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HF and CAS calculations for linear geometry of Fe(CH), with D, Symmetry have
been performed. The basis sets used were DZ and DZ + P with ECP on the iron atom. Two
closed-shell and one quintet RHF wave functions have been found, ®FF, ®5"F and oFHHQ),
All of them are singlet and triplet unstable in the wide range of Fe-CH distances. Singlet
instability leads to the Charge Density Wave (CDW) broken-symmetry wave function with
two electrons on carbon p, or p, orbita in the dissociation limit. Triplet instabilities lead
to two broken-symmetry HF wave functions of Axial Spin Density Wave (ASDW) type,
ASDW; and ASDW.. In the dissociation limit they give carbon atoms with two electrons
on p., and p, orbitals coupled to singlet and triplet, respectively. The stability conditions for
CDW, ASDW; and ASDW; instabilities have been derived. Other HF wave functions with
spin symmetry unrestricted have been aso found. CAS(8,8), CAS(10,10) and CAS(12,12)
calculations for singlet, triplet and quintet states of Fe(CH). have been carried out. In al
CAS calculations the singlet state has the lowest energy. The Fe—-CH equilibrium distances
obtained from closed-shell RHF wave functions are much shorter and from broken-symmetry
wave functions are much longer than those obtained from CAS calculations.

1. Introduction

The Hartree—Fock equations are nonlinear equations, and, consequently, they can
have more than one solution. In some cases there exist HF wave functions of lower
symmetry than that of the molecule and of lower energy than energy corresponding to
the symmetry adapted RHF wave function. This phenomenon was called “the sym-
metry dilemma’ by Lowdin [46]. Slater showed [73] that for the large interatomic
distances in the hydrogen molecule the broken-symmetry wave function is lower in
energy than the symmetric one. The occurrence of symmetry breaking is a sign that
correlation effects are important in the system. All types of HF solutions were classified
by Fukutome [28-30,61] according to the various symmetry groups. When a symme-
try broken wave function exists, the RHF symmetry adapted wave function is unstable
(it is not a minimum in the variational space). HF ingtabilities occur in singly bonded
systems for large interatomic distances. The HF ingtabilities for cyclic and linear
polyenes were extensively studied and the stability conditions for these systems were
derived [63-70,75]. The class of molecules for which the wave functions are unstable
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at the equilibrium atom—atom distance are molecules with multiple bonds [22,39-41],
linear carbon clusters [44], systems with metal—-metal bonds and organometallic mole-
cules[4,10-14,17-19,21,23,33,37,55,77,78]. HF calculations for one-dimensional met-
as lead to spin density wave (UHF) and charge density wave (RHF) soutions [49,50].
HF instabilities are also relevant to the description of hole statesin molecules[1,5,6,16].
The broken-symmetry method has been designed and used with significant success to
interpret magnetic and spectroscopic properties of biologically important systems and
transition metal dimers [7,34,45,51,54,56-60,72,82,84]. The HF instabilities appear
in reactive systems, transition states of reactions, unstable intermediates and other
systems with unusal electronic properties [76,79-81,83,85]. Instahilities occur aso
in DFT calculations but they are less pronounced than HF instabilities, which is re-
lated to effects of electron correlation included in the DFT correlation potentials [32].
Symmetry breaking plays also arole in CC, MCSCF and perturbation theory calcula
tions [3,31,38,42,43,52,74]. The different aspects of symmetry breaking in atoms and
molecules and the HF stability related problems are reviewed in [20,30,53,62].

In this work we have studied the HF instabilities for the model organometallic
molecule bis(methyne)iron, Fe(CH),. We have examined instabilities which localize
different pairs of eectrons in different parts of the molecule, that is, singlet instabil-
ities leading to Charge Density Wave (CDW) broken-symmetry solutions, and inste-
bilities localizing electrons of different spins in different parts of the molecule, that
is, triplet instabilities leading to Axial Spin Density Wave (ASDW) broken-symmetry
solutions.

2. Method of calculations

The calculations have been carried out with the GAMESS program [25]. The
valence double-¢ basis of Dunning and Huzinaga [8,24] has been used for carbon and
hydrogen atoms. The core electrons of Fe have been replaced by an effective core
potential [36] and the basis set of DZ quality of Hay and Wadt [36] has been used for
valence electrons. This basis, which is further referred to as B; has been used in all HF
calculations. We subsequently performed some HF calculations and CAS calculations
with two basis sets. The first was B; and the second, B», was formed by adding one
polarization p function on the hydrogen with exponent 1.0, one polarization d function
on the carbon with exponent 0.75, and one additional diffuse d function on the iron
atom [35].

The linear structure of D..;, symmetry was assumed for Fe(CH),. The energy
curves have been determined for different distances of Fe-CH, equa for both ligands.

3.  Results and discussion

Fe(CH), can be considered as a result of ethyne dissociation with Fe atom par-
ticipation as a catalyst. The ligated carbyne and bis(carbyne) complexes of transition
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metals are known [2,15,26,27,47,48,71]. The high symmetry of the linear Fe(CH),
molecule permits facile investigation of the symmetry properties and symmetry break-
ing in the HF wave functions of this system.

3.1. HF wave functions for Fe(CH),

We started from the closed-shell RHF calculations. The usual iterative procedure
leads to a solution which we denote ®RHF. From among nine MOs occupied by eigh-
teen valence electrons, the two lowest o, and o, describe plus and minus combinations
of oc— and are common to al HF wave functions found. They can be omitted from
further considerations. The HF determinant for the remaining seven MOs is

ST = |107(p-0) 107 (p20) A5, doo_ 205 (d 2)m2 75 | (3.11)

where
Mg = adg, + b(Prc,y — Pacp)s (3.1.2
Tyg = ady> + b(Dyc, — Pycy)- (3.1.3)

Coefficients ¢ and b are here 0.27 and 0.38, respectively (these are coefficients
for the first function of the double-( basis). There is a significant admixture of d.-
orbital to 1o, orbital and of p, orbitals of carbon to 20, orbital for this wave function.

®RHF s unstable, leading to three broken-symmetry solutions, one of CDW and
two of ASDW type:

O = [105(p-) 108 (p20) 2y 422 2200 (d2)m2 gy, (314)
@ = 1070010 (0:0) 2y A2 2205 (d2) ATy ey, (315)
d)'lASDWZ = |10§(pzc)105 (ch)diydiz,yzzas(dZZ)WxAWyAﬁrBﬁyB | (3.1.6)

The energy as afunction of the Fe-CH distance for @R, dPW | @}t SPWs gng @ftSPW2
solutions is shown in figure 1. The 7 orbitals in these three wave functions are localized
on atomic orbitals of different carbon atoms which can be visualized in a simple way
(cf. scheme 1). At shorter Fe-CH distances localization is not complete, the 7, 4 and
my4 Orbitals have tails on carbon B and vice versa. This localization takes place at
a very short Fe-C distance, much shorter than the minimum energy distance of ®RHF
(figure 1).

There is another closed shell RHF wave function, ®5F, which is lower in energy
than ®RHF. The respective determinant formed from the seven highest occupied MOs
is

RHF 2 2 2 2 2 2 2
o = ‘dmydxzdyzag(pZC)Ju(pZC)WIUﬂyU

, (3.1.7)

where, after ommiting normalization,
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Figure 1. Energy curves for ®f" and broken-symmetry solutions &PV, &}V and @S2z,

u = PxCy + PzCp (318)

Tyu = PyCa + PyCp- (3.1.9)

This wave function is aso unstable. We get three broken-symmetry solutions arising
from ®5HF similar to those for ®RHF:

S5OV = |2, 3, d2 05 (p.c)ob (D)o AT (3.1.10)
DOV = |2 42 d2 02 (p.) o2 (p-C)TaATyaToBTyB| ! (3.1.11)
DOz = |2 @2 2. 02(p.c) o2 (poc) ATy AT u BTy B |- (3.112)

Again the 7 orbitals are localized on different carbon atoms in the way described
in scheme 1. The o(p.c) orbitals can be locaized by transformation between o,
and o, occupied orbitals. Such transformation does not cause an energy change and
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symmetry breaking. The energy curves for ®5HF and the broken-symmetry wave
functions arising from it as functions of the Fe-CH distance are shown in figure 2.

The localization starts at a very short Fe-CH distance, like in the case of the
wave function ®THF. The broken-symmetry wave functions arising from ®f"* and
®BHF will dissociate to CH groups with different C atom configurations (p or p2 for
CDW, p.p, or p.p, for ASDW; and p,.p, for ASDW5) and to the high-energy atomic
states Fe atom, due to closed-shell d orbitals occupation. We calculated the RHF wave
function in which the Fe atom has four unpaired electrons:

(D3RHF(Q) = ‘dZZd:pzdyzdzydiz_yzJg(po)Ui(po)ngﬂ—;g

, (3.1.13)

where 7., and m,, are similar as for ®HF, but with considerably smaller coefficients
on d orbitas (¢ = 0.17, b = 0.43). As in the case of ®RF and ®FHF, 7 orbitals
localize on different carbon atoms giving three broken-symmetry wave functions CDW,
ASDW; and ASDW5:

BSOW — ‘dzzdmdyzdzydizfyzas(pzc)ag (p=c)m2 475, (3.1.14)
qJQSDWl = ‘dzzdwzdyzdﬂﬁydiZ—yZng](po)ai(pZC)WJIAﬁyAﬁzBﬂyB " (3.1.15)

CDQSDWZ = ‘dzz dxzdyzdzydg%Z—yZO-g(po)Ui (p=C) T2 ATy AT BTy B ‘ - (3116)

The energy of X" and broken-symmetry wave functions originating from it as
a function of the Fe-CH distance is shown in figure 3. It was not possible to find
the energy of CDW and ASDW; solutions for smaller Fe—-CH distances in this case,
because of convergency problems.

Symmetry-broken molecular orbitals for ®RHF, ®RHF and dFHHQ can be defined
as a combination of occupied and virtua RHF orbitals:
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Figure 2. Energy curves for ®5"" and broken-symmetry solutions ®$PY, @55t and f<PW2,
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ASDW;:
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yu(g)
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TpA = COS AT g(u) + SINAT
TzA = COSAT zg(u) + SINAT
TyB = COSATyg(u) — SINAT
TyB = COSATyg() — SINAT
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TzA = COS AT pg(u) + SINAT
TxB = COSAT4g(u) — SINAT
TyA = COSATygu) + SINAT
TyB = COSATyg(y) — SINAT

(3.1.17)

(3.1.18)
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Figure 3. Energy curves for ®3"7? and broken-symmetry solutions ®$P", ®5%°"1 and &4"2, together
with energy curves for @UHFN) gnd pUHRE),

*
zu(g)!
*

zulg) (3.1.19)
yu(g)

yulg)"

ASDW,: T4 = COSAT () + SINAT
TzB = COS AT yg(u) — SINAT
TyA = COSATyg() + SINAT
TyB = COSATyg() — SINAT

where the subscripts in parentheses correspond to the wave function ®§F with =,
orbitals occupied. The transformation between virtual orbitals and occupied orbitals
leads to localization and considerable lowering of energy for the three wave functions
®RHF RHF pRHFQ) - At the dissociation limit, cosA = sin) and A = 7/4.

In the case when 7, and ,,, orbitals were all occupied the transformation of the
type (3.1.17)—3.1.19) would occur between occupied orbitals and would not lead to
symmetry breaking. We calculated the energy for several HF wave functions with four
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Table 1 R
Calculated energies, Fe-CH distances (Req) and (S?) values
for HF wave functions.

Wave function Req [A] E [au] (8?)
Basis B1
ofHF 1.89 —198.806 0
oW 1.99 —198.970 0
Py 1.99 —199.057 1.99
PPN 2.01 —199.112 2.03
PFHF 1.82 —198.898 0
oW 1.98 —199.005 0
Py 1.99 —199.093 1.97
Py 2.01 —199.153 2.03
PEHFQ 2.00 —198.952 6.02
oW 2.01 —199.190 6.02
Py 2.02 —199.280 7.91
A 2.03 —199.339 7.98
pUHAN) 2,07 —199.322 20
PUHAS 1.99 —199.354 3901
Basis B
PUHAS 1.98 —199.377 3901

7 orbitals having the same spin. The limiting cases are ®YHM9 with equal number
of apha and beta electrons (formally singlet, but the wave function does not have the
correct (S2) value) and ®UHFN) with eight unpaired alpha electrons. The occupation
of molecular orbitals for these two wave functions is

UHF(S) 2 2 2 - - = =
0} © = ‘dzydzzdyzdz2d127y2Ug(po)O-u(po)ﬂ'zgﬂ'ygﬂ'xuﬂ'yu

. (3.1.20)
and

CDUHF(N) = |dzydazzdyzdzldiz_yzUS@ZC)Uz%(po)Wzgﬂygﬂxuﬂyu‘s (3121)

where ®YHFS) is a spin unrestricted wave function. The (S2) value for the minimum
distance Fe-CH is 3.91 (table 1) which differs significantly from the 0 value for singlet
wave functions. The energy curves for ®YHHS and UHFN) gre also shown in figure 3.

We have tried other spin couplings leading to two, four and six unpaired electrons
for one-determinantal wave function, but in each case the obtained energy was higher
than that of ®YHFS) . The energy and the Fe-CH distance for calculated HF wave
functions are collected in table 1, and orbital populations and charges are given in
table 2. The two lowest energy HF wave functions are ®YHF(S) and ®5W2, In
general, there are possibly many single-determinantal wave functions for Fe(CH),
with spatial and/or spin symmetry broken which are close in energy. They lead to
different Fe—CH equilibrium distances as it may be seen from table 1.
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Table 2
Orbital populations and charges for HF wave functions of Fe(CH)..

Wave function Fe orbital populations® Charges
d,2 d,2 d,2 dez dy> dazy S p diotal Fe C H

Y

Basis B1
PRHF 119 131 131 047 047 2.00 064 —007 732 070 —0.48 013
oW 130 131 131 017 017 2.00 061 011 698 104 —0.68 0.16
W 131 131 131 013 013 200 063 006 688 114 —0.72 0.15
P2 132 131 131 011 011 200 066 003 685 116 —0.72 0.14
RHF 033 —0.04 —0.04 1.92 192 200 049 081 739 064 —048 0.16
®SOW 029 —0.03 —0.03 200 2.00 200 045 028 696 106 —0.70 0.17
(G 029 —0.03 —0.03 201 201 200 046 016 687 116 —0.74 0.16
)W 021 —0.04 —0.04 201 201 200 048 011 684 118 —0.72 0.13
PR 076 064 064 121 121 200 048 —-0.04 690 110 —0.72 017
o$Pw 079 064 064 106 106 200 054 019 692 111 —-0.72 0.16
Giasis 079 064 064 105 1.05 200 055 011 683 118 —0.75 0.16
(G 080 064 064 104 104 200 056 008 680 120 —0.74 0.14
PUHFN) 083 064 064 1.02 1.02 200 053 008 676 126 —0.78 0.15
PUHFS 078 063 063 1.07 107 200 059 005 682 118 —0.72 0.13

Basis B>
PUHFS 062 061 061 1.06 1.06 200 069 007 672 130 —0.76 011

Populations on s and p valence orbitals were summed up.

3.2. The stability condition

For the Hartree-Fock wave function to be stable, the second variation of the
energy functional expressed in the form

1
82 Enp(P) = Eﬁm (3.2.1)

must be positive. It means that the instability matrix Q has to be positive definite (that
is, has to have al eigenvalues positive). The Q2 matrix elements for instabilities of real
character are given for the singlet instability by [30]

Qanb = Frnbab — Fpadmn + 4ma|nb) — (mn|ab) — (mb|na), (322
and for the triplet instability by
Qma,nb = Frnbab — FpaOmn — (mn|ab) - (mb|na)1 (323)

where m, n label the virtual orbitals and a, b the occupied ones. F,,,, are e ements of
the Fock matrix here, and (mn|ab) are two-electron integrals in Mulliken notation.
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3.3. The ingtability conditions for CDW, ASDW; and ASDW, solutions

For = orbitals in ®RAF, ORHF OFHFQ the ingtability matrix @ is an 8 x 8
matrix. Instead of constructing and diagonalizing , the stability condition for the
three instabilities can be found in another way. The RHF wave function is unstable
when

E(chHF) _ E(cDCDW,ASDW) >0, (331

the equality corresponding to the instability threshold.

Putting the orbitals of broken symmetry in the form (3.1.17)«3.1.19) into Slater
determinant and applying Condon—Slater rules (using the fact that the near instability
threshold X is close to O which alows to use approximations sinA ~ A, COSA =
1 — (1/2))? and to omit terms in power of A higher than 2), we get the following
instability conditions for CDW, ASDW; and ASDW, solutions:

CDW : 57r;u(g) ~ EMag(u) + 3(7rxg771u|7rxg7rxu) - (7r:vg7r:vg|7"'zu7rxu)

- 4(7ng7Tzu|7Tyg7ryu) + (7r:vg7ryu|77yg7rxu) + (7r:vg7ryg|7rzu77yu) <0, (332

ASDW;: €7T;u

@ Emggu) (7T:cg7rxu|7ng7Tzu) - (7ng7TIQ|7rxu7Tzu)

+ (7ng77yu|7'('yg7Tzu) + (Wzgwyg|7rxu7ryu) < 01 (333)

ASDWs;: 57r;u(g) T gy (7T:cg7rxu|7ng7Tzu) - (7ng7TIQ|7rxu7Tzu)
- (7ng7Tyu|7ryg7Tzu) - (Wzgwyg|7rxu7ryu) <0, (334)

where ¢ isan orbital energy, star denotes virtual orbital and the subscripts in parentheses
correspond to ®RF. The same conditions hold for 7, orbitals, these three instabilities
are doubly degenerate.

As it can be seen in figures 1-3, conditions (3.3.2)«3.3.4) are fulfilled even for
the very short Fe—CH distances. The three instahilities leading to the broken-symmetry
UHF solutions appear at the Fe-CH distance much shorter than the RHF equilibrium
distance. Condition (3.3.4) is fulfilled as the first one. This leads to the ASDW,
broken-symmetry wave function. This wave function in the dissociation limit has two
carbon atoms with two electrons coupled to the triplet on p, and p, orbitals, which
has the lowest energy on the HF level. The ASDW,; instability, leading to singlet
coupled carbon p, and p, electrons in the dissociation limit, appears as the second
one. The CDW instability appears as the last one, with doubly occupied p, (or p,)
carbon orbitals in the dissocitation limit and with the highest energy.
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3.4. CAScalculations

We have performed three sets of CAS calculations for Fe(CH),, CAS(8,8) with
eight electrons in eight active orbitals, CAS(10,10) with ten electrons in ten active
orbitals and CAS(12,12) with twelve electrons in twelve active orbitals. CAS cal-
culations have been done using the symmetry group Do;,. In al cases the energies
of singlet, triplet and quintet wave functions have been calculated. In the case of
CAS(12,12) quintet calculations the number of CSFs produced was too large, and we
restricted the number of excitations to ten. In this case the wave function was not of
the CAS type. We checked for singlet and triplet wave functions that this restriction
does not influence calculated energy. As the starting orbitals for CAS calculations
we have taken the natural orbitals from the ®YHFS wave function. As the active
space for CAS(8,8) we have taken ®5°°W2 natural orbitals wiht occupation numbers
between 1.28 and 0.73. They are m.q, Tpu, Tyg, Tyu and four singly occupied Fe
d orbitas (d.2, dy., dy., dgy). For CAS(10,10) we have taken additionaly o, and
a; orbitals. The o}, natural orbital of ®ynr(s) has a smaller occupation number than
o,. Even when starting CAS(10,10) with o orbital it converted to o during the
iteration process. For CAS(12,12) we have added one o, and one ¢, orbital to the
active space. We have performed CAS calculations wih basis set By for three spin
dtates, singlet, triplet and quintet. The energies and equilibrium Fe-CH distances for
CAS wave functions are presented in table 3. The calculated energy separation be-
tween singlet and triplet is 2.5 kcal/mol for CAS(8,8), 3.1 kcal/mol for CAS(10,10)
and 2.5 kcal/mol for CAS(12,12) with the singlet lying lower. We have repeated
CAS cdculations with basis set B, to see if the singlet—triplet ordering will be re-
tained. The obtained singlet—triplet energy differences are approximately the same
as for the smaler basis (2.5 kcal/mol for CAS(8,8), 3.1 kca/mol for CAS(10,10)
and 3.1 kcal/mol for CAS(12,12)). The occupation humbers of natural orbitals for
CAS, ®5Y2 and ®UHFS) wave functions are shown in table 4. In al CAS cal-
culations the d,. and d,. orbitals are aimost evenly distributed between 7, and m,
CAS natural orbitals. The comparison of UHF and CAS natural orbital occupation
numbers from table 4 show that UHF 7, occupation numbers are much lower and
m, much higher than respective CAS occupation numbers. Atomic orbital populations
and charges for CAS wave functions are presented in table 5. From tables 1 and 3
it can be seen that the RHF wave functions yield the Fe-CH bond distance shorter
and spatial and/or spin unrestricted HF wave functions yield this distance longer than
CAS wave functions (with the exception of quintet wave function ®RHFQ). For both
basis sets the lowest energy UHF wave function ®YHFS has energy lower than the
CAS(8,8) wave function. The explanation may be that the CAS(8,8) active space
comprises four 7 orbitals and four singly occupied d Fe orbitas and takes into ac-
count non-dynamical correlation in this space, while ®YHF(S takes into account also
some o orbital correlation which is manifested by its o orbitals occupation num-
bers.
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Table 3

Fe-CH bond distances (Req) and energies for CAS wave functions of Fe(CH)s.

Wave function Req [A] E [au] E — E(S) [keal/mol]
Basis B1
CAS(8,8) (9 1.95 —199.350 0.0
CAS(8,8) (T)P 1.96 —199.346 25
CAS(8,8) (Q)° 1.98 —199.338 75
CAS(10,10) (S) 1.93 —199.366 0.0
CAS(10,10) (T) 1.94 —199.361 31
CAS(10,10) (Q) 1.95 —199.351 94
CAS(12,12) (S) 1.94 —199.371 0.0
CAS(12,12) (T) 1.94 —199.367 25
CAS(12,12) (Q) 1.96 —199.359 75
Basis B>
CAS(8,8) (9 1.94 —199.371 0.0
CAS(8,8) (T) 1.95 —199.367 25
CAS(8,8) (Q) 1.96 —199.358 8.2
CAS(10,10) (S) 1.92 —199.389 0.0
CAS(10,10) (T) 1.93 —199.384 31
CAS(10,10) (Q) 1.94 —199.373 10.0
CAS(12,12) (S) 1.93 —199.407 0.0
CAS(12,12) (T) 1.93 —199.402 31
CAS(12,12) (Q) 1.95 —199.390 10.7

3 _singlet; ° T — triplet; ©Q — quintet.

Table 4

Natural orbital occupation numbers for CAS wave functions and for @32 and VMRS,

Wave function

Natural orbital occupation numbers

Tzg  Tyg

Tz TTyu

Ay

d,2

*
Tag

n*
yg

"
Tg

*
Uu

CAS(12,12) (S)
CAS(12,12) (T)
CAS(12,12) (Q)

ASDW:.
A
(DU HF(S)

CAS(12,12) (S)
CAS(12,12) (T)

CAS(12,12) (Q)
(DU HF(S)

1.981
1.981
1.981
1.994
1.994

1.981
1.981
1.982
1.993

1971
1971
1974
1.982
1.982

1.970
1971
1973
1.981

1471 1471
1446 1.446
1.382 1.382
1.188 1.188
1278 1.278

1.467 1.467
1441 1441
1.378 1.378
1277 1.277

Basis B1

0.999 0.999
1.000 1.000
1.000 1.000
1.000 1.000
1.000 1.000

Basis Bz

0.999 0.999
1.000 1.000
1.000 1.000
1.000 1.000

1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000
1.000

1.000
1.000
1.000
1.000

0.530
0.555
0.618
0.811
0.721

0.534
0.560
0.622
0.723

0.530
0.555
0.618
0.811
0.721

0.534
0.560
0.622
0.723

0.037
0.036
0.034
0.018
0.018

0.037
0.036
0.034
0.019

0.011
0.011
0.010
0.006
0.006

0.011
0.010
0.010
0.007




M. Jaworska, P. Lodowski / Symmetry breaking in HF wave functions 19

Table 5
Orbital populations on iron atom and charges for CAS wave functions of Fe(CH)..

Wave function Atomic orbita populations on Fe? Charges
d,2 dy2 dyz dez dy> dazy S D  diota Fe C H

Basis B1

CAS(8,8) (S) 076 1.13 113 1.11 111 1.00 058 0.06 624 112 —0.70 0.14
CAS(8,8) (T) 077 113 113 1.11 111 1.00 057 006 625 114 —0.71 0.14
CAS(8,8) (Q) 078 1.13 113 1.08 108 1.00 055 007 620 1.18 —0.74 0.15

CAS(10,10) (S) 075 113 1.13 112 112 1.00 0.62 004 625 111 —0.69 0.3
CAS(10,10) (T) 075 113 1.13 111 111 1.00 0.62 002 623 110 —0.69 0.14
CAS(10,10) (Q) 077 113 1.13 110 1.10 1.00 0.61 006 623 112 —0.70 0.14

CAS(1212) (S 075 113 1.13 112 112 1.00 0.65 005 625 106 —0.67 0.14
CAS(12,12) (T) 075 113 1.13 112 112 1.00 0.65 006 625 106 —0.67 0.14
CAS(1212) (Q) 077 113 1.13 110 1.10 1.00 0.63 007 623 107 —0.68 0.14

Basis Bz

CAS(8,9) (S) 063 111 111 1.10 110 1.00 0.66 007 605 125 —0.74 0.12
CAS(8,8) (T) 063 111 111 1.09 1.09 1.00 066 008 603 125 —0.74 0.12
CAS(8,8) (Q) 064 111 111 1.08 108 1.00 0.65 008 6.02 127 —0.75 0.12

CAS(10,10) (S) 058 1.10 1.10 1.11 1.11 1.00 075 005 600 123 —0.73 0.11
CAS(10,10) (T) 060 110 1.10 110 1.10 1.00 0.72 006 600 125 —0.74 0.11
CAS(10,10) (Q) 061 1.10 1.10 1.09 1.09 1.00 070 007 599 126 —0.74 0.12

CAS(1212) (S 058 1.10 1.10 110 1.10 1.00 0.75 006 598 123 —0.72 0.11
CAS(12,12) (T) 057 110 1.10 110 1.10 1.00 0.74 007 597 122 —0.72 011
CAS(1212) (Q) 060 110 1.10 1.09 1.09 1.00 0.73 009 598 122 —0.73 0.11

aPopulations on s and p valence orbitals were summed up.
4. Conclusions

Our calculations have showed that there are many HF wave functions for linear
Fe(CH),. The RHF wave functions are unstable. The symmetry breaking in 7 orbitals
leads to HF solutions of CDW and ASDW type. These solutions have spatial and
spin symmetry broken. There are also solutions with spatial symmetry preserved, but
spin symmetry uncorrect like ®YHFS) . Comparing the Fe—-CH distance obtained from
various HF wave functions with CAS results, one can see that the RHF wave functions
yield this distance too short, and symmetry and/or spin broken wave functions give it
too long (tables 1 and 3). The broken-symmetry wave functions tend to overestimate
the corrdation effects, which is reflected in the longer bond distance and much smaller
o4 and 7, natural orbitals occupation numbers than those for CAS wave functions.

The existence of multiple instabilities in RHF wave functions is an indication of
a large non-dynamic correlation in this system and the need for use of multireference
wave function to describe it. The UHF natural orbitals can make a good starting guess
for choosing the CAS active space orbitals. This method of choosing active space
orbitals is a well-known UNO-CAS method [9].
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