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Nature of Mo-Mo and Cr-Cr Multiple Bonds: A Challenge for the
Local-Density Approximation
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The full potential curves for Mo, (and Cr,) have been examined by using highly corre-
lated wave functions. A competition is found between 5s-5s bonding and 4d-4d bonding,
so that the lower states lead to two minima, with the inner minimum involving do, dm,
and d6 bonds. The results disagree dramatically with those from local-density calcula-
tions, and the present analysis suggests that this approximation (in its current formula-
tion) is unsuitable for describing multiple bonds in transition-metal systems.

PACS numbers: 31.20.Dc, 31.20.Tz, 31.50.+w, 75.10.Jm

There remains a great deal of uncertainty con-
cerning the nature of metal-metal bonding, par-
ticularly in transition metals. Questions involve
the relative role of s, p, and d components and
the possibility of dr and dé bonding. Simple sys-
tems for which it should be possible to unambigu-
ously settle such questions are the Cr, and Mo,
diatomic molecules. However, despite numerous
experimental and theoretical studies, there re-
mains considerable controversy. Ground states
have been suggested to be™? "3, *, °z ", and
'Z.", and the description of bonding has ranged
from a single s-s bond® to a quadruple bond or
a sextuple bond.”*® Of particular concern here is
that local-density formalisms thought to be quite
adequate for describing transition-metal solids*®
are known to fail’ in accounting for the bonding in
Cr,.

A major difficulty with the theoretical study of
such systems is the extremely large effect of
electron correlations (many-body effects), as in-
dicated in Fig. 1(a). Here we see that the Har-
tree-Fock (HF) wave function of the sextuple-
bonded state (‘Zg“) of Mo, leads to an energy over
9 eV higher than the energy of two HF atoms. In-
deed, the unrestricted HF wave function (UHF),
which necessarily goes to the proper limit as R
- oo, totally fails in accounting for the Mo-Mo
bond, leading to an energy that is 3.5 eV unbound
at the experimental bond distance. The problems
with the (closed-shell) HF wave function are its
inability to describe the high-spin coupling re-
quired in the d® configuration of separated atoms
and its inability to describe weakly overlapping
orbitals on different centers. The UHF wave
function allows high-spin coupling of the electrons
at each atom (but only at the expense of building
in an artificial net spin density at each atom).
This wave function fails in that it cannot allow

strong bonding interactions of the orbitals on dif-
ferent centers (without giving up the favorable
spin coupling within each atom). Since these de-
terminantal wave functions form the basis of all
current local-density or local-spin-density cal-
culations, we fee that such calculations on Mo,
W, Cr, and other transition metals having mul-
tiple unpaired d electrons are quite suspect. In-
deed, the cohesive energies calculated with use
of local-density methods in transition-metal
solids such as Mo use as the reference atomic
energy an energy far above the ground-state en-
ergy of the atom.*® This is analogous to calcu-
lating the bond energy for Mo, by using the well
depth in the HF description [upper curve in Fig.
1(a)]. Because of the large atomic spin coupling
energy, it is likely that local-spin-density calcu-
lations for a metal such as Mo would exhibit al-
most no cohesive energy and very bad geometries
[analogous to the UHF curve in Fig. 1(a)]. Since
determinantal wave functions are the basis for
essentially all calculations on transition-metal
solids, one must be concerned for the validity of
our understanding of these systems. Whatever
method is developed to solve this problem it
should be capable of describing the bonding be-
tween transition metals. We will describe below
the simplest wave function that currently can de-
scribe the bonding in Mo,. The challenge is to
find a way to extend the essence of this method to
infinite systems.

In order to provide a proper description of Mo,,
we have developed a new method [generalized va-
lence bond (GVB)-van der Waals (vdw)] that in-
cludes all possible ways of coupling the twelve va-
lence electrons of Mo, plus the correlations re-
sponsible for van der Waals interactions.® Thus
this wave function dissociates properly and con-
tains the dominant electron correlation effects.
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FIG. 1. (a) Comparison of potential curves for Mo,
from our ground-state wave function (GVB-vdw) and
the corresponding HF and UHF wave functions. (b) The
potential curves (GVB-vdw) for Mo,. (c) The spin
coupling U;;) for each bond of Mo,. (d) The overlap
between bonding orbitals of Mo,.

For the 'T,” state, this wave function leads to
26512 Slater determinants involving eighteen va-
lence molecular orbitals where the orbitals are
optimized self-consistently for the full 26 512-
determinant wave function® %7 (a most extensive
ab initio wave function).

For Mo, the calculated bond distance of 1.97 A
for the ground state (1Zg“) is in good agreement
with the experimental value® of 1.93 A, and the
calculated vibrational frequency of 455 cm™ ! is
in reasonable agreement with the experimental
value® of 477 cm™?,

The ground state of the Mo atom has the va-
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lence configuration (4d)°(5s)* with spin S=3. The
states of Mo, that correlate with two ground-state
Mo atoms have total spins S=0, 1, 2, 3, 4, 5,
and 6 (one state for each spin). These states at
larger internuclear separation have an energy
spectrum of the form E ;=E,-JS(S+1), where J
<0, leading to a singlet ground state ("= ,*) (note
that J— 0 as R —~ ).

For Cr, we find that the ground state of the mol-
ecule is of this form with a spectrum of excited
states well described by a single J and leading to
a bond distance of R,=3.06 A, a vibrational fre-
quency of w, =110 cm™!, and a bond energy of D,
=0,35 eV. The Heisenberg coupling constant J is
accu;ately exponential over the range of bonding,
leading to J =ae”®®, with a=- 3040 cm™* and b
=1.14 A7,

Our results strongly disagree with density func-
tional theory' which gives only one bound state
(13Eg* with a bond energy of 0.2 eV) for Cr, and
finds our ground state (}Z g*‘) unbound by over 1.9
eV. This disagreement illustrates that even a
qualitative description of this system requires a
proper treatment of spin coupling and casts doubt
on the efficacy of the local (spin) density approx-
imation in calculations on transition-metal sys-
tems.

For Mo, we also find a potential well at R,
=3.09 A having w,=80 cm™* and D,=0.49 eV. In
this region there is significant 5s-5s overlap but
little 4d-4d overlap, so that the bonding is domi-
nated by the 5s orbitals. However, a unique fea-
ture of the Mo, potential curves [see Fig. 1(b)]
is the hump and inner minimum leading to a dou-
ble well in the ground state ('Z,*) and some of
the lower lying states. Next we will consider the
origin of this double well,

From our wave functions we can evaluate the
spin coupling between electrons by using the spin
operator — 3 - 2(3;+§,), whose expectation value®
U,; ranges from — 1 for triplet spin coupling to
+1 for singlet spin coupling. The optimal coup-
ling between electrons in orthogonal orbitals is
U;;=-1 (triplet), whereas the optimal coupling
between bonding electrons is U;;=+1 (singlet).
For the Mo atom, the optimal coupling among the
six valence electrons is U;;=~1, giving S=3. For
Mo,, coupling two S=3 atoms into an overall
singlet state gives the optimal intra-atomic en-
ergy but results in U;,=+ % between bonding elec-
trons, yielding only about % the maximal bond en-
ergy. Alternatively, coupling the electrons with-
in each bond as U;; =+1 gives maximal bonding
but results in U, ;= -3 between electrons in differ-
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ent bonds, yielding a great loss in intra-atomic
energy (a loss of 7 eV for Mo,).

In Fig. 1(c) we plot the spin coupling (U;;) for
each bond as a function of R. Here we see that
at the outer minimum U  has increased from #
to 0.55, but each U,, is still ~0.2. This occurs
because there is bonding between the 5s orbitals
of the Mo atoms but no bonding between the d
orbitals. Bonding between the d orbitals does not
occur at larger R because the d-d overlaps are
too small for the resulting bonds to compensate
for the concomitant loss in intra-atomic energy.

In Fig. 1(d) we plot orbital overlaps as a func-
tion of R. Here we see that the outer minimum
of the singlet potential corresponds to the opti-
mum R for s-s bonding. As R is decreased be-
low 3.09 &, the energy increases until the atoms
get close enough for d-d overlaps to provide suf-
ficient bonding to compensate for the loss in in-
tra-atomic energy. This occurs by 2.5 10&, result-
ing in a sharp drop in the potential curve and a
minimum (at 1.97 A) characterized by strong
bonding of all d orbitals. Thus, at R=1.93 4, we
findU,,=0.95, U,,=0.96, U;5=0.88, and U,
=0.94. This indicates that all five d orbitals on
each center strongly participate in bonding. Par-
ticularly noteworthy here is the value of Us.
With no 6 bonding, the two 6 orbitals on a center
would be high-spin coupled (U,;=- 1), leading to
Ugs=+7 for & orbitals on opposite centers (since
all other bonds are coupled U;;=+1). Since U
=0.88, there is clearly strong bonding between 6
orbitals ! The U’s and especially the orbital over-
laps suggest that the s-s bond is not as strong as
the do-do bond at R,. Our wave function shows
very little s-do hybridization (less than 10% at
R,), indicating that s-do bonding is much less im-
portant than do-do (or s-s).

In summary, the ground state of Mo, has a dou-
ble-well potential curve where (1) the outer mini-
mum has an s-s bond, but with a high-spin d° con-
figuration on each atom, and (2) the inner mini-
mum has do-do, dn-dmn, and db6-dd bonding. A
hump occurs between these two points because R
must be decreased below the optimum for s-s
bonding before d-d overlaps are sufficient to
start making d-d bonds. For Cr, we find an out-
er minimum (at 3.1 &) similar to the outer mini-
mum for Mo,; however, at smaller R, the d-d
overlaps for Cr, are not large enough to compen-
" sate for various repulsive interactions so that no
second bound minimum is found. These results
suggest that at R,, Mo, has a quintuple bond (one
o, two 7, and two 8) with the s-s interaction be-

ing somewhat repulsive. This result disagrees
with other interpretations® which conclude that
the s-s interaction decreases the bond distance
but that the 56-5 interactions have little effect.
However, our result supports the interpretation®®
that in 44 transition-metal solids the valence d
electrons are attractive while the valence s elec-
trons are repulsive.

The S=1, 2, 3, 4, 5, and 6 states also lead to
outer minima (at 3.15 A for 3% ,*) involving 5s-5s
bonds similar to that in 'Z,*. However, at small
R, these higher-spin states have successively
fewer bond pairs and hence only the 3z * state
has a pronounced inner minimum (R, =2.07 A, w,
=325 cm™!, and D,=0.60 €V). In this case we
find (at 1.93 A) U,,=0.93, U,,=0.94, U, ;=0.49,
and U, =-0.10, so that the do and d7 bonding is
similar to lzg+ but the d5 bonds are weak and the
5s pair is slightly antibonding.

For Mo-Mo systems with ligands on the Mo, the
5s orbitals are generally destabilized so that the
existence of the outer minimum is less likely.
However, since the inner minimum of Mo, is
dominated by d-d interactions, the character of
this minimum should correspond closely with the
interaction of Mo-Mo systems having ligands on
the Mo. This appears to be the case since sys-
tems thought to have Mo-Mo quadruple bonds
lead to bond distances® of 2.1+ 0.05 A, which is
consistent with the 1.97 A we find for the quintu-
ple bond in Mo,.

The bond energy of Mo, has been determined
experimentally'! by using a Knudsen cell and a
mass spectrometer to determine the relative con-
centrations of Mo, and Mo as a function of 7.
Thus, to obtain a bond energy it is necessary to
estimate the partition function. The experiments
were interpreted in terms of a single lzg"” state
for Mo,, leading to D,=4.2+ 0.2 eV (Ref. 11) (the
calculated bond energy is D,°*=1.41 eV). Since
there are a number of bound states of Mo,, the
partition function may change significantly, lead-
ing to a modified experimental bond energy. Oth-
er potential experimental problems involve the
possibility of nonhydrodynamic (supersonic) flow
(which would lead to a lower effective tempera-
ture than in the oven) or kinetically limited flow
(lack of thermodynamic equilibrium).?

These results on Mo, suggest that at equilibri-
um the d-d interactions are bonding while the s-s
interactions are repulsive. They also show the
importance of -6 bonds for transition metals.
For Mo, the use of single determinantal wave
functions (HF or UHF) yields a totally inadequate
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description, suggesting that a modified frame-
work must be used to provide a proper descrip-
tion of transition-metal solids. Since a key as-
pect of the bonding involves the U;; or S;-S;
terms, perhaps the local-density formulations
can be modified to explicitly include such terms
(e.g., 27i ;J:;Si*S;) where the J;;(R) are ob-
tained from molecular calculations.
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a1y +: J. Harris and R. O. Jones, J. Chem. Phys.
70, 830 (1979).

1b 24"t W. F. Cooper, G. A. Clarke, and C. R. Hare,
J. Phys. Chem. 76, 2268 (1972).

1¢1%.*: W. Klotzbiicher, G. A. Ozin, J. G. Norman,
Jr., and H. J. Kolari, Inorg. Chem. 16, 2871 (1977);
J. G. Norman, Jr., H. J. Kolari, H. B. Gray, and
W. C. Trogler, Inorg. Chem. 16, 987 (1977).

M. M. Goodgame and W. A. Goddard, III, J. Phys.
Chem. 85, 215 (1981).

3B. E. Bursten, F. A. Cotton, and M. B. Hall, J. Am.
Chem. Soc. 102, 6348 (1980); P. M. Atha, I H. Hillier,
and M. F. Guest, Chem. Phys. Lett. 75, 84 (1980).

D. G. Pettifor, J. Phys. F 8, 219 (1978).

%V. L. Moruzzi, A. R. Williams, and J. F. Janak,
Phys. Rev. B 15, 2854 (1977); A. R. Williams, C. D.
Gelatt, Jr., and J. F. Janak, in Theory of Alloy Phase
Formation, edited by L. H. Bennett (The Metallurgical
Society of the American Institute of Mining, Metallurgi-
cal and Petroleum Engineers, Warrendale, Pennsylvan-
ia, 1980), p. 40.

%The van der Waals (vdw) configurations allow simul-
taneous s —p 0o or pm excitations on each center while
including all configurations corresponding to appropri-
ate d° on each atom. The basis set consists of a valence
(i.e., 4d,5s,5p) double-zeta basis for Mo to which we
add a set of f basis functions on each Mo optimized for
the GVB-PP wave function at R = 1.93 & (@ gy = 0.45).

"L. G. Yaffe and W. A. Goddard, III, Phys. Rev. A 13,
1682 (1976).

8y. M. Efremov, A. N. Samoilova, V. B. Kozhukhov-
sky, and L. V. Gurvich, J. Mol. Spectrosc. 73, 430
(1978).

SW. A. Goddard, III, Phys. Rev. 157, 73, 81 (1967);
R. C. Ladner and W. A. Goddard, III, J. Chem. Phys.
51, 1073 (1969).

'0F. A. Cotton, Acc. Chem. Res. 11, 225 (1978).

s, K. Gupta, R. M. Atkins, and K. A. Gingerich,
Inorg. Chem. 17, 3211 (1978).

2K. C. Janda, private communication.

Hysteresis in Cyclotron Resonance Based on Weak Relativistic-Mass Effects of the Electron

A, E. Kaplan
Fryancis Bitter National Magnet Labovatovy, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139
(Received 10 November 1981)

The cyclotron resonance is considered upon action of strong electromagnetic quasires-
onant wave. It is shown that even a very weak relativistic (8%« 1) mass effect of the elec-
tron can result in large hysteretic jumps of its steady-state kinetic energy, if the wave in-

tensity or frequency is varied.

PACS numbers: 42.65.-k, 41.70.+t, 52.35.Mw

This paper is basically to attract attention to
the fact that even a very weak relativistic (8% «1)
mass effect can result in large nonlinear effects
in such a very well studied phenomenon as free-
electron cyclotron resonance. The proposed ef-
fect is important because it suggests for the first
time, to our best knowledge, bistable interaction
of an electromagnetic wave with the simplest
microscopic physical object. This differs funda-
mentally from all kinds of optical bistability'™
presently known, which so far has always been
based on macroscopic nonlinear properties of
the media. Nonlinear change in macroscopic

susceptibility under action of the strong EM
wave provides dramatic change in the optical
condition of propagation of this wave under vari-
ous special circumstances (e.g., in nonlinear
Fabry-Perot resonators’; at nonlinear inter-
faces? or in counterpropagating beams of light,®
interacting with each other) which, in turn, leads
again to the change in the susceptibility. This
so-called optical feedback in nonlinear macro-
systems results in the existence of multistable
(in particular, bistable) steady states. No such
optical feedback exists in the case considered in
this paper.
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