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A INTRODUCTION

A review 1s presented of recent progress in the detailed understanding of spin-forbidden
electronic excitations 1n transition metal complexes The quantum mechanical description
of the role of spin-orbit coupling 1n such transitions is outlined and related to experimen-
tal values of the oscillator strength for the absorption of hght These intensities are shown
to be a sensitive measure of certamn features in the electronic wave-function Emphasis is
placed on the direct coupling of states of differing spin by vanious spin-dependent radiative
operators. For binuclear and polynuclear complexes there 1s also the possibility of spin-
forbidden transitions occurring via an exchange-dependent mechanism rather than via
spin—orbit coupling The experimental evidence for this 1s reviewed and related to recent
studies of the coupling between spin excitation waves and electronic excitation waves 1n
magnetically ordered transition metal salts

During the past two decades we have seen a great advance n our understanding of the
electronic structure of transition metal complexes ! While a variety of expenimental tech-
miques have contributed to this progress, a central role has been played by electronic spec-
troscopy in the visible and UV spectral regions Absorption expeniments have probably
played a greater role than erussion studies because the former yield information about
more excited states than the latter The electronic transitions responsible for the absorp-
tion bands frequently involve the rearrangement of electrons within the partially filled d
shell of the central 1on, although other types, such as higand-to-metal charge transfer tran-
sitions, may be observed The former type, often called a crystal-field transition. 1s gener-
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ally weak 1n intensity because of the parity forbiddeness for an electric dipole process *
This restriction 1s usually overcome by the presence of static non-centrosymmetric com-
ponents of the crystal field or by a vibronic mechanism involving a suitable non-centro-
symmetric vibration. A weak but parity-allowed process such as the magnetic dipole
mechanism may also occur

Many of the more interesting and important crystal field transitions involve states of
different total electronic spin > The most famous example 1s probably the red emission
line of the ruby laser, the transition being from the zEg excited state of Cr 1n a nearly
octahedral site in Al,O3 to the 4A2g ground state Sice transitions m which the spm
changes cannot occur via electric dipole, magnetic dipole or electric quadrupole mecha-
nisms unless some spin-dependent mteraction such as spin—orbit coupling 1s operative,
these transitions, if parity-forbidden as well, are characteristically extremely weak It 1s
the nature of these spin-dependent mtensity mechanisms that we wish to explore n this
review

B. GENERAL TREATMENT OF SPECTRAL INTENSITIES

Spectral absorption intensities can be conveniently expressed *° 1n terms of the di-
mensionless oscillator strength

2
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where N 1s Avogadro’s number, m the electron mass, —e the electron charge, ¢ the veloc-
ity of light and €(¥) the molar extinction coefficient for light with frequency v =c7 For
Gaussian line shapes

[e@)d5 = @ 2)% 5 @

where €y ls the maximum extinction coefficient and & 1s the half-width in cm™! at half-
height, so that

f=920X107%¢,5 ?3)

The semi-classical quantum theory of radiation yields ® an expresston for fin terms of
matrix elements M, between mitial state 2 and final state b, viz

_ 4nmy 2
f= X My, | )

where # 1s Planck’s constant divided by 2. For unpolanized light passing through an iso-
tropic medium
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Here the terms represent the electric dipole, magnetic dipole and electric quadrupole con-
tributions, the last having for an operator the traceless quadrupole tensor Q with elements
Qup=Talp — %rzﬁaﬁ, where §,; denotes the Kronecker delta The operators R, L + 2§
and Q are one-electron operators, meaning that each 1s a sum over electrons of one-clectron
terms, such as R = X r,, where r, is the posttion vector for the 1th electron Similarly (L + 25) =
2(1, + 2s,) where I, and s, denote operators for the orbital and spin angular momentum of
the rth electron

Although no derivation of eqns. (4) and (5) will be given here, 1t will be important for
our later discussion to note that all terms in eqn (5) except that involving the electron
spin S are obtamned ° from the nteraction of the electron hnear momentum p with the
vector potential A of the electromagnetic field The Hamiltonian representing this inter-
action s a familiar result of ime-dependent perturbation theory and 1s, for a system with
n electrons,

n
=€ .
H=po 20 40, (6)
where the second-order term, containing 4 ,2, has been omitted. The electnc dipole con-
tribution 1n eqn. (5) is the term arising from the spatially uniform part of the time-varymng
vector potential A, the matnx elements of P= Zp, thus required may if desired be con-
verted to matrnix elements of R by use of the commutator

mdR -
d¢

P= —‘—};’—”— (R, Hy) @)

where Hy 1s the unperturbed Hamiltonian of the system, 11sv/—1, and [R, Hy] =
RH, - HyR Thus

—1m
fi

(alPlb)= (E,-E))<alRIb) (8)
where la )and |1 b are eigenstates of H with energy eigenvalues £, and E, respectively

A simuilar analysis yields the electric quadrupole and orbital magnetic dipole contributions
to eqgn. (5) in terms of the linear vanation of A across the molecule, this vaniation being
very small for wavelengths large relative to the molecule. Of particular importance are the
modifications of eqns. (6)—(8) that arise when spm-—orbit coupling is important. Finally,
the spin magnetic dipole contribution arises from the direct interaction of the spin mag-

netic moment with the magnetic field of the radiation.
Coord. Chem. Rev., 8 (1972)
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For molecules in a medium with mdex of refraction 7, each contribution to f must be
multiplied by an appropriate factor ¢, which 1s (172 +2)2/91 for an electric dipole, n for
a magnetic dipole, and n(n2 + 2)2/9 for an electric quadrupole For visible light and water
these factorsare 1 19,1 33 and 2 10, respectively. A suggestion has been made 7 that
otherwise feeble quadrupole transifions in rare earth rons might become considerably en-
hanced due to the presence of highly polanzable ligands or solvent molecules The evidence
to date for such ““pseudo-quadrupolar” transitions does not appear to be conclusive

In general, the spectra of transition metal complexes can be accounted for via an elec-
tric dipole mechanism There are a few interesting cases where a magneiic dipole process
has been shown to be operative 3710 but there 1s no evidence for an electric quadrupole
process Higher multipole processes are even less likely, although the next section de-
scribes their possible role in spin-forbidden transitions For atoms described by Russell—
Saunders coupling. such that L, S, M; and Mg are good quantum numbers, the magnetic
moment vector (L + 28) has only matrix elements diagonal in L and S, with AM; =0, *]
and AM¢ =0, 1 Further, orthogonality conditions ensure that different multiplets with
the sanme L and S are not connected These selection rules have important consequences
for spin-forbidden magnetic dipole transitions such as observed i some Mn!! complexes

C SPIN-ORBIT COUPLING

The effects'' of spin—orbit coupling 1n our consideration of radiative processes are
three-fold

(1) Changes produced in state energies by splittings and/or shifts

(2) Changes produced in wave functions

(3) Changes produced n quantum mechanical operators used for expressing radiative

transition rates or oscillator strengths.
The effects on energy levels in terms of first-order Lande sphittings and second-order shifts
are too familiar to discuss further '?. The most important effect on wave functions 1s to
nux states of different spin multiplicity. thus destroying S and Mg as good quantum num-
bers and providing the basis for nearly all treatments of spin-forbidden transitions m atoms
and molecules Mizushima '? has pointed out that such transitions can also occur without
spm—orbit coupling by a suitable higher multipole transition, such as magnetic quadrupole
for AS =0 or £ 1, even-to-odd transiticns, and magnetic octupole for AS =0 or £ 1, even-
to-even and odd-to-odd transitions These processes. are, however, expected to be extremely
weak and umimportant relative to spm—orbit-dependent processes, except possibly for
systems with atoms of very low atomic number ¢

The spin—orbit interaction for an N-electron atom with nuclear charge Ze 1s given '° by

2 I s r. xp

__ e 171 L'l
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where the energy 1s measured n ergs, r, 1s the distance in centimeters of the rsth electron
from the nucleus, ry the distance between the (th and sth electrons and p, 1s the linear
momentum operator — iV for the 1th electron. The various spin and orbital angular mo-
mentum operators are 1n umts of 7. The first term. with a summation over all electrons.
represents the coupling due to the electric field of the nucleus The second term 1s summed
over all electron pairs, with 1 # 7 1mplying the separate mclusion of 1 > and i <; Al-
though the Coulomb repulsion does not mclude separate contributions for these cases
gy does This can be seen by realizing that the part of the second term containmg s;
represents the coupling for the 1th electron due to the electric field of the sth electron.
while the part containing s, represents the nteraction of the orbital magnetic moment ot
the 1th electron with the spin magnetic moment of the sth electron, the corresponding
terms given by interchanging 1 and y are separate contnibutions and are mecluded i the
summation. The dipolar spin—spin contribution 1s also of the order (m>¢?)~! but has
been omutted from eqn (9) since 1t makes no direct contribution to the spin—oibit cou-
pling constant although 1t can contribute to deviations from the Land¢ interval 1ule.

It 1s interesting to note that those terms in eqn (9) representing the coupling of the
spin and orbital moments of a given electron due to the electric field of the nucleus and
the other electrons are best viewed 1n the laboratory frame of reference as interactions
mnvolving the velocity-dependent electric dipole moment p, of the electron These terms
are derived '* from the more general Hanultonian

i
HSO:;_C_Z,E s, X grad, 'V p, (10)
Since — grad, V1s the electrostatic force F; =—e€,; acting on theth electron, where ¢, 1s the
electric field, we can write
—e

HSO=§'—"—2C—22‘> 5, Xp, 81=—;|.lel £, an
where the electric dipole moment of the electron 1s (e/2m2?)s X p. For an electron
moving across this page from left to right with spin “up” (out of the page). the clectric
moment 1s directed toward the top of the page. meaning that the electron is more nega-
tive toward the bottom of the page This 1s an energetically stable situation it there 1s a
positive charge (the nucleus) toward the bottom of the page (Fig 1, left side) If mstead
the spmn 1s “down”. the direction of the electric moment 1s reversed. creating an energet-

ically unstable situation 1if there 1s. as before. a posttive charge toward the bottom of the
page (Fig 1, nght side) It should be noted that the dipole moment of a charged species 1s
ongin-dependent and can thus have any value, including zero if the ongin s taken at the
center of charge Since linear momentum 1s origin-independent, the ongin for the dipole
moment 1n eqn (11) appears to be the ongin for the spin angular momentum s
Following the analysis of Blume and Watson '°, based on the earhier work of Horte e,
consider an atom or ton with a single unfilled shell outstde a number of closed shells, as 1s
the case with transition metal ions The nuclear term 1n eqn (9) will contain a summation

Coord. Chem. Rev., 8 (1972)
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SpIN-OfBIT COUPUNG AND THE ELECTRIC Dwote MOMENT OF THE ELECTRON

D ()
> &
Eo SCINS T
& H)
& S,
(a) (b)
SPIN ANGULAR MOMENTUM UP SPIN ANGULAR MOMENTUM DOwN
ORBITAL = " DownN ORBITAL 1 " Down
ENERGETICALLY STABLE ENERGETICALLY UNSTABLE

Fig 1 Anillustration of spin—orbit couphing tor an electron in the field of a positive charge in terms
of the relativistic electric dipole moment of the electron (eqn. (11)) The positive charge 1s at the cen-
ter of the circle and the motion 1s taken clockwise for (a) spin angular momentum up, electric moment
pomting away trom nucleus and (b) spin angular momentum down, electric moment pointing toward
nucleus The electron charge 1s not shown, only the dipole moment

over electrons in the closed shells and a summation over electrons m the open shell The
first group makes no nez contrnibution to the energy due to a cancellation of positive and
negative terms so that nuclear contributions to the spin—orbit energy arise only from the
open shell electons. The summation over electron pairs in the second term of eqn (9) will
consist of three parts (@) terms from electrons of which both are 1n either the same or dif-
ferent closed shells, (b) terms from electrons one of which 1s in the open shell, (¢) terms
from electrons of which bath are n the open shell The sum of all contributigns of the
first type will be zero, again by a cancellation of positive and negative contributions The
sum over closed shells of all contributions of the second type for a given outer shell elec-
tron yields a contribution n form like that from the nucleus but of opposite sign, thus
representing a screening of the nuclear charge which acts to reduce the coupling constant
We can then write

outer ez outer rl]
Hy, =5, 2o L s, — — > (———3 X pl) (Sl + 25}) (12)
1 AmTe #y rl]

The quantity &, thus represents the strength of the spin—orbit coupling for an outer electron
in the Coulomb field of a nucleus shielded by closed 1nner shells

It has been shown that a part of the second term, representing interactions between
electrons that are both in the unfilled shell, can be represented as an effective one-electron
coupling Modifymng ¢ to include this part of the second term, and then ignoring the resid-
ual two-electron contributions, which do not contain additive terms whose matrix ele-
ments are proportional to £ s, we obtam
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outer
Hy =%t 231 s, (13)
!

The residual interactions omutted in eqn (13) do, however, contribute as much as 10%
of the total of an mteraction assumed to be of the form AL- S, which describes first-order
(aiagonal) spin—orbit sphttings in Russell—Saunders coupling. Such a contribution indi-
cates the magnitude of the error in obtaming “experimental” values ¢’ from the Landé A
via the relation ¢ = 2S | A |, particularly when ¢’ and eqn (13) are used to evaluate off-
diagonal matrix elements A theoretical value of A may be obtained !5 from diagonal matrix
elements of eqn. (12) in a Russell-Saunders basis, thus including all two-electron terms cor-
rectly to first-orcer

Some example of the values (all n em~1) computed '3 from atomic SCF radial func-
tions are listed in Tables 1 and 2. For Scll, 34*, with no summation over outer electrons,
the values of ¢.., ¢’ and A are identical For Mn !, 3d5, A is not computed as no first-order
Land¢ sphitting 1s observed for the half-filled shell For Cu I, 3d%,§,.=866,¢" =826 and
A = —830, showing that the single hole differs from a single electron Although the differ-
ence between ¢’ and 2SI A 1= | Al for Cu I s small, the difference 1s greater for Cr | 343
with " =292 and A =91 (2SIAI=3A=273)

If a molecule 1s considered mstead of an atom, the spin—orbit Hamiltonian 1s stmlar to
eqn. (9), but with a nuclear contribution that 1s

2 1. -5
Hq (nuclear) = € %ZK EIK—3-I— (14)
]

22
2mcc* rx

TABLE 1

Spin—orbit coupling paramcters? b {rom SCI radial tunctions tor divalent transition metal 10ns

fon Conhiguration & (nuclear) &, ¢ A AE¢  A(obs)d

sl 342 193 857 85 7 857 0 79

Txllll 34> 275 126 126 61 4 59-61

Y 343 370 186 184 57 13 56

cll 3422 484 262 258 59 22 54_61
Mol 345 622 342 333

rell 348 773 440 426 -114 30 —~94 to —109
Coll 347 953 560 539 ~189 28  -1661to —186
Nl 348 1162 702 672 —343 14  —303to —340
cull 349 1399 866 862 —-830 4 -89

@ All values are in cm ™ and taken trom ret (15)

b ¢(nuclear) 1s a contribution from unshiclded nucleus &, = f(nuclear) plus shiclding terms trom closed
mner shells, ¢’ = . plus shielding terms from other 4 electrons, while A 1s obtained trom diagonal
matrix elements of eqn (12)

Car=t — 25IAl

d Opserved values tor free 1ons

Coord.-Chem. Rev, 8 (1972)



Spin—orbit coupling parameters 2 from SCI radial functions for trivalent transition metal 1ons

lon Configuration § (nuclear) $e s A agh A(obs)
il 34} 328 159 159 159 ) 154
vit 3d° 433 220 219 106 7 104-106
cril! 3d? 556 296 292 91 19 88— 97
Mnit 3d* 700 388 380 87 32 83— 92
relll 34d° 871 499 486

@ All values are in cm—! and are taken from ref. (15)
bA5‘=§’ — 2851l

where r g 1s the distance of the zth electron from the Kth nucleus wath charge Zge, /4 1s
the operator for orbital angular momentum of the ith electron about the K'th nucleus and
the summation 1s over both electrons and nucler The spin—orbit coupling 1n a molecule
can then be approximated by an effective one-electron interaction of the form in eqn. (13)
but contamnmng a nuclear contribution as m egn (14) It should be noted that ¢ (nuclear)
for a molecule 1s different from that for an atom even if the wave functions are assumed

to be the same. as m a crystal field model of transition metal complexes Thus even with
purely 3d orbitals, eqn (14) involves a summation over higand nucler in addition to the
cerstral 1on nucleus, although the ligand contributions are expected to be small because ot
the (r,x) > factors when the electron 1s centered on the metal 1on and K 15 a ligand nucleus
More important, however, 1s the fact that the total orbital angular momentum 1s not a good

quantum number for molecules
D EFFECTS OI' SPIN-ORBIT COUPLING ON SPECTRAL INTENSITIES

We have pomted out !7, as have others '»'#'% that the dipole length operator R 1s valid
for describing electric dipole intensities in systems where spin—orbit coupling i1s important
However, if a representation m terms of momentum matrix elements 1s desired instead, the
correct operator, when egn (13) holds, 1s

‘ L ot 3

»n 4 4
& S =,

71
2mc~*

-~
Y
19,

A\ d

where the summation 1s over electrons. p, 1s the iinear momentum operator for the ith
electron, and —grad, V 1s the electrostatic force acting on the ith electron The transforma-
tion to matrix elements of R follows from the commutation relation

d == WA
1r=m;?=——[l<,Hj o)

- .« o [}

where the total Hamiltonian H contains Hgg as i eqn (13) (if V' in eqn (15) 1s1dentified
with the Hartree potential energy m a many-electron atom, our identification of & with
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Hgg 1n eqn. (13) should be made nstead with the Watson—Blume parameter § :1=
(e2/2m2c‘2) {dV/r or), which does not contan exchange contribufions.)

Since 7t 1s 1n part spin-dependent, the operator can connect basis states of different spin
Thus in the momentum operator representation of the ntensity, the spin—orbit couphing
need not mix states in order to make spin-forbidden transitions allowed Frequently the
question 1s asked from what spin-allowed transition is the intensity borrowed for a spm-
forbidden transition? It is important to realize that although the question 1s sometimes
useful, the answers are artificial, for they depend not only on the basis set chosen to rep-
resent the unperturbed states having an allowed transition, but also upon the operator for
the radiative process An illustration of this dependence is given m the next section

Chiu '? has made a thorough analysis of the operators for radiative transitions and has
concluded that all relativistic effects, non-conservative electromagnetic forces derivable
from a vector potential, non-Hermitian terms, corrections due to small-component spinors.
etc , can be grouped together into an “effective™ transition mementum st which in gen-
eral 1s different from the hnear momentum p,, but which like = n eqn. (15) 1s related to
m(dR/dr) and to R via eqn (16), thus providing the generalization of our result. His anal-
ysis explicitly constders the dipolar spin—spin mteraction, spin—other-orbit couphng, as
well as the direct interaction of the spin with the magnetic part of the radiation field The
latter interaction, not being derivable from a vector potential. must be included as a sep-
arate transition operator Chiu gives an extensive histing of spin-dependent operators for
direct AS = + 1 radiative transitions, together with numerical estimates of their importance
relative to the usually considered indirect spin—orbit processes mvolving the mixing of
wave functions of differing spin These operators arise from the followiag mnteractions

(@) Spin—own-orbit effect, 1dentical to the spin part of % (eqn (15)), having odd spatial
parity, and typical size 2' (matrix element squared) of 8 8 X 10~ 33 for direct AS =+ |
transition

(b) “Ordinary™ spin radiation coupling, having odd spatial panty and typical size of
86X% 1037

(¢) Correction for small-component spimors, having odd spatial parity and typical size
of 21X 10-37

(d) Spin—own-orbit effect, having even spatial parity. like the term in ret 17, but with-
out the symmetrization to separate magnetic dipole part from electric quadrupole part,
and typical size of 8 1 X 10~39

(¢) Spin—other-orbit coupling, having even spatial parity, and typical size of 6 1 X 10—40
By comparison he estimates the typical size of the usual indirect transition strength with
odd parity operator to be 2 1 X 10—31 (based on spin—orbit matrix element of 100 cm—!
and energy gap of 10° cm~1), while that with even panty operator * 15 1 9 X 10-37

As an example consider a transition from the mostly 8Ss ground state %, of a gaseous
Mn U or Fe ! 10n to an excited spin quartet of the same 3d5 configuration We write
(4P% Hgq IGS%)

*

0 (17)

=6S§_+a4P§ a=—
2 3 E(ép_s_)—E(GSi)
2 2

Coord. Chem. Rev., 8 (1972)
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where the effect of & on the normahization is ignored. Here a = —-5% ¢ /(7B +7C) = ~2.6X 102
for ¢ = 350 ecm~! and repulsion parameters of B =960 cm~1 and C= 3325 cm ~! The
spin—orbit coupling operator g, is taken here n the form of eqn. (13) Electric dipole
transitions are forbidden, but there 1s a spin—orbit allowed magnetic dipole transition to

the mostly 4P_§. state %, where

= 41’% - aGS% (18)
thus
(o lL +2S1F > =al*PslL +2$f4P§)—~a(GS_;_lL +25168s) (19)
2 2

For the specific component of the ground state with Mg=M; = —£, the magnetic moment
of Gss _5 1s =57, that of 4Ps 5 18 —4f1, so that, dropping terms in o2, we have for the
z component with AJ = AM = 6 (£ L +281#)=odi In this atomic example there 1s
also the AJ = —1 magnetic dipole transxt:on from GS’S to 4P3 but no transitions n this order
of perturbation theory to 4D, 4F, 4G, or to any of the spin Joublets of 3d5

Considering next a tetrahedral Mn I or Fe !l complex, such that the panty forbiddeness
for electric dipole processes 1s overcome, we write

3
Fo =04, + Z} o 4T/ 20)
13

where the summation 1s over the three cub:c field 4T, exgenstates, each m turn taken as
superpositions of either strong field (I e, r, 3¢2 and t, 3) or weak field (4P 4F and 4G)
basis states, and the @ are analogous to am eqn (17) lIgnoring all other spm--orbit mixings
except those mvolving the ground state,

FgIRIF )= 20 o CTYIRIAT) (1)
7

forI'=A4,, £ or T, Since R transforms as 7, m the group 7, the transition to 44, 1s for-
bidden mn this order For transitions to a mostly"‘TJl state 1‘2], where

'}5'2!= 47’{’— o 6A1 (22)
we have
- b itpd
Gy IR IFNY = 20 o (AT FIRIAT ) (23)

1#]

where we have used the fact that diagonal elements of R are zero in symmetry 7.
We can also write
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(Fo Il )= (Cq 1R 19T+ 25 & 4T/ Im14T) (24)
7

where the spin-dependent part of & directly connects 6Al to 4T, but only for ' =T51n

group T3, the expression for transitions to mostly 47, states will be like eqn.(21),but with @
replacing R.

The magnetic dipole matrix elements, tdentical for T, and Oy, symmetries if purely
3d wave functions are assumed (the latter symmetry having no electric dipole matrix
elements for d—d transitions barring vibronic mechanisms) are readily determined as

3
(f’OlL+2SI1~l)=]§l)al(4T11lLI4F) (25)
for" =4, E and T,, with the transition to 4A2 forbidden, and where the spatiaily n-
dependent S does not connect different spatial states ForI'=T

7y — 4 47 6 6
(1‘—0|L+2S|+2 ) a][( Tl]lL+2S| Tl)—( Al 1281 A‘>]

+ 22 o (AT 'L 1*T) Y + terms n o (26)
1%}
A detailed treatment of the magnetic dipole spectrum of octahedral Mn 1T complexes has
been given *>!°, 1n which the above expressions are modified to include effects of the or-
thorhombiuc crystalline fields and exchange field .n antiferromagnetic MnF,

In summary, the types of contributions of the matrix elements for etther electric dipole
or magnetic dipole spin-forbidden transitions are (a) a term proportional to the product
of a spin—orbit mixing coefficient and the diagonal electric or magnetic moment of the
mtial unperturbed state, (b) a term as 1n (), but for the final unperturbed state, (c) a
term proportional to the product of a spin—orbit mixing coefficient times an off-diagonal
electric or magnetic moment nvolving the initial unperturbed state, (d) a term as n (c),
but for the final unperturbed state, (€) a term mvolving the direct coupling of the wnper-
turbed states of differing spm

Our examples have illustrated all of these except (d) which for Mn I complexes might
involve the spin—orbit mixing of spin sextets other than the S of 34> nto the excited
quartets Such sextets might arise from charge transfer configurations or higher energy
atomic configuration as 344 45! Although the spin—orbit coupling in a2 many-electron
atom or molecule 1s approxumately represented by eqn (13), several studies *>*'® have
mdicated the importance of explicit consideration of the two-electron contributions, both
in terms of the perturbation of wave functions and of the effect on the radiative operators
for AS = %1 transitions. This conclusion 1s not surprising since the two-electron terms are
known to be very important in determmning the line structure 1n gaseous d> 1ons 22 and
the spectral intensities for 7 = o* transitions 1n aromatic hydrocarbons 23+,

It 1s perhaps useful to point out the close simila-ity of the spin-forbidden transitions

Caaord. Chem. Rev., 8 (1972)
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in 1ons with the half-filled configuration d> to those for the configuration p3. exemplified
by N or O*! the latter being particularly important in gaseous nebulae such as in Orion
The doubly forbidden emissions involving the 4S9 2 ground state are

2D0§(§)"4SO_3_ and ’.7.17_701(3)_,45'02 @7

242 2 242 2

The transitions from 2P0 become magnetic dipole and electric quadrupole allowed by
simple spin—orbit mixing. but not those from 2p0_ which are satisfactorily accounted
for 25 only when the perturbation of the wave functions by the spin—spin and spin—other -
orbit interactions is considered

In summary we see that the principal characteristics of spin-forbidden transitions n-
duced by spin—orbit coupling are their weakness relative to spin-allowed transitions, but
with a strength strongly dependent upon the atomic numbers of the atoms in the mole-
cule The latter is often called the “heavy atom’ effect, and 1s very familiar to spectro-
scopists of substituted 7-electron systems !*

An aspect of the coupling that has now received thorough theoretical treatment !? but
only limited application so far to the interpretation of spectra 1s the direct coupling of
states of differing spin by those spin-dependent radiative operators appropriate to systems
with spm—orbit interactions Finally we shall not review 1n detail the spectra of individual
1ons or complexes, but instead refer the reader to the excellent reviews listed under ref 1

L EXCHANGE COUPLING AND THE SPLLCTRA OF ION PAIRS

Whereas spin—orbit coupling 1s necessary for electric or magnetic dipole radiative tran-
sitions between electronic states of differing spin of either gaseous 1ons or mononuclear
complexes. there 1s another mechanism possible for bimuclear complexes and larger aggre-
grates of paramagnetic 1ons, including infinite solid arrays This mechanism 1s a manifesta-
tion of the exchange mnteraction so famihiar from its magnetic consequences However, the
implications for spectral intensities have only recently become appreciated and understood.
It should be recalled that the exchange interaction 1s basically electrostatic rather than
magnetic in its nature, and that 1t frequently involves 26 not only the two-electron “ex-
change’ mntegral itself, but also contributions from electron kmetic energy, electron nuclear
attraction and differences in two-electron Coulomb integrals

Exchange coupled 10n pairs 1n crystals were first observed optically by Schawlow et al *’
for Cr I'1n Al,05 They demonstratec the concentration dependence of certain satellite
lines in the red emission from the 2£ state to the 44, ground state.

Later McClure *® observed the absoiption by Mn I pairs in ZnS Although some of the
structure attributed to pairs appears to be ZnS phonon sidebands instead ****, the con-
centration studies did indicate one of the most important spectral features of 10n pairs.
namely a pronounced mntensification by the exchange interaction for those transitions that
are spin-forbidden in 1solated 10ons or mononuclear complexes This property was then
clearly demonstrated by concentration studies > of Mn Il 1n KZnF3, in which the absorp-
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tion mntensities per 1on for the pair spectra are comparable to those for pure KMnF;, but
an order of magnitude greater than those for single Mn I 1ons in very low concentration
(1 2 mole %) in KZnF;. A similar intensification was observed 32 by a correlation of inten-
sity to crystal structure for a wide variety of pure Mn ! salts The mntensity 1s relatively
great whenever the Mn ! jons are separated by a single ligand atom as n the obvious cases
of MnS (NaCl structure) and MnCl, (CdCl, structure), and in the less obvious case of
MnCO; (CaCOj structure) where one oxygen of a C032' unii serves as a bridge. Other
bridgings, as via O—S—0 of 8042‘ in MnSQOy. 4H, 0, are less effective. The mtensity 1s
relatively weak for pure salts having discrete complexes, such as cis-Mn(OH, )4 Cl, 1n
MnCl, .4H,0, trans-Mn(OH,),Cl, 2~ 1n Cs,MnCl, 2H,0, and Mn(OH,)¢%* 1n
Mn(ClO,4), 6H,0 or MnSiF¢ 6H,0 The presence or absence of a center of inversion
symmetry at the Mn1! site affects the intensity to a lesser extent than the presence of
nearby Mnll 10ns, thus supporting the hypothesis of an exchange-dependent intensity
mechanism

Sunilar intensifications have been found for Ni I pairs 32 and mixed No I — Mn I
parrs >*73% 1n the fluoride perovskites provided that one monitors the spin-forbidden
transitions of either the Ni I or Mn 1! 1ons However. the spm-allowed crystal-field transi-
tions of N1 I obey Beer’s law

The understanding of the nature of the exchange-dependent intensity mechanism has
come largely from the many recent detailed studies of the spectra of antiferromagnetic
salts such as MnF, and RbMnF; In such materials the deviation in the orientation of the
spmn of an ion mn 1ts ground electronic state from the orientation preferred by the cooper-
ative exchange nteractions can propagate through the lattice as a spin-wave, with such an
excitation called a “magnon” There are three related processes that have been observed
to occur in MnF, and similar matenals

(@) The far nfra-red (~ 100 em™!) electric dipole absorption leading to the creation of
two magnons for each photon 37 ~4

(b) The visible and UV electric dipole absorption leading to the creation of one magnon
and one exciton (an electronic excitation) for each photon 32759,

(c) The UV electric dipole absorption leading to the creation of two excitons for each
photon This 1s described as a two-ion excitation and 1s revealed by the presence of elec-
tronic overtone and combination bands with energies given closely but not exactly by the
appropriate sum of the single-ion excitation energies > —%3

Antiferromagnets such as MnF, can be described in terms of a two sub-lattice model,
one sub-lattice with “up” spins, and the other with “down” spin Neutron diffraction of
tetragonal MnF, (rutile structure) reveals this type of magnetic ordering. with each 1on
with spin “‘up” and parallel to the crystal ¢ axis being surrounded by eight 1ons with spmn
“down™, but also parallel to ¢ There are also two mtra-sub-lattice neighbors of the same
spin along the ¢ axis. Letting 4 denote an 1on of one sub-lattice and B a neighboring ion
on the second sub-lattice, we see that each of the processes listed above 1s basically a two-
10n process, with similar but not 1dentical spin selection rules, as shown in Table 3 The
two-magnon excitation, m which the total spin of each ion 1s unchanged, consists of an
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TABLE 3

Spin selection rules for eaxchange-dependent excrtations, 4

ASA AIP!A ASB AMB AS aM
Two-magron 0 1 0 1
Exciton + magnon b +1 +1 1
Two-exciton +1 +1 +1 71

“8=8, + S5, M=M, + My, where M 1s the egenvalue of S,
b Ion A arbxtranly selected to have the electronic excitation

increase in the z-component of the spin for one 1on coupled to a decrease for the other,
such that the sum M =M, + My 1s unchanged Specifically for Mn I we have

Sub-lattice A S, =3, My =+3. S, =3, M,=+%
Sub-lattice B S =3, My =—3, Sp=3%, My=-3 (28)

where AS = AM =0 The nitial values of M of +5 and —3 for the two sub-lattices reflect
the difference m the orientation of the spins Further details of pure magnon spectra he
outside the scope of this article.

The exciton plus magnon process 1s identical to the above with respect to the M quantum
numbers, but the total electronic spin of one 10n changes, corresponding to a spin-forbidden
electronic excitation of that ion It should be emphasized that such an excitation is spin-
forbidden only for the single 1on or mononuclear complex (AS,4 = £1), but not for the
pair That is, we see 1n Table 3 that AS = AM = 0 for this process just as for the two-magnon
process. For Mn I

Sub-lattice A. S, =3. M, = +3. Sh=3 M =+

N|w

(29)

N|w

Sub-lattice B Sp =%, Mp=—3. Sg=3, Mp=—

The possible mitial values of S are given by the vector sum of S, and Sg, and are
0,1,2,3,4 and S, while the possible final values of S are given by the vector sum of S,,"
and Sy, and are 1, 2, 3, 4. Thus transitions from any mitial pair spin state other than S =0
or 5 can satisfy AS =0 The pair spectra of Mn 1 1n KZnF; referred to earhier were inter-
preted *! 1n terms of this selection rule. Such a pair process corresponds 1n the magnetically
ordered infinite array to the creation of an exciton on one magnetic sub-lattice and the
creation of a magnon on the other sub-lattice (or the destruction of both in the corre-
sponding emission process). By contrast the creation or destruction of an exciton and a
magnon on the same sub-lattice results in change of +2 1n the M quantum number and 1s
hence a forbidden process, as weak if not weaker than the very weak magnetic dipole pure
exciton transitions that are observed '%>* near the ongn of the strong exciton—magnon

Njwn

b
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sidebands in MnF,. Other AM = 0 processes which are observed are the two-sub-lattice
exciton creation with magnon destruction (absorption hot bands) at suitably elevated tem-
peratures >° (approximately 30°K) and the corresponding emission process of exciton de-
struction and magnon creation, which leaves the system magnetically excited. Sell *° has
reviewed the experimental observations for various magnetically ordered salts of Cr Ul
Mn B, Fe ll’ CoMand N1 I

There have been a number of detailed theoretical treatments of the cooperative intensity
mechanism 37:41:4%:56 =59 Geveral of the studies have been concerned with selection rules
41,99 58 appropriate to the magnetically ordered crystal, others have considered the nature
of the coupling mechanism 3%30=39 giying rise to the intensity, while others have been con-
cerned with the mterpretation of the shapes 5% °°~%! of the exciton—magnon sidébands
While the selection rules are independent of the particular coupling mechanism, the band
shapes are not, the latter thus providing an experimental check for theories of the nature
of the coupling. Two different mechanisms have been proposed, each being a special case
of the general theory due to Dexter 2 for the simultaneous excitation of a parr of 10ns
One approach **°° involves a multipole expansion of the Coulomb nteraction between
pairs of 1ons, with emphasis on the coupling of the electric dipole moment of one 10n to
the spimn—orbit induced electric quadrupole moment of the other 1on The other approach
(refs 57—59) 1s independent of spin—orbit coupling and involves instead exchange terms arising
from the Coulomb mteraction. Detailed studies of the closely related two-magnon spectrum
of MnF, suggest that the exchange mechanism dominates in that case The spin—orbit-qua-
drupole mechanism involves mixing with even panty excited states which lie only
10002000 cm~1 above the ground state for Fe Il in FeF,, but approximately 20,000 cm™!
for Mn '1n MnF,. Thus two-magnon ntensities in FeF, might be expected to be four
orders of magnitude greater than for MnF, (the energy denominator enters to the fourth
power 373%). By contrast, the experimental intensities are comparable, which is compatible
with the expectations of an exchange mechanism, this involving odd parity excited states
occurring at similar energies for the two salts It seems reasonable to assume that this ex-
change mechanism is responsible for the cooperative mtensification observed for many Mn If
salts as well as for both like and unlike pairs of 10ns

It 1s important to note that the famihar Heisenberg scalar interaction

H=JS,- S, (30)

where S, 1s the total spin of 10n A and Sp 1s the total spin of 10n B, cannot account for
these observations as the above Hamiltoman not only commutes with $2 and M, but also
with S 42 and Sg2. Thus the pair states have the total spin of each ion as good quantum
numbers, which will not change during a radiative process unless spin—orbit coupling 1s
present. If such couphng is present, so that AS, = * 1, the pair selection rule becomes
AS =0, £1, with observed pair spectra >"»3%3%52 [nstead we must approach 7 ~%° the
super-exchange coupling from the more fundamental equation
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H= IZ;,JUSIA B 31
where the suimmation is over electron pairs, with
=27 s,o and S$g= 2 S, 32)
: J

For ground-state 1ons, Hund’s rule gives S5 = n55y 5, where 1, 1s the number of magnetic
electrons ion A Therefore eqn (31) can be rewritten

a= E] Un,ng nB Sa 5B [n nBEJ]SA S8 (33)

which serves as a definttion of J 1n eqn. (30) 1n terms of the individual contributions S5
which differ for different pairs of orbitals However, the Heisenberg form cannot be ob-
tamed from eqn (31) when one 1on is in an excited state with a spin less than that of the
ground state In such a case the couphng of the 1ons destroys the total spin of each 1on
as good quantum numbers The exchange-dependent electric dipole transition moment
(refs 57-59) is found to have a form similar to eqn. (31), with parameters contamning informa-
tion about odd parity excited states, such as charge-transfer states, which are necessary
for the mtensity mechanism

The remaimng electric dipole process observed in salts such as MnF, 1s the simultaneous
excuitation of two 10ms, also called two-exciton creation 31~ By analogy with eqns. (28)
and (29) we have

Sub-lattice A S

=3 =44 Fo3 =43
A—z, M "'+2v SA 2 M’A_+2

Sub-attice B Sp=%, Mp=-%, Sg’'=%, Mp=-3 (34)

These excitations may also be called electronic overtones and combinations. The energies
are-close to the appropriate sums of single exciton energies, 1f one s careful to subtract
any magnon energtes (~ 50 cm~!1) from the latter. Such transitions were first observed %*
in the excitation spectrum of Prill (4 2) doped into LaCl;, and provided the stimulation
for Dexter’s general theoretical treatment % of pair excitations Very similar interactions
{refs 64, 65) are observed i the spectrum of gaseous O, at high pressures, as this molecule
possesses a half-filled Ty 2 configuration giving rise to spin- and panty-forbidden absorptions
from the 3'5"' ground state

Many systems other than the simple fluorides have now been studied Detailed results
for several hydrated Mn !l salts including CsMnCl; - 2H,0, MnCl, 2H,0, and
MnSO, 4H,0 have been reported by Marzzaco and McClure %6, Cooperative intensifica-
tions and pair excitations have been reported by Schugar et al. 77 for binuclear Fe
complexes in aqueous solution. Gray ™ reviews this and related work together with its
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biological implications The emission spectra of coupled Cr I and Eu ! i0ns have been
studied by van der Ziel and Van Uitert 7', while Ferguson and Guggenheim report electron-
transfer states of pairs of unhke transition metal 1ons m perovskite fluorides Dubick: and
Martin have studied the binuclear acid and basic rhodo salts 7 of Cr Il as well as the
trnuclear Cr I and Fe W basic acetates ™.

In summary 1t appears that whenever a species (free 1on, diatomic molecule, or mono-
nuclear complex) has very weak spin- and parity-forbidden electronic excitations, such as
found, but not exclusively, with half-filled shells, that small or large aggregates of such
species will display exchange-dependent spectral ntensifications (break-down of Beer’s
law) together with the appearance of electronic overtone and combination bands It further
seems reasonable to suggest that the latter represent the true nature of many transitions
previously assigned as charge-transfer for the lack of a better explanation.

REFERENCES

1 For general reviews ot the spectra of transition metal complexes, see (a) DS McClure, Solid State
Phvs, 9 (1959) 399. (b) C K Ilagrgensen, Absorprion Specira and Chenucal Bonding in Complexes
Pergamon Press, Oxford, 1962 (c) NS Hushand R J M Hobbs, Progr Inorg Chem 10 (1968) 259,
(d) A BP Lever, Inorganic Electronic Spectroscopy Elsevier, A nsterdam, 1968 {(¢) J [erguson,
Progr Inorg Chem., 12 (1970) 159 Yor a collection of recent research papers, see (f) H M Crosswhite
and H W. Moos (Eds ), Optical Properties of Ions 1 Crystals, Interscience, New York, 1967

2 For a review of spectral intensities in transition metal complexes, see CJ Ballhausen Progr Inorg
Chem,, 2 (1960) 251

3 For an earlier theoretical analysis of the intensities and Zeeman patterns of spm-forbidden transitions
in complexes of Cr "I, Mn I ete ,see S Sugano, Progr Theor Phys Suppl No 14 (1960) 66

4 C K. Jgrgensen, Absorption Spectra and Chemucal Bonding in Complexes Pergamon Press, Oxtord,
1962,p 92

5 1S Gnftith, The Theory of Transition Metal Ions Cambndge Umversity Press New York. 1961
pp. 45-57, 2189-292,

6 LI Broer, CJ Gorter and J Hoogschagen, Phiysica (Utrecht), 9 (1945) 231

7 C K. Jgrgensen and B R Judd, Mol Phys 8 (1964) 281

8 For an example of spin-allowed magnetic dipole transitions 1n octahedral Ni I complexes, ste
J Terguson, HJ Guggenhemm, L I'. Johnson and H Kamimura,/J Chem. Phys, 38 (1963) 2579

9 For the magnetic dipole spectrum of Mn SiFg 6H;,0, see 1. Tsupkawa,J Phvs Soc Jap 18
(1963) 1391

10 For the magnetic dipole spectrum of Mnl'; see R S Meltzerand L L Loh, Ir J Chem Phys
49 (1968) 541 and references therein

11 For a review oriented toward singlet—triplet transitions in heterocychic molecules, see L Goodman
and B.J. Laurenzi, Advan Quantum Chen. 4 (1968) 153.

12 See, for example, J S. Griffith, The Theory of Transuion Metal Ions Cambridge University Press,
New York, 1961, pp. 106—113, 240--244,

13 M Mizushima, Phiys. Rer. A, 134 (1964) 883

14 The parameter § increases steeply with atomic number Z, for hvdrogenic atoms with quantum num-
bers n and /,

en*z?

S-"-I 223 3 |
2m c n ag I (I+3)(1+1)

where ag 1s the Bohr radius f’zz/me2 See C.U Condon and G.H. Shortley, The Theory of Atonuc
Spectra, Cambridge University Press, London, 1963, pp 120-125 For many-clectron atoms the
Z dependence 1s not so steep

Coord. Chem, Rev., 8 (1972)



258 L L LOHR, ir

15 M Blume and R.L Watson, Proc Ro3} Soc. Ser A 270 (1962) 127 and 271 (1963) 565 Tor
denvauions of eqn (9), see HA Betheand L E Salpcter, Quantum Mechanics of One- and Two-
Electron Atoms Academic Press New York 1957 pp 170-205 and J C Slater, Quantum Theor)
of Atonue Structure Vol 11 McGraw-Hill, New York, 1960, pp 189-200

16 H Horie, Progr Theor Plns 10 (1953) 296

17 L L Lobr, Jr,J. Chemn Phvs, 45 (1966) 1362 We have also shown tor systems with spin—orbat
coupling ot the form n eqn (10) that the magnetic dipole operator should contain, 1n addition
to L +28, the addstional term 2me?)™ rrx(sXgnd V) If V= -.‘_Zez/r,. the term becomes
(212/2:;102) :_(rlx(s'xr’))/rl3 In either form this small term can directly connect states of the same
painty but diftering spin thus contrnibuting to the spin-forbidden magne tie dipole mtensity No new
term 1s found to this order for clectric quadrupole processes

i8 R Englman J Clhiemt Phys 45 (1966) 2669

19 Y N Chw,J Chem Phys 48 (1968) 3476

20 Note that the size of part (d), corresponding to the spin-torbraden magnetic dipole term n ref 17,
15 about 4% of the indrrect, even parity contribution

21 Each “size’ 18 1n cgs umts such that multiplication by v/iic vields the transition probability as the

Golden Rule " number rate For the meaning ot the latter, se¢, tor example, L Merzbacher
Quantum Mechanics Wiley, New York 1961, pp. 439481

22 TM Dunnand WK Lee,J Chem Phys 46 (1967) 2907

23 DS M Clure J Chem Phyvs 17 (1949) 905

24 H1 Hameka and L QOosterhott, Mol Phvs 1 (1958) 358

25 L H Aller,CW Uttordand J H Van Viwk Astropiiys J 109 (1949) 42

26 Sce tor example P W Anderson Solid Stare Phys 14 (1963) 99

27 A L Schawlow, D C Wood and AM Clogston, Phiys Rev Lett, 3 (1959) 271

28 DS McClure J Chemr Phys, 39 (1963) 2850

29 S lbuki1and D Langer J Pins Soc Jap 19 (1964) 422

30 D Langerand S Ibuki, Plns Rer 4 138 (1965) 809.

3t J Ferguson HJ Guggenhamand Y Tanabe,J 4ppl Phvs, 36 (1965) 1046

32 L L Lohr,Jr and DS McClure,J Chem Phys, 49 (1968) 3516

33 J Tergusonand HJ Guggenheim,J Chem Phys, 44 (1966) 1093

34 J Terguson, HJ Guggenheim and Y Tanabe, Phys. Rev, Lert, 14 (1965) 737

353 Ferguson, HJ Guggenheim and Y Tanabe J Chem PIns 45 (1966) 1134

36 J Ferguson, HJ Guggenhaim and Y Tanabe, Plys Rer , 161 (1967) 207.

37 JW. Halley and I Silvera, Phys Rer Lett, 15 (1965) 654

38 1 Silvera and J W. Halley, Phys Rer 149 (1966) 415

39 1.W Halley Phys Rer, 149 (1966) 423,154 (1967) 458

40S 1} Allen, Jr R Loudonand P L Richards, Phivs Rev Letr, 16 (1966) 463

41 R Loudon, Adian Phys, 17 (1968) 243

42 RL Greene DD Sell, WM Yen A L Schawlow and R M White, Phys Rev, Letr, 15 (1965) 656

43 Y Tanabe T.Monyaand S Sugano, Plys Rev. Lert, 15 (1965) 1023

44 R Stevenson,Can J Pins 43 (1965) 1732

45 R Stevenson, Phvs Rcar 152 (1966) 531

46 R L Dietz, A Misetich and HJ Guggenhemm, Pliys Rer Lert, 16 (1966) 841

47 P G Russell, DS McClure and J.W Stout, Plnvs Rer Letr, 16 (1966) 176

48 DS McClure, R Meltzer, S A Reed and J W Stout,mm HM Crosswhite and HW Moos (Eds ),
Optical Properties of Ions i Crystals Interscience, New York, 1967

49 D D Sell, RL Greenc and RM White, Pvs Rer 158 (1967) 498

50 DD Sell,J Appl Pins 39 (1968) 1030

51 3 Ferguson, Aust J Chem 2} (1968) 307

5239 vander Ziel,PIns Rev. Letr 26 (1971) 766.

53 SL Stokowshiand D D Scll, Piys Rev B, 3 (1971) 208

54 S Washmmya and K 1 Gondaira,J Phys Soc Jap, 23 (1967) 1

55 R Meltzer,M Lowe and D S. McClure, Phys. Rer. 180 (1969) 561



SPIN-FORBIDDEN ELECTRONIC EXCITATIONS 259

56 J W Halley, Phys Rev 144 (1966) 423.

57 K.I Gondaira and Y. Tanabe, J Phys. Soc. Jap 21 (1966) 1527

58 Y. Tanabe and K 1 Gondaira,J. Phiys Soc. Jap, 22 (1967) 573

59 Y. Tanabe, K.I. Gondaira and H Murata,J Phys Soc Jap, 25 (1968) 15622.

60 S. I''eeman and 1.J. Hopfield, Phys Rev. Lertr, 21 (1968) 910

61 RS Meltzer, M Y Chen, DS McClure and M Lowe-Parniseau, Piiys Rer Letr, 21 (1968) 913.
62 D L Dexter, Phys Rev, 126 (1962) 1962

63 F. Varsany1 and G.H. Dieke, Phys Rev, Lett., 7{1961)442.

64 VG Krshna, J. Chem. Phys, 50 (1969) 792.

65 O L ! Gyzeman, E A. Ogryzlo and R.P H Rettschmck,J Chem. Phys, 52 (1970) 3718

66 C. Marzzacco and D S. McClure, Symp. Faraday Soc, 3 (1969) 106

67 H. Schugar, C. Walling, R.B. Jones and H B Gray,J Amer Chem. Soc, 89 (1967) 3712.

68 H.J Schugar, A T. Hubbard, F.C. Anson and H B Gray, /. Amer Chem Soc, 91 (1969) 71

69 HJ Schugar, G R Rossman, J Thibeault and H B. Gray, Cliem Phys Lett, 6 (1970) 26

70 H B Gray, Biomnorganic chemustry, Amer Chem. Soc Monogr 100, 1971,p 365

71 J P van der Ziel and L G Van Ustert, Piys Rev, 180 (1969) 343, 186 (1969) 332 -
72 J. Ferguson and H ¥ Guggenhemm, Piiys Rev B, 1 (1970) 4223

73 L. Dubickiand R L Martin, Aust J Chem., 23 (1970) 215

74 L Dubicki and R.L Martin, Aust J Chem , 22 (1969) 701

Coord. Chem. Rev, 8 (1972)



