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Surprising cases of divergent behavior in Mo /ller—Plesset
perturbation theory
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(Received 28 March 1996; accepted 31 May 1996

High-order Mbler—Plesset perturbation calculations have been carried out for several small
molecules and compared to full configuration interact{f€l) results. The convergence of the
Mdller—Plesset series is found to depend crucially on the one-electron basis sets. Addition of diffuse
basis functions leads in some cases to divergent behavior of thierMBlesset series, even for

highly single reference dominated systems as Ne and HF. The results thus questions the usefulness
of higher-order perturbation calculations as a vehicle for obtaining arbitrary accuracy of quantum
chemical calculations and raises the fundamental theoretical question: When diters-Mlesset
perturbation theory converge for many-electron systems in extended basis sel¥®6@merican

Institute of Physicg.S0021-960806)00434-3

I. INTRODUCTION MP calculations through high order will be presented for
. . several small molecules using valence double zeta polariza-
Mdller—PlI MP rturbation th i ndar : :
¢ c essel ) perturbation t eor33_/ sa standay d. tion (VDZP) and extended VDZP basis sets. In the VDZP
tool to include dynamic electron correlation in electronic, — . . . .
basis calculations the convergence behavior of the MP series

structure calculations. If the molecular system is single con: found to reflect the domi f the ref tate in th
figuration dominated, it is generally assumed that increase ound o refiect the dominance of the reterence state in the

accuracy can be obtained by going to higher order in th(.@_(act solution. E_xte_nding the VDZ.P basis Sets. to valence
Mdller—Plesset series. Second-orderIldo-PlessetMp2) ~ UiPle zeta polarization(VTZP) quality leads typically to

theory gives remarkable good results and is the simplest an%JOWer convergence. If the VDZP basis is augmented with

most widespread method for including electron correlationqiffuse functions the perturbation series often exhibit diver-

During the last ten years, it has become popular to proceed &Nt Pehavior. This is found in several systems, including
fourth ordef (MP4). Recently, algorithms for explicit calcu- N& HF, and HO. For HF, which literally speaking is the
lating all terms through fiftiMP5) and sixth(MP6) ordef=> most typical qutree—Fock molecule, the contrlbut!ons in
have been implemented, in spite of the vast increasing nungXth and twentieth order are equal and a clear divergent
ber of terms that occur in higher-order perturbation theor)behawor is obsgrved. Some molecules ex_h|b|t|ng §|gn|f|cant
and the rapidly increasing computational effort. near degeneracies as BH and Gidnverge in all b§S|s sets.

The convergence characteristics of the MP perturbation It is well known that many of the Rayleigh—Schitoger
series are of fundamental importance for the understandin@erturbaﬂon series that frequently are used to describe a weld
of the electron correlation problem in many-electron sys-Of physical situations are actually divergérExamples of
tems. The recent work® in the calculations of perturbation Series that rigorously are proven to be divergent are the hy-
contributions through still higher order makes the conver-drogenic stark effect and the fourth power perturbation to the
gence characteristics of the MP perturbation series of immeharmonic oscillator. In spite of this the lowest-order terms in
diate interest. Usually, it is assumed that the convergencan expansion of energies in terms of external electric fields
only depends on the dominance of the single configuratiofas proven highly useful to describe many properties, includ-
reference in the exact solution and the related energy gaps IRg linear and nonlinear optics. In analogy we find here that
the spectrum. The ground states of molecules without nedhe lowest-order terms in MP theory give physical reason-
degeneracies or near lying excited states are thus considerstile results when the zeroth-order solution is a good approxi-
to give convergent MP series. This were supported by calcumation to the exact solution and recovers significant parts of
lations of Knowleset al® and Laidiget al,” who used full  the electron correlation. However, going to higher order we
configuration interaction programs to determine high-ordefind an extreme dependence on the choice of one-electron
MP energies for small systems, e.g,QHin a valence double basis sets, which indicate that the physical significance of
zeta basis. The relationship between the choice of oneldigher-order MP perturbation theory is highly questionably.
electron functions and the convergence behavior was not ex- In a perturbational expansion we expand the energy in
amined in these papers, due to limitations of software anterms of a perturbation parametdr The mathematical
hardware. analysis of perturbation theory is given in detail by K&tdt

The recent progress in FCI technol8dias made it pos- is well known that the behavior in the complaxparameter
sible to carry out MP calculations with extended basis setplane is of crucial importance for the convergence of pertur-
containing polarization and diffuse functions. In this paperbation theory and will affect the behavior at the physical
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point A=1. Recently*'~*6this has been demonstrated in sev-pVDZ, where the exponents were taken from a geometric
eral investigations on Multiconfigurational perturbation succession. Further, we present results for BH using the cc-
theory, both theoretically and numerically, and remedies fopVTZ basis and aug-cc-pVTZ. The FCI energies faor, Bnd
improving convergence in multireferences theories haveC,, and HO in the augmented basis sets have previously
been given. In all these studies attention is payed to casdsen presented in benchmark calculations of excitation
that are known to be difficult. In this study we investigate energie<® The above choices of diffuse functions are appro-
cases that for most parts are thought of as being easy, amdiate for the description of the lowest excited states. The
where standard single reference perturbation theory capVDZ(+) basis has been successfully used to calculated the
straightforwardly be applied. We demonstrate numericallyFCl excitation energy spectruffi.
that divergencies in many-body perturbation theories is not  The 1s orbitals on the first row atoms were frozen to be
restricted to special and difficult cases, but rather that diverthe canonical Hartree—Fock orbital in most calculatiGns
gencies may occur in simple single reference dominated syslicated by f.c. in the tablésThe effect of freezing the core
tems. The occurrence of these divergencies is surprising, iwas investigated by performing all electron calculations on
the sense that considering the physical systems under inveBH and HO. All MP and FCI calculations obtained have
tigation there is nca priori reason to expect divergencies. been carried out using thecia program®® The energy cor-
Furthermore, our results demonstrate that the one-electrarctions were evaluated usingi21 formulas. The lower-
basis set plays a crucial role with respect to these divergerenergy corrections were in addition obtained usingnhel
cies. Thus this study brings important new information to-form. The two different ways of obtaining the lowest-order
ward the understanding of the limitations of standard singleerturbational corrections gave contributions that agreed to
reference perturbation theory. 10 13 a.u. The MP2 results for all calculations and selected
In the next section, we give details about the perturbaMP3 and MP4 results have been checked against results
tion calculations and in the last section we discuss some dfom standard programs. The calculations cover a wide range
the consequence these results may have for future applicaf size with the largesfN,) comprising more than 500 mil-
tions of MP perturbation theory. To allow other workers to lion determinants.
study in detail the numerical behavior of the convergent and
divergent series, we include in the tables the energy correc-
tions in full length. Il RESULTS

In the following sections we describe the results ob-

Il. DETAILS OF CALCULATIONS tzajned for each moleculg separately. _We djscuss the Ne and

F~ cases thoroughly, while we only give brief comments for

Calculations are carried out for Ne, FHF, H,0O, CH,, the rest of the considered molecules.

BH, C,, and N,. For the diatomic molecules we used the
following internuclear distances: 0.91694 (&F), 2.32898
a.u.(BH), 2.068 a.u(N,), and 2.348 a.uC,). For H,O we Table | contains results for Ne obtained in the MP per-
used G, symmetry with the Cartesian coordinates in atomicturbation and FCI calculations using different basis sets. The
units Q0,0,0 and HO0,=1.429 937 284;1.107 175 113 large weight of the HF reference in the FCI state confirm that
For CH, we used G, symmetry with the coordinates in Ne is very much single configuration dominated. The weight
atomic units @0,0,0 and H*+1.644 403,0,1.322 33For all  of the Hartree—Fock reference is approximately the same for
systems we have used the correlation consistent polarizeall basis sets. The HOMO-LUMO gap differ somewhat in
valence double zetécc-pVD2) basis set of Dunnind For  the three basis sets with the smallest gap in the aug-cc-pvVDZ
C, and HO, diffuse functions were added with the expo- basis set, as expected. However, the gap is still rather large in
nents taken from the aug-cc-pVDZ basis S&tblo diffuse  this basis, 1.140 a.u.
polarization functions were included, so the added basis The MP series for the cc-pVDZ basis set converges fast.
functions are C:s(0.0469, p(0.04042; O: s(0.07896, The small error in MP4 may be fortuitous, since the fifth-
p(0.06856; and H:s(0.02974, where the number in paren- order contribution is large relative to this error. We find a
thesis is the exponent of the augmented orbital. We denotsignificant decrease in the errors at even orders MP4, MP6,
these basis sets as pvD®). For Ne, F, CH,, BH, and HF  and MP8. At the MP8 level the error is a few hartree.
we carried out calculations with cc-pVDZ and the aug-cc-Going from the cc-pVDZ basis to the cc-pVTZ/¢l) basis
pVDZ basis. For Ne, F, CH,, and HF we performed, in the correlation contributions have increased in size and the
addition, calculations with the cc-pVTZ basis set, where weseries is more slowly convergent. The MP4 error is signifi-
have left out theé functions on F and Ne and tliefunctions  cantly larger than in the cc-pVDZ basis, but the MP4 result
on H. This basis, denoted pVTZ{d), contains the same is still within one mhartree of the FCI result. To obtain an
number of functions as the aug-pVDZ basis, but the latteerror of the size of the MP8 error in the cc-pVDZ calculation
contains more diffuse functions. These choices of basis setsis necessary to go to order 12—16 in the cc-pVTZd)
thus allow us to compare results obtained with basis set conbasis set calculation. For the aug-cc-pVDZ basis set we have
pletely equivalent in size, but very different in constructioncarried out MP calculations up to order 65. Unlike for the
with respect to diffuseness. For BH we performed calcula-other two basis sets, we cannot establish convergence in this
tions with double augmented cc-pVDZ, denoted daug-ccseries. The errors in MP1-MP4 is roughly of the same mag-

A. Ne
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TABLE |. MPn and FCI results for Ne in various basis séfé,: is the TABLE I. (Continued)

weight of the Hartree—Fock reference in the FCI wave function. The FCI

energy is given in hartree and the MPn energies is given as the deviation cc-pvDZ aug-cc-pVDZ cc-pVTZ-(f )
from FCI in mhartreeMPn-FCI). The abbreviation f.c. designate that the (f.c) (f.c) (f.c)
1s(Ne) orbital is frozen.
MP59 125.795
cc-pvVDZ aug-cc-pvVDZ cc-pvTZ-(f ) MP60 —151.931
(f.c) (f.c.) (f.c) MP61 183.518
MP62 —221.694
Erci —128.679 025 —128.709 476 —128.777 048 MP63 267.836
gap 2.527 1.140 1.944 MP64 —323.609
Wye 0.972 0.964 0.966 MP65 391.024
MP1 190.250 213.126 245.186
MP2 4.726 6.252 4.307 %E g0y in MP2 97.516 97.066 98.243
MP3 2.368 4.705 5.314 %E gorr IN MP4 100.013 100.460 100.262
MP4 -0.025 —-0.981 —-0.643 %E ¢orr IN MP6 100.014 100.258 100.072
MP5 0.230 1.032 0.521 %E .o in MP8 100.001 100.140 100.020
MP6 -0.027 -0.550 -0.176
MP7 0.018 0.409 0.103
MP8 —0.002 —0.298 -0.048
MP9 0.001 0.240 0.026
MP10 ~0.000 ~0.200 ~0.013 nitude in the various basis sets. Beyond MP4 the relative size
MP11 0.000 0.175 0.007 of the correlation contributions in the aug-cc-pVDZ basis set
MP12 0.000 ~0.159 ~0.004 is much larger than in the cc-pVTZHd) basis sets. The MP
mgﬁ 8:282 78:132 700_50012 series in the aug-cc-pVDZ basis set shows contributions de-
MP15 0.000 0.142 0.005 creasing in numerical size up to order 15. In MP16, where
MP16 0.000 —0.144 0.000 both the cc-pvVDZ and the cc-pVTZ(d) MP series are
MP17 0.000 0.148 0.000 converged to within ong:-hartree, we find errors of order
mMP18 0.000 —0.156 0.000 0.2 mhartree in the aug-cc-pVDZ basis calculation. The con-
MP19 0.000 0.166 0.000 behavior of the MP series for the aug-cc-pVDZ and
MP20 0.000 ~0.180 0.000 vergence behavior or tr ern ug-cc-pvL
MP21 0.000 0.197 0.000 the cc-pVTZ-f/d) basis sets is clearly seen from Fig. 1,
MP22 0.000 -0.218 0.000 where the contributions in each order are plotted. We note
MP23 0.000 0.244 0.000 that from MP4 to MP15, the contributions in consecutive
MP24 0.000 —0.275 0.000 orders approach each other in magnitude. Beyond MP15 the
MP25 0.000 0.313 0.000 . N ? .
MP26 0.000 0359 0.000 difference between contributions in subsequent orders in-
MP27 0.000 0.414 0.000 crease again. We find that the MP series is alternating in all
MP28 0.000 —0.480 0.000 basis sets.
m;g 8-888 8-222 006%%0 To summarize on neon: addition of diffuse functions
MP31 0.000 0.769 0.000 turns a fast convergent series into a divergent series.
MP32 0.000 —-0.907 0.000
MP33 0.000 1.072 0.000 B.F-
MP34 —-1.270
MP35 1.509 In Table Il results are given for Fobtained in the MP
MP36 —1.797 perturbation and FCI calculations using various basis sets.
MP37 2.143
MP38 —2.559
MP39 3.061
MP40 —3.665
MP41 4393 0.00250 s Ne
MP42 —5.272 SRR
MP43 6.330 X ]
MP44 —7.608 0.00150 | ]
MP45 9.148 B ]
MP46 -11.007 [
MP47 13.251 0.000500 -
MP48 —-15.959 - 222 ﬂ ﬂ
MP49 19.229 -0.000500 [ ¢ e 8.y e
MP50 -23.176 - ]
MP51 27.942 r ]
MP52 —33.700 -0.00150 [ ]
MP53 40.653 L ]
MP54 —49.052 C N
MP55 59.199 -0.00250 o e
MP56 —71.458 0 5 10 15 20 25
MP57 86.270
MP58 —104.167 FIG. 1. Correlation contributions for Ne in the cc-pVTZA) (O) and

aug-cc-pVDZ(®) basis sets.
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TABLE II. MPn and FCI results for F in various basis setdV, is the TABLE IlIl. MPn and FCI results for HF in various basis sei¥, is the
weight of the Hartree—Fock reference in the FCI wave function. The FClweight of the Hartree—Fock reference in the FCI wave function. The FCI
energy is given in hartree and the MPn energies is given as the deviatioanergy is given in hartree and the MPn energies is given as the deviation

from FCI in mhartreMPn-FCI). Core orbital is frozen. from FCI in mhartreMPn-FC)). 1s(F) is frozen.
cc-pvDZ aug-cc-pvDZ cc-pVTZ-(f ) cc-pvDZ aug-cc-pvVDZ  cc-pVTZ-(f/d)
(f.c.) (f.c.) (f.c) (f.c (f.c.) (f.c)
Erci —99.558 917 —99.669 369 —99.675 158 Erci —100.228 640 —100.264 113 —100.312 756
gap 2.021 0.690 1.493 gap 0.813 0.687 0.786
Wi 0.964 0.931 0.951 Wie 0.957 0.946 0.949
MP1 192.934 241.086 250.859 MP1 209.227 230.645 255.923
MP2 4.324 3.421 3.259 MP2 7.602 8.377 6.977
MP3 2.820 12.694 7.904 MP3 4.693 7.673 8.467
MP4 0.590 -5.502 -1.016 MP4 0.492 —0.868 -0.851
MP5 0.127 7.901 0.864 MP5 0.431 1.684 1.027
MP6 0.044 —8.663 —-0.194 MP6 —0.008 -0.972 —0.305
MP7 0.017 10.870 0.125 MP7 0.071 0.880 0.235
MP8 0.004 -13.971 -0.036 MP8 —-0.013 -0.712 -0.119
MP9 0.002 18.682 0.020 MP9 0.014 0.637 0.085
MP10 0.001 —25.686 -0.007 MP10 —0.005 —-0.582 —0.054
MP11 0.000 36.129 0.003 MP11 0.004 0.553 0.040
MP12 0.000 —-51.767 -0.001 MP12 -0.002 -0.538 -0.028
MP13 0.000 75.291 0.001 MP13 0.001 0.537 0.021
MP14 0.000 -110.856 0.000 MP14 -0.001 -0.548 -0.015
MP15 0.000 164.861 0.000 MP15 0.000 0.570 0.013
MP16 0.000 —247.190 0.000 MP16 0.000 -0.602
MP17 0.000 373.123 0.000 MP17 0.000 0.645
MP18 0.000 —566.302 0.000 MP18 0.000 -0.702
MP19 0.000 863.347 0.000 MP19 0.000 0.771
MP20 0.000 —1320.006 0.000 MP20 0.000 —0.858
MP21 0.000 2027.281 0.000 MP21 0.000 0.963
MP22 0.000 —3118.694 _
MP23 0.000 4807.118 YE core i MP2 96.367 96.368 97.274
MP24 0.000 —7421.461 %Ecorr In MP4 99.765 100.376 100.333
MP25 0.000 11472.422 %Eco” |n MP6 100.004 100.421 100.119
MP26 0.000 _17753.108 %E oy in MP8 100.006 100.308 100.046
MP27 0.000 27495.361
MP28 0.000 —42 612.629
MP29 0.000 66 077.304
MP30 0.000 —102 506.932 errors in the other calculations in this study. Beyond MP4 the
MP31 0.000 159 074.892 correlation contributions increase in size and the divergent
MP32 0.000 246 925.056 behavior is thus seen very clearly already at the MP5 level.
MP33 0.000 383 369.208 . .
The cc-pvDZ MP series converge monotonically from
YE cor iIn MP2 97.759 98.581 98.701 above, the aug-cc-pVDZ series is oscillating beyond MP3
Zf’Ecorr in mEg gg-gg‘?‘ 182-232 igg-gg? and divergent. The cc-pVTZf(d) series is oscillating and
OE corr IN : : . O P i _
YE.r in MPS 99,995 105795 100.014 convergent. In the aug-cc-pVDZ basis we find that the small

est error is obtained at the MP2 level. Beyond second-order
MP perturbation theory is definitely not a practical approach
for obtaining the total energy for'F- The divergency affects
crucially the reliability of the results already in fourth order

F~ is isoelectronic with Ne, but as an anion is COI’]Siderablym the smallest basis set that is reasonab'y to use for the F
more diffuse. The effect on the FCI energy of adding a dif-gnion.

fuse function is therefore three to four times larger intRan

in Ne, emphasizing the importance of diffuse functions forC HE
obtaining a reasonably description of anions. The Hartree—"
Fock weight in F and Ne is of the same size and approxi- Table Il contains results for HF obtained in MP pertur-
mately the same for all basis sets. The HOMO-LUMO gapbation and FCI calculations using various basis sets. The
differs in the three basis sets with a significantly smaller gapesults are similar to the Ne results. The cc-pvVDZ series
in the aug-cc-pVDZ basis. In the cc-pVDZ the MP series isconverges within a fewu hartree in MP12, while the cc-
monotonically converging from above to the FCI energy,pVTZ-(f/d) series is more slowly convergent. Addition of
similar to that observed for Ne. In the aug-cc-pVDZ basis setliffuse functions leads to a divergent behavior with correla-
the correlation contribution in MP3 and MP4 is considerablytion contributions increasing in size beyond MP13. The HF
larger than in the cc-pVDZ basis. The aug-cc-pVDZ MP4aug-cc-pVDZ and cc-pVTZ4{(d) results are displayed in
error is also considerably larger than the corresponding MP#&ig. 2. Using the cc-pVDZ basis the energy corrections are
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HF TABLE IV. MPn and FCI results for 5D in various basis set®V, is the
0.00400 weight of the Hartree—Fock reference in the FCI wave function. The FCI
’ SRR energy is given in a.u. and the MPn energies is given as the deviation from
0.00200 L E FCI in mhartreegMPn-FC)) f.c. designate that theslO) orbital is frozen.
000 | E cc-pvDZ cc-pvDZ(+)
[ ] (f.c) (f.c)
-0.00200 . Erq —76.241 650 —76.258 208
-0.00400 F E gap 0.679 0.545
’ - 1 Wi 0.942 0.937
-0.00600 ] MP1 214.842 220.651
C ] MP2 13.233 12.628
-0.00800 - ‘ E MP3 6.228 7.789
_0.01000'..I....l....l....l....' MP4 1.000 0.487
0 s MP5 0.477 1.010
10 15 20 25 MP6 0.116 ~0.204
MP7 0.060 0.327
FIG. 2. Correlation contributions for HF in the cc-pVTZA(d) (O) and MP8 0.011 ~0.190
aug-cc-pVDZ(®) basis set. MP9 0.009 0.176
MP10 0.001 -0.137
MP11 0.000 0.120
MP12 0.000 -0.103
. . . . MP13 0.000 0.092
negative through sixth order, and oscillates thrgugh higher yip14 0.000 ~0.083
order. In the cc-pVTZ-{/d) and aug-cc-pVDZ basis sets the wmp15 0.000 0.076
energy corrections oscillate from fourth order. MP16 0.000 —0.071
MP17 0.000 0.067
MP18 0.000 —0.064
MP19 0.000 0.062
MP20 0.000 —-0.061
D. H,0 MP21 0.000 0.060
In Table IV results are given for @ in MP and FCI ~ MP22 —0.060
. . . . . MP23 0.060
calculations using various basis sets. In the cc-pvVDZ baS|sMF,24 0,060
the MP series i§ monotonic and clearly conv_ergent. For the ypos 0.062
augmented basis sptc-pVDZ(+)] the MP series becomes mpP26 —0.063
alternating after fourth order. The contributions in subse- MP27 0.065
quent orders seem to approach each other in absolute vaIu%P28 _%%6782
beyond fourth order and up to order 23, where the perturba—w|P30 0076

tion contributions again start to increase in size. Numerical yp3; 0.081
experiments were performed where the core electrons were

. . 9 i
included. As observed in another recent benchmark calcula—;;Ew":: mgi gg'ggi 333;;
. . . corr " )
tion, thg I\glP series converges in an all electron cc-pvDZ %E .oy in MP6 99.946 100.092
calculations %E ¢orr IN MP8 99.995 100.086
E. CH,

F. BH

In Table V are given results for GHn FCI and Mbler—
Plesset theory. The Hartree—Fock reference has a weight of Table VI contains results for BH in FCI and Mer—
about 90% in the FCI wave function. This is smaller than forPlesset theory for a range of basis sets. The Hartree—Fock
the systems considered up to this point. The cc-pVDZ serieseight in the FCI wave function is similar to the one in €H
is also found to be more slowly convergent than in the prein BH we find only minor effects of increasing the basis set
viously discussed cc-pVDZ calculations. Inspection of thesize beyond valence double zeta polarization quality. The
%Ecorr in the MP models as given in the tables shows thatonvergence is unaffected by the addition of diffuse func-
the MP contributions generally are larger for this moleculetions. Going from double zeta to triple zeta basis sets gives
than for the previously considered. The MP4 error is five tolarger effects, but the general behavior of the perturbation
ten times larger. However, the basis set dependency of theeries is unchanged. We note that the BH series converge
MP series is much smaller than for the previously consideredlowly and monotonically, in accordance with previous in-
systems. Thus the inclusion of diffuse functions in the basivestigations on BH:’ Table VI also give results from all
set does not effect the convergence significantly, and the MBlectron calculations in the aug-cc-pVDZ basis sets. Freezing
series appears convergent in all basis sets. The convergentte core electrons does not have significant effect on the
is monotonically from above in all basis sets. convergence of the MP series.
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TABLE V. MPn and FCI results for CHin various basis set®V, is the H. N,
weight of the Hartree—Fock reference in the FCI wave function. The FCI ) )
energy is given in a.u. and the MPn energies is given as the deviation from  In Table VIII results are given for Nin Mdller—Plesset

FCl in mhartregMPn-FC). f.c. designates that thes(C) orbital is frozen.  gnd FCI calculations using cc-pVDZ basis sets. We have not
cc-pvDZ aug-co-pvDZ  co-pvTZ-(f/d) bee.n able to carry out calcylations for, IMugmenting this
(t.c) (f.c) (f.c) basis set. The convergence is slower fgrthan for HO and

HF in similar basis sets but the convergence is significantly

Erci —39.023280 —39.032446  —39.049 940 faster than for example, for BH.
gap 0.453 0.421 0.443 ’
Wi 0.906 0.902 0.902
MP1 142.287 148.192 158.327 IV. DISCUSSION
MP2 31.914 32.510 31.535 '
MP3 11.005 11.372 11.593 We have presented FCI and MP results for several small
MP4 5.126 5.059 4,990 lecul | o thei ibri irv. Caloulati
MP5 3.040 2914 2973 molecules close to their equilibrium geometry. Calculations
MP6 2049 1.907 1.950 were carried out using valence double zeta basis sets with
MP7 1.478 1.360 1.409 polarization functiongVDZP), basis sets of valence triple
MP8 1.105 1.010 1.053 zeta with polarization qualityVTZP), and basis sets where
MP9 0.845 0.772 0.809 the VDZP basis sets were augmented with diffuse functions.
MP10 0.656 0.599 0.630 Excludi Il svst inal p tion dominated
MP11 0513 0.470 0.496 xclu mglcz, all systems are single configuration dominate
MP12 0.404 0.371 0.392 with a weight of the HF reference in the FCI wave function
MP13 0.320 0.294 0.312 of 88%—-97%. In Table IX, we have summarized the most
MP14 0.254 0.234 0.248 important features of the MP series.
MP15 0201 0.186 0.198 The convergence up to fourth order reflect to some de-
MP16 0.160 0.149 0.158 th iaht of the Hart Fock ref in the ECI
MP17 0.127 0118 0.126 gree the weight of the Hartree—Fock reference in the
MP18 0.101 0.094 0.101 solution. MP2 has been very widely used and recovers a
MP19 0.080 0.075 0.080 large fraction of the correlation energy. Generally MP3 gives
MP20 0.063 0.060 0.064 no significant improvement compared to MP2, while MP4
MP21 0.050 0.047 0.051 improves the energy considerably. The MP4 error may
MP22 0.039 0.038 0.040 h both si d itude when i ing the basi
MP23 0.031 0.030 0.032 change both sign and magnitude when increasing the basis
MP24 0.024 0.024 0.025 set, as exemplified by the HF and FEalculations, respec-
MP25 0.019 0.019 0.020 tively. Thus MP4 does not necessarily give consistent im-
MP26 0.015 0.015 0.016 provements when improving the basis set. The rather large
MP27 0.012 0.011 0.012 error in the F calculations in fourth order indicates that
MP28 0.009 0.009 0.010 fourth-ord curbation th be d ¢
MP29 0.007 0,007 0.008 even fourth-order perturbation theory can be dangerous to
MP30 0.005 0.005 0.006 use. o
MP31 0.004 0.004 0.005 Beyond fourth order the convergence behavior is very
MP32 0.003 0.003 0.004 much dependent on the choice of the one-electron basis set.
MP33 0.002 0.003 0.003 Going to larger basis sets, the characteristics of the MP series
%E ¢orr IN MP2 77571 78.062 80.082 may change dramatically both quantitatively and qualita-
%E corr in MP4 96.397 96.586 96.848 tively. The qualitative characteristics of the MP series in
YE gor iIn MPE 98.560 98.713 98.768 VTZP quality basis sets appear to be the same as in the
%E ¢orr in MP8 99.223 99.319 99.335 - ; o :
VDZP basis, but with somewhat larger contributions in each
order and a generally slower convergence. However, aug-
menting the VDZP basis set with diffuse functions leads in
many cases to drastic changes in the behavior of the high-
G C order MP series. In many caséde, F, HF, and HO) a
2

relatively stable convergent series is turned into a divergent
In Table VII results are given for gn MP perturbation  series, while for BH and Cpthe MP series maintained ap-
calculations and FCI calculations using cc-pVDZ and cc-proximately the same convergent behavior. With the excep-
pVDZ(+) basis sets. As seen from the low weight of the HFtion of C, the systems exhibiting divergent behavior are
reference, this molecule has large nondynamical correlatiogingle configuration dominated, with a large HOMO-LUMO
contributions. In both basis sets we find a very poor convergap between the highest occupied and lowest unoccupied
gence of the perturbation series, in fact, we cannot establistmolecular orbitals. All the monotonic series exhibited con-
convergence numerically. The convergence behavior of theergent behavior, whereas in the series exhibiting divergent
two series is rather similar, exhibiting a highly irregular andbehavior the MP series were oscillatory beyond fourth order.
unpredictable behavior. While,@rom the outset is the most Oscillatory but convergent behavior was observed in VDZP
difficult case, it appears that the behavior of the MP series iand VTZP calculations on Ne and HF. For Fhe VDZP
not affected significantly by augmenting the double zetacalculation converged monotonically, the augmented VDZP
quality basis set with diffuse functions. calculation was oscillatory and diverging, and the VTZP cal-
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TABLE VI. MPn and FCI results for BH in various basis sef¥, is the weight of the Hartree—Fock reference in the FCI wave function. The FCI energy
is given in hartree and the MPn energies is given as the deviation from FCI in mhidvireeFC)). f.c. designates the core orbital is frozen.

aug-cc- daug-cc-
cc-pvDZ pvDZ pvDZ cc-pvTZ aug-cc-pvTZ aug-cc-
(f.c) (f.c.) (f.c.) (f.c.) (f.c) pvDZ

Erc —25.215 126 —25.218 277 —25.218 430 —25.231 132 —25.232 008 —25.219 573
gap 0.404 0.374 0.355 0.397 0.374 0.374
Wye 0.908 0.905 0.905 0.905 0.905 0.905
MP1 89.794 91.850 91.954 101.199 101.807 93.145
MP2 29.262 29.477 29.469 27.686 27.418 29.325
MP3 11.513 11.591 11.591 11.134 11.095 11.514
MP4 5.213 5.227 5.229 5.161 5.168 5.200
MP5 2.580 2571 2.573 2.620 2.633 2.568
MP6 1.331 1.319 1.320 1.288 1.399 1.324
MP7 0.693 0.686 0.686 0.749 0.757 0.692
MP8 0.355 0.354 0.354 0.406 0.412 0.359
MP9 0.177 0.178 0.179 0.219 0.223 0.183
MP10 0.084 0.087 0.087 0.116 0.119 0.090
MP11 0.037 0.040 0.040 0.060 0.062 0.042
MP12 0.014 0.017 0.017 0.031 0.032 0.018
MP13 0.004 0.006 0.006 0.015 0.016 0.007
MP14 —0.001 0.001 0.001 0.007 0.007 0.002
MP15 —0.002 —0.001 —0.001 0.003 0.003 0.000
MP16 —0.002 —0.001 —0.001 0.001 0.001 0.000
MP17 —0.002 —0.001 —0.001 0.000 0.000 0.000
MP18 —0.001 —0.001 —0.001 0.000 0.000 0.000
MP19 —0.001 —0.001 —0.001 0.000 0.000 0.000
MP20 —0.001 —0.001 —0.001 0.000 0.000 0.000
MP21 —0.001 —0.001 —0.001 0.000 0.000 0.000
MP22 0.000 0.000 —0.001 0.000 0.000 0.000
MP23 0.000 0.000 —0.001 0.000 0.000 0.000
MP24 0.000 0.000 —0.001 0.000 0.000 0.000
YE o IN 67.412 67.907 67.952 72.642 73.069 68.517
MP2
YE o IN 94.194 94.309 94.313 94.900 94.923 94.417
MP4
YE o IN 98.517 98.563 98.564 98.628 98.626 98.579
MP6
YE oy IN 99.605 99.615 99.615 99.599 99.595 99.614
MP8

culation was oscillatory and converging. Using augmentedjent series are obtained in a number of cases. Cremer and
VVDZP we found that the MP contributions began to increaseHe’s division of molecules into classes with different con-
in numerical value beyond, respectively, order 15, 14, and 2&4ergence behavior is, in fact, even more interesting in light
for Ne, HF, and HO. In these systems it was observed thatof the present work.
the even- and odd-order contributions are of opposite sign By augmenting a basis set with diffuse functions we ex-
and approach each other in magnitude up to the point whengand the region in ordinary configuration space that we are
the contributions starts to increase in size. After this the difable to describe without improving the valence space de-
ference between contributions in subsequent order increasscription considerably. It is, of course, possible that the aug-
In a recent investigationCremer and He have divided mented basis sets in some sense induce divergence in an
molecules into classes according to different characteristicartificial way, since the valence basis sets are rather small.
of the MP series up to sixth order. Indeed we have observeHowever, the basis sets we have used are standard type basis
that the calculated MP series in most cases agree with thesets. The use of augmented functions is mandatory in some
classifications. However, we have also found that the size dfituation, for example, in calculations on anions, excited
the MP contributions depends crucially on the basis sets enstates, and polarizabilities. Even if one could argue that the
ployed, and the convergence of the MP series may comdivergent behavior only occurs for specific choices of basis
pletely change nature upon extension of the basis set. Whilgets, there are severe problems in MP theory if one cannot
the investigation in Ref. 3 is restricted to low order and con-expect standard basis set to give convergent MP series. And
vergence is assumed, we have carried out high-order calcgioing to larger and more complete basis sets, one will even-
lations using various basis sets and demonstrated that divetually enter into the region described by the augmented dif-
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TABLE VIl. MPn and FCI results for €in various basis setV,¢ is the TABLE VIIl. MPn and FCI results for M in a cc-pVDZ basis seW, is
weight of the Hartree—Fock reference in the FCI wave function. The FClthe weight of the Hartree—Fock reference in the FCIl wave function. The FCI
energy is given in hartree and the MPn energies is given as the deviatioanergy is given in hartree and the MPn energies is given as the deviation

from FCI mhartreg MPn-FCJ). 1s(C) is frozen. from FCI in mhartreeMPn-FCI). 1s(N) is frozen.
cc-pvDZ cc-pVDZ(+) cc-pvDZ
(f.c) (f.c) (f.c)
Erci —75.721 843 —75.730 209 Erc —109.276 527
gap 0.349 0.341 gap 0.787
Wi 0.687 0.687 Wi 0.879
MP1 334.940 342.245 MP1 321.974
MP2 24.167 30.735 MP2 16.686
MP3 56.545 63.222 MP3 20.726
MP4 -12.927 —6.468 MP4 —1.450
MP5 22.899 29.733 MP5 3.244
MP6 —14.763 -8.429 MP6 -0.321
MP7 8.421 15.383 MP7 0.532
MP8 —-12.150 -5.817 MP8 0.021
MP9 —0.430 6.530 MP9 0.063
MP10 -8.735 —2.300 MP10 0.034
MP11 —5.745 1.113 MP11 0.001
MP12 —6.082 0.513 MP12 0.012
MP13 -8.387 —1.666 MP13 -0.002
MP14 —4.777 1.969 MP14 0.002
MP15 -9.083 —2.473 MP15 —0.001
MP16 —-4.716 2122
MP17 -8.586 -2.021 YE gorr iIn MP2 94.817
MP18 —5.426 1.428 %ECO" in MP4 100.450
MP19 —7.600 —-1.011 %Ecorr in MP6 100.100
MP20 —6.359 0.449 %Ecorr in MP8 99.994
MP21 —6.667 -0.011
MP22 -7.093 -0.361
MP23 —6.098 0.632
MP24 —7.427 -0.763
MP25 —5.967 0.815
MP26 -7.373
MP27 —6.170 TABLE IX. Summary of the most important characteristics of the numerical
MP28 —7.077 MP series.
MP29 —-6.520
MP30 —6.729 Oscillating/monotonic
MP31 —6.837 Molecule Basis Convergence beyond MP4
%E o IN MP2 92.785 91.020 Ne VvDZP conv. osc.
%E oy iN MP4 103.859 101.890 aug-vDZP div. osc.
%E ¢orr in MP6 104.408 102.463 VTZP conv. osc.
%E o iN MP8 103.627 101.700
F VDZP conv. mon.
aug-VDZP div. osc.
VTZP conv. osc.
fuse functions. Furthermore, judged from the relative stabil- " auVD\/ZEI:ZP Cgir\‘/"' gzg
ity of the Hartree—Fock weight of the reference function in 3TZP conv. osc.
the FCI function as well as the HOMO-LUMO gap, the
physics in our description is essentially unchanged. H0 vDzP conv. mon.
The combined consideration of the physical relevant aug-vbzP div. 08¢
situation (perturbation parameter=1) and the zeroth-order CH, vDZP conv. mon.
spectrum(perturbation parametex=0) is not sufficient to aug-vDZP conv. mon.
predict the behavior of MP perturbation theory. Although Vizp conv. mon.
this is obvious from a mathematical point of view, it has only  BH VDZP conv. mon.
been demonstrated in difficult cases like excited states and aug-vDZP conv. mon.
typical multireference problems with near lying physical viZP conv. mon.
states. However, in this study, the systems exhibiting diver- aug-VizP conv: mon.
gent behavior are commonly thought of as standard ex- C, VDZP ? irregular
amples of cases where single reference perturbation theory is aug-vbzp ? iregular
an appropriate tool, since the lowest energies are well sepa- y, VDZP conv. irregular

rated forA=0, 1. No physical states occur as intruder states
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crucially on the used basis sets.
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