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A new computational method for electronic-structure studies of molecules and solids is presented.


The key element in the new model – denoted the perturbed atoms in molecules and solids model
 – is the concept of a perturbed atom in a complex. The basic approximation of the new model is
 unrestricted Hartree Fock (UHF). The UHF orbitals are localized by the Edmiston-Ruedenberg pro-
 cedure. The perturbed atoms are defined by distributing the orbitals among the nuclei in such a way
 that the sum of the intra-atomic UHF energies has a minimum. Energy corrections with respect to
 the UHF energy, are calculated within the energy incremental scheme. The most important three-
 and four-electron corrections are selected by introducing a modified geminal approach. Test cal-
 culations are performed on N2, Li2, and parallel arrays of hydrogen atoms. The character of the
 perturbed atoms is illustrated by calculations on H2, CH4, and C6H6.© 2013 AIP Publishing LLC.


[http://dx.doi.org/10.1063/1.4818577]


I. INTRODUCTION


The atomic hypothesis of Democritus, refined and con-
 firmed by the work of Dalton and Boltzmann in the 19th cen-
 tury, is perhaps one of the most fruitful scientific ideas ever
 formulated. Feynman1 asks the following question in vol-
 ume one of his well-known booksThe Feynman Lectures on
 Physics. What statement would contain most information in
 the fewest words? His answer is the following: “I believe it
 is theatomic hypothesis – that all things are made of atoms
 – little particles that move around in perpetual motion, at-
 tracting each other when they are a small distance apart, but
 repelling upon being squeezed into each other. In that one
 sentence there is an enormous amount of information about
 the world, if just a little thinking and imagination are applied.”


In chemistry and physics, a huge body of experimental
 results can be interpreted by the notion that matter consists of
 atoms. In spite of this tremendous success, the fundamental
 theory of chemistry – quantum mechanics – cannot rigorously
 support the notion of a well-defined state of an atom in a com-
 plex. The reason is easy to understand. Quantum mechanics
 is a holistic theory. Hence, even the states of non-interacting
 subsystems in a complex – if previously entangled – are not
 defined. A trivial case is the dissociation of the hydrogen
 molecule in the ground state. This particular feature of quan-
 tum mechanics is usually denoted Einstein-Podolsky-Rosen
 correlations.2Nevertheless, we do not consider a proper wave
 function for the whole universe. Non-interacting complexes
 are described by simple products of wave functions.


The first attempt to identify an atomic state in a molecular
 wave function can be traced back to the work of Moffitt.3By
 using properly antisymmetrized product functions of atomic
 wave functions for the isolated subsystems as zero-order func-
 tions, he suggested in principle a perturbation approach for


a)Electronic mail: inge.roeggen@uit.no


the molecular problem where the interaction between the
 atoms was treated as a perturbation. In this approach, the
 atoms in a sense keep their individuality during molecular for-
 mation. However, it seems to be extremely difficult to apply
 this approach to a solid.


The one-electron density is the basis for several ap-
 proaches defining atoms in a complex. In density functional
 theory,4–8 an atom in a molecule is defined by the following
 suppositions: First, the sum of atomic densities is equal to the
 molecular density. Second, the atoms are minimally promoted
 from their ground state. Third, the atoms in the molecule have
 equal chemical potentials. By using this approach, Palke5and
 Guse6 have performed calculations identifying the hydrogen
 atom in the hydrogen molecule. Rychlewski and Parr9 in-
 troduced a wave function approach for defining an atom in
 molecule. Their approach was restricted to homonuclear di-
 atomic molecules.


Bader and co-workers10–17define atoms in a molecule by
 partitioning the one-electron density. The key element is the
 zero-flux condition yielding closed surfaces separating differ-
 ent parts of the real space. In this approach, an atom is a region
 of the real space that contains a single nucleus. Properties
 of the atoms, such as electron population and energies, can
 then be calculated by integrating over the appropriate part of
 the real space. Bader’s10–17 theory makes it also possible to
 obtain a unique network of bonds for each geometry. This
 network is represented by a molecular graph. A molecu-
 lar structure is defined as an equivalence class of molecular
 graphs. Bader’s10–17 definition of an atom in a molecule is
 both creative and fruitful. However, it is very different from
 the common connotation that an atom is many-particle system
 comprising a nucleus and a number of electrons.


The present work has its origin in a conviction that the
 most appropriate root function in anab initio calculation of
 the electronic structure of a complex, is likely to be based
 on one spatial orbital for each valence electron participating
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(3)in the bonding. Hence, the bonding electrons should ideally
 be associated with a group function of the spin optimized
 Hartree-Fock (SOHF) type.18–20All possible fragmentation of
 a complex can be qualitatively correctly described by this type
 of wave function. Furthermore, for a huge class of molecules
 and solids, the SOHF-orbitals are essentially distorted or per-
 turbed atomic type orbitals. Accordingly, they can be assigned
 to the atoms of the complex. Unfortunately, the determination
 of the SOHF group function is numerically very demanding
 for electron groups with more than a few electrons, and prac-
 tically impossible for electron groups with more than, say,
 14–16 electrons.20In this work, we will therefore adopt a sim-
 pler procedure.


The basic approximation of the new model is unrestricted
 Hartree-Fock (UHF). The UHF orbitals can describe qualita-
 tively any partitioning of a complex into fragments since there
 is a separate spatial orbital for each electron. In order to define
 atoms in a complex, the UHF orbitals have to be localized.


The localized orbitals are chosen as the orthogonal Hartree
 orbitals which are expressed in terms of the optimized UHF
 orbitals. The orbitals obtained by this procedure are attributed
 to the nuclei in such a way that the sum of the intra-atomic
 components of the UHF energy has a minimum. A nucleus
 and the attributed localized UHF orbitals, are then denoted
 a perturbed atom of the complex in question. The perturbed
 atom can be a neutral entity or an ion.


As in the energy incremental method,21–26we include in
 an additive way intra-atomic correlation energy, diatomic cor-
 relation energy, and if necessary polyatomic correlation cor-
 rections.


Within this framework, a complex may be considered
 as a collection of interacting perturbed atoms. This model is
 therefore denoted the PATMOS model (Perturbed AToms in
 MOlecules and Solids).


In this work, we will argue that the concept of perturbed
 atoms in a complex can be useful in different ways. It can
 serve interpretative purposes and simplify electronic structure
 calculations.


The preliminary version of the model is restricted to the
 ground state of a complex.


The structure of the article is as follows. SectionIIis de-
 voted to the theoretical framework, i.e., defining the model.


SectionIIIis concerned with UHF applied to extended sys-
 tems. In Sec. IV, we present some test calculations related
 to the accuracy of the model. The character of the perturbed
 atoms is illustrated by calculations on the hydrogen molecule,
 methane, and benzene in Sec.V.


II. THE PATMOS MODEL


The PATMOS model is based on three basic assumptions.


First, the root function is a UHF wave function. Second, a
 specific localization scheme for the UHF orbitals allowing
 the definition of perturbed atoms. Third, the energy incre-
 mental scheme.21–26 The total energy is written as a sum of
 intra-atomic terms, diatomic terms, and so on. At the highest
 level, the model is equivalent to a full configuration interac-
 tion (FCI) model. The FCI level is of course of limited in-


terest. In practice, it can never be reached except for systems
 with very few electrons and/or small basis sets.


A. Determination of the PATMOS orbitals


Localization of the UHF orbitals is a key issue in our
 approach. There are several localization scheme which can
 be used for obtaining localized orbitals. The Boys localiza-
 tion scheme,27the Pipek-Mezey scheme,28and the Edmiston-
 Ruedenberg scheme29are the most commonly adopted ones.


These localization schemes give typically very similar results.


The main difference is that the Pipek-Mezey scheme does
 not mixσ- andπ-type orbitals. In this work, we prefer the
 Edmiston-Ruedenberg scheme since it is equivalent to obtain-
 ing a set of basis set restricted Hartree orbitals.


1. A basis set restricted Hartree model


Let{ψiUHF;α; 1≤i≤Nα}and{ψiUHF;β; 1≤i≤Nβ}de-
 note, respectively, the optimizedα- andβ-type UHF orbitals.


Similarly, we have Hartree orbitals:{ψiH;α; 1≤i≤Nα}and
 {ψiH;β; 1≤i≤Nβ}. The basis set restricted Hartree orbitals
 are orthonormal, and they are expressed in terms of the UHF
 orbitals by a unitary transformation


ψiH;α=


Nα





k=1


UαkiψkUHF;α, (1)


and


ψiH;β =


Nβ





k=1


UβkiψkUHF;β. (2)


The Hartree wave function and the corresponding Hartree
 energy


Hartree=
 N


α


i=1


ψiH;α
  ⎛


⎝


Nβ





j=1


ψjH;β


⎞


⎠, (3)


EHartree =


Nα





i=1


ψiH;α|hψiH;α +


Nβ





i=1


ψiH;β|hψiH;β
 +


Nα





i=1
 Nβ





j=1


ψiH;αψiH;αψjH;βψjH;β


+


Nα





i<j


ψiH;αψiH;αψjH;αψjH;α


+


Nβ





i<j


ψiH;βψiH;βψjH;βψjH;β


. (4)


In Eq.(4),hdenotes the one-electron Hamiltonian, and
 Mulliken notation is adopted for the two-electron integrals.


Since the first three sums in Eq.(4)are invariant by unitary
transformations, it follows that minimizingEHartreeis equiva-
lent to minimizing the Coulombic repulsion energies associ-
ated with each set of Hartree orbitals. Hence, the basis set



(4)restricted Hartree orbitals are identical to the localized or-
 bitals obtained by the Edmiston-Ruedenberg localization
 scheme.


2. Definition of perturbed atoms


By having constructed and tested several approaches for
 defining perturbed atoms in a complex, we arrived at the fol-
 lowing unequivocal procedure based on minimizing the sum
 of the intra-atomic components of the UHF energy with re-
 spect to the distribution of localized spin orbitals:


EintraUHF=


Natoms


A=1


 NA
 α


i=1


ψiA;α|hAψiA;α +


NβA





i=1


ψiA;β|hAψiA;β
 +


NαA





i<j


ψiA;αψiA;αψjA;αψjA;α


−


ψiA;αψjA;αψiA;αψjA;α
 +


NβA





i<j


ψiA;βψiA;βψjA;βψjA;β


−


ψiA;βψjA;βψiA;βψjA;β
 +


NαA





i=1
 NβA





j=1


ψiA;αψiA;αψjA;βψjA;β


, (5)


wherehAis the one-electron Hamiltonian associated with nu-
 cleusA, chargeZA, and nuclear positionRA, i.e.,


hA(r)= −1


2∇2− ZA


|RA−r|. (6)
 The spin orbitals {ψiA;α; 1≤i≤NαA} and {ψiA;β; 1≤i


≤NβA}are localized spin orbitals associated with nucleusA.


The minimization procedure runs over all possible distri-
 butions of the spin orbitals with respect to the nuclei. To each
 distribution of the spin orbitals, there is associated a value of
 the functionalEintraUHF. The optimal distribution is then the one
 which has the lowest value of EUHFintra. This particular distri-
 bution defines the perturbed atoms. A perturbed atom is then
 characterized by a nucleus and a set of spin orbitals, i.e., a set
 ofα-type orbitals and/or a set ofβ-type orbitals. The number
 of spin orbitals associated with each nucleus, i.e.,NαA+NβA,
 determines whether the perturbed atom is a neutral entity or
 an ion.


The number of different distributions of the spin orbitals
 might be huge for a large molecule. However, in practice only
 a small fraction needs to be considered. First, we start by cal-
 culating the charge centroids of the spin orbitals. Then we cal-
 culate the distance between a charge centroid and the position
 of all nuclei. The spin orbital in question is then associated
 with the closest nucleus, but with a restriction that a neutral
 molecule should have neutral atoms in the initial distribution.


Second, the core orbitals are kept fixed. Interchanging core
 orbitals between atoms yields a distribution far away from
 the optimal distribution. Third, a procedure for interchanging


and/or shifting valence orbitals between neighbouring nuclei
 yields the optimal distribution.


An example: For the equilibrium structure of the N2


molecule, the Edmiston-Ruedenberg localization yields three
 equivalent α type bond orbitals and three equivalentβ type
 bond orbitals. The spatial parts of these orbitals coincide pair-
 wise, i.e., overlap completely, but this does not affect the min-
 imization procedure. With three orbitals on each nucleus, we
 can for these six spin orbitals construct 20 (6!/(3!)2) differ-
 ent distributions. Among these distributions, there will be two
 different distributions corresponding to the lowest value of
 EintraUHF: threeα-type orbitals on one nucleus and threeβ-type
 orbitals on the other or vice versa. The 18 distributions char-
 acterized by a mixture ofα- andβ-type orbitals on each nu-
 cleus, have higher values ofEintraUHF. We can choose either of the
 optimal distributions. When the spatial orbitals of anαβ-pair
 starts to split, then there will be just one distribution corre-
 sponding to the minimum.


We would also like to stress that the valence orbitals as-
 sociated with a nucleus are not localized on this nucleus in
 a strict sense of the word. However, they are essentially lo-
 calized in the region between the nucleus in question and the
 nearest neighbouring nuclei, see Fig.4, the benzene case dis-
 cussed in Sec.V C. But the localized orbitals have the proper


“asymptotic” character, i.e., they move with the nuclei in a
 fragmentation or dissociation process, see Fig.2in Sec.V A.


Our definition of the perturbed atoms depends on the
 chosen localization procedure, i.e., the Edmiston-Ruedenberg
 procedure. In principle, it is possible to eliminate this de-
 pendence on the localization scheme. By having obtained the
 atoms as described, we can minimizeEintraUHFfurther by rotat-
 ing localized orbitals belonging to different atoms. Contrary
 to the advocated approach, this improved procedure will also
 change the orbitals. The suggested procedure is computation-
 ally complicated, but feasible. It will be explored in future
 works.


B. Intra-atomic correlation terms
 1. The general solution


LetHdenote the Hamiltonian of aN-electron complex
 where only Coulombic interactions are included


H=
 N


i=1


h(ri)+
 N


i<j


1
 rij


, (7)


h(r)= −1
 2∇2−


Natoms


A=1


ZA


|RA−r|. (8)
 In Eqs.(7)and(8), the symbols have their standard mean-
 ing. The UHF wave function is in our spin orbital notation


UHF= 1


√N!det{ψ1ψ2. . . ψN}, (9)
 and the corresponding UHF energy


EUHF= UHF|HUHF. (10)



(5)In solving the Hartree-Fock problem, we also obtain a
 set of virtual spin orbitals {ψa;N+1≤a≤M}, whereMis
 twice the number of spatial basis functions. Leta(A;i1


1)denote
 a Slater determinant where the occupied spin orbitalψiA


1 is re-
 placed by the virtual orbitalψa1,a(A;i1a2


1i2)a Slater determinant
 where the two occupied spin orbitalsψiA


1 andψiA


2 are replaced
 by, respectively, the virtual orbitalsψa1 andψa2, and similar
 for higher order excitations associated with atomA. The FCI
 expansion for intra-atomic correlation for atomAhas then the
 following form:


AFCI=c0UHF+


NA





i1=1


M
 a1=N+1


cai1


1a(A;i1


1)


+


NA





i1<i2


M
 N+1≤a1<a2


cai1a2


1i2a(A;i1a2


1i1)


+. . .+


M
 N+1≤a1<a2<...<aN A


ca1a2...aN A


1,2,...,NAa1a2... aN A


(A;1,2,...,NA).(11)
 The coefficients of Eq.(11)is in principle determined by the
 FCI eigenvalue equation


HAFCI=λFCIA AFCI. (12)
 The intra-atomic correlation energy is defined as


EFCIA =λFCIA −EUHF. (13)
 It is well known that the solution of Eq.(12), from a com-
 putational point of view, is impossible except for systems with
 a small number of electrons and/or a small basis sets. Hence,
 approximative solutions of this equation are of paramount
 importance.


2. Numerical models


There are two problems to be attacked: to reduce the large
 number of virtual orbitals and to select a feasible correlation
 method. We will first address the basis set problem.


By construction, the occupied orbitals of atom A, i.e.,
 {ψiA; 1≤i≤NA}, are localized in the vicinity of the nu-
 cleus of atomA. Hence, intra-atomic correlation can to a very
 good approximation be described by a modified one center
 expansion.


In the following, we have to distinguish betweenαand
 β type spin orbitals. The spatial part of these orbitals are de-
 noted, respectively,{ψiα; 1≤i≤Nα}and{ψiβ; 1≤i≤Nβ}.


We define a modified set of one-center functions for virtualα
 type orbitals


ˆ


χμA=χμA−Poccα χμA, 1≤μ≤mA. (14)
 In Eq.(14),{χμA; 1≤μ≤mA}is the basis function centered
 on nucleus A, andPoccα is the projection operator defined by
 the occupiedαtype orbitals, i.e.,


Poccα =


Nα





i=1


|ψiαψiα|. (15)


We then diagonalize the overlap matrix (χˆμA|χˆνA), and select
 the eigenfunctions corresponding to the (mA−NαA) largest
 eigenvalues (NαAis the number ofαtype spin orbitals of atom
 A). By this procedure, we obtain the same number of virtualα
 type spin orbitals as we have for the isolated atom. The virtual
 orbital space for the atom in the complex is (slightly) distorted
 compared with the virtual space for the isolated atom. How-
 ever, this distortion is in a sense a physical effect. It is due
 to the presence of the partner atoms. We can also notice that
 this procedure will eliminate a basis set superposition error
 (BSSE) at the correlation level. The virtualβtype orbitals are
 obtained in a similar way.


As for an electron correlation method, there are several
 options: perturbation theory, conventional configuration inter-
 action, coupled cluster methods, and the energy incremental
 scheme. In the first version of the computational implementa-
 tion of the PATMOS model, we choose the energy incremen-
 tal scheme. We shall use a modification of Nesbet’s21original
 formulation of the energy incremental scheme. In Nesbet’s21
 approach, the correlation energy is a sum of one-electron cor-
 rections, two-electron corrections, three-electron corrections,
 and so on. For anN-electron system with UHF wave function
 UHF=det{ψ1ψ2. . . ψN}, (16)
 and where {ψi; 1≤i≤N} are the occupied spin orbitals, the
 correlation energy is simply written as


corr=
 N


i=1


i+
 N


i<j


ij +
 N
 i<j <k


ij k+
 N
 i<j <k<l


ij kl+ · · ·.
 (17)
 The energy corrections are obtained by partial FCI calcula-
 tions, i.e., one-electron FCI calculations, two-electron FCI
 calculations, and so on. For a fully optimized UHF root func-
 tion, the orbital corrections {i; 1≤i≤N} are zero.


One problem with a straightforward application of this
 approach is the huge number of FCI calculations which are
 required. Furthermore, a large number of three- and four-
 electron corrections are very small. Hence, they can be ne-
 glected. In this work, we shall devise a computational strat-
 egy where we include the most important of the three- and
 four-electron corrections. A key element in this computa-
 tional scheme is the introduction of UHF geminals. Our
 approach has strong similarity to the extended geminal mod-
 els introduced by Røeggen22,26 and the form of the incre-
 mental scheme advocated by Stoll and co-workers23–25 for
 closed shell systems. The more recent work by Bytautas and
 Ruedenberg30is also relevant in this context.


For atomA, we have an effective Hamiltonian
 HAeff=


NA





i=1


hAeff(ri)+


NA





i<j


1


rij, (18)
 where the effective one-electron Hamiltonian is given by


hAeff(ri)=h(ri)+


Natoms


B=A
 NB





j=1


(JBj −KBj). (19)
In Eq.(19),h(ri) is the one-electron for the complex consid-
ered, i.e., Eq.(8), andJBj andKBj are, respectively, Coulomb



(6)and exchange operators derived from the spin orbital ψjB of
 atomB. The UHF wave function for atomAis written as


AUHF=det


ψ1A,αψ1A,β. . . ψNA,αA
 β


ψNA,βA
 β


ψNA,αA


β+1. . . ψNA,αA
 α





=det


⎧⎨


⎩


⎛


⎝


NβA





r=1


UHFA;r


⎞


⎠ψNA,αA


β+1. . . ψNA,αA


α


⎫⎬


⎭. (20)
 In Eq. (20),{ψiA,α; 1≤i≤NαA}denote theα-type spin or-
 bitals and {ψjA,β; 1≤j ≤NβA} the β-type spin orbitals of
 atomA. Furthermore, we assumeNαA> NβA. The UHF gemi-
 nalUHFA;r is simply the product function


UHFA;r =ψrA,αψrA,β. (21)
 The ordering of the orbitals is such that we have a maximum
 overlap between the spatial orbitals of the spin orbitals of a
 geminal.


One- and two-electron corrections are calculated as in
 the original Nesbet’s scheme. By using the general spin or-
 bital notation, i.e., not distinguishing betweenαandβ spin
 orbitals, we have the following expansion for the correction
 of spin orbitalψj:


A;jFCI=c0AUHF+
 virt


a


caja(A;j), (22)
 where the sum runs over the orbitals in the modified virtual
 spaces, anda(A;j)is a Slater determinant where the occupied
 orbitaljis replaced by the virtual orbitala. The corresponding
 eigenvalue equation


HAeffA;jFCI=λFCIA;jA;jFCI. (23)
 The orbital correction


corrA;j =λFCIA;j−EAUHF, (24)
 where


EAUHF= AUHF|HAeffAUHF. (25)
 The two-electron correction A;ijcorr is derived from the
 expansion


A;ijFCI =c0AUHF+
 virt


a


caia(A;i)+
 virt


a


cjaa(A;j)


+
 virt
 a<b


cijabab(A;ij). (26)


The corresponding eigenvalue equation


HAeffA;ijFCI =λFCIA;ijA;ijFCI. (27)
 Two-electron correction


A;ijcorr =λFCIA;ij −EUHFA −A;icorr−A;jcorr. (28)
 When NαA−NβA≥3, there are two different sets
 of three-electron corrections: intra-“valence” and geminal-


“valence” corrections. In a general spin orbital notation, we
 have in both case, a three-electron cluster associated with
 occupied orbitals {ψiA, ψjA, ψkA}. In order to obtain a com-
 putational feasible scheme, we perform a truncation of the


virtual space. This can be done by expressing the wave func-
 tions A;ijFCI in terms of natural orbitals (NOs) and select the
 most important NOs. For the three-electron cluster (i,j,k),
 we construct different sets of NOs which we merge into one
 set ofα-type virtual orbitals and of one set ofβ-type virtual
 orbitals. A detailed description of this procedure is given in
 SubsectionII G. In this truncated virtual space, we recalcu-
 late one- and two-electron corrections: {˜corrA;i,˜A;jcorr,˜A;kcorr}and
 {˜corrA;ij,˜A;ikcorr,˜corrA;j k}. For the three-electron cluster (i,j,k), we
 have the following FCI equation:


HAeff˜A;ij kFCI =λ˜FCIA;ij k˜A;ij kFCI . (29)
 The wave function ˜A;ij kFCI is just an extension of Eq.(26)in-
 cluding triple excitations. The∼sign implies that all terms
 refer to the truncated virtual space. The three-electron corre-
 lation correction for this particular cluster


A;ij kcorr =λ˜FCIA;ij k−EUHFA −˜A;icorr−˜A;jcorr−˜A;kcorr


−˜corrA;ij −˜A;ikcorr −˜A;j kcorr. (30)
 For the inter-geminal corrections, we calculate correc-
 tions which also include the appropriate three-electron cor-
 rections. For the four-electron cluster associated with geminal
 product


UHFA;r UHFA;s =ψrA,αψrA,βψsA,αψsA,β =ψiψjψkψl, (31)
 we construct the relevant set of NOs and recalcu-
 late one- and two-electron corrections within the
 truncated virtual space: {˜A;icorr,˜A;jcorr,˜A;kcorr,˜A;lcorr} and
 {˜corrA;ij,˜A;ikcorr,˜corrA;il,˜A;j kcorr,˜A;j lcorr,˜A;klcorr}. For the four-electron
 cluster (i,j,k,l), we have the following FCI equation:


HAeff˜A;ij klFCI =λ˜FCIA;ij kl˜A;ij klFCI . (32)
 The wave function ˜A;ij klFCI is an expansion comprisingAUHF
 and the determinants obtained by all single, double, triple, and
 quadruple excitations from (i,j, k,l) into the truncated vir-
 tual space. The inter-geminal correction, including all three-
 electron corrections for this cluster and the four-electron cor-
 rection, is given by


A;(gem,r),(gem,s)corr


=λ˜FCIA;ij kl−EAUHF−˜A;icorr−˜corrA;j −˜A;kcorr−˜A;lcorr


−˜A;ijcorr−˜A;ikcorr −˜corrA;il−˜A;j kcorr −˜A;j lcorr −˜A;klcorr. (33)
 The total correlation energy for atomAis then given by
 the following approximation:


EAcorr=


NA





i=1


corrA;i +


NA





i<j


corrA;ij +


NαA





NβA<i<j <k


A;ij kcorr


+


NβA





r=1
 NαA





i=NβA+1


A;(gem,r);icorr +


NβA





r<s


corrA;(gem,r),(gem,s). (34)
 The third sum in Eq. (34)is included only whenNαA−NβA


≥3, the fourth sum only whenNβA≥1 andNαA> NβA, and
the last term only whenNβA≥2. In the case whenNβA> NαA,
we just interchange the role ofαandβspin orbitals.



(7)C. Diatomic correlation terms
 1. The general solution


LetABFCI represent the FCI expansion where we include
 all possible excitations from the occupied orbitals of both
 atomsAandB. The corresponding FCI equation


HABFCI=λFCIABABFCI. (35)
 The interatomic correlation energy for the cluster (A,B) is
 then simply


EABFCI=λFCIAB−EUHF−EAFCI−EBFCI. (36)
 In Eq. (36),EAFCI and EFCIB are the intra-atomic correlation
 energy defined in Sec.II B 1.


As in the intra-atomic case, we must in practical calcu-
 lations reduce the number of virtual orbitals and choose an
 appropriate model for approximating the FCI energy.


2. Numerical models


The occupied orbitals of atomsAandBare localized in
 the vicinity of the nuclei AandB. Hence, it is sufficient to
 include virtual orbitals located in the same part of the physical
 space. Our procedure is a simple extension of the approach
 discussed in detail in Sec. II B 2. We have now two sets of
 modified one-center functions


ˆ


χμA=χμA−Poccα χμA, 1≤μ≤mA, (37)
 ˆ


χνB =χνB−Poccα χνB, 1≤ν≤mB. (38)
 We diagonalize the overlap matrix generated by the functions
 defined in Eqs.(37)and(38). Then we select the eigenfunc-
 tions corresponding to the (mA+mB−NαA−NαB) largest
 eigenvalues. These functions are the spatial parts of theαtype
 virtual orbitals for the diatomic cluster (A,B). A similar ap-
 proach yields theβtype virtual spin orbitals.


In order to calculate the diatomic correlation energy, we
 have to adopt a size-extensive correlation method. As in the
 intra-atomic case, we choose for the first implementation of
 the PATMOS model, the energy incremental scheme.


It is convenient to introduce an effective Hamiltonian for
 the diatomic cluster (A,B)


HABeff =


NA+NA
 i=1


hABeff(ri)+


NA+NA
 i<j


1
 rij


, (39)
 where the effective one-electron Hamiltonian is given by


hABeff (ri)=h(ri)+


Natoms


C=A,B
 NC





j=1


(JCj −KCj). (40)
 In Eq. (40), h(ri) is the one-electron Hamiltonian defined
 in Eq. (8), and JCj and KCj are, respectively, Coulomb and
 exchange operators derived from the spin orbital ψjC of
 atomC.


The non-paired spin orbitals of atomsAandB, Eq.(20),
 are either of equal spin type, or different spin types. We con-
 sider first the case when we have equal type of spin orbitals,


sayαtype spin orbitals. The UHF wave function for cluster
 (A,B) is then written as


ABUHF=det


ψ1A. . . ψNAAψ1B. . . ψNBB





=det
  ⎛


⎝


NβA





r=1


UHFA;r


⎞


⎠ψNA,αA


β+1. . . ψNA,αA
 α


×


⎛


⎝


NβB





s=1


UHFB;s


⎞


⎠ψNB,αB


β+1. . . ψNB,αB
 α





. (41)
 The UHF geminals are defined in Eq.(21).


The interatom two-electron corrections are calculated as
 in the intra-atomic case with appropriate change of Hamilto-
 nian and virtual space. The two-electron correction associated
 with the occupied orbitalsψiAandψjB is denoted(A,i);(B,j)corr .


There are four different groups of three-electron correc-
 tions to be considered. They are associated with the following
 sets of occupied orbitals:


ψiA,α, ψjA,α, ψkB,α


;NβA< i < j≤NαA;NβB < k≤NαB
 ,
 ψiA,α, ψjB,α, ψkB,α


;NβA< i≤NαA;NβB < j < k≤NαB
 ,
 UHFA,r , ψkB,α


; 1≤r≤NβA;NβB< k≤NαB
 ,
 ψiA,α, UHFB,s 


;NβA< i≤NαA; 1≤s≤NβB
 .
 The procedure for calculating the three-electron correction is
 analogous to the one adopted for the intra-atomic case. We
 select appropriate NOs based on two-electron FCI wave func-
 tions, construct a linear independent set of orbitals, and cal-
 culate the relevant FCI eigenvalues. The corresponding cor-
 rection terms are denoted, respectively,(A,ij);(B,k)corr ,(A,i);(B,j k)corr ,
 (A;(gem,r));(B,k)corr ,(A,i);(B;(gem,s))corr .


The interatomic inter-geminal correction are related
 to the geminal products{UHFA,r UHFB,s ; 1≤r≤NβA; 1< s


≤NβB}. The procedure for the calculation of these cor-
 rections is also in this case analogous to the one used
 in the intra-atomic case. The corrections are denoted
 {corr(A;(gem,r));(B;(gem,s)); 1≤r≤NβA; 1< s≤NβB}.


When the non-paired spin orbitals are of different types,
 i.e., α type and β type or vice versa, the computational
 procedure for the three- and four-electron terms will be
 slightly different than the one described for the case of equal
 spin type orbitals. We assume for simplicity that NαA−NβA


> NβB−NαB>0. The UHF wave function for (A,B) can in
 this case be written as


ABUHF =det
  ⎛


⎝


NβA





r=1


UHFA;r


⎞


⎠


⎛


⎝


NαB





s=1


UHFB;s


⎞


⎠


×


⎛


⎝


NgemAB





t=1


UHFAB;t


⎞


⎠ψNA,αA


β+NgemAB+1. . . ψNA,αA
 α



. (42)




    
  




      
      
        
      


            
    
        Referanser

        
            	
                        
                    



            
                View            
        

    


      
        
          

                    Last ned nå ( PDF - 19 sider - 593.32 KB )
            

      


      
      
        
  RELATERTE DOKUMENTER

  
    
      
          
        
            08-01463
        
      

        As part of  enhancing the EU’s role in both civilian and military crisis management operations, the EU  therefore elaborated on the CMCO concept as an internal measure for

    
      
          
        
            13-01501
        
      

        Here the original Axelsson  model and the Modified Stuhmiller model were in best agreement, which could indicate that chest  wall velocity is a better injury parameter than

    
      
          
        
            1712602
        
      

        In April 2016, Ukraine’s President  Petro Poroshenko, summing up the war experience thus far, said that the volunteer battalions  had taken part in approximately 600 military

    
      
          
        
            17-00069
        
      

        This report documents the experiences and lessons from the deployment of operational  analysts to Afghanistan with the Norwegian Armed Forces, with regard to the concept, the main

    
      
          
        
            1812504
        
      

        Based on the above-mentioned tensions, a recommendation for further research  is to examine whether young people who have participated in the TP influence  their parents and peers in

    
      
          
        
            845853
        
      

        Azzam’s own involvement in the Afghan cause illustrates the role of the in- ternational Muslim Brotherhood and the Muslim World League in the early mobilization. Azzam was a West

    
      
          
        
            A creature of its time: the critical history of the creation of the British NHS
        
      

        There had been an  innovative report prepared by Lord Dawson in 1920 for the Minister of  Health’s Consultative Council on Medical and Allied Services, in which he  used his

    
      
          
        
            The beginning of the NHS – and the impact on Norwegian health care
        
      

        The ideas launched by the Beveridge  Commission in 1942 set the pace for major reforms in post-war Britain, and  inspired Norwegian welfare programmes as well, with gradual

      



      

    

    
            
                        
             Last opp dine studiemateriell for å laste ned alle dokumenter.

            
              

                        
  

                
            
            
        
        Last opp
                

            Dokumentet ditt vil bli beriket, delt på 9PDF NO for å hjelpe til med studiene.

          

                    
      
  RELATERTE DOKUMENTER

  
          
        
    
        
    
    
        
            1551065
        
        
            
                
                    
                    20
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            12-00955
        
        
            
                
                    
                    35
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            09-01265
        
        
            
                
                    
                    40
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            08-01915
        
        
            
                
                    
                    55
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            07-00070
        
        
            
                
                    
                    40
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            05-00376
        
        
            
                
                    
                    36
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            1290063
        
        
            
                
                    
                    21
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

          
        
    
        
    
    
        
            13-00131
        
        
            
                
                    
                    27
                

                
                    
                    0
                

                
                    
                    0
                

            

        

    


      

      


              
          
            
          

        

          

  




  
  
  
    
      
        Bedrift

        	
             Om Oss
          
	
            Sitemap

          


      

      
        Kontakt  &  Hjelp

        	
             Kontakt Oss
          
	
             Feedback
          


      

      
        Juridisk

        	
             Vilkår For Bruk
          
	
             Retningslinjer
          


      

      
        Social

        	
            
              
                
              
              Linkedin
            

          
	
            
              
                
              
              Facebook
            

          
	
            
              
                
              
              Twitter
            

          
	
            
              
                
              
              Pinterest
            

          


      

      
        Få våre gratisapper

        	
              
                
              
            


      

    

    
      
        
          Skoler
          
            
          
          Emne
                  

        
          
                        Språk:
            
              Norsk
              
                
              
            
          

          Copyright 9pdf.net © 2024

        

      

    

  




    



  
        
        
        
          


        
    
  
  
  




     
     

    
        
            
                

            

            
                                 
            

        

    




    
        
            
                
                    
                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                        
                            
  

                            

                    

                    
                        

                        

                        

                        
                            
                                
                                
                                    
                                

                            

                        
                    

                    
                        
                            
                                
  

                                
                        

                        
                            
                                
  

                                
                        

                    

                

                                    
                        
                    

                            

        

    


