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The ground states of the mixedi3netal dimers TiV, TiCr, TiMn, TiFe, TiCo, TiNi, TiCu, TiZn,

VCr, VMn, VFe, VCo, VNi, VCu, VZn, CrMn, CrFe, CrCo, CrNi, CrCu, CrZn, MnFe, MnCo,
MnNi, MnCu, MnZn, FeCo, FeNi, FeCu, Fezn, CoNi, CoCu, CoZn, NiCu, NizZn, and CuZn along
with their singly negatively and positively charged ions are assigned based on the results of
computations using density functional theory with generalized gradient approximation for the
exchange-correlation functional. Except for TiCo and CrMn, our assignment agrees with
experiment. Computed spectroscopic constanisd.,D,) are in fair agreement with experiment.
The ground-state spin multiplicities of all the ions are found to differ from the spin multiplicities of
the corresponding neutral parentsb§. Except for TiV, MnFe, and MnCu, the number of unpaired
electrons), in a neutral ground-state dimer is eitiy+ N, or [N;—N,|, whereN; andN, are the
numbers of unpaired®electrons in the 8"4s* occupation of the constituent atoms. Combining the
present and previous results obtained at the same level of theory for homon@&lgsev and
Bauschlicher, J. Phys. Chem.1®7, 4755(2003 ] 3d-metal and S¥ (X=Ti—Zn) dimers[Gutsev,
Bauschlicher, and Andrews, iitheoretical Prospects of Negative lonsdited by J. Kalcher
(Research Signpost, Trivandrum, 2002p. 43—6Q allows one to construct “periodic” tables of all
3d-metal dimers along with their singly charged ions. 2004 American Institute of Physics.

[DOI: 10.1063/1.1788656

I. INTRODUCTION Theoretical studies have been performed for a number of
heteronuclear dimers using varioab initio and DFT tech-
Contrary to the homonucleard3metal dimers, which niques. ScNi was computed at both multireference configu-
were the subject of numerous experimehtaland ration interaction(MRCI)?* and local spin density approxi-
theoretical™ studies, heteronucleardametal dimers re- mation (LSDA) (Ref. 29 levels. Their results are in
ceived considerably less attention. By 1985, the groundeasonable agreement with those from subsequent density
states of only 16 mixed dimers have tentatively beery,ciional theory with generalized gradient approximation

assigneflon the basis of measurements of species trapped '(bFT—GGA) calculationg® except forD,, where the MRCI

inert matrices. Subsequent experimental studies were per- . . .
. values is half that of the DFT-GGA while the LSDA result is
formed for ScCr(electron spin resonand&SR], X ¢3),’

ScNi [ESR, X 25, and resonant two-photon ionization three times larger than the DFT-GGA value. Ti\{ was com-
SpectroscopyR2PI, X 25 *, AG!,,=334.4cn® (Ref. 10], puted at.both ITSDA(Ref. 27 and complet.e active .space
TiV [ESR, 43,1 R2PI, Dg:2.068t 0.001 eV (Ref. 12], self-consistent fieff (CASSCF} levels. The difference in the
TiCo [ESR, X 23 * 8 R2PI, Dg=2.401t0.001 eVviZ X 23 * cpmputed bo_nd Ie_ngths is 0.09 A, while the computed disso-
(Ref. 13], VCr (R2PI, %A ,, o= 1.7260+ 0.0011 A) 1 VFe ciation energies differ by as much as 5 eV. M®ef. 29 and

and VCo (resonance Raman spectroscopy=433 and VNI “?ff' 27)3(\)Nere g‘ng“teq at the LSDA level. TiF@,
461 cm, respectively!® VNi [ESR, “3,! R2PI CrMn,>* CrFe;” FeNi;” and NiCu(Refs. 32 and 3Bwere

D%=2.100+0.001 eV (Ref. 13], CrMn (ESR, X *3),16 computed at different DFT-GGA levels but the ground states
C?Fe (RRS, w.=166.6-0.8 cmi 1),Y” NiCu (R2PI,X 2A5,,  have not been assigned. Shim has computed K&Bfi. 34
re=2.233+0.006 A, w,=273.0k-1.15cm’!, D,=2.05 and NiCu(Ref. 35 at the single-reference CI level and ob-

+0.10 eV)1°-2 pPhotoelectron detachment spectra were obfained the ground staté$l and?A, respectively.

tained for NiCu (Ref. 21) and MnCu (Ref. 22. Dissocia- The results of our computations of the homonuclear
tion energies of the MFedimers M =Sc, Ti, V, Cr, Co, Ni, 3d-metal dimers and their ions performed at different DFT-
and Cy were obtainetf using photodissociation. GGA levels are found to be in good agreement with experi-

mental data, which strongly suggests that the same level of

dAuthor to whom correspondence should be addressed. Electronic maimeory ca_m be applied to mixeddadimers and their singly
gennady.gutsev@famu.edu charged ions. The computed results could serve as a useful
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guide for future experimental studies, especially for thoseChart 1

dimers for which no other data is available. Atom Sc Ti V Cr Mn Fe Co Ni Cu Zn
The aim of this yvork is tp tentatively as;ign ground Agy, €V 1.43 0.81 025+ 2.15 0.87 0.42—0.03 -

states, where the assignment is not yet established, of all the ey 656 6.83 6.74 6.77 7.44 7.90 7.86 7.64 7.73 9.39

mixed 3d-metal dimers and their singly charged anions andea, ev 0.18 0.08 0.52 0.67--- 0.16 0.66 1.16 1.23---

cations, as well as to compute their spectroscopic constants:

equilibrium bond lengthsr¢), harmonic vibrational frequen- The electron affinities and ionization energies reported in

cies (we), dissociation energiesD). For the neutral this work are adiabatic values, that is, each state is at its
dimers, the permanent dipole momefits, electron affini-  gqujlibrium bond length

ties (EA), and ionization energie@E) are also reported. We
should note that for some systems the states are close BA=E;;(AB)—Ex(AB™ )+ 1/2w(AB)—1/2w.(AB™),
energy and not all states are equally well described by a

single configuration, and therefore, some of our tentative a3E = Eio( AB") — Eio( AB) + 1/12w¢(AB™) — 1/2w4(AB).
signments of the ground state may be incorrect. However, o ) ] ) )
this level of theory is the only one currently available thatblssomatlon energies are obtained as the differences in total
allows us to study all of these systems in a reasonable timghergies of a dimer and its constituents

and begin to establish the trends that exist for this class of

compounds. Do=Ew(AB) ~ Eio(A) — Eqo B) + 1/20 .

In our atomic computations, symmetry and equivalence re-
strictions are not imposed, and the solutions are in general a
mixture of 3d"4s? and 3" *4s' occupation$?®

Il. COMPUTATIONAL DETAILS

Different GGA functionals such as BLYRBeCke’S IIl. RESULTS AND DISSCUSIONS
exchang® and Lee-Yang-Parr's correlatidh, BP86
(Becke’s exchangé@ and Perdew’s correlatidf), BPW9I The number of open-shell electrofid) in the ground

(Becke’s exchang@ and Perdew-Wang's correlatith, — states of the mixed S¢(X=Ti—Zn) dimers are relatéf*
BPBE (Becke's exchangé@ and Perdew-Burke-Ernzerhof’'s to the numbers of unpairedd3electrons in the 8%4s' and
correlatiod’, PBEPBE (or PBE'2) (Perdew-Burke- 3d™4s' occupations of Sc an¥, two andN,, respectively,
Ernzerhof's exchange and correlatipand PW91PW91or  according to a simple rulé is either 2+ N, or |2—N,|. The
PWOT2) (Perdew-Wang's exchange and correlatigmo-  ions SX~ and S&X™ were found® to have the ground-state
vided rather similar results for the homonucleat @imers.  spin multiplicities that are larger or smaller by ofe“*+1
Therefore, we choose to apply the BPW91 method in comrule”) than the corresponding neutrals. These two empirical
putations of the heteronucleaid 3imers keeping in mind rules will serve as a useful guide when searching for the
that vibrational frequencies computed with this approach arenknown ground states of the mixedl-Bnetal dimers and
showrt! to be less sensitive to the integration grid. their ions.

The caussiaN 98 programt? was used for all of the DFT The NBO analysié®*” which describes chemical bond-
calculations. We used the basis set denoted as 6-Gilin ing in terms of localizedLewis) orbitals, turns out to be
the GAUSSIAN  program, namely, (181p6dif)/ very helpfuf® in describing the bonding trends of the homo-
[10s7p4d1f]**~*5and the standard integration dfdFINE,  nuclear 3i-dimers and their ions. For these species, there are
pruned[99,302). After the bond length of a dimer was op- sets of six possible bonding orbitalss44s, 3d,+3d,,
timized, the harmonic frequency calculation was performedwo 3d,+3d,, two 3ds+3ds and the corresponding anti-
using analytical second derivatives. Spatial symmetries obonding orbital$neglecting small contributions frompdand
the wave functions corresponding to the optimized statebigher angular momentum atomic orbitalBecause the two
were assigned using Slater determinants based on Kohmatoms are different, the bonding and antibonding orbitals are
Sham orbitals as is done in a conventional unrestrictedasymmetric in the mixed dimers. However, for simplicity, we
Hartree—Fock scheme. Correspondingly, the spin multiplicido not note the polarization unless the orbitals are very
ties are the differences between the numbers of majoritasymmetric. An occupied bonding-antibonding pair in a
(spin-up and minority(spin-dowr) electrons plus one. Spin- given spin representation corresponds to two localized
unrestricted calculations were performed for all the statestomic spin orbital§LSO).
including the singlet states. Since there is only ones4 4s bonding orbital(BO) in

The optimizations are performed for each possible spireach spin representation, it is expected that atoms with a
multiplicity until further increasing the spin multiplicity 3d"4s? ground state occupation will promote an electron to
would result in a state whose total energy is above the energgach the 8""'4s! occupation in most cases. The experi-
of the lowest asymptote. Assignment of states whose spirmental 31"4s?— 3d"**4s! promotion energied .4 are sum-
orbitals were not resolved by symmetiyl, @, and occasion- marized in Chart 1 together with ionization energies and
ally A) was based on the analysis of the content of valencelectron affinitie$® There is no promotion energy for Cr,
molecular orbitals in terms of atomic contributions and theCu, and Zn, since they possessi®3s!, 3d'%s!, and

results of the natural bond ordédBO) analysis?®4’ 3d'%s? ground-state electronic configurations, respectively.
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While the lowest spin—orbit component of the Ni atom arisesCr(3d°>?%4s%%)] where an additional, with respect to TiV,
from the 31%4s occupation, 8°s" occupation is some- electron fills into thes o-BO similar to the formation of the
what lower than its 8%4s? occupation if one uses the ground state in the TiV anion. The ground’S ™ state
weighted average of the spin—orbit components. Despite theTi(3d?4s*%%),Cr(3d>?4s'39] of the TiCr anion at-
large promotion energy, we find that Sc in thexSdimers  taches an extra electron to the antibonding4s—4s) MO,
has a @%4s' occupation. For the MX species promotion which results in formation of agtLSO at each atomic site.
occurs for all species except MnFe and MnCu, as discussetl ?A state] Ti(3d>*%s99), Cr(3d>%s'1% ], where the ex-
below. tra electron fills into g8 6-BO, is above by 0.13 eV. Com-
A. Electronic structure and bonding Earjng the ator_nic occupations of both ;tates suggests that the
of the neutral dimers and its ions >~ state, which has two less BOS, is below the state
because it has a smaller promotion energy. The grdind
We are using the NBO results to describe the changegiate of Ticr, with three 8-BOs (3d,4s+ 3d,4s and two
occurring when moving along rows in the neutt@ble ), 34 41 3d_), is formed after detachment of an electron from
negatively chargedTable 1)), and positively chargedTable  the g-(4s+4s) BO.
1) species. For each dimer, we discuss first the electronic  TipMn. An additional electron, with respect to TiCr, fills
structure of the neutral and then we describe the changefe g $BO and the ground state &A [Ti(3d27%4s%99),
invoked by attachment and detachment of an electron. Foyin(3d52%s'%9]. This is accompanied by the breaking of

convenience, we will position the lighter atom to be the firsthoth o &BOs and formation of two Mna &LSOs. The
in a dimer chemical symbol. Since the electronic structureriMn~ and TiMn" ions posses8A ground states. To form
and chemical bonding of the homonuclear and mixed Sc the anion, an extra electron fills into an(4s—4s) MO that
dimers were discussed elsewh&é°we begin with TiV. breaks the d+4s bond and adds two1LSOs. while an
TiV. If the “spin multiplicity rule” is valid, then the  electron detaches from thg-(4s+4s) BO to form the
ground state of TiV has to have a spin multiplicity of two or ground state of the cation.
figﬁt- _Hogvgv%ré the Eweosg energy state found is  TiFe. Twelve valence electrons fill into all available
37 [Ti(3d>%s%%9),v(3d*%4s>%)] in agreement with honding orbitals, and the ground state of the dimer is
experiment: and results of the LSDA and CASSCF IS H[Ti(3d%54s%9%  Fe(d7*4sM%3]. The corresponding
calculations®"?® Our BPW91 set of spectroscopic constants,. and3-BOs are equivalent, and TiFe may be considered as
presented in Table 11¢=1.78A, w.=562cm ', D,  having a classic sextuple bond. This dimer is found to be the
=2.78eV) has to be compared with the LSDA.( most stable among all mixed and homonuclear dimers, see

=1.76 A, w. is not given, D0=§.l88 eV) (Ref. 279 and  Taple 1 and Table 3 of Ref. 50. Both TiFand TiFe have
CASSCF (.=1.86A, w,=495cm %, D,=0.80eV) (Ref. 25+ ground states and 11 BOs each.

28) results along with the experimentaD,, of 2.068+0.001 TiCo. The lowest energy state found is
eV. The BPW91D, value is in reasonable agreement with 2A [Tj(3d28%s%9Y  Co(3d®3%s'%8 ], while experiment fa-
the experiment considering that tBg values obtained using yqrs 23, (ESR™ and 23 * (R2P)) (Ref. 13 states. ThéA
the BPW91 approach, as well as other pure DFT methodsstate has fiven-BO (4s+ 4s, 3d,+3d,, two 3d,+3d,,
are usually larger than experiment by up to 1 @eéfs. 49 3¢+ 3d,), two a-LSOs (Ti3ds and Co 3ly), four B-BOs
and 50 for the neutral dimers. However, the BPW®, [4s+4s, 3d,+3d,,, two 3d_+3d,], and twoB-3d s LSOs
values of the dimer ions are expected to be in better agregyf Co. A2II state is obtained by replacement of @n(3d..
ment with experiment because the atomic DFT calculations: 3d_) BO by the second &;+3ds BO which, in turn,
reproducé®®! 3d™4s? (aniong and ' (cation electronic  results in the change of symmetry of bathLSOs which
configurations with less admixtures than in the neutral atomssecome 8, LSOs. The BPW91 level places tHél state
The lowest doublet state of TiV isd" state, which has apove the?A state by 0.61 eV. Applying the B3LYP ap-
five BO (4s+4s, 3d,+3d,, two 3d,+3d,, 3ds;+3ds) in  proach, we obtained & " state which is higher than &\
the a-spin representations and fouB-BOs (3d,4s  state by 0.77 eV, while théll state is higher tharfs*
+3d,4s, two 3d,+3d,, 3d;+3ds). The ground’S~  state by 0.07 eV. The?S* state [Ti(3d%23%s!?9,
state has sia-BOs[4s+4s, 3d,+3d,, two 3d,+3d,,  Co(3d®4s>?)] has the same-bonding pattern while it
two 3d;+3d;] and threes-BOs (4s+4s, two 3d,+3d,) has only ones-(4s+4s) bond and five Co 8-electrons are
and is below thél state by 0.29 eV. Since both states haveinert and occupy the half shell.
nine bonding orbitals, the ground state is probally due Our attempts to obtain % * state at the BPW91, BLYP,
to its largerd-d exchange energy. and BP86 levels using the B3LYE " orbitals as a guess
The ground state of TiV arises from adding an electron failed: all optimizations arrived at th&\ state. A CCSIT)
to the 3-(3d, +3d,) BO, while the ground state of TiVis  run failed to converge due to a large amplitude exceeding 1.0
formed by detachment of an electron from the(4s+4s) which indicates that this state is multiconfigurational. Den-
BO. Both ions havés ~ ground states and, thus, their spin sity functional theory with the exact exchange correlation
multiplicities obey the=1 rule. The bond length elongates functional should reproduc&the lowest energy state of each
by 0.03 A in the anion and decreases by 0.08 A in the catioparticular symmetry. However, approximate functionals,
as compared to the bond length in the neutral parent, seich as BPW91, may not achieve sufficient accuracy in cor-
Tables Il and IlI. rectly predicting the ground state, and TiCo is such a case. In
TiCr. The ground state found & "[Ti(3d?>"%4s%%),  order to clarify the reasons for the BPW91 failure, we per-
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TABLE I. Computed spectroscopic constants for the neutral difhers.

Gutsev et al.

Sc Ti \% Cr Mn Fe Co Ni Cu Zn
Ground state symmetr¥
Sc 52— 62+ 7E+ 427 327 A 12+ 22+ BA 427
Ti u 3Ag 45 - 35 - 2 Iy + 25 +b 3p 1P 5A
\Vi 325 ZA 12+ 2A 327 427 5A GA
Cr 12+ 22+ 3H 4A 52+ 62+ 72+
Mn 11Hu 102— 7A 62+ 72+ 62+
Fe Ay b3+ A 1 511
Co SAg A SA A
Ni 5%, 2A A
Cu 12; 2y +
Zn 12;
Bond length in A
Sc 2.63 2.29 2.51 1.99 1.94 1.85 1.80 2.05 2.54 2.71
Ti 1.89 1.78 1.79 1.76 1.67 1.88 2.06 2.45 2.74
\% 1.74 1.72 1.69 1.74 1.81 2.11 2.42 2.71
Cr 1.75 2.46 2.37 2.34 2.25 2.42 2.75
Mn 2.62 2.42 2.09 2.09 2.37 2.99
Fe 2.01 1.96 2.07 2.31 2.53
Co 1.98 2.10 2.26 2.44
Ni 211 2.25 2.39
Cu 2.25 2.40
Zn 3.27
Harmonic frequency in crt
Sc 241 272 246 262 382 474 513 353 216 173
Ti 463 562 559 454 681 340 327 219 146
V 652 481 432 363 404 287 220 143
Cr 283 164 177 195 209 217 126
Mn 202 243 348 339 231 85
Fe 397 407 350 242 159
Co 382 338 254 176
Ni 325 266 202
Cu 256 190
Zn 35
Dissociation energy in eV

Sc 1.51 2.22 2.57 1.05 1.98 3.19 2.63 3.26 1.85 0.15
Ti 2.54 2.78 1.82 2.76 4.10 1.88 2.93 1.80 0.44
\% 2.80 1.84 2.88 2.86 2.38 2.44 1.62 0.40
Cr 1.05 0.93 1.17 1.34 1.48 1.36 0.28
Mn 1.15 1.57 1.91 2.41 1.56 0.16
Fe 2.18 2.42 2.51 1.56 0.38
Co 2.24 2.36 1.80 0.60
Ni 2.50 1.95 0.65
Cu 1.94 0.61
Zn 0.02

*Experiment—ScCrX 53 (see Ref. 7.

ScNi: X 23 (see Ref. § X 23 %, AG;,=334.4cm? (see Ref. 10
TiV: X 43 (see Ref. 11

TiV: D2=2.068+0.001 eV(see Ref. 12

TiCo: %5 (see Refs. 56 and)9

TiCo: Dg=2.401t 0.001 eV(see Ref. 12

TiCo: 23, r;=1.8508-0.0004 A(see Ref. 18
VCr: 2Ag,, 1,=1.7260+0.0011 A, (see Ref. 1%
VMn: 3 (as cited in Ref. 15

VFe: w,=433cn?! (see Ref. 15

VCo: w,=461cm ! (see Ref. 15

VNi: X 43 (see Ref. 11

VNi: D2=2.100*0.001 eV(see Ref. 12

CrMn: X 43 (see Ref. 1B

CrFe: w,=166.6-0.8 cmi ! (see Ref. 1},

CrCu: X 83 (see Ref. 5p

CrCu: X *3 (see Ref. 57,

CrCu:D,=1.56+0.26 eV (see Ref. 62

Crzn: XS (see Ref. 62

MNnCu: X '3 7, we=213+2.0cm !, D,~1.5eV (see Ref. 2
FeCo:X 83 (see Ref. 59

FeNi: w,=320.0 cm ! (see Ref. 60
CoCu:D,=1.65+0.21 eV (see Ref. 62

CoCu: we=270.0cm!, D,=1.65 eV (see Ref. 61

NiCu: X 2Agj, re=2.233+0.006 A, w,=273.01-1.15cm !, D,=2.05+0.10 eV (see Ref. 18R,=2.2346(5) A(see Refs. 19 and 20

NiCu: D,=2.06+0.21 eV (see Ref. 62
CuZn: X 23" (see Ref. 68

The results of IC-MRCI calculations. The lowest BPW91 stat@Aigr,=1.79 A, w,=493 cm %, D,=3.39 eV).
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TABLE Il. Spectroscopic constants of the ground-state dimer anions.

Sc Ti \% Cr Mn Fe Co Ni Cu Zn
Ground state symmetry

Sc AEJ 7E+ GH 52+ 42— 3A 224— 1E+ 2A 32—

Ti A, 53 - 43 A D A 2\ 3P ‘A

\V] 42; 12+ 22+ 3A 427 51-[ 62+ 5A

Cr 22+ lEJr ZA SA GEJr 7E+ 62+

Mn lOEg 927 BA 72+ 62+a 52+

Fe 8Ag st 5A 5A 1

Co A, A 4A SA

Ni 42; SAb ZA

Cu 223 1y +

Zn 225

Bond length in A
Sc 2.73 2.27 2.19 2.04 2.00 1.79 1.82 2.09 2.68 2.79
Ti 1.93 1.81 1.81 1.76 1.68 1.81 211 2.55 2.81
\% 1.76 1.63 1.69 1.79 1.84 2.17 2.54 2.78
Cr 1.74 251 2.43 2.40 2.28 2.54 2.83
Mn 2.39 2.19 2.16 2.14 2.51 2.86
Fe 2.07 2.04 2.12 2.45 2.67
Co 2.03 2.16 2.36 2.59
Ni 2.17 2.38 2.54
Cu 2.36 2.57
Zn 3.06
Vibrational frequency in cmt

Sc 218 296 238 223 279 534 472 321 169 151
Ti 429 504 524 448 648 458 299 179 130
\Y 615 616 420 334 279 236 171 129
Cr 305 155 160 165 185 169 111
Mn 247 305 308 310 171 106

Fe 350 323 316 185 132
Co 347 291 198 140
Ni 280 21P 147
Cu 208 133
zZn 76

Dissociation energy, €V

Sc 2.18 2.24 2.14 1.43 2.30 3.08 3.52 3.03 1.53 0.84
Ti 2.80 3.00 1.91 2.81 4.01 3.09 2.61 1.36 0.67
\% 3.01 2.12 3.00 2.82 2.13 2.18 1.33 0.62
Cr 0.77 1.33 1.18 1.26 1.34 1.12 0.48
Mn 1.69 1.68 1.94 2.26 1.3 0.7¢
Fe 2.53 2.46 2.39 1.53 0.69
Co 2.25 2.29 1.55 0.67
Ni 2.40 1.7% 0.75
Cu 1.69 0.64
Zn Unsf

*ExperimentX 63, w,=147x4 cm !, D,=1.3"33eV (see Ref. 22

PExperiment:X 3A, r,=2.36+0.01 A, w,=235+25cm %, D,=1.70+0.02 eV (see Ref. 21
‘Computed with respect to the lowest asymptote.

M, —2M +e.

fUnstable towards autodetachment by 0.17 eV.

formed calculations on TiCo using the CASSCF based intertireference analog of the Davidson correction is used, and
nally contractetf multireference configuration interaction denoted as % Q.”

calculation (IC-MRCI). The [7s6p4d3f2g]| averaged This approach results in & ground state withr,
atomic natural orbital basis S&tis used. The initial active =1.876A, w,=340cm ! andD,=1.82eV. The®A state is
space consisted of thed3and 4 orbitals, but the occupation 2541 cm* (0.315 eV higher and its spectroscopic constants
of the first o orbital was so close to two that it was made arer,=1.822 A andw.=457 cm 1. The ground-state wave
inactive, leading to an 11 electrons in 11 orbitals CASSCHunction is almost equal parts of (&2130'57*16% and
calculations. Separate CASSCF optimizations are performetl2o?130'57%15°26%) and, therefore, it is not too surpris-
for each state. All 13 valence electrons are correlated in thing that DFT methods cannot describe te" state as well
IC-MRCI calculation, with all of the configurations in the as the?A state.

CASSCEF calculations as reference configurations. The mul-  Attachment of an electron to the- and B-(4s—4s)
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TABLE Ill. Spectroscopic constants for the ground-states of the dimer cations.
Sc Ti \% Cr Mn Fe Co Ni Cu Zn
Ground state symmetry
Sc 42; SA GE+ 52+ 42— 3A 22+ 124— ZA 32—
Ti 2Ag 327 427 3A 22+ 12+ ZA 3(1) 4A
\V] 427 12+ 22+ 12+ ZA 327 4A SA
Cr 9 22+ lEJr 2A 327 GH 72+ 62+
Mn oy 93 - 8A A 63+ s+
Fe 8A, A 5+ 5A I
Co 61“g &0) O A
Ni 4Ag SA 2A
Cu 25y s+
Zn D
Bond length in A
Sc 2.57 2.50 2.44 2.69 2.39 1.85 1.77 2.00 2.44 2.64
Ti 1.78 1.70 1.74 1.69 1.64 1.76 1.99 2.37 2.65
\% 1.70 1.56 1.64 1.89 1.97 2.05 2.35 2.62
Cr 1.67 241 2.34 2.36 2.37 2.61 2.60
Mn 2.50 2.32 2.30 2.27 2.34 2.80
Fe 2.17 211 2.06 2.31 2.43
Co 2.09 2.23 2.29 2.36
Ni 2.28 2.36 2.33
Cu 2.40 2.33
Zn 2.60
Vibrational frequency in cmt
Sc 269 274 271 182 199 474 520 390 248 192
Ti 723 799 656 608 693 541 367 252 180
\Y% 715 967 519 239 250 287 247 172
Cr 413 187 201 203 185 148 172
Mn 246 275 261 262 235 136
Fe 319 283 327 236 205
Co 342 272 240 222
Ni 262 211 229
Cu 201 221
Zn 151
Dissociation energy in eX?
Sc 2.54 2.62 2.47 1.44 2.40 2.96 3.48 3.78 2.17 0.58
Ti 3.09 3.19 2.08 2.68 3.83 3.61 3.18 1.92 0.93
\Y 3.51 2.21 2.88 3.33 2.81 2.40 1.76 1.11
Cr 1.30 2.38 2.27 1.85 1.64 1.36 1.14
Mn 1.91 2.40 2.52 2.55 2.25 0.93
Fe 3.35 3.27 3.27 2.61 1.56
Co 2.97 2.85 2.26 1.78
Ni 2.87 2.28 1.94
Cu 2.02 1.95
Zn 1.73

&Computed with respect to the lowest asymptote.
PExperiment:(Ref. 23.

ScFe (2.12+0.22); TiFe' (2.60+0.26).

VFe" (3.25+0.22); CrFe" (2.17+0.30.

FeCo (2.69+0.22; FeNi" (2.78+0.22; FeCu" (2.30+0.30.

MOs of the?A state leads to formation dfA and®A states,
respectively, with théA state being lower by 0.06 eV. De-

tachment of an electron from amLSO leaves 12 valence
electrons and the grourf® * state of TiCd possesses the

same bonding pattern as isoelectronic VFe.
TiNi. The lowest state found iSA [Ti(3d>4%s'1?),

Ni(3d°*4s'?9]. It has three BOs (8,4s+3d,4s and two
3d,+3d,) and two Ti (H,4s and 3;) and three Ni
(3d,4s and two 3l5) LSOs in the a-spin representation,
along with oneB-(4s+4s) BO and five Ni electrons in the
B-3d half shell. To form the lowestA state of the anion, an

extra electron adds to the Bi4s LSO, which transforms the
slightly asymmetric neutrgB-(4s+4s) BO into a strongly
asymmetricB-(12%3d,, Ti+88%3d,, Ni) BO in the anion,
and the pure Nig 3d, LSO turns into a 76%¢4
+24% 3d, LSO. Detachment of an electron from the
a-3d,4s LSO of Ti results in a rather drastic change in the
bonding patterns of the cation: a3 BO adds in thex-spin
representation along with two 1293 Ti+88%3d,. Ni BOs

in the B-spin representation. The TiNication has a?A

ground state.
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TiCu. Only the 4 electrons participate in the bonding, four g-BOs, and two MmB-3ds LSOs. A nonmagnetic
thus, making the ground-state symmetry defined by the mosts, * [v/(3d37%s%Y) Mn(3d®24s1%)] state with six
energetically favorable distribution of threel ¥alence elec-  equivalent bonds in each spin representation possesses a
trons of Ti over five possibler-3d LSOs. In the lowest shorter bond length of 1.61 A and is 0.13 eV higher in en-
energy state found, three LSOsl3!s, 3d,, and 35 are  ergy. Two possible descriptions for the * state is similar to
occupied. While this calculation corresponds to a mixture ofnat in the isoelectronic Grdimer®® Attachment of an extra
*IT and “®, we assign the ground stafdi(3d**%4s'®),  glectron to thea-(4s—4s) MOs of these twolS ™ states
Cu(3d**4s'*9)] as*® having assumed that the Hund's rule yegyits into two?S * states of VM. The lowest state is
of the largest an.gular momentum holds for the dimer. Theantiferromagneti¢2.6MB,—1.6,uB] and is given in Table II,
state has a hybrid-(3d,4s+4s) BO, ap-(4s+4s) BO,  yile the other state is ferromagnefi@.45us,0.55¢5] with
and ten Cu electrons occupy thed 3hell. A symmetry- 5 shorter bond length of 1.62 A, a larger vibrational fre-
resolved®A State[T'(gds'lg‘lso'G%1(_:“(3d9'91431'33]' which 4 ency of 739 e, and it is above the ground state by 0.09
has a 8l and two 31, LSOs of Ti is above by 0.33 eV. The gy The Mn* cation possesses a similar pair?af* states

attachment of an electron to the antibondgd4s—4s) or-  ¢5med by removal of an electron from tig (4s+4s) BO
bital yields the ground® state TiCu while detachment of of the two neutral S* states. The antiferromagnetic

an electron from ther-3d,4s LSO yields the groundd® [2.1u5,—1.1ug] state, given in Table I, is lower than the

state of TiCd'. -
. _ _ ferromagnetic  state [0.3ug,0.7ug], re=1.59A, o
5 3.004 1.0 e e
Tizn. The lowest state is °A[Ti(3d>%%s™%9), —815¢n) by 0.09 eV,

Zn(3d'%%s"#4p°*)], and its spatial symmetry is defined . C " 0 ground  state of this dimer s
by distribut?on _of four_ Tia-LSOs[4s, two 3d_, 3d(_;]. A 25 [V(363.824so,92) Fe(2%s%9], since the 13th va-
weak bonding is provided by a strongly asymmefsiq(4s lence electron must occupy an antibonding orbitad £3d 5

+4s) BO, whose contribution from Ti is only 10%. In the . he | hi ) it |
anion, an extra electron adds to an antibondig4s—4s) is the lowest on)? This state is antiferromagnetisee Table
X IV); there are fivea-BOs (4s+4s, 3d,+3d,, two 3d,

MO that eliminates the single bond and creates two 7
4s-LSOs. To form the lowest cation state, an electron de-" 3d,, 3d;+3d,) and ana-3d, LSO at each site, along

taches from the Ta-4s LSO, which leads to formation of an ¥V'th ;our gdB(EZ[cfS?ﬁs 3d, + ::’dg %Not?’d”T?d”] and ¢
asymmetrica-(3d,4s Ti+4sZn) BO, while thes-spin rep- wo Fef-3d; s | he compulted vibrational fiequency o

_1 . .
resentation is presented by six LSO%s, 3d,, two 3d,, 36311cr_lr_1h 'S smz;lglzr tthatm t?s/lzefperflmentglbvaif@f tf[l33h
two 3d;] of Zn. Both ions have 4A ground state. cm . Thegroun state 0 € IS Tormed Dy the attach-

VCr. In agreement with experiméfitand the results of mgnt of ap electron to thg-(4s—4s) antibon_ding orbital.
CASSCF-PT2 calculatiofi$ the lowest state found for vCr TS state is only 0.06 eV below thé state which is formed
is 2A [V(3d3%%s1%Y, Cr(3d1%4s1%)]. The computed by th_e attaqhment of an elei:tron to tlae(4s_— 4s)_ anti-
bond length of 1.724 A is in excellent agreement with thePonding orbital. The grountl: * state of VF€ is antiferro-
experimental valid of 1.7260-0.0011 A. Eleven valence Magneticl—3.2ug,3.2ug] and is formed by detachment of
electrons all occupy bonding orbitals. The state is antifer- &0 €lectron from the antibonding-(3d,—3d,) MO, while
romagnetic with the local magnetic moments-of.7ug and & nonmagneticX " state is 0.46 eV higher in energy. _
2.7ug at V and Cr, respectively. The antiferromagnetic char- ~ VCO0- The 14th valence electron fills the second anti-
acter arises from the spin polarization of thé Bonding Pondinga-(3d,—3d,) orbital, which leads to formation of
orbitals; thea orbitals are polarized to one atom while tge  the seconda-3d, LSO pair, and the ground state is
orbitals are polarized toward the other atom. Similar bonding > [ V(3d*®%s%%),Co(3d®?4s"%)]. There are four
patterns were found for the £dimer® Such an asymmetry @-BOs (4s+4s, two 3d,+3d,, 3d,+3d,) and two
of the bonding orbitals appears to be a reason for a lowt-3ds LSOs at each site, while thg-spin representation
dissociation energy, see Table IV, despite the large numbéiontains the same bonding set and two @b 8SOs. Re-
of the occupied BOs. Attachment of an extra electron to thd?lacement of then-(3d,+3d,) BO by an a-(3ds+3dy)
vacantg-(3d s+ 3d,) BO results in a nonmagneti& * state  BO results in a®A [V(3d*>%s%%),Co(3d"*4s"9] state
with six equivalent bonds in each spin representation, similawhich has completely different bonding patterns in the
to that in isoelectronic TiFe, while attachment to an anti-3-Spin representatiofa single 4+4s BO and a half filled
bonding a-(4s—4s) MO results in an antiferromagnetic 3d shell of Cg and a pair of V and Ce-3d; LSOs are
[—0.7up,2.7ug] °A state which is above th& " state by replaced by the pair ofa-3d,4s LSOs. This state
0.17 eV. For the cation, the nonmagnetic grodlid state is  ([3-9us,—1.9us], re=2.05A, w,=239cn ) is above the
formed by the detachment of an electron from tag(4s 33~ state by only 0.04 eV. The experimental frequenay
+4s) BO, while detachment from thg-(4s+4s) BO re- 461 cm ' is more consistent with the value of 404 chn
sults in an antiferromagneti¢ — 0.4ug,2.4ug] 3A state computed for thé3 ~ state. Here, one observes a close com-
which is above the ground state by 0.10 eV. petition between delocalization and localization af States

VMn. This dimer has 12 valence electron and its groundof “magnetic” Co. Attachment of an extra electron to the
state is'S [ V(3d38%s! %Y Mn(3d>14s199] in agreement  antibonding a-(4s—4s) MO in the ground®3 ™~ state of
with experiment> Contrary to the nonmagnetic groufisl * VCo results into the lowests ~ state of the anion whose
states of isoelectronic TiFe and VFethe VMn 3 * state is  bonding patterns are the same as in the neutral parent state,
antiferromagnetid 2.5ug, — 2.5ug]. There are sixa-BOs,  except thea-(4s+4s) BO is replaced by the pair ofs4
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TABLE V. Electron affinities(eV), ionization energiegeV), dipole momentgD), and magnetic moments at atoifohr magneton

Sc Ti Y Cr Mn Fe Co Ni Cu Zn
Electron affinity
Sc 0.86 0.88 0.74 0.67 0.52 0.51 0.52 0.80 0.83 0.89
Ti 0.67 0.64 0.52 0.49 0.52 0.60 0.71 0.71 0.66
\Y 0.55 0.65 0.48 0.56 0.65 0.77 0.86 0.60
Cr 0.43 0.68 0.63 0.82 0.89 0.91 0.48
Mn 0.59 0.73 0.93 0.88 0.93 0.60
Fe 0.94 0.95 0.91 112 0.91
Co 0.91 0.95 0.91 0.97
Ni 0.93 0.92 1.13
Cu 0.90 1.18
Zn 0.<
lonization energy
Sc 5.13 5.33 5.46 5.78 5.74 6.36 6.56 5.65 5.85 5.73
Ti 5.91 6.07 6.21 6.54 6.74 6.25 6.22 6.34 5.98
\Y, 6.21 6.54 6.91 6.46 6.48 6.96 6.78 6.19
Cr 7.03 5.61 6.20 6.79 7.11 7.30 6.43
Mn 6.24 6.22 6.45 6.93 6.38 6.28
Fe 6.68 6.98 7.08 6.78 6.66
Co 7.14 7.37 7.40 6.68
Ni 7.66 7.70 6.74
Cu 8.05 6.79
Zn 7.63
Dipole moment
Sc 0.0 +0.57 -0.13 —1.58 -1.74 -2.33 —2.65 -1.71 —2.09 -1.37
Ti 0.0 —0.66 —0.57 —-1.23 —-1.61 —2.05 —-2.11 —2.25 —0.51
\Y 0.0 -0.26 -0.92 -1.38 -1.77 -2.23 -1.95 -0.72
Cr 0.0 —0.90 —0.95 —1.04 —1.53 —1.87 —-0.27
Mn 0.0 +0.23 —0.93 -1.17 -1.24 -0.52
Fe 0.0 —0.34 —-0.71 —-0.75 +0.20
Co 0.0 —0.23 —0.63 +0.20
Ni 0.0 -0.14 +0.29
Cu 0.0 +0.46
Zn 0.0
Magnetic moments on each center
Sc 2.0,2.0 15,35 1545 -0.7,3.7 —-1.2,3.2 -0.7,1.7 0.0,0.0 0.8,0.2 1.9,0.1 2.7,0.3
Ti 1.0,1.0 0.8,2.2 —-0.5,2.5 —-1.4,2.8 0.0,0.0 1.4,0.4 2.3;-0.3 3.1-0.1 3.8,0.2
\% 1.0,1.0 —-1.7,2.7 2525 2.8-1.8 2.9-0.9 3.9-09 4.3,-0.3 4.7,0.3
Cr 3.6-3.6 5.6-4.6 54-3.4 5.3-2.3 51-1.1 5.3-0.3 5.8,0.2
Mn 5.0,5.0 3.8,5.2 16,44 4.6,0.4 5.6,0.4 4.9,0.1
Fe 3.0,3.0 32,18 3.4,0.6 3:20.2 3.8,0.2
Co 2.0,2.0 2.2,0.8 2.2,0.2 2.7,0.3
Ni 1.0,1.0 1.0,0.0 1.7,0.3
Cu 0.0,0.0 0.7,0.3
Zn 0.0,0.0

#Experiment: 1.07%0.003 eV(see Ref. 2p
PExperiment: 0.8820.010 eV(see Ref. 21

LSOs. Attachment to the-(4s—4s) antibonding orbital of
the 3A state results into 4A state (4.7ug,—1.7ug], fe
=2.15A, w,=224cm't), which is higher than thés ~
state by 0.12 eV. The lowe$A state of VCd is formed by
detachment of an electron from an3d,4s LSO of the
neutral 3A state, which results in the formation of an
a-(3d,+3d,) BO. Detachment of an electron from the
a-(4s+4s) BO of the33S ™ state results in th&S ™~ state of
VCo™, which is higher than th8A by 0.59 eV.

VNi. The lowest state found is
437 [V(3d38%s%93) Ni(3d%%%4s!19] which is in accord
with the experimental assignmehitThe bonding patterns of
this state are similar to those of the VCtA state[«: three
BO (4s+4s, two 3d,+3d,), three V LSOs (8,4s, two

3dy), and three Ni LSOs (8,, two 3dg); B: one (&
+4s) BO and a Ni half filled @ shell]. That is, the local-
ization of five NiB-3d electrons becomes favorable. As ex-
pected, our computed dissociation energy of 2.93 eV is
higher than the experimentalD%=2.100+0.001eV. At-
tachment of an extra electron to tige(4s—4s) MO results

in a 33 state (3.0ug,—1.0ug], re=2.15A, w,
=259cm'!) of the VNi~ anion, which retains three BOs
(3d,+3d, and two 31,.+3d,) as well as six LSOs of its
neutral parent in thex-spin representation, while th@-spin
representation contains seven LSOs: oseoflV and six of
Ni. Attachment of an extra electron to the (4s—4s) MO
creates a pair of ¢ LSOs and leads to two closely spaced
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states °A (3d,+3d,,3d5+3ds) and °II(3d,+3d,,3d, Fe(3®%s?)] is below the 3A(3d,,3d; state
+3d,). The ground state iSIT; it is lower than the®A  [Cr(3d*8%4s%%%) Fe(3%%%s!%)] by only 0.02 eV. Attach-
and ®%~ by 0.09 and 0.13 eV, respectively. Detachmentment of an extra electron to an antibondi@#s—4s) MO
of an electron from ana o-LSO leads to the breaks the bond and creates twe ¥SOs, which results in
33 7[V(3d3474s%%%,Ni(3d®74s' )] ground state of the the lowest doublet state of the CrFea 2A (3d,4s,3d}).
VNi ™ cation, which has one more o-BO than its neutral Attachment to the vacant e 3d,, LSO results into &3~
parent’Y " state. state which retains both bonding orbitals of the neutral and is
VCu. The ground state of the dimer is above the?A state by only 0.01 eV. The closeness in total
A [V(3d%84s%89), Cu(3d®®4s'39)]. There is a single energies of two states may be related to the lack of promo-
(3d,4s+4s)-BO in each spin representationd-&lectrons  tion of a Fe 4 electron in the?A state. Because of near
of Cu form a closed shell, and the ground state symmetry iglegeneracy in total energy of the CrFe and Crfates,
defined by the occupation of four V LSOsdg3, two 3d,,  assignments of the ground states of these species require fur-
3d;). Attachment of an extra electron to the vacantaV  ther investigations. Detachment of an extra electron from the
&LSO results in the grountl® * state of VCU, while de-  4-3d,, of Fe in the3l andA states of the neutral, leads to

tachment from anr 3d,-LSO of V arrives at théA ground  the2[l (0.0 eV) and®A (+0.18 e\j states of CrFé, respec-
state of VCU'. tively.

VZn. The lowest state found i§A [V(3d3%%4s1 %), CrCo. The lowest state is A [Cr(3d4%%s08),
Zn(3d'*%%s'®)], which has five Va-LSOs (two 4s3d,,  Co(3d8°4s'1Y], with single @ and 8 o-BOs. There is an
two 3d,, 3d;), six Zn a-LSOs[4s, 3d,, two 3d,, two  ¢-3d half-shell of Cr, aB-3d half-shell of Co, and threed
3d,], a single strongly asymmetrid0%V+90%Zn B-(4s  electrons of Co occupy the-LSOs[two 3d,,, 3d]. Attach-
+4s)-BO, and a ZnB-3d half shell. The groundA state of  ment of an extra electron to an antibondi@gr-MO results
VZn~ is formed after the attachment of an extra electron tdnto a A state of CrCo, while attachment to a~LSO of
an antibonding3 o-MO that breaks the bond and creates twoCo results in its groundA state, which is lower than thg\
B-4s LSO along with a strongly asymmetri¢€90%V  state by 0.38 eV. Th#A state retains both BOs of the neutral
+10%Zn a-(4s+4s4p,,) BO. Attachment of an extra elec- parent, while théA state loses thg-BO, analogously to that
tron to the second \-3d; LSO results in &% state of in CrFe . The larger energetic difference between the two
VZn~, which is higher by 0.04 eV. Detachment of an elec-states with respect to CrFe could be related with a smaller
tron from ana-4s3d, LSO of V results in the groundA  4s—3d promotion energy of Co with respect to that of Fe,
state of VZn, which possesses a single-(24%V4s  see Chart 1. Detachment of an electron from different Cr
+76%2n %) BO. a-LSOs leads to several closely spaced states of CrQur

CrMn. In agreement with previous theoretical wdfk, tentative assignment of the cation ground staf&is, where

the ground state found is®S" [Cr(3d*%4s™%),  detachment from a Ge-3d., LSO results in formation of an
Mn(3d>*%s"79)], while the ESR measurements predict aadditional (31..+3d,) BO.

43, state. Since both CrMhand CrMn' ions are found to CrNi. The lowest state is®S*[Cr(3d*8%s%9Y,
possess3 " ground states, we would like to see confirma-Nij(3d°*4s'%)], with two a o-bonds and oneB-(4s
tion of the ESR assignment of neutral ground state and:-4s) bond. There are fous-LSOs[two 3d,., two 3d,] at
higher level calculations performed on CrMn. THe" state  each site and #-3d half shell of Ni. ASA state, which has
is antiferromagnetic with the &half shells of Cr and Mn  onea and oneB (4s+ 4s) BO and a completed Gr-3d half
placed in the opposite spin representations. Promotien 4shell, is above by 0.07 eV. Attachment of an extra electron to
—3d at Mn is costly(2.15 eV, see Chart)1therefore, one an antibondingx o-MOs of the®s ™ and®A states leads to
4s electron of Mn remains inactive and occupies@®s  the ground®s* (0.0 eV) and first excited®A (+0.10 eV}
LSO, while the seconddelectron of Mn together with agt  states of CrNi. There are at least five states of CIN*S, ~,
electron of Cr occupy a single-BO in each spin represen- 3" ©I] A, and®A) separated by less than 0.2 eV. A
tation which are asymmetric in the opposite directions, as itentative assignment of the ground statélls which corre-
was the case for VCr and £rP° The lowest ferromagnetic sponds to detachment of an electron from g8N8d,, LSO
123+ state, which has all six-LSOs filled at each site and a of the neutral ground state.
B-(4s+4s) BO, is higher by 0.40 eV. Attachment of an CrCu. The lowest state is®3* [Cr(3d*%%s%83),
extra electron to an antibonding o-MO of the 23" state  Cu(3d*%%4s'?%], with two (4s+4s) BOs. The experimen-
results in the groundX * state of CrMn with a singlec  tal assignment is controversial with the ground state assigned
bond in thea-spin representation, while detachment of anas eithe®S, (Ref. 56 or *3.%” Our computations show the
electron from the Mmr 4s-LSO yields the ground> * state  lowest quartet state to be above fie* state by 1.52 eV.
of CrMn*. Attachment of an extra electron to an antibondmmg-MO
CrFe. Two lowest states are antiferromagnetic and havereates the full set of 12-LSOs and the grount® * state of
the spin multiplicity of three. Thei-spin representations the CrCu anion. Attachment to an antibonding-(4s
contain a (4+4s) BO, a half filled Cr3i-shell, and two Fe —4s) MO results in sevep-LSOs and &3 * state, which is
LSOs, while their g-spin representations contain as(4 above the’>" state by 0.40 eV. Detachment of an electron
+4s) BO and a Fe @-half shell. Thus, the spatial symmetry from the a- and 8-BOs results in théS " (0.0 eV) and 'S "
of the states is defined by distribution of two Fa+-8lectrons  (0.18 eV} states of the cation.
over five LSOs. The °II(3d,,3d,)[Cr(3d*8%4s89, Crzn. In agreement with experimerft,the lowest state
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is ’S*. There is no occupied BO, and the dimer may bethe spin multiplicity rule is 53" [Mn(3d>*4s49),
considered as a van der Waals dimer since the dissociatiapu(3d%°%4s'9], which is above the ground state by 0.34
energy of 0.28 eV and the bond length of 2.71 A are comeV in rather close agreement with the experimental ilue
patible with this type of atomic interactions. Attachment of of 0.382+0.002 eV derived from photoelectron spectra. As is
an extra electron to thg-4s LSO of Cr results in thé2*  seen from Table I, the computed spectroscopic constants of
state of the CrzZn anion, which is below the neutral parent the 7>, * state are in good agreement with the experimental
state by 0.48 eV. Detachment of an electron fromdhds  values? The ground®S * state of the anion forms when an
LSO of Cr allows the formation of ask-4s a-bond in the  extra electron attaches to tjffe4s LSO of Mn which retains
63" state of Crzi, which is substantially more stable than the 8 o-BO but changes its character td 3+ 4s. Our com-
its neutral parent state. puted values ofv,=171cm * andD,=1.34 eV are in good
MnFe. The ground state of this dimer is agreement with the analogous experimental vafuesf
195 7 [Mn(3d>*4s™%), Fe(A*%4s" )], with all 12 avail-  147+4 cm * and 1.3:92 eV (see Table Il. Detachment of
able LSOs occupied in the-spin representation and three an electron from ther-(4s— 4s) antibonding orbital creates
BO (4s+4s, two 3d,+3d,) in the g-spin representation. the second (4+4s) BO and the ground state of MnCus
This result is consistent with our assignni8raf an Y1, 63+,
state as the ground state of Mrwhich has the same bond- MnZn.The only bound state & * where all 4 and 3
ing patterns but oner-BO. The population analysis of the electrons occupy the LSOs and both spatial symmetry and
105, ~ state shows ¢ 3d transfer to be shared by both sites. spin multiplicity of the state are defined by ti#3d half
Since both atoms have not been promotedd8'34s', we  shell of Zn. An extra electron may fill into higher p4
find a violation of the spin multiplicity rule according to +4p_) or (4p,5s+4p,5s) BOs that brings'II and’S,*
which the ground-state spin multiplicity of MnFe should be 2states of the anion, which are below " state by 0.09
or 8. The groundX ~ state of MnFe is formed after attach- and 0.17 eV, respectively. Attachment of an extra electron to
ment of an extra electron to th&-(3d,+3d,) BO. Attach-  the Mng-3d, LSO allows the formation of a hybridized
ment to a Fg8-3d; LSO results in a®A state, which is B-(3d,4s+3d,4s) BO and yields the grount " state of
higher by 0.22 eV. Detachment of an electron from themnzn~. The lowest energy state of MnZnis formed by
a-(4s—4s) MO creates thex-(4s+4s) BO in the cation detachment of an electron fromg4s LSO that is accom-

ground?s.~ state. panied by formation of 8-(3d,4s+4s) BO in the ground
MnCo.Co has a smallergl—3d promotion energy than 73+ state of MnZn .
Fe and two 4 electrons are promoted into thel 3nanifold FeCo. In agreement with experiment,the lowest en-

to allow the formation of am-(4s+4s) BO. Therefore, the ergy state is®3* [Fe(3d%%%4s%9, Co(3d%1%s%%9)] that
ground ‘A state [Mn(3d>"4s"%),Co(3d®*4s"%?] pos-  has ane-(4s+4s) BO, two a-3d half shells, and six rather
sesses one(4s+4s) BO, four -BOs[4s+4s, two 3d,  symmetric 3-BOs. The ground’S " state of FeCo is
+3d,, 3d,+3d,], and aB-3d; LSO of Co. Attachment of  formed by the extra electron attachment to th€4s— 4s)
an extra electron to am-(4s—4s) antibonding orbital antibonding orbital that breaks the-(4s+4s) bond and
eliminates thex-(4s+4s) BO and creates a pair o64.SOs  creates twor-4s LSOs. Attachment to th@-(4s—4s) an-
instead without affecting thg-bonding patterns of the neu- tibonding orbital results in &% state which is higher by
tral parent state. The resulting ground state of the anion i9.35 eV. The groundA state of the cation is formed after
8A. Attachment of an extra electron to tige(4s—4s) anti-  detachment of an electron from@ (3d s+ 3d,) BO.
bonding orbital results in 8 state, which is higher than the FeNi. The ground state is°A[Fe(3d58%s09,
A state by 0.40 eV. The lowestA state of MnCG is  Ni(3d°14s%%)]. An extra electron, with respect to FeCo,
formed by the detachment of an electron from t8e fills into an antibonding3-(3ds—3ds) MO that results in
(4s+4s) BO. the breaking of botB-(3ds+3ds) BOs and the formation
MnNi. The ground °S* state [Mn(3d>®4s'%),  of three 31, LSOs(one at Fe and two at NiOur computed
Ni(3d°?%s%9)] has the same bonding patterns as thevibrational frequency of 350 cnt is in good agreement with
ground state of MnCo except the secggeBd; LSO is oc-  the experimental frequen®yof 320.0 cm®. Attachment of
cupied. For the anion, attachment of an extra electron to aan extra electron to the- and 3-(4s—4s) MOs results into
a-(4s—4s) antibonding orbital leads to the grourf@*  “A and®A states, respectively. The latter state is lower by
state while a®3 " state formed by attachment to@(4s  0.28 eV. Detachment of an electron fronBa3d LSO of Ni
—4s) antibonding orbital is above by 0.32 eV. Detachmentyields the same bonding pattern as in isoelectronic FeCo and
of an electron from thg-(4s+4s) BO lead to rather drastic the same grounfl> " state.
changes: one @.+3d,, breaks and Ni has three different FeCu. Only the a- and B-(4s+4s) BOs survive after
type B-LSOs (3 ,,3ds3d,). The corresponding ground adding an extra electron, with respect to FeNi, into the
state of MnNi" is “A. Although isoelectronic MnCo has also B-spin representation. Since thd 3hell of Cu as well as an
the ground’A state, it has the different bonding patterns.  «-3d half shell of Fe are occupied, the spatial symmetry of
MnCu. The lowest state of MnCu is’>*[Mn this dimer is defined by the possible occupation of Fe
(3d52%4s'39), Cu(3d®®4s59)], where 12 electrons fill all B-LSOs by two electrons. The ground state is
the availablex-LSOs, five electrons occupy a @43d shell,  *TI [Fe(3d5°%s'%), Cu(3d°*4s!1%] and corresponds to a
and the dimer has only one bonding orbifgd(4s+4s). (3d,,3d,) occupation. Attachment of an electron to the
The lowest excited state, whose spin multiplicity obeysa-(4s—4s) antibonding orbital destroys thebond and the
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lowest state of FeCuis °A [a Fe(3d,,3d;) occupation fol-
lowed by a°I1 state[+0.09 eV, a Fe(d,,3d,) occupatiof,
and a3~ [+0.36 eV, a Fe(d,,3d,,) occupatiof. Note that
the anion ground state prefers the Fé(3ds;) occupation
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anion ground state BA. Detachment of an electron from an
a-4s LSO results in the additionat-(4s+4s) BO and the
ground®A state of CoZd.

NiCu. In agreement with experimett;?° the ground

not the (31,,3d.) one which would correspond to a one- State is?A. There are two (d+4s) BOs, three 8-half

electron process. The FeCication has @A ground state
with a singleB 3d; LSO at Fe.

shells, and four Ni3-LSOs (two 3d,, 3ds, 3d,). Several
spectroscopic constants of NiCu were measurge:2.233

FeZn.The 4s—3d promotion at Fe is favorable since =0.006A, w.= legéolt 1.15cm?, Do:622-05i 0.10eV;®
the energy spend for the promotion is regained due to forma-o=2.2346(5) A;>* D,=2.06-0.21eV>* These values

tion of a B-(4s+4s) BO in two closely spaced
53 " [Fe(3d%%%4s' 14 Zn(3d%%s' 7] and °I1 [+0.02
eV, Fe(315°%s18)  7zZn(3d0%sh™9] states with Fe
B-LSOs occupations of (@8,,3d,) and (3d,,3d,), respec-

are to be compared with our computeg=2.247 A, w,
=266.4cm!, D,=1.95eV. Attachment of an extra electron
to the a-(4s—4s) MO breaks thea-bond and creates the
ground 3A state of NiCu. Our computed values .

tively. Despite the formation of a bond, dissociation energy=2-36 A, we=211cm %, D,=1.74 of this state are in good
of Fezn is rather small apparently because of the energgdreement j"{'th the experimental valtiesf 2.36+0.01 A,
spend for the promotion. Attachment of an extra electron tc?35+25 ¢m *, and 1.7G:0.02 eV. Detachment of an elec-
the B-4s LSO of Zn in theSS, ~ and®IT states, results into tron from the NiB-3d, LSO creates the lowest\ state of

formation of the*S ~ (+0.04 e\j and*Il (0.0 eV) states of

the FeZn anion. Detachment of an extra electron from an

a-4s LSO results in formation of an-(4s+4s) BO in the
lowest*II state of the cation. This state is followed £y~

the NiCu' cation.

NiZn. There are a number of closely spaced singlet and
triplet states. The lowest is 3\ state with 12a-LSOs, one
B-(4s+4s) BO, a p-half shell of Zn and four Ni LSOs

and“A states, which are higher by 0.01 and 0.12 eV, respecd3ds, two 3d, 3d;). Attachment of an extra electron to a

tively.

CoNi. The lowest state is“A[Co(3d"8%4s>9,
Ni(3d°%%4s%%9], which has am-(4s+4s) BO, two a-3d
half shells, four 8-BOs (4s+4s, two 3d,+3d,, 3d;
+3d,) and each site hosts tw8-LSOs (3,3d,). A *®
state, which has threes-BOs (4s+4s,3d,+3d,,3d,
+3d,), two B-LSOs of Co(3l,,3ds) and threes-LSOs of
Ni (3d,, two 3dy), is only marginally higher by 0.02 eV.
Attachment of an extra electron to the antibondirg-4ts

MOs of these two states results in several closely spac

states of CoNi. ®°A (0.0 e\), °® (+0.08 eV}, 53~ (+0.55
eV), A (+0.27 eV}, and®II (+0.23 e\). Detachment of an
electron from theB-(3ds+3ds) BO of the*A state results

in a®A state of CoNf, whose LSOs are different from those

of the A state: one Co (85) and three Nitwo 3d;, 3d,)
B-LSOs. This state is 0.04 eV above the grolde state,
which forms after detachment of an electron from8-a MO
of the *® state.

CoCu. Spatial symmetry of the groundA (3d,,3d,)
state is defined by the most favorable distributiongaf3d

e

B-(4s—4s) MO forms the groundA state of NiZn with
no bonds, while detachment from an4s LSOs leads to
formation of an additionale-(4s+4s) BO and a rather
stable groundA state of NizZr'.

Cuzn.In agreement with experimeff the ground state
is 25" with a single 8-(4s+4s) BO. All other electrons
occupy twoa-4s LSOs and two 8 shells. Attachment of an
extra electron to thg-(4s—4s) MO creates the full set of
24 LSOs and the ground state & *. Detachment of an
a:ectron from anv-4s LSO creates the-(4s+4s) BO and
the ground'X, " state which is rather stable toward dissocia-
tion, see Table Ill.

B. Properties and thermodynamic stability

The 3d-metal mixed dimers show a large variation in
bond lengths and vibrational frequencies, see Table I. TiFe,
possessing th&S " ground state with a sextuple bond, has
the shortest bond length and, correspondingly, the largest vi-
brational frequency. Note that the dimers surrounding TiFe

electrons over the five Co LSOs, i.e., an occupation of twchave also large binding energies. The dimers containing Cr

3d, and one 8. (There is a 4+4s BO in each spin rep-
resentations, twax- and oneg-3d half shells) Our com-
puted vibrational frequency of 254 ¢rhand dissociation

and Mn possess the smallest dissociation energies. The Cr-
containing dimers have large bond lengths similar to those of
the Cu-containing dimers. The latter dimers, however, pos-

energy of 1.80 eV are in good agreement with the analogousess larger and rather uniform binding energies that may be

experimental values of 270.0 ¢th(Ref. 61) and 1.65 e\?*
Attachment of an extra electron to the antibondiizgand
B-(4s—4s) MOs leads to formation of th&A (0.0 eV) and
2A (+0.12 eV} states of the CoCu respectively. Detach-
ment of an electron from g-3d,. LSO of Co leaves its two

B-LSOs: A5 and 3., which determine the spatial symme-

try of the CoCu cation. This occupation is a mixture &l

and*®, and we tentative assignment the ground statibas
CoZn.The lowest*A state possesses@a(4s+4s) BO

and its spatial symmetry is defined by three Bd.SOs

related to the lower energy of the Ce-4tate with respect to
that of Cr. All Zn-containing dimers have large bond lengths
and small dissociation energies, which is consistent with the
conventional anticipation of Zn chemical inertness in such
species.

Most of the dipole moments presented in Table IV carry
negative signs which is related with our choice of the coor-
dinate system: the lighter atom is placed in the origin and the
heavier one is displaced in the positive direction of the
axis. The largest dipole moment of 2.65 D belongs to ScCo,

[3ds, two 3d,]. Attachment of an extra electron to an anti- that may be related to a half electron transfer from Sc to

bonding B-(4s—4s) MO creates twoB-4s LSOs, and the

Co as shows the effective electronic configurations
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Sc (3d1%%s%%) and Co (21%5%s*%% in the 3" ground (1) When moving along the rows and columns, the
state of ScCo. ground-state spin multiplicities of the neutral mixed dimers
The neutral mixed dimers in columns from Cr to Cu anddo change by=1 except when moving from ScV to ScCr,
in rows from Sc to Cr possess an antiferromagnetic couplingcV to TiV, CrFe to MnFe, CrCo to MnCo, MnFe to MnCo,
of excess spin densities at atomic sites except for ScCo argd MnCu to FeCu. Sc possesses a high43”?— 3d?4s!
TiFe, which are nonmagnetic, along with ScNi and ScCu/promotion energy of 1.43 eV. This is an apparent reason why
which are ferromagnetic. FeCu and CoCu also have smathe Sc atoms do not have @31s' occupation in Sg, ScTi,
excess spin densities at Cu sites, which are antiferromagne@nd ScV and why these molecules have higher spin multi-
cally coupled to the spin densities at Fe and Co sites. Arplicities than those species where the both atoms have only
analysis of the bonding patterns and the content of bondingne 4 electron. The “irregular” behavior of Mn is related to
orbital in the dimers allows us to indicate at least three posthe high 31°4s?— 3d®4s' promotion energy of 2.15 eV that
sible contributions to the antiferromagnetic couplit@:dif- ~ means that Mn, like Sc, is not always promoted to the
ferent numbers of localized spin orbitals at the dimer atoms3d"**4s' occupation.
(2) spin polarization of bonding orbitals, ari@) nonequiva- (2) The number of unpaired electrons in the neutral
lent contributions to the same-type bonding orbitals indhe Mixed dimers is related to the numbers of unpaired
and B-spin representations. As an example, let us considegd-electrons in the 8"4s! occupations of the constituent
CrFe, where Fe has twe-3d LSOs and g3-3d half shell, ~atomsN; andN,, respectively, according to a simple rule:
which reduces the magnetic moment at Fe-t®. The addi- the number is eitheN;+N, or [N;—N,|. Exceptions are
tional —0.4ug comes mainly from spin polarization of the TiV (the ground state has three unpaired electrons instead of
two CrFe bonding orbitals, which are one or seven defined by the above juldinFe (nine un-
paired electrons instead of one or sevamd MnCu (six

+33% Fé67%4s+32%3d,), (3) All 12-valence electron dimergScCo, TiFe, and
VMn) possess> " ground states; however, their bonding
o-p 20% CK79%4s+20%3d,) patterns are rather different. ScCo has four symmetric
+80% F&94%4s+6%3d,). equivalent bonding orbitals and two Cd3LSOs in each

_ _ o _ spin representations, TiFe has six symmetric equivalent
Experimental d|_ssocz|at|on energies are knO_Vi/Q for V: honding orbitals and may be considered as possessing a clas-
2.068-0.001 eV, TiCo'* 2.401+0.001 eV, VNi*? 2.100  sjc sextuple bond, while VMn has six-bonding orbitals,

+0.001 eV, CrCd? 1.56+0.26 eV, MnCUW?* ~1.5 eV, four g-bonding orbitals, spin-polarized with respect to the
CoCu® 1.65+0.21 eV, and NiCu? 2.05+0.10 eV. These 4-honding orbitals, and two Mg-3d; LSOs. The VMn
values are to be compared to our computed values of 2.7§round state is antiferromagnetic similar to that of isoelec-
3.39, 2.44, 1.36, 1.56, 1.80, and 1.95 eV, respectively. As igonic Cr,. There is no other singlet ground state among the
seen, the largest discrepancy of 1 eV is obtained for TiCorest of the mixed dimers.
Overall, agreement is reasonable, but the size of the overes- (4) Ground states of the neutral dimers encompassed be-
timate does not appear to be systematic. tween columns Cr to Ni and rows Sc to Mn are mainly an-
We are unaware of any experimental data for the electiferromagnetic. The antiferromagnetic contributions come
tron detachment energies of the mixed dimers, while thgrom the following sources: the larger number of localized
electron attachment energies are known for MrBef. 22 spin orbitals at one site, nonequivalent contributions to the
and NICUZl Our Computed values of 0.93 and 0.91 eV are insame_type bonding orbitals in the and B_Spin representa-
good agreement with the experimental values of 1.073jons, and/or spin polarization of bonding orbitals.
+0.003 and 0.8890.010 eV, respectively. Comparing Chart  (5) Attachment or detachment of an electron lead to the
1 and Table IV, one can notice that electron attachment €Mon ground state whose number of unpaired electrons is dif-
ergies of the dimers are larger than the attachment energigsrent by +1 from the number of unpaired electrons in the
of at least one atom entering the corresponding dimer.  corresponding neutral ground state. It appears, however, that

Hettich and Freisé? have measured the dissociation en-some ion ground states are not related to the neutral ground
ergies for a number of mixed iron-containing dimer cations:state via a one-electron process.

ScFe 2.12+0.22, TiFe 2.60+0.26, VFe 3.25+0.22, (6) Generally, the results of our density functional

CrFe" 2.17+0.30, FeCo 2.69+0.22, FeNi 2.78+0.22, theory calculations are in reasonably good agreement with
and FeCU 2.30+0.30 eV. These values are to be comparedexperimental data and could be considered as a helpful guide
to our computed values of the lowest asymptotes of 2.96¢or future experiments and advanced computations.
3.83, 3.33, 2.27, 3.27, 3.27, and 2.61 eV, respectively. As  (7) We noted several cases where there are states very
expected, the theory has a tendency to overestimating th&ose in energy, so some experimental data could help deter-
cation dissociation energies, but there does not appear to bgine the ground state in these cases.
any pattern in the overestimation.
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