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Summary. We consider various possibilities for the uncorrelated reference for
the calculation of properties. According to the philosophy of Léwdin, to whom
this volume is dedicated, the uncorrelated reference state for response properties
ought to be taken as the unperturbed Hartree—Fock state for properties of all
orders in the applied field. Frequently, however, it is operationally convenient to
use the coupled Hartree—Fock like results as a standard of comparison for
second- and higher-order properties, even though this is not consistent with
Lowdin’s choice for the uncorrelated reference state. In this method the reference
state is the perturbed Hartree—Fock state. Numerical examples demonstrate a
rather large difference between the two uncorrelated references. We consider the
pros and cons of each choice.
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1. Introduction

Perhaps the premier persistent problem confronting formal and computational
quantum chemistry over the past two score years is that of electron correlation.
The first thorough analysis of the effect of correlation on a calculated property,
energy, was provided by Loéwdin in the series of papers [1-3] to which this
volume is dedicated, and in an extension [4] to it. Here he introduced a strict and
logical definition of the correlation energy. He was aided by the variation
principle, which guarantees that more accurate wavefunctions lead to not higher
total energies, the result of a better description of the correlation (the compli-
cated motions electrons may undergo in their attempts to avoid one another). .
There is, however, no analog of the variation principle which is useful for
properties other than total energy, although the flexibility of the wave function
obviously retains its importance. It is for this reason that it would be desirable
to develop a standard of comparison to help evaluate calculated molecular
properties, much as Lowdin’s standard has been useful in the evaluation of
calculated energies. What that standard should be is, however, not obvious.
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The correlation problem was first addressed in solid-state physics nearly sixty
years ago when Wigner worried about “. . . statistical connections of positions of
different electrons . . .” [5] in the context of an independent particle model (IPM)
[5-8]. He was interested in . .. the statistical connection between electrons with
antiparallel spin (6, = —o0,) and between those with parallel spin (o, =a,)”.
Wigner referred to the energy lowering attendant on the use of wavefunctions
which allowed such a connection as the “correlation energy”, but did not offer
an operational definition of it.

Subsequently, the correlation problem was formulated in an elegant manner
by Léwdin [3] in terms of the second-order density matrix. He proposed to use
the Hartree—Fock (HF) solution as the uncorrelated reference state, in which
case the statistical connection among particles with parallel spin is adequately
described as a consequence of the Pauli principle and the antisymmetry of the
HF wavefunction (the Fermi hole). The problem is thus reduced to a treatment
of correlation in pairs of electrons with antiparallel spin.

The preceding discussion deals explicitly with energy. There are, however,
many properties of atoms, molecules and solids other than total energy, which,
for example, arise from the response of the system to an external (or internal)
perturbation and which are both interesting and amenable to calculation. It is
desirable to have a fixed point of reference for property calculations to serve the
same function as the HF energy does for energies. Determination of such a fixed
point is more difficult for properties other than total energies, as we have neither
a variational theorem nor a good estimate of the exact, non-relativistic result to
guide us.

In this contribution we will, in the spirit of Lowdin, consider the calculation
of molecular properties, and the effect of inclusion of correlation on such
calculations. It seems that the situation now regarding the calculation of molec-
ular properties is in much the same state as energy calculations were when
Lowdin wrote on correlation and energy in 1955 and is thus ripe for discussion.

We will discuss the notion that it may be appropriate to use a definition for
the uncorrelated limit for second- and higher-order properties that deviates from
Lowdin’s definition of the uncorrelated limit for zeroth-order properties in order
to conform to the conventional way of defining zeroth-order in property calcula-
tions. Such a definition is based on the Finite Field method and differs in
substance from the Lowdin definition on the point of whether the perturbing
field should be included in the unperturbed Hamiltonian [9]. We will illustrate
that the magnitude of the correlation contribution is very different for the two
ways of defining zeroth-order for second- and higher-order properties.

2. Correlation and properties
2.1 Lowdin’s definition
Lowdin wrote (exact) solutions for the stationary states ¥¢* of the Schrodinger
equation for a Hamiltonian, H:
HY = EWe (1
in the form:
R SR ®)
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where the ¥ #F are Slater determinantal solutions to the Hartree— Fock equations
for the same operator H, and ¥{°" represents the “correlation error” [4] in the
wavefunctions. The associated correlation energy is then defined as:

Ecorr = <H>av - EHF' (3)
As stated by Lowdin [4]:

“The correlation energy for a certain state with respect to a specified Hamilto-
nian is the difference between the exact eigenvalue of the Hamiltonian and its
expectation value in the Hartree—Fock approximation for the state under
consideration”.

As energy was, at that time, the quantity of primary interest to calculate, the
Hartree—Fock approximation became, and remains, the standard of comparison
in the discussions of correlation, and, de facto, in all of quantum chemistry.

2.2 Properties

Now let us turn to properties. Consider a system in an external field, F. The
Hamiltonian may be written:

H = Hy + V(F) (4)

where H,, describes the unperturbed system and V(F) its interaction with the
perturbing field. Then, following Kutzelnigg [ 10], one can conveniently divide up
the interesting response propeties of the system [11] according to the order in
which the perturbing field appears in their calculation [12]:

1. Zeroth-order properties — properties which depend on the energy only. These
are the static properties (frequently independent) obtainable from the potential
energy surface for the system and have to do with structure and energies.

2. First-order properties — static properties that can be obtained as expectation
values of an appropriate operator between specific wavefunctions. Such quanti-
ties as dipole moment, moments of the charge distribution and other one-elec-
tron properties belong to this class.

3. Second-order properties — these static and dynamic (frequency dependent)
properties correspond to second-order perturbation terms and include polariza-
tilities, magnetizabilities, and moments of the oscillator strength distributions.

4. Third-order properties — those properties that arise in third-order perturba-
tion theory, and comprise, for example, the first hyperpolarizability [13], two
photon transition moments [14] and transition moments between excited states
[15].

Higher-order properties have also been characterized [16]. The question of
correlation is of importance for all classes of properties, while the definition of
Lowdin only applies explicitly to zeroth-order properties. It is our purpose to
discuss the problem of correlation for higher-order properties as well.

There are three approaches which have traditionally been employed in
evaluating properties. In the finite field method, the wavefunction is evaluated in
the presence of the perturbing influence, and moment expansions are obtained by
numeric differentiation. Rayleigh—Schrddinger perturbation theory expresses the
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perturbed wavefunction in terms of unperturbed functions, then analytically
equates properties order-by-order from a partitioned Hamiltonian. Finally,
propagator techniques extract the desired property directly from the response of
the system to the perturbation. The following sections will consider the correla-
tion problem for each class in turn.

2.3 The finite field approach

The finite field method [16] is based on a power series expansion of the
field-dependent total energy. For example using the Hamiltonian of Eq. (4) the
normalized energy functional becomes:

2
E(F) =(Y(F)|H|PF)) =E0+<%>F=OF+%(%E)F:0F2+. (5
where the nth-order moment of the field then is:
W) | #E) o (6)
For perturbations such as the electric dipole interaction:
V=—eF-r @)

the Hellmann—Feynman theorem holds for variationally determined wavefunc-
tions, so that the first-order term in the expansion series, the dipole moment,
may be simply evaluated from the unperturbed wavefunction:

0
b= CED) H|E )0 = (FF = 0)|—er|#,(F=0)).  (®)

In the instance that the Hellmann—Feynman theorem is fulfilled, the correla-
tion contribution to a first-order property could thus be evaluated as:

Aoy =P E|A|PEY —(PHE|A|WHT), €

This scheme maintains a formal connection to the Léwdin definition of correla-
tion energy. The important difference is, however, that the zeroth-order Hamilto-
nian (H) differs according to property, and the wavefunction (approximate,
exact or HF) is property dependent as well.

It should be noted that the F — 0 limit of the Finite Field method gives the
Coupled Hartree—Fock (CHF) scheme, which is equivalent to the static limit of
the Random Phase Approximation (RPA) or to the Time Dependent Hartree—
Fock (TDHF) scheme. The main advantage of this method is that it is opera-
tionally easy to implement (although fraught with technical difficulties). One
simply calculates the property at a variety of perturbing field strengths and
differentiates the result numerically, typically by taking differences of lower
moments. It has been used widely for static first-, second- and higher-order
properties. Recently, there has been much progress made in avoiding numerical
differentiation by differentiating the energy expression analytically and calculat-
ing the resulting matrix elements directly [17, 18], thus avoiding numerical
difficulties and reducing the computational effort and error. In either case,
comparison of the result of a HF calculation to the exact one will indicate the
importance of correlation in calculation of the property under consideration.
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The finite field scheme also allows for an increase in its level of correlation,
but not in as regular and systematic a way as does the propagator scheme (vide
infra). Instead of increasing correlation via increasing the order of perturbation
theory through which the problem is solved, one must first choose an ansatz for
the correlated wavefunction: MCSCF, CI, MBPT or coupled cluster, for exam-
ple. Increasing the level of correlation is then accomplished in a way appropriate
to the ansatz wavefunction. It then becomes difficult to compare correlated
calculations using different ansatz wavefunctions. In addition, the frequency
dependence of second- and higher-order dynamic properties does not emerge
naturally, and must be in some sense grafted on to the calculation [17].

In this definition of the uncorrelated reference, that is, if the perturbed HF
solution is chosen as zeroth-order, as some authors are wont to do, RPA, is then
zeroth-order.

2.4 Rayleigh—Schrodinger perturbation theory

Rayleigh—Schrédinger perturbation theory (RSPT) has pedagogical value from
both the standpoint of examining the correlation problem and the analytic
evaluation of static field properties. We will examine RSPT in both contexts. The
formalism, which is discussed elsewhere [19], is based on expanding the Hamilto-
nian, wavefunction, and energy in terms of an ordering parameter, A:

H=H,+ iV
W= YO P+ 2P (10)
E=EQ+JEP + E@ +---
then collecting terms of the same order:
’ EQ = YO [H|y®)
EQ =PV|v®) (11)
EP = (b0 V).
The result of RSPT coalesces with the finite-field expression at first-order. The
perturbed wavefunctions are expanded from complete sets of unperturbed wave-

functions, leading to familiar sum-over-states expressions, e.g. for second-order
properties:

YOO Ve
Egz) — Z < l |E(0) - E(O)I | . (12)
nyi i n

The correlation problem is studied in RSPT following the Mdoller—Plesset
(MP) scheme [20]. The Fock operator is defined to be the zeroth-order Hamilto-
nian, while the perturbation consists of the electron-electron interaction less the
one-electron Fock potential, i.e. the fluctuation potential. When partitioned thus,
the HF energy is correct through first-order in the electron interaction:

EHF = E® 4 E®, (13)

Upon convergence of an external perturbation-free HF sclf-consistent field
procedure, we arrive at the first order MP (MP1) energy which is consistent with
Lowdin’s uncorrelated reference state for energy. As in the previous section, it
may then be advantageous to choose the field-dependent HF solution as the
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uncorrelated reference state for properties. The two kinds of HF methods differ
by the latter’s induced electronic relaxations. These effects can and will be
quantified in the course of our discussion.

Turning now to RSPT properties, the word ‘“‘correlation” has often been
rather cavalierly used. We illustrate this by examining a second-order RSPT
property, into which we introduce an hierarchy of unperturbed functions. A
simplistic approach to second-order RSPT for normal one-electron perturbations
is uncoupled HF [21], which, for a property corresponding to operators P and Q,
takes the form:

Egézz<¢P|Pl¢a><¢a|Q|¢p> (14)

€, —€

14 a

where the sums p, ¢, 7, ... and a, b, ¢, . . . run over occupied and virtual orbitals,
respectively; ¢, is the pth HF orbital and ¢, is its HF orbital energy. This will be
the zeroth-order (in terms of correlation) expression. If the RSPT perturbed
wavefunction is represented by a single-replacement determinant, the following
result is obtained:

2 ($,|P|9.){$.|Q|9,)
e = e~ Xpp |aa + (pa | pa) s

where {pp |aa) = fqSP(1)(1)*(2)(l/rlz)qba(l)d)a(Z)d( 1d(2). This has been re-
ferred to as the single transition approximation (STA) [22]. In Sect. 3 we refer
to this level of approximation as HF for properties.

The matrix elements here have been formulated over HF single-determinan-
tal wavefunctions, and therefore satisfy the criteria of the “uncorrelated™ refer-
ence based on the language of Lowdin. However, there are several problems
with this definition. Foremost, the expression in this form is not rotationally
invariant, which is unacceptable on physical grounds. The reason for this is
that there is no coupling between the excited states represented by one single-
replacement determinant. However, a linear combination of such single-replace-
ment functions restores this property, with the expansion coefficients
variationally chosen through the monoexcited configuration interaction (MECI)
procedure.

In practice, the CI matrix diagonalization and subsequent transformation
steps are not necessary provided that the inverse of the MECI matrix is
computed. Preferably, the expression is solved using reduced linear equation
methods [23], so that large matrices may be dealt with efficiently. The second-
order property then has a general matrix form:

EQ =Pt4-'Q (16)

where the energy representation is now a full matrix which reflects the coupling
between states:

Apg g = (€, —€,)0,,005 —2{pq | ab) + {pa | qb}. n

The MECI property calculation appears to exceed the limit of the Lowdin
definition. In fact, this procedure is often referred to as a “correlated calcula-
tion”, because of the inclusion of a CI energy representation. However, based on
the analysis in the previous and following sections, this conjecture proves to be
false.
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2.5 The response function approach

Response functions are polarization propagators [24] which express order-by-
order the density disturbance of a system subjected to an external perturbation
[25]. The induced linear response hence determines properties at second-order. In
the spectral representation, the linear response function is written:

(pson, -5 [ULIDGIOR QoL

w—E, +E, w+E,—E,

where P and Q again refer to two external/internal perturbations appropriate to
the property (e.g. P =Q = —er for dynamic dipole polarizations), and w is the
frequency of perturbing influence Q. The details of the derivation are discussed
elsewhere [26]. Of course, the results of response theory are identical to those
obtained from time-dependent perturbation theory [19]. In addition to the linear
response, the quadratic [27, 28] and higher [28] response functions have been
characterized, and are now being examined [13, 29, 30].

Equation (18) is an exact expression generated by inserting complete sets of
states into the time-domain propagator, followed by its Fourier transform
[26, 31]. Computationally tractable forms are obtained from the moment expan-
sion of the propagator equation of motion [32, 33], which leads to:

(P;Q)yw =BT | TWTT |0l — H| T (T | A). (19)

Equation (19) defines the superoperator binary product [33] for number-conserv-
ing operators as a commutator over the reference function:

(BY| T = {0|[8, T]|0) (20)

and T represents the complete manifold of excitations.

Approximations to Eq. (19) result from the choice of reference function |0
and restrictions to the excitation space [25]. For instance, if |HF) is used as |0
and T is truncated to particle-hole excitations and de-excitations, the Random
Phase Approximation (RPA) to the propagator is obtained [26, 31]. Through a
series of transformations to the RPA eigenvalue problem {34], Eq. (19) may be
cast in the form of the spectral representation (Eq. (18)). This canonical
formulation is advantageous, as dynamic properties are readily obtainable for a
wide range of frequencies, with different properties quickly computed by inser-
tion of the appropriate transition moments. However, the sum must be over the
complete set of excitations for properties calculated in this way to be correct, as
we have shown, for example, for the Thomas—Reiche—Kuhn sum rule and mean
excitation energy (cf. Eq. (23)) of atoms [35] and molecules [36].

Instead of solving the complete eigenvalue problem, the polarization propa-

gators are obtained using direct methods. For instance, the RPA propagator for
static field properties (eigenvalue to CPHF) can be written in the form [26]:

KP;QV)wo=Vid—B) 'V, (21)

In Eq. (21), the matrix A retains the form of Eq. (17), but we see the energy
representations being augmented by elements of the B matrix:

B, = <pb | qa> - 2<pa l qb>' (22)

To avoid matrix diagonalization, reduced linear equations methods may be used
to solve C = (4 — B) ~'¥,. From a power series expansion of this expression, it

n
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has been shown [23] that this solution is equivalent order-by-order to iteration
for the coefficients of coupled-perturbed HF (CPHF) [37].

Based on the arguments in the preceding section, it would seem, then, that
RPA represents a compelling case as the uncorrelated reference of property
calculations. However, one can pose arguments to the contrary. It was shown
some time ago [38] that RPA is the consistent first order polarization propagator
approximation, the perturbation being the fluctuation potential. Another major
point of contention arises in consideration of vertical transition energies. These
values may be calculated as poles of the propagator (but have no equivalent in
the CPHF formulation). When viewed in the language of configuration interac-
tion [39], the RPA representation of this property (of the energy) includes
contribution from single configurations and limited number of doubly-excita-
tions. Also, an inconsistency develops when the RPA/CPHF comparison is taken
beyond the single-determinantal reference. For instance, the Second Order
Polarization Propagator (SOPPA) is developed using a Mpller—Plesset second-
order reference function [25]. However, the results obtained using SOPPA differ
from those computed from MP2 using field-perturbed HF orbitals.

3. Discussion and numerical examples

In this section numerical examples are used to illustrate some of the key
problems encountered in property calculations regardless of which method is
used to define the uncorrelated reference. We address:

— the question of lack of a variational principle for properties other than energy
- the question of convergence of the perturbation expansion

— the basis set problem, and in particular the different requirements on the basis
set for different properties.

No matter what method is used to define the correlation contribution to
properties, a key problem encountered is to determine whether or not the
computation is converging, and if so if it is to the correct answer. This requires
an estimation of the reliability of a property calculated with an approximate
wavefunction containing some degree of correlation. In the case of the zeroth-
order property, energy, the matter is straightforward. One has the variation
principle to guarantee monotonic approach to E,,,., from Eyr as increasing
correlation is included in the treatment. In addition, the energy of the Hartree—
Fock limit (or a very good approximation to it) is normally available to help
with evaluation of basis sets, and a good approximation to E,,,, is obtainable
from experiments for exact comparison to the absolute value of the result.
Neither of these guides is generally available for higher-order properties. As
an example, we present in Table 1 a series of Many-Body Perturbation Theory
(MBPT) calculations of a first-order property, the dipole moment (u) of CO [40].
Although the correlation level increases down the table, the value of u does not
vary monotonically with increasing correlation. It is clear that agreement with
experiment is a necessary but not sufficient condition for belief that the problem
has converged with respect to correlation. In addition, the result must be stable
to an increase of the level of correlation. Although these authors get results in
good agreement with experiment using a larger basis than that reported here
[10s9p4d2f1g] and a higher level of correlation (Coupled-Cluster SD(T)), they
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Table 1. Dipole moment of CO* at different Table 2. Mean excitation energies of He and

levels of correlation using a [10s9p4d2f'] basis Be at different levels of correlation

Method wD) Method He? I, (eV)
BeP

SCF —0.266

MBPT-2 0.282 SCF 46.69 32.54

MBPT-3 0.047 MECI 43.88 36.33

MBPT-4(D) 0.110 RPA 42.69 42.30

MBPT-4(DQ) 0.071 SOPPA 42.41 43.63

MBPT-4-(SDQ) 0.118

MBPT-4(SDTQ) 0.235 2[9s9p5d] basis; Ref. 42

expt 0.122° ®[13s11p4d] basis; Ref. 35

& From Ref. 40; R, =2.1316 a.u
b Ref. 41

comment that the result is neither shown to be converged in basis set nor in the
inclusion of correlation.

The effect and importance of added correlation is difficult to generalize
among properties and systems. However, we will give a few illustrative examples
and attempt to draw some general conclusions therefrom. In Table 2, we present
the He and Be mean excitation energy I, (derived from the zeroth energy
weighted moment of the dipole oscillator strength distribution) calculated using
the polarization propagator [35, 42]:

Infy= 3 foIn EOn/ > Jon (23)

n#0 n#0
where the {f;, } are the dipole oscillator strengths corresponding to the excita-
tions |0) — |n> with energy E,,, at various levels of correlation. Although the
property varies monotomcally with correlation in both cases, the trends are
opposite. What is clear in both cases, however, is that inclusion of some
correlation is very important (SCF —» RPA) while refining the details of correla-
tion (RPA — SOPPA) is not so important. Similar results are obtained for NMR
shielding in a variety of systems [9, 43, 44]. The situation is also similar for the
first excitation energy and paramagnetic susceptibility of BH [45] as seen in
Table 3 and for the first excitation energy in N,, presented in Table 4. In stark

Table 3. Paramagnetic magnetizability and lowest excitation en-
ergy of BH as a function of level of correlation®

Method £ (au)® AE(X'S+ - AT (eV)°
HF 3.34 4.02

MECI 5.70 2.86

RPA 7.64 2.66

SOPPA 8.05 2.42

CCPPA 6.91 2.90¢%

2 Ref. 45, basis [9s7p5d2f]1s4p]

®lau. for & e?adm; ! ~7.89104 x 10-2JT 2
¢At R, =2336au

4 Ref. 46, basis [8s6p4d/6s3p]

¢ Experiment [47] 2.87 eV
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Table 4. Lowest excitation energy of N, as a
function of level of correlation

Method EX'E* >wld,) (eV)
HF# 12.07

MECT? 9.23

RPA® 8.95

SOPPA® 10.54

exptc 10.3

2 Basis 12 of ref. 48; R, =2.068 a.u
> Table 2 of ref. 31
° Ref. 47

contrast to these well behaved monotonic cases is the previously mentioned
calculation of the dipole moment of CO [40] which responds strongly and
erratically to increasing levels of correlation.

Similar properties in the same system often do not exhibit the same trend as
a function of the amount of correlation inctuded in the calculation. In Table 5,
we present several moments of Quadrupole Oscillator Strength Distribution
(QOSD) of N, [48]. These moments are second-order properties defined by:

Sg?,yé =2 ZOEgnJr]<OlMuﬂ|n><nle5'0> (24
n#

where the {M_;} are the Cartesian quadrupole moment operators. It is evident
that the effect of correlation is different in different Cartesian directions, and
depends on the order of the moment as well. Note that the equivalence of S(—1)
in HF and RPA should not be taken as evidence that correlation is not
important in this case. It is rather, simply, a consequence of the lack of energy
dependence of the property (see Eq. (24)).

Another problem which merits attention is that of basis set. Although no
computational basis set is complete, one would like to have a computational
basis set which is as complete and balanced as possible. The variation principle
assures that adding functions to a basis set will not increase the energy, but gives
no help in deciding whether adding tight functions which lower the energy

Table 5. Effect of correlation on the calculation of some moments of
the quadrupole oscillator strength distribution® in N,°

HF MECI RPA
Se2,2(0) 34.4 343 29.2
S,..,2(0) 109.1 105.6 91.7
Sy2p0(~1) 77.7 77.7 68.8
8.222(—2) 37.0 38.2 35.1
5,2,2(—4) 114.1 140.0 133.0
Sunpa(—6) 226.3 306.6 297.6

2 In Hartree atomic units
b Ref. 48; R, =2.068 a.u.; Basis [1257p2d] plus 3 diffuse f-functions
at the bond center
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Table 6. Effect* of basis set and correlation on the S, ,.(0) moment of the quadrupole oscillator
strength distribution® of N,

Basis —Egcr 8.2,2(0) S& Sy
A [1257p3d] 108.98940 7.20 13.98 13.76
B [1257p2d]° 108.98824 747 14.11 13.59
C [1257p2d}¢ 108.95024 7.23 13.39 12.53
D [1257p2d/3f1° 108.97120 1.86 13.61 12.87

@ Ref 48; all quantities in Hartree atomic units; R; =2.068 a.u
b Calculated at RPA level

¢ Basis A with the most diffuse d-function removed

d Basis A with the tightest 4-function removed

¢ Basis C with the three diffuse f-function added at bond center

somewhat or very diffuse function which leave the energy unaffected are better
for calculation of a specific property, or whether a basis set acceptable at one
level of correaltion is good at others as well. In Table 6, we present the S, ,2(0)
moments of the QOSD for N, at the RPA level [48] for various basis sets. This
quantity should be zero in the limit of the exact wavefunction, so the correct
answer is known. Although basis 4 gives the best energy, it gives a very poor
value of S, ,2(0). This is because the property samples a part of space different
than that which is important for the energy.

Other criteria of basis set balance and completeness are, however, available.
For example, the Thomax—Reiche—Kuhn sum rule is exact in both its length and
velocity forms in RPA in the limit of a complete basis [49]:

Y f=Sk=N
n#0
(25)
y = Sy=N.
n§0f0 0

Here N is the number of electrons in the system. Satisfaction of the length-veloc-
ity equality provides a check on the balance of the basis with regard to tight vs.
valence functions, while comparison of the oscillator strength sums with N is an
indicator of basis set completeness. In Table 6 the calculated values of SE and S§
are given for N, at the RPA level of correlation for several basis sets. Clearly
basis 4 is the best from both the point of view of completeness and balance.
Removal of the tightest d-function (basis C) does considerably more damage to
the sum rule and on Eg. than does removal of the most diffuse d-function (basis
B). However, the effect on S, ,2(0) is the opposite. Comparing to our comments
concerning S,2,2(0), for which basis D is the best, it is clear that different
properties require qualitatively different basis sets for proper evaluation.

4. Conclusion

A logical definition of the uncorrelated limit for all order properties, consistent
with Lowdin’s original definition of correlation energy, is obtained if the same
zeroth-order Hamiltonian is used at all orders. To do this consistently implies
that the unperturbed HF state (that is, with no field included) should be used as.
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the uncorrelated reference. In this case HF/STA is zeroth order and RPA/CPHP
is first order and hence correlated.

However, such a choice could be problematical for second- and higher-order
properties. One notes that a second-order property ({4;B)), is the linear
response of the time-dependent quantity {0(z) |4|0(z) ), caused by the perturba-
tion operator B(z) [28]. If one then chooses |0(z) ) to be the time-dependent HF
state (i.e. |HF) =|0( —0))), then one obtains the RPA/CPHF approximation
for the linear response function and one might thus argue that RPA is the
zeroth-order approximation. Inherent in this line of argumentation is again the
assumption that the zeroth-order Hamiltonian (in terms of perturbation theory
and not order of the external perturbation) is H, + V(F).

Thus, the same result is recovered as from the finite field approach. As the
finite field approach and its extensions enjoy growing popularity for calculation
of static properties [50], we concede that for second-~ and higher-order properties,
RPA/CHF is a useful and readily accessible standard for comparison, albeit not
the most logical choice for the uncorrelated reference for properties and not in
accordance with Lowdin’s definition for zeroth order propertics. The question
then becomes not one of inclusion of correlation per se, but of inclusion of
post-RPA correlation.

Acknowledgments. The authors would like to thank SPA Sauer for calculating the numbers in Table
3. The authors acknowledge support from NATO (Grant # 622/1984), the Danish Natural Science
Research Council (# 11-9004 and 11-9265 to JO), the ARO ( # DAA-LO3-91-G-01119 to JRS), the
NSF (Grant #INT-9016229 to JRS), and the Fulbright Foundation (JRS).

References

. Lowdin PO (1955) Rev Mod Phys 97:1474

. Léwdin PO (1955) Rev Mod Phys 97:1490

. Léwdin PO (1955) Rev Mod Phys 97:1509

. Lowdin PO (1959) Adv Chem Phys 2:207

. Wigner E, Seitz F (1933) Phys Rev 43:804

. Wigner E, Seitz F (1934) Phys Rev 46:509

. Wigner E (1934) Phys Rev 46:1002

. Wigner E (1938) Trans Faraday Soc 34:678

. Paidarova I, Komasa J, Oddershede J (1991) Mol Phys 72:559; see especially Sect. 2

. Kutzelnigg W (1989) J Molec Struc (Theochem) 202:11

. We consider systems in the Born—Oppenheimer approximation only

. Our zeroth- and first-order properties correspond to Kutzelnigg’s [10] cases (a) and (b),
respectively. Our second-order properties correspond to the union of his cases (c) and (d), as
electronic excitations out of the ground state are also obtainable in second-order via the
polarization propagator, as discussed in the text. Our third-order properties are mentioned in his
section (c).

13. Cf. e.g. Parkinson WA, Oddershede J (1991) J Chem Phys 94:7251

14. Parkinson WA, Sengelov PW, Oddershede J (1990) Int J Quantum Chem S24:487

15. Oddershede J, Sengelov PW (1989) in: Mukherjee D (ed) Lecture Notes in Chemistry, vol 50,

Springer, Berlin, p 207
16. Cohen HD, Roothaan CCJ (1965) J Chem Phys 43:534
17. Dykstra CE (1988) Ab Initio calculation of the structures and properties of molecules, vol 52 of:
Studies in Physical and Theoretical Chemistry, Elsevier, Amsterdam
18. Jorgensen P, Simons J (eds) (1986) Geometrical derivatives of energy surfaces and molecular
properties. Reidel, Dordrecht

0O~ N L B W=

——
N = O O



On the uncorrelated reference for calculation of properties 179

19.
20.
21.
22.
23.
24.
25.
26.

27.
28.
29.
30.
31
32.
33.
34.
3s.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.

48.
49.
50.

Hirschfelder JO, Byers Brown W, Epstein ST (1964) Adv Quantum Chem 1:255

Meller C, Plesset MC (1934) Phys Rev 46:618

Dalgarno A (1961) Adv Phys 11:281

Dunning TH, McKoy V (1967) J Chem Phys 47:1735; (1968) J Chem Phys 48:5263
Parkinson WA, Zerner MC (1987) Chem Phys Lett 139:563

Linderbert J, Ohrn Y (1973) Propagators in quantum chemistry. Academic Press, London
Oddershede J, Jorgensen P, Yeager DL (1984) Comp Phys Rep 2:33

Jorgensen P, Simons J (1981) Second quantization-based methods in quantum chemistry.
Academic Press, NY. See Chap 3 and Sect 5F

Dalgaard E (1982) Phys Rev A 26:42

Olsen J, Jorgensen P (1985) J Chem Phys 82:3235

Geertsen J, Eriksen S, Oddershede J (1991) Adv Quantum Chem 22:167

Hettema H, Jensen HJAa, Jorgensen P, Olsen J (1992) J Chem Phys 97:1174

Oddershede J (1987) Adv Chem Phys 69:201

Goscinski O, Lukman B (1970) Chem Phys Lett 7:573

Pickup BT, Goscinski O (1973) Mol Phys 26:1013

Linderberg J, Ohrn Y (1977) Int J Quantum Chem 12:161

Oddershede J, Sabin JR (1989) Phys Rev A 39:5565

Geertsen J, Oddershede J, Sabin JR (1986) Phys Rev A 34:1104

Caves TC, Ohmn Y (1977) Int J Quantum Chem 50:3649

Oddershede J, Jorgensen P (1977) J Chem Phys 66:1541

Hansen Aa E, Bouman TD (1979) Mol Phys 37:1713

Scuseria GE, Miller MD, Jensen F, Geertsen J (1991) J Chem Phys 94:6660

Muenter JS (1975) J Mol Spectrosc 55:490

Sabin JR, Oddershede J, Diercksen GHF (1990) Phys Rev A 42:1302

Bouman TD, Hansen Aa E (1990) Chem Phys Lett 175:292

Bouman TD, Hansen Aa E (1992) Chem Phys Lett 197:59

Sauer SPA, Oddershede J, Geertsen J (1992) Mol Phys 76:445

Scuseria GE, Geertsen J, Oddershede J (1989) J Chem Phys 90:2338

Huber KP, Herzberg G (1979) Molecular spectra and molecular structure IV. Constants of
diatomic molecules. Van Nostrand —Reinhold, NY

Geertsen J, Oddershede J, Sabin JR (1991) Mol Phys 72:1267

Harris RA (1969) J Chem Phys 50:3947

Bartlett RJ (1981) Ann Rev Phys Chem 32:359; Bartlett RJ, Silver DM (1975) Int J Quantum
Chem 95:183



