virtual orbital admixtures on the
and ¢y (or ¢57 and ) which are fully consistent with the total energy, of the order of a few tenths of an electron volt,
density matrix resulting from the fundamental embeddingseems to remain. Thus accuracy is not improved beyond that
assumption, and which therefore rules out any spurious Virof nonembedded cluster models of comparable size which
tual orbital admixtures. However, a strictly variational are genera”y Computationa”y far less demanding than the
scheme whichin contrast to the constrained SCF approach corresponding embedded cluster models. Well developed
also allows orbital coupling between the central region andyuantum chemistry computer codes for clusters and mol-
its environment does not seem easy to design. ecules are available that have been optimized for their task.
Alternatively, one may resort to supercell calculations, em-
ploying one of the codes designed for periodic boundary
conditions. Thus, for solving practical problems, one may
In specific implementations of embedding schemes it iyuestion the virtue of embedding schemes based on orbital
generally difficult, if not impossible, to separate numericalspace partitioning.
and computational approximations from those approxima- In this discussion, one has to keep in mind that the de-
tions which arise from the fundamental embedding assumpgree of approximation introduced by the fundamental em-
tions of the underlying method. The former type of approxi-bedding assumption strongly depends on the amount of vir-
mations are introduced to simplify the algorithm or to savetual orbital admixtures. Hence, host crystals with a large
computer time; in principle, they can be eliminated as far asand gap will be much less affected than semiconductors or
necessary. On the other hand, the latter approximations hawwen metals, and metals with a low density of states near the
to be regarded as intrinsic to an embedding formalism. Theyermi level will be less sensitive to the orbital space parti-
limit the overall accuracy of an embedding scheme, and thugoning than metals like aluminum. Of course, the influence

VIl. SUMMARY AND CONCLUSIONS
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