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A INTRODUCTION

A review 15 presented of recent progress in the detatled understanding of spin-forbrdden
electronic excitations in transition metal complexes The quantum mechanical description
of the role of spin-orbit coupling 1n such transitions 1s ocutlined and related to experimen-
tal values of the osctllator strength for the absorption of ipht These intensities are shown
to be a sensitive measure of certamn features i the electronic wave-function Emphasis is
placed on the direct couphing of states of diffenng spin by various spin-dependent radiative
operafors. For binuclear and polynuclear complexes there 15 also the possibility of spin-
forbidden transitions occurring via an exchange-dependent mechanism rather than via
spin—orint coupling The experimental evidence for this s reviewed and related to recent
studies of the coupling between spin excitation waves and electronic excrtation waves in
magnetically ordered transition metal salts

During the past two decades we have seen a great advance 1 our understanding of the
electronic structure of transition metal complexes ! While a vanety of experimental tech-
niques have contributed to this progress, a central role has been played by electronic spec-
troscopy in the vistble and UV spectral regtons Absorption expertments have probably
played a greater role than emssion studies because the former yield informanon about
more excited states than the latter The electronic transttions responsible for the absorp-
tion bands frequently involve the rearranpement of ¢lectrons wathin the partially flled 4
shell of the central ion, although other types, such as ligand-to-metal charge transfer tran-
sitions, may be observed The former type, often called 1 crystal-field transttion, ts gener-
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ally weak 1n intensity because of the panity forbiddeness for an electric dipole process ?
This restriction is usually overcome by the presence of siatic non-centrosymmetric com-
ponents of the erystal field or by a vibronsc ntechanism involving a suitable non.centro-
symrnetric vibration. A weak but parity-allowed process such as the magnetic dipole
mechanism may also occur

Many of the more mterestmg and imporiant crystal field transitions invoive states of
different total electronic spin * The most fantous example 1s probably the red emisston
line of the ruby laser, the transition being from the 2E excited state of Cr ' 1n a nearly
octahcdral site in Al,O5 10 the Azg ground state Smce transitions 1n which the spin
changes cannot occur via electric dtpole, magnetic dipole or electric quadrupole mecha-
nisms unless some spin-dependent mteraction such as spin—orbit coupling 1s operative,
these transittons, if partty-forbrdden as well, are characteristically extremely weak It 1s
the nature of these spin-dependent mtensity mechanisms that we wish to explore 1n this

Tevicw
B. GCNLCRAL TREATMENT OF SPLCTRAL INTENSITILS

Spectral absorption intensities can be conveniently expressed ¥ 1n terms of the di-
menstonless oscillator strength

1000mc? In 10 J‘

2
Norre

= €(7)dv (1)

where Ny 1s Avogadro’s number, i the electron mass, —e the electron charge, ¢ the veloc-
ity of Iight and €{r) the molar extinciion coeffictent for light with frequency v = ¢ For
Gausstan line shapes

[e®)dv = (nfin 257 g5 @

where €415 the maximum extinciion coefficient and & 15 the haif-wadth 1n cm"1 at half-
height, so that

[=920X 1077 ¢,5 (3)

The semi-classical quantum theory of radiation yields * an expression for i terms of
matnx elements M, , between mutial state a and final state b, viz

f= 4”?"’ 1M, 2 @)

where i 1s Planck’s constant divided by 27. For unpolanized light passing through an iso-
tropic medium
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1M, 2= {31<alRIBYZ + Kal o —(L+28)15)P
2
+ 230 talg, 15y, ) )
40e”° o8

Here the terms represent the electric dipole, magnetic dipole and electric quadripole con-
tributtons, the last having for an operator the traceless quadrupole tensor Q with elements
Qung=Talp — ir 28aﬂ, where 8 g denotes the Kronecker deita The operators R, L + 2§
and () are one-electron operators, meaning that each 1s a sum over electrons of one-clectron
terms, such as R = X7, where r, 1s the position vector for the rth electron Similarly (L + 28} =
(i, + 2s,) where /, and s, denote operators for the orbital and spin angular momentum of
the 1th electron

Although no derivation of egns. (4} and (5} wall be mven here, 1t will be umportant for
our later discussion to note that all terms in eqn {5) except that mvolving the electron
spin § are obtaned * from the interaction of the electron hnear momentum p with the
vector potential 4 of the electromagnetic field The Hamiltonian representing this inter-
action 1s a fanuliar result of time-dependent perturbation theory and 1s, for a system with
n electrons,

n
€
H=—% g A, p, (6)

where the second-order term, contamning Af, has been omitted. The electne dipole con-
tribution 1 eqn. {5) is the term artsing from the spanally vaiform part of the time-varying
vector potential A, the matnix elements of P= Xp, thus required may :f desired be con-
verted to matrix elements of R by use of the commutator

_ mdR _um

where Hy 15 the unperturbed Hamiltontan of the system, 115+/—1, and [R, Hyl =
RH, - HyR Thus

—1m
i

{alPlb)= (Ey —E)<alR1b> (8}
where laYand 1 b)Y are exgenstates of Ay with energy eigenvalues £, and E, respectively

A simuilar analysis yields the electric quadrupole and orbital magnetic dipole contributions
to egn. {5} 1n terms of the linear vanation of 4 across the molecule, this variation being
very small for wavelengths lacge relative to the molecule. Of particular importance are the
modifications of eqns. (63—{8) that arise when spin—orbit couphing 18 unportant. Finally,
the spin magnetic dipole contribution arises from the dizrect interaction of the spin mag-

netic moment with the magnetic field of the radiateon.
Coord. Chem. Rev., 8 (1972)
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For molecules 1n & medium with index of refraction #, each contribution to f must be
multiplied by an appropriate factor ®, which 1s (n2 +2)2/91 for an electric dipole, # for
a magnetic dipole, and a{n? + 2)2/9 for an electric quadrupole For vistble hght and water
these factorsare 1 19,1 33 and 2 10, respectively. A suggestion has been made 7 that
otherwise feeble quadrupole transifions i rare earth ons nught beconme considerably en-
hanced duc to the presence of hiphly polarizable hgands or solvent molecules The evidence
to date for such “pseude-quadrupelar™ transitions does not appear te be conclusive

Ir general, the spectra of transition metal complexes can be accounted for via an elec-
tric dipele mechanism There are a few interesting cases where a magnefic dipole process
has been shown to be operative # =12, but there 1s no evidence for an electric quadrupole
process Higher multipole processes are even less likely, although the ne:t section de-
scribes their possible role in spin-forbidden transittons For atems described by Russell—
Saunders coupling. such that L, §, M, and M¢ are good quantum numbers, the magnetic
moment vector (L + 2.5} has only matnix elements diagenal in L and 8, with AM, =0, *}
and AM¢ =0, 1 Further, orthoponality conditions ensure that different multiplets with
the sante L 4and § are net connected These selection rules have important consequences
for spi-forbidden magnetic dipole transitions such as observed m some Mn!t complexes

C SPIN—ORBIT COUPLING

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

{1} Changes produced in state energies by splittings andfor shafts

{2} Changes produced 1n wave funciions

{3) Changes preduced 1n 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 famthar to discuss further 2. The most important effect on wave functions 1s to
mix states of different spin multiplicity, thus destroymg S and Mg as good quantum nun-
bers and providing the basts for nearly all treatments of spin-forbidden transitions 1n atoms
and molecules Mizushrma '* has pomted out that such transitions can also occur without
spin—-orbit coupling by a surtable lugher multipele transition, such as magnetic quadrupole
for AS =0 or * 1. even-to-odd transttiens, and magnetic octupole for AS=0or =1, even-
toeven and odd-to-odd transitions These processes. are, however, expected to be extremely
weak and unumiportant relative to spin—orbit-dependent processes, except possibly for
systems with atoms of very low atomic number *#

The spin—orbait interaction for an N-electron atom with nuclear charge Ze s gtven 15 by

2 I s r.xp
Hgo = e [ZZ o E(%) (,r+2,g})} 9)
2mte* o 137 r,
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where the energy 1s measured mn ergs, r, 15 the distance tn centimeters of the rth clectron
Y the distance between the (th and sth electrons and p, 1s the linear
momentum operaior — #i¥ for the 1th electron. The various spin and orbstal angular mo-
mentum operators are i units of fi. The first terni, with a sumimation over all electrons.
represents the couphing due to the electric field of the nucleus The second term 1s smimmed
aver all electron pairs, with 1 %y 1implying the separate mclusion of 1 > and i <{; Al-
though the Coulomb repulston does not include separate contributions for these cases
Hgq does This can be seen by realizing that the part of the second term containing s;
represents the couphing for the rth electron due 10 the electric field of the sth elcctron.
while the part contaming s; represents the mteraction of the orbrtal magnetic moneni ot
the #th electron with the spin magnetic moment of the jth e¢lectron, the correspanding
terms given by mterchangmg r and y are separate contnibutions and are mcluded 1n the
summation. The dipolar spm-—spin contrbution 1s also of the order {#72¢?)™! but has
been omitted from eqn (9} since i1t makes no direct contribution to the spm—orbit cou-
pling constant although 1t can contribute to deviations from the Lande interval iule.

It s interesting to note that those terms m eqn (9} representing the coupling of the
spin and orbital moments of a given electron due to the electnic fietd of the nucdleus and
the other electrons are best viewed 1n the laboratory frame of referentce as mteractions
invoiving the velocity-dependent electric dipole moment g, oof the electron Tliese terms
are derived ' from the more general Hanultontan

from the nucleus, r

HSO=”%Z sl)(grad‘_V P, (10)
i 1) g !
Stnce — grad, ¥ 1s the electrostatic force ¥; =—e¢, actingon thezth electron, where €, 15 the
electric field, we can write
HSO=:_—hf—jE 5, X p, £I=—Z Be, € an
2me” t
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. meanmg that the electron 1s more nega-
tive toward the bottom of the page Tlus1s an energetically stable situation it there 1s a
positive charge (the nucleus) toward the bottom of the page (Fig 1, left side} Tt mnstead
the spin 15 ‘*down™. the direction of the electric moment 1s reversed, creatmg an energet-
1cally unstable sttuation (f there 1s. as before. a positive charge toward the bottom of the
page (Fig 1, nght side} It should be noted that the dipole moment of a charged spectes s
ortgin-dependent and can thus have any value, inciuding zero tf the origin 1s taken at the
center of charge Since linear momentum s onginmdependent, the ongin for the dipole
moment i eqn (1) appears to be the origin for the spm angular momentum §
Following the analysis of Blume and Watson %, based on the carlier work of Hone '¢,
consider an atom or 10n with a single unfilled shell outside a number of dlosed shells, 2515

the case with transition metal tons The nuclear teem i eqn {9} wilt contain o semmation

Coord. Chem. Rev., 8 (1972}
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Spa-Oeat COURLNG AND THE ELECTRIC DOLE MOMENT oF THE ELECTRDN

&) ()
o (B
= & C > &
(=) ()
B .
(@ {(b)
SPN ANGULAR MOMENTUM LIP SPIN ANGULAR MOMENTUM DOwN
OrgItar = » Down OFAITAL kS I Dowta
ENERGETICALLY SIABLE EMERGETICALLY  LINSTABLE

Ftg 1 Anilustration of spin—orbit coupling for an electron m the leld of o positive charge in terms
of the relativistie electric dipofe moment of the electron {eqn. {11)) The positive charge 1s at the cen-
ter of the circle and the motion ts taken clochwise for (a) spin angular momentum up, electrnc mement
pomtimg away trom nucieus and (b)Y spin angular momentun: down, electiic moment pointimg taward
nucleus The electron charge 1s not shown, onlsy the dipole moment

over ejcctrons m the (iosed shells and a sumimation over electrons in the open shell The
first group makes no set coninbution 1o the energy due to 2 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 1n the second term of eqn (9} wall
consist of three parts (g) terms from: electrons of which both are m either the same or dif-
ferent closed shells, (b) terms from electrons one of which s 1n the open shell, {c) terms
from electrons of which both are tn the open shell The sum of all contributions of the
first 1y pe will be zero, agamn by a cancellation of positive and negative contributions The
sum over closed shells of all contributions of the second type for a miven outer shell elec-
tron yields a contnibution n form like that from the nucleus but of opposite sign, thus
representing a screeming of the nuclear charge which acts to reduce the coupling constant
We can then wnte

outer p2 outer rI}
HSD 5-.*': E 1: S5 _-3 7 3 E( 3)(p1)(51+_$]) 4
! ZMTCT 1] ?‘f}

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 inner shells

It has been shown that a part of the second term, representing interactions between
electrons that are both n the unfilled shell, can be represented as an effective one-¢lectron
coupling Modifying? to include this part of the second term, and then ignoring the resid-
ual two-electron contributians, which do not contain additive terms whose matrix ele-
ments are proportional to X1 s, we obtain
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Hy =t 231, s (13)

The residual interactions omitted i eqn (13) do, however, contribute as much as 107
of the total of an interaction assumed to be of the form AL- S, which describes first-order
(dtagonal) spm—orbit sphttmgs m Russell—Saunders coupling. Such a contributton indi-
cates the magnitude of the error m obtaming “experimental” values ¢’ from the Landé A
via the relation ¢ = 25 | A |, particularly when {' and eqn (13} are used to evaluate off-
diagonal matrix efements A theoretical value of X may be obtained '3 from diagonal matnx
elements of eqn. (12} in a Russell-Saunders basis, thus mcluding all two-electron terms cor-
rectly to first-orcer

Some example of the values (all 1n em~1) computed '* from atomic SCF radial func.-
tions are histed in Tables 1 and 2. For Scll, 34!, with no summation over outer electrons,
the values of £, {" and XA are 1dentical For Mn ¥, 345, A 15 not computed as no first-order
Landd splitting 15 observed for the half-filled shel! For Cu ¥, 3d%,{,=866,7" = 826 and

= —830, showing that the single hole differs from a single electron Although the differ-
ence between ¢’ and 2S1A 1= | Xifor Cu !l 15 small, the difference 1s greater for Cr 11, 3.3
with " =292 and A =91 (25| A1=3x=273)

[f a molecule 15 considered mnstead of an atom, the spin—orbtt Harmiitonian ts stmlar to
eqn. {9), but with a nuclear contribution that 1s

2 !, -5
Hgy(nuclear) = £ % Zy 2 -IK?I (14)
1

5
2 - r
Inite K

TABLL 1

Spin—orbit coupling parame ters? b trom SCF radial tuncttons 1er divalent transetron metal tons

fon Contiguration ¢ {nulear) I, ol b at¢ aobs)d

st 340 193 85 7 85 7 87 0 79

'[‘1]{{{ 34° 275 126 126 61 4 59_61

v 343 370 186 184 57 t3 56

Cr“ 3dq 484 262 258 59 22 5461
aall 348 622 342 333

rell — 34¢ 773 440 426 ~114 30 94 10 —109
coll 347 953 560 539 —189 28 —16610 —18B6
Ml 348 1162 702 672 —333 14  —303 to —340
cull 349 1399 866 B62 _830 4 —-829

8 All values are m cm™ and taken from et {15)

b r{nuciear} 1s a contribution from unshilded nucleus &= t{nucicar) pius shiclding terms trom closed
mner shells, §* = ¢, plus shrelding terms from other d etectrons, while A ts obtained irom diagonat
matnx etements of eqn (12}

Car=r — 25iAal

4 yhserved values for free 1ons

Coord.-Chem. Rey, 8 (1972}
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TABLE 2

Spin—orbit couplhing parameters 2 from SCT radial functions for trvalent transition metat tons

Ion Configuration ¢ (nuclear) Ta 'y A ath Afobs )
il 34! 328 159 159 159 ) 154

viil 3d° 433 220 219 106 7 104—106
cslit 3d? 556 296 292 9t 19 88— 97
Mntl 3 700 388 380 87 32 83~ 92
reil 34° 871 499 486

4 Al values are 1n em—" and are taken from ref. {15)
bar=¢ —a2s1a

where £ g 15 the distance of the rth electron fron: the Kth nucleus with charge Zye, /g 15
the operator for orhbital angular momentum of the tth efectron about the Kth nucleus and
the summation is over both electrons and nucler The spm—orhit coupling in a malecule
can then be approximated by an effective one-electron interaction of the form mn eqn. {13)
but containmga 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

o be the same. as m a crystal field model of transition metal complexes Thus even with
purely 34 orbitals, eqn {14) mnvolves a summation over higand nucler in addition to the
central 1on nucleus, aithough the ligand contributions are expected to be small because of
the (r,k»)'-" factors when the clectron 1s centered on the metal 1on and £ 1s a ligand nucleus
More mmportant, however, 1s the fact that the total orbital angular momentum 1s not a good
quantum nurber for molecuies

D LFFECTS OF SPIN-ORBIT COUPLING ON SPECTRAL INTENSITIES

We have potnted out '7, as have others *»**'% that the dipole length operator R 1s valid
for describing electric dipole intensities m systems where spm—orbit coupling ts important
However, 1f a representation 1n terms of momentum matrix elements 1s desired mstead, the
correct operatar, when egn (13) holds, s

r= Dm=2 [p+— s X gad, V] (15)
i i dmice

where the summation 1s over electrons. p, 1s the Iinear momentum operator [or the ith
electron, and —grad, ¥ 1s the electrostatic force acting on the rth electron The transforma-
tton to matrix elements of R follows [rom the commutatton relation

dRrR —1ni
= = 1)
n=mo Ty [R,H] (16)

where the total Hamiltonian H contams Hg asm eqn (13) {If Vin eqn (15) s identified
with the Hartree potential energy tn a many-electron atom, our 1dentification of « with
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Hgq m egn. {13) should be made mstead with the Watson—Blume parameter i‘:f'-
(e2/2m2ct) {aV/r dr), which does not contain exchange contribufions.)

Since 1 1s m part spin-dependent, the operator can connect basis states of different spin
Thus 1n the momentum operator representation of the mntensity, the spin—orbit coupling
need not mix states in order to make spin-forbidden transitions allowed Frequently the
question is asked from what spin-allowed transition is the intensity borrowed for a spm-
forbidden transition” It 1s tmportant to realize that although the question 1s somnetimes
useful, the answers are arttficial, for they depend not only on the basis ser chosen (o rep-
resent the unperturbed states having an allowed transition, but also upon the operator for
the radiative process An iffustration of this dependence 1s given in the next section

Chiu ' has made a thorough analysss of the operators for radiative transitions and has
concluded that all relativistic effects, non-conservative electromagnetic forces derivable
{rom a vector potential, non-Hermitian terms, corrections due to small-component spinors.
etc , can be grouped together into an “effective’ transition mementum n®!, which m gen-
eral ts different from the linear momentum p,, but which hike ® in egn. {15) 1s related to
ri{dR/dr)yand to R via eqn (16}, thus providing the generalization of our result, His anal-
ysis explicitly considers the dipolar spin—spin interaction, spin—other-orbit couphng, as
well as the direct interaction of the spin with the magnetic part of the radation field The
latter mteraction, not being dervable from a vector potential. must be mcluded as a sep-
arate transttton operator Chiu pives an extensive histing of spin-dependent operators for
direct AS =+ 1 radiative transitions, together with numericai estimates of thetr imporiance
relative to the usually conudered indirect spin—orbit processes nvoelving the nuving ot
wave functions of differing spin These operators artse from the {ollowiag miteractions

(2} Spin—~own-orbit effect, tdentical to the spin part of ® (eqn (I5})), having odd spatal
parity, and typical size ¥ (matrix element squared) of 8 8 X 10~ 33 for direct AS ==+ |
transition

{b} “Ordmary”” spin radiation coupling, having odd spatsal parity and typical size of
86x 1037

{c) Correction for small-component spinors, having odd spatal parity and typical size
of 21X 10-37

{d) Spin—own-orhit effect, having even spatial parity, like the terny tn ref 17, but with-
out the symmetrization to separate magnefic dipole part from electne quadrupole part,
and typical size of 8 1 X 103

(e} Spin—other-orbit coupling, having even spatial paritv, and typical size of 6 1 X 100
By companson he estimates the typical size of the usual indirect transition strengtl with
odd parity operator to be 2 1 X 10-3! (based on spm—orbit matrix element of 100 e~}
and energy pap of 10% em—1), while that with even panty operator © 151 9 X 10—37

As an example constder a transition from the mostly 885 ground state %, of a gaseous
Mn U or Fe I yon to an excited spin quartet of the same T configuration We write
<4P% THy | ﬁsg p

+

0 (17}

=685 +a4P_s_ a=—
3 3 E{4P§_)-—E(GS§)
2 2

Coord. Chen, Rey., 8 {1972}
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where the effect of & on the normahzation is ignored. Here oo = '—5% TI(IB+70)=~2.6X102
for ¢ = 350 cm~! and repuision parameters of B =960 cm~1 and €=3325cm —! The
spin—orbut coupling operator ffgq is taken here in the form of eqn. (13} Electric dipole
transitions are forbidden, but there 1s a spin—orhit allowed magnetic dipole transition to

the mostly 4P% state %, where

= Ps —afss (18)
thus
{Fy 1L+ 28518, >=cr(4P;-_IL+ 2851%Psy — a¢Sss L +285188s) {1
2 2 2z
For the speci{ic contponent of the ground state with Mg =M, = -3 the magmetic moment

of ﬁss s —571, that of 4P5 5 18 —41, so that, dropping terms in &2, we have for the
z wmponent with AJ = AM = (f (s |L +281%,>= et In this atomic example there 15
also the AJ = —1 magnetrc dspole transmon from 6.5'5 to 4P3, but no transitions m thss order
of perturbation theory to 4D, 4F, 4G, or to any of the spin doublets of 3d5

Considering next a tetrahedral Mn I or Fe H! complex, such that the parity forbiddeness
for electric dipole processes is overcome, we wrie

_b 4
F,="4, ¢ o, T/ {(20)
where the summation is over the three cublc field 4T, eigenstates, each in turn taken as
superpostitons of exther strong field {7, 4, t, 3¢2 and t.,"e3) or weak field (*P, 4 F and G}
basis states, and the e, are analogous to @ m eqn {17} lgnoringall other spin—orbst nuxings
except those mvolving the ground state,

F IR Y= 27 o TYIRIAT) 1)
7

for'=A4,, £or T, Swce R transforms as 75 m the group 7y, the transttion to #4 15 for-
bidden n this order For transitions to a mosi}y“?‘fl state 1‘-23, where

/=T o 04, (22)
we have
iR = 2o AT IRIT) (23)
i}

where we have used the fact that diagonal slements of R are zero i symmetry 7.
We can also write



SPIN-TORBIDDLN LLECTRONIC EXCITATIONS 251

(R Im 15 3= (Ca ImI4T)+ 27 & (AT /Im14T) (24)
H

where the spin-dependent part of n directly connects GAI to T, but onty for ' = Ty

group Ty, the expression for transitions to mostly 47} states wall be ike eqn, (21), but with
replacing R.

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

3
= 4
(+0|L+2S|1‘-I)—Zx)a!< TJIL 14T 25)
!=
for T =4y, E and T, with the transttion to 4A2 forbidden, and where the spatially m-
dependent S does not connect different spatial states For =T,

(Fo lL + 2815y = [T IL + 281375 —<OA 128514 )]

+ 20 e, (4?"1' ¥ 2 |4T1; Y+ terms 1n e {26)
1#)
A detailed treatment of the magnetic dipole spectrum of octahedral Mn If comnplexes has
been given *-1%, 1n which the above expressions are modsfied to include effects of the or-
thorhombic crystalline fields and exchange field .n antiferromagretic MnF,

In summary, the types of contnibutions of the matrix elements for etther electric dipole
or magnetic dipote spin-forbidden transitions are {2} a term proportional to the product
of a spin—orbit muoung coefficient and the dragonal electric or magnetic moment of the
imitsal unperturbed state, (b) a term as in {g), 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 mvolving the minal unperturbed state, {d} a term as in {c}),
but for the final unperturbed state, {}a term mvolving the direct coupling of the wnper-
rurbed states of differmg spin

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 65 of 345 into the excited
quartets Such sextets nught arise from charge transfer configurations or lugher energy
atomic configuration as 344 g¢! Although the spmn—orbit coaupling m a2 many-ciectron
atom or molecule is approximately represented by eqn (13}, several studies*®*** have
indicated the importance of expltcit constderation of the two-electron contributions, both
in terms of the perturbation of wave functions and of the e{f{ect on the radiative operators
for AS =t ] transsttons. This conclusion 1s not surprising since the two-electron terms are
known to be very unportant m determiming the hine structure 1n gaseous &3 1ons ?* and
the spectral intensities for m - a* transitions in aromatic hydrocarbons 2+,

It 15 perhaps useful to point out the ¢lose simila-ity of the spin-forbidden transitions

Caord. Chemn, Rev., 8 (1972)
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in 10ns with the half-filled configuration 4> to those for the configuration p3. exemphfied

by N or O*! the latter being particularly important 1n gaseous nebulae such as in Orton

The doubly forbidden emissions mmvaolving the 43‘0% ground state are

2450 {E)—wisoé and 2P01(2)—>4Sﬂ§ 27
2 2 243 2

The transitions from 220 become magnetic dipole and eleciric quadrupole allowed by

stmple spin—orbit mixing. but not those from 2D0, which are satisfactonly accounted

for *% only when the perturbation of the wave functions by the spin-spin and spin—other -

orbit interactions 15 considered

In suminary we see that the prinetpal characternistics of spin-forbidden transitions in-
duced by spin—orbit coupling are their weakness relative to spin-allowed transiteons, but
with 2 strength strongly dependent upon the atonmitc numbers of the atoms tn the mole-
cule The latter 15 often called the “heavy atomn™ effect, and 1s very familiar to spectro-
scopists of substituted w-electron svstems '*

An aspect of the coupling that has now received thorough theoretical treatment ' but
onty limited apphcation so far te the mterpretation of spectra s the direct coupling of
states of differing spin by those spin-dependent radiative operatars appropriate to systems
with spin—orhut interactions Finaily we shall not review 1n detasl the spectra of indivadual
1ems ar complexes, but mnstead refer the reader to the excellent reviews listed under ref 1

b W

E EACHANGE COUPLING AND THE SP.CTRA OTF ION PAIRS

Whereas spin—orbit uoupling 15 necessary for electnic or mnagnetic dipole radiative tran-
siftons between electrontc states of differing spin of etther gaseous 10ns or mononuctear
conplexes. there Is another mechanism possible for binuclear conplexes and larger aggre-
grates of paramagnetic 1ons, includmg mnfinite sohid arrays This nmiechanisme 1s a mamifesta-
tion of the exchange mteraction so famitiar from 1ts magnetic consequences However, the
umplications for spectral intensities have only recently become appreciated and understcod.
It should be recalled that the exchiange interaction s basically electrostatic rather than
tmagnetic wm s nature, and that 1t frequantly tvalves *¢ not only the two-electron “ex-
change™ miegral 1tself, but also contributions from electron kmetic energy, electron nuclear
attraction and difterences i two-electron Coulomb tnteprals

Exchange coupled ton pars m crystals were first observed optically by Schawlow et al 27
for Cr 1y Al;Q4 They demonstratec the concentration dependence of certain sateliite
Lines 1n the red emussion from the 2E state to the 4A2 ground state.

Later McClure ** observed the absoiption by Mn 1 pairs n ZnS Although some of the
structure attributed to pairs appears to be ZnS phonon sidebands mnstead ***° the con-
centration studies did md:cate one of the most tmportant spectral features of 1on pairs,
namely a pronounced mtensification by the exrfhange mnteraction for those transitions that
are spin-forbidden in 1solated 10ns or mononuclear complexes This property was then
clearly demonstrated by concentration studies *' of Mn LY KZnF4, in which the absorp-
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tion mntensites per 1on for the pair spectra are comparable to those for pure KMnF5, but
an order of magnitude greater than those for single Mn I 10ons in very low concentration
(1 2 mole %) in KZnF;. A similar 1ntensification was observed > by a correlation of mten-
sity to crystal structure for a wide variety of pure Mn !l salts The intensity 1s relatively
great whenever the Mn ! ions are separated by a single ligand atom as in the obvious cases
of MnS (NaCl structure) and MnCl, (CdCl, structure), and mn the less obvious case of
MnCO; (CaCOj structure) where one oxygen of a CO4 %~ unit serves as a bridge. Other
bridgings, as via 0--S—0 of 5042‘ i MnSO,. 4H,0, are less effective. The intensity 1s
relatively weak for pure salts having discrete complexes, such as ¢ts-Mn{OH,)4Cl5 n
MnCl, _4H,0, trans-Mn{OH,),Cl,; 2~ 1n Cs,MnCly 2H,0, and Mn(OH; )¢ 2" 1n
Mn(ClO,}, 6H,0 or Mn3iFg 6H,0 The presence or absence of a center of mversion
symmetry at the Mn !l site affects the intensity to a fesser extent than the presence of
nearby Mnll jons, thus supporung the hypothesis of an exchange-dependent mtensty
mechanism

Sirnilar ntensifications have been found for Ni [F pairs 3 and mixed Ni I — Mn 11
pairs ¥~ 1n the fluoride perovskites provided that one monitors the spin-forbidden
transitions of either the N1 W ar Mn I 1ons However, the spin-allowed crystal-field transi-
tions of Ny I obey Beer’s law

The understandmg of the nature of the exchange-dependent mtensity mechanism has
come largety from the many recent detailed studies of the spectra of antiferromagnetic
salts such as MnF, and RbMaF; in such materials the devtation m the orientation of the
spin of an ion in 1ts ground electronic state {rom the onentation preferred by the cooper-
ative exchange mieractions can propagate through the lattice asa spin-wave, with such an
excitation called a “magnon” There are three related processes that have been observed
to occur in MnF, and stmilar materials

(a) The far mfra-red {~ 100 em~!}electric dipole absorption leading to the creation of
two magnons for each photon 37 %

(») The vistble and UV electric dipole absorption leading to the creation of one magnon
and one exciton (an electranic excitation) for each photon 279

(¢} The UV ejectric drpole absarption leading ta the creation of two excrtons for each
phaton This 1¢ described as 2 two-10n 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 energes °' =3

Antiferromagnets such as MnF, can be described n terms of a two sub-lattice model,
one sub-latiice with “up" spins, and the other with “down" spin Neutron diffraction of
tetragonat MnF, (rutile structure) reveals this type of magnetic ordermg. with each 1on
with spin ““up™ and parallel to the crystal ¢ anis being surrounded by etght tons with spin
*down™, but also parallel to ¢ There are also two intra-sub-lattice neighbors of the same
spin along the ¢ axis. Letting A denote an 10n of one sub-lattice and 8 a neighboring on
on the second sub-lattice, we see that each of thie processes histed abave 15 basically a two-
1on process, with sirmlar but not identical spin seleetion 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 selectton reles for enchange-dependent excrtations 2

AS, AMA ASg AMB a8 am
Two-magnon 0 +1 0 1
Exciton + magnon b 1 =1 ] 1
Two-evciton 1 =1 ] 1
8=8, + 85, M =M, + My, where 3 15 the eigenvalue of S,

lon A a:b;trnn{y selActed to have the efectronic excitatron

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 11, we have

Sub-lattice A S, =35 M
Subdattice B §p =3, My =—3, Sp=3, My=-—3 (28)
where AS = AM =0 The mtal values of M of +§ and —3 for the two sub-lattices reflect
the difference in the orentation of the spins Further details of pure magnon spectra he
outside the scope of this article.

The exciton plus magnon process is 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
clectronic excitation of that ion It should be emphasized that such an excrtation is spin-
forbidden only for the single 1on or mononuclear complex (AS, = +1), but not for the
patr That 15, we see in Table 3 that AS = AM =0 for this process just as for the two-magnon
process. For Mn U

Sub-lattice A. S, = =

M,
Sub-lattice B Sp =%, Mpy=—3, Sp=%, My=-3% (29)

The possible 1nitial values of S are given by the vector sum of S, and §p, and are
0,1,2,3,4 and 5, while the possible final values of § are given by the vector sum of SA'
and 8§y, and are 1, 2, 3, 4. Thus transttions from any nitial pair spin state other than § =0
or 5 can satisfy AS =0 The pair spectra of Mn I 1n KZn Fj referred to earhter 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 excrton 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 pracess). By contrast the ereation or destruction of an excrton and a
magnon on the same sub-lattice results in change of 2 1n the M quantum number and is
hence a forbidden process, as weak if not weaker than the very weak magnetic dipole pure
exciton transitions that are observed '** near the origin of the strong exciton—magnon
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sidebands in MnF;. Other AM = 0 processes which are observed are the two-sub-lattice
exctton creation with magnon destruction (absorption hot bands) at suitably elevated tem-
peratures 5% (approximately 30°K) and the corresponding emisston process of exciton de-
struction and magnon creation, which leaves the system magnetically excited. Sell *® has
reviewed the experimental observations for vanous magnetically ordered salts of Cr I,
Mnl Fell ColandNi

There have been a number of detailed theoretical treatments of the cooperative intensity
mechanism *7+#:4%36=5% Gayeral of the studies have been concerned with selection rules
41,49 58 approprate o the magnetically ordered crystal, others have considered the nature
of the coupling mechanism %3659 giving rise to the miensity, while others have been con-
cerned with the mterpretation of the shapes *% %7 of the exciton—magnon sidébands
While the selection rules are independent of the particular coupling mechamism, the band
shapes are not, the latter thus providing an experimental check for theores of the nature
of the coupling. Two different mechanisms have been proposed, each bemng a special case
of the general theory due to Dexter 2 for the simultaneous excitation of a pair of 10ns
One approach *™3® involves a multipole expansion of the Coulomb interaction between
pairs of tons, with emphass on the coupling of the electric dipole moment of one 10n to
the spin—orbit induced electrie quadrupole moment of the other 1on The other approach
(refs 57—59)1s independent of spin--orbit coupling and involves instead exchange terms ansing
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 parity excited states which he only
10002000 cm—! above the ground state for Fe L in FeF,, but approximately 20,000 cm—!
for Mn I ;n MnF,. Thus two-magnon mtenstties n FeF, might be expected to be four
orders of magnitude greater than for MnF, (the energy denomnator enters to the fourth
power "%}, By contrast, the experimental intenstties are comparable, which is compatible
with the expectations of an exchange mechanism, this involving odd parity excited states
occurnng at similar energies for the two salts It seems reasonable to assume that this ex-
change mechanism is responsible for the cooperative intensification observed for many Mn U
salts as well as for both hike and unlike pairs of 10ns

It 15 y/mportant to note that the familiar Heisenberg scalar interaction

H=JS,- Sy (30)

where S 4 1s the total spin of 1on A and Sy 1s the total spin of 10n B, cannot account for
these observations as the above Hamiltonian not only commutes with 52 and M, but also
with .S‘A2 and 5‘32. Thus the pair states have the total spin of each ion as good quantum
numbers, which will not change during a radiative process unless sptn —orbit coupling 15
present. If sach couphng is present, so that AS, =+ 1, the pair selectton rule becomes
AS =0, *1, with ohserved pamr spectra *'»3% 352 Instead we must approach 57~ the
super-exchange coupling from the more fundamental equanion
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H= Z} T, 5a S5 31)
where the sommation is over electron patrs, with
=25, and Sp=2isg (32)
; !

For ground-state 1ons, Hund's rule gives S, = n 51 o, Where 11, 1s the number of magnetic
electrons 1on A Therefore eqn {31) can he rewritten

H= E.funn Sy = [" ”BEJ']SA Sp (33)

which serves as a definition of J in ean. (30} in terms of the mndmvidual contributions I
which differ for different pairs of orbitals However, the Heisenberg form cannot be ob-
tamed [rom eqn (31) when one ion s 1 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 spm of each 1on
as good quantum numbers The exchange-dependent electric dipole transition moment
(refs 57--59} is found to have a form simdar to eqn. (31}, with parameters contaimng informa-
tion about odd party excrted states, such as charge-transfer states, which are necessary
for the intensity mechanism

The remainmg electric dipole process observed in salts such as MnF, 1s the simaltaneous
eXcitation of two 10ns, also called two-exciton creation 5 73 By analogy with eqns. (28)
and (29} we have

Subdattice A S, =3, M, =+3. S'=35 M,y =+3
Sub-lattice B Sy =%, My=—%. S'=¢, Mp=—3 (34)

These excitations may also be called electrontc overtones and combinations. The energtes
are-close to the appropriate suins of single exciton energies, 1f one is carefu] to subtract
any magnon energies (~ 50 cm—1) from the latter, Such transitions were first observed %3
in the excitation spectrum of Pril (472} doped into LaCly, 2nd provided the stimulation
for Dexter’s general theoretical treatment  of parr excitations Very simlar interactions
(refs 64, 65) are observed m the spectrum of gaseous O, at tugh pressures, as this molecule
possesses a half-filled 2 configuration giving rise to spin- and panty-forbidden ahsorptions
from the 3T = ¢ ground state

Many systerns other than the ssmple fluorides have now been studied Detailed resulis
for several hydrated Mn ! salts including CsMn(Cl, - 2H,0, MnCi, 2H,0, and
MnS0O, 4H,O have been reported by Marzzaco and McClure %¢. Cooperative intensiiica-
tions and pair excitations have been reported by Schugar et al, 577% for binuclear Fe
complexes i aqueous solution. Gray © reviews this and related work together with its
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biological implications The emussion spectra of coupled Cr 1 and Eu ! 1ons have been
studied by van der Ziel and Van Uttert 7', while Ferpuson and Guggenheim report electron-
transfer states of pawus of unlike transition metal rons i perovskite fluonides Dubicki and
Martin have studied the binuclear acid and bastc thodo salis 7 of Cr U as well as the
trinuclear Cr 1 and Fe W basic acetates ™.

In summary 1t appears that whenever a species (free 10n, dratomic molecule, or mono-
nuclear complex) has very weak spin- and panty-forbidden electronic excitations, such as
found, but not exclusively, with half-filled shells, that small or large aggregates of such
spectes will display exchange-dependent spectral intenstfications (break-down of Beer’s
law) together with the appearance of electronic overtone and combtnation bands It further
seems reasonable to suggest that the latier represent the true nature of many transtttons
previously assigned as charge-transfer for the lack of a better explanation.
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