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1) Infroduction:

The purpose of this paper is to explain the g-values and
hyperfine structure constants observed in the paramagnetic resonan-
ce of one complex of M05 t 4 The resonance of MOS t has bteen
observed in diluted crystais (1), and in liguid and frozen so-
lutions (2), and the optical absorption spcctrum of one complex
is also available (3). Yost of these references (1, 2, 3) deal

with the complex of Mo5 +

with chlorine in strongly concecntrated
hidrocloric acid, and in them, the formuls [ClgOMo] ® 1s assumed,
It will be shown that thc measured parametcrs can be explained
wider rcasonable assumptions with this formula for the complex.

As the paramagnctic resonance spectrum of this ion is axially
symaetric, 1t will bc assumed that the complex ion 1s a tctra-

gonally Gistorted octahedron with Mo in the ccnter. The formula

assumed for the complex lon makes unlikely the axial trigonal

distortion,
For octahedric symmetry and in the crystal field appro-
ximation, thc orbital levels of the MoS * ion would split into

a triplect and doublct, Thc triplct being of lower encrgy than
the doublct for ncgatively charged ligands. The states of the
triplet and doublet arc designed as t5 and ¢ states rcspccti-
vely and their encrgy levcls arc further split by a tetragonal
distortion of thc octahcdron. The triplet to splits into a
singlct and a doublet under this distortion, thcir separation in
cnorgy being proportional to R 27(r2> - 25 (rb') and to thc
amount of the tetragonal dlstortion. The sign of this cxpression
is vory sensitive to the details of the elcetronic distribution,
end although it will bz shown that the orbital singlet from to
is lower than the doublct, it is not possible to bs surc of tac
sign of the tctragonal distortion from the cxprcssion above.
wiach the clcetron spin is considered, the thrcee orbital to
states bocomc three spin doublcts, and their g-valucs have boen

crleulrted (W) when the tetragonal distortion and spin-orbit
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coupling between these six states are considered. As the measured
g“ and gl are very n=ar the value 2, the spin doublet from
tﬁc orbital singlet has the lower enecrgy, because if the other to
states were of lower energy, the g values would be near zero,
This dsduction dcpcnds on the assumption that the spin orbtit
couplling constant § is smaller than the tetr;gonal splitting S
between tho t, orbital singlet and orbital doublet. Therc is
anothor possibility of having g" and gl near value 2, bLut
in the present casc it corrcsponds to ; = 20 8 y which in not
reaconokbtle as it will be proscntly scen.

The formulac alrcady mcntioned (4) fail to give an accu-
rate agrcement with the mcasurcd g” y becausc By = 2 up to
first order in ? /(S while gl =2 =2 (::/(5 ). This difficulty
disappcars when one considcrs the admixturc of the (4d)e orbital
statcs into the ground statc through the spih-orbit coupling, anc
it can be shnwn that both )y and gl diffcr from 2 by a
term of first order in > . When the formulac so obtaincd arc
made to fit with the measurcd gy and g the ratio of the
sopin-orbit matrix clcment of the encrgy scparation between the
t, and ¢ states, turns out to be unrcasonably small. To cxplain
this discrepancy, onc is forced to consider the covalchey betwcen
the (44) states of ifo and the p statecs of the ligand. It was not
cnough to choose convenicnt orbital factors (5), as these would
aave béen too smali, and it was ncccssary to take into account
the fact that some excitcd states, that arc not considcred in *hc
crystal ficld approximation, arc mixed into the ground satc through
the spin-orbit intcraction. These states arc those obtaincd from
tihc grerrd sfiate of the complex ion by excitation of clectrons
from the fully occupied orhitals into the e¢mpty orditals. By
this mechanism some orbitals that are essentially ligand states,
give contributions to the g-wvalvzs that are comparable to those
ortitals that are essentially ccntral ionh states. This contri-

“ution Goss not appear in the crystal ficld aprroximation or in
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theories where covalency is taken into account only by the use
of convenient reduction coecfficients.

Cne would expect that the introduction of all these exci-
ted states would make very difficult the calculation of g-values,
but it was shown that under several restrictions most of the con-
tributions became zero. Under those restrictions, most of the
required results arec obtained by making the calculation for a
fictitious one~electron system, provided the encrgy lecvels and
wave functions of this fictitious system are conveniently choosen,
These rcsults arc generalizcd to the case when there is only one
magnetic clectron or holc besides empty or fully ocecupied orhitals,

When considering thc covalency bestween the 44 clectrons
of the central ion and the p clectrons of the ligand, the
differcnce betwecn the 0% and the ¢l” is disrcgardcd. To find
a justification for thic assumption it is assumcd that the diffc-
ronee between 07 and el can be described by thc sum of two
perturbations: one cven and the other odd undecr inversion, taking
Mo as center of inversion, The even pcrturbation only adds to

re effcets of the cven tetragonality alrcady considercd. The

odd pcrturbation would mix odd contributions to the wave function
of the ground state, and thcir effect on the hyperfinc and Zceman
terms would be of sccond ordcr in the pcrturhation becausc the
corresponding operators arc sven, If it 1s then assumecd that

the said odd perturbation is small, its effcect on the hypcerfine
and Zc¢caan paramcters can be disrcgarded.

Undcr all thesc assumptions the cxpressions for gy
I A and B, have tcen obtaincd.

Although the formulaec have toe many parameters to bLe
dctcrmincd from the availablc data, thc mocdel assumed is justi-
ficd by the rcasonable values that can be given to thosc theorc-
tical paramctcrs.

From the theorctical expressions for the hyperfine
constants A, B, scnsible valucs for the paramcter P and ¥, dcfil-
ned as usual (€), havc toen ohtained.
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2 The wave function of the complex

The way in which the 44, 5p, 5s states of Mo and thc
3p states of the ligands would be occupied when covalency is
assunied for octahedric symmetry is now considered. One should
take 2p states for the oxygen ion, but that difference will be
disrcgardcd. lMolocular orbitals will be formed from lincar com-
bination of the atomic orbitals mentioned above, not considcring
thie inner shells, It is better to work with symmctry orbitals
whicii are rcadily constructcd for the central ion and for the
ligands. They are denoted by '(S) A, ag) , with S =4, p, s
for the central ion; and 8§ ﬁ (G ,7JU for the ligands, with the
stondard mcaning for (f and JU c¢lectrons. A denotes the irre-
ducible representation of the cubic group, and aj thc parti-
cular statec in that represcntation. A1l these states conform
with the notation of Griffiths (7), and their transformation
propertics arv thosc given in Table Al6 of that rcefcrence.

From the five ud -orbitals, thrce (77) Ty and
two (U7) T orbitals arc obtained, and similarly, threc (0°)
Ty, orbitals from 5p and onc (() A), orbital from 5s
arc obtailncd. Thc eighteccn 3p orbitals of the ligand arec
scparatcd into six G orbitals and twelve JC orbitals. They
give orbitals with A cqual to 43,y E, and Ty, for the G
clcctrons and cqual to T1gy Ty T2g and Ty, for the TU ¢lcctrons,

Thcrcfore for octahcdric symmetry (8), there are bon=-
ding and antibonding orbtitals with A equal to Mgy ey T1y
and ng, and non bonding orbltals with A equal to Tig, Tiy,
and To,.

0f the thirtyscvcun electrons that have tn be accomodatcd
into these orbitals, ~irliic2an can be put into the bonding

‘... B
N

Ty @anad ng orbitals, cighteen into the non-honding
Tlg? Tqy ana Tp, orbitals, and there is onc magnetic cleetron
left, From the hyperfine s*ructurc obscrved, it can bc deduccd

*1~t this elsctron is most of tho time around the ccntral ion.,
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In tre crystal field approximation this electron should be a
ng, and it is assumed that this state of affairs would not te
changed by covalency.

The symmetry assumed for the complex ion is not cubic
but tetragonal and molecular orpitals suited to th symmetry
are defired ac¢ linear combinations of the ai}eady defined sym-
metry orbitals i (S) A, ajy) . The new molecular orbitals span
the irreducibvle representation of the Dy, eroup, and they are
denoted by | A 5 Ay a3 ) , where 4, ay corresponds to Dy,
and & is an integer that identifies each one of the several
molecular orbitals that transform like A4 aj,

In a tetragonal field the orbital triplet to, 1is split
into an orbital singlet of symmetry B, in th and an orbi-
tal cdourlet, It has been said before that in the crystal field
approximation, the magnetic elcctron occupies the ts orhital
singlet, so that the valucs of 8 and Bl are very near two.
Assuming that covalency docs not alter this situstion, the maghne-
tic e¢lectron would occupy a molecular orbital of symmctry
BZg b2 in th when the spin-orbit interaction is cqual to
zZcro,

The two spin states of a spin one half transform undcr
D:L like Eé and the ground states will have in this approxi-
mation two onc-eclectron states available for the maghetic elcce-
tron, their symmctry becing B2g X Eé = Eg .

In the next paragraph, it will be swown that the
g-valucs and hyperfine structure constants for this complex,
are obtalned by meking tic calculation for a fictitious system
of only one electron. As the spin-orbit coupling is invariant
under D:h, the only molecular orbitals that will be required
are all those belonging to irrcducitle representations A, such

that 4 x I'! contain Eg, i.ees ng, ng and Bg.
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The following are all the possible orbitals that can

be obtained from the | (S) A4, ai> considered:

115 By, By 2 6p 1 (C) E,L,€> + Dy | (ba) By ) 2.1

123 3y ,5 B1) =G 1 (W) Bgyg ) # Dy 1 () Bye ¢

C

1

I 15 Bogy B2) = C3 | (M) Tp5,0) + D3| (k) Togy 03

Gy 1(T0) Tpgy 03+ Dy | (4a) Ty, 0

[ 25 Bogy B

[1y Zpy 4 1) =Cs | (D) Togs=1+ Do | (4d) ng,-1> + TI's) (M) T4,

5

15 T, = 1)z =C5 | (I7) Tpgr#D) = Dy | (#d) Tog,+1) + F5| (M3,

|23 Eg, + l> = Cqg | (77) T?_g,“l>+ D6l (4d) ng,-l> + F6‘(R)Tlg7
| 23 Eyy - 1) = -Cg | (TT) Togyt1ld = Dg | (k) ng,+1> + Fel ()T,

u

(33 Bgy - 1) = =Cy | (TT) Tpgy41)= Dy | (Hd) ng,+1> + Fol (M1,

The coefficients are choosen in such a way that for
the Blg and ng functions a = 1 are the bonding orbitals,
and a = 2 the antibonding ones, For the E staltes there are
three possibilities, because the states | Togy £ 1) and | Tygs *
belong to the same representation of the gruoup Dy. In cubic
synmetry the Tlg gives a non-bonding orbital while the two
groups of ng states give bonding and antibonding orbitals,
It will be assumcd that the E states are essentially the same
as their counterparts in cubic symmetry, taking a = 1 for the
bonding, 2 = 2 for the antibonding and a = 3 for the non-
bonding orbitals, i.e.: FS’ Fey C7, D7 are much smaller than
the others cocfficients. Latter, as a rough approximation thesc
coefficicnts arc taken equal to zcro, to reduce the number of

paranetcrs in the formulae,
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The phase of the | (3) &, ai> functions are chosen in
such a way that D and C are positive for the bonding combi-
nation. Zesidcs, a further restriction on all the states defined
in 2,1 1is assumed, namely: that they are all orthonormal, so that
the usual formulae of perturbation theory apply.

As 1in the case of cubic symetry, the ground state wave
funcions are assumed to be the two Slater determinants of 37
electrons, with 36 electrons in the bonding and non-bonding
ortitals mcntioncd before, As it was alrcady discussed the magne-
tic elcctron is in onec of the two | 23 ng,lxg> states, The two
Slater determainants are eigenfunctions of an unperturbed Hamil-
tonian H,; and the effect of the spin-orbit coupling remains
to be considcred, this being done in the next paragraph,

The inner electrons of central lons and ligands are not
considercd because it is assumed that the éncrgy neccssary to
exclte thesc states is too big, and that thesc cxcitcd states
give a very small contribution to the g-values and hyperfine

structure constants,

e -

It has been assumed above, that the 37 electron Slater
determinants arc eigenfunctions of an unperturbed llamiltonian,
and thc two ground states in this approximation will be wevalled
] Cﬁl'> zuuil /}”). They behave undcr the group D:h as theci"
andtfgn basis vectors of the E; s Irreducible rcpresentation
(table A16 in ref, (7)) and it i; assumed that the only important

pcrturbation 1s the spin-orbit amiltonian H In vicw of a

so*
latter goncralization thesc two states are denoted by | Tli>

for iz 1, 2, The perturbed states | T 1) arc to first order:

~——

lT\l> = .’Y\_i>+ 2;_‘ ‘(EO‘EX )-1<X‘Hso\7\i>“X> 3.1

The cxcited states l'z ) have zcro-order cnorgy EKf,
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anG the summationh excludes the ground states (their energy is
E, to zero order), For the matrix elements of any operator O

between tie funcitions 3.1/

(Mx Lol Ty <y | olmy) }—3;:( -2 {0 ol g g
( 3.2

4 cros terms

where tiie "cross terms" are those obtained by exchanging 0 and

H ir tire first summation.

SO
For the problem under coinsideration, the operator O

N
0 = EZ: Oi 3.3
izl

willl Ye of the form

where 0; 1s a one-clectron opcrctor acting on the eoordinates
of the 1-the electron, and all the O; are otherwisc equal,

The operator Mg, 1is also assuved of this form. For these oper-
ators tihe matrix elcment between Clater determinants are equal

to zero, unless they differ at most in one of the onc-clectron
states. This property makes the contribution of muny cxcited
states to 3.2, cqual to zcro, The only excited states that con-
tritute to 3.2 are divided in two categories: a) the magnetic
clectron of the ground state '111 ) is excited to a higher sta-
tcy D) one of the 36 paired clcctrons i1s excited to » non-occupied
Lignerstate,

In order to simplify tlre calculation the orc-e¢lectron
states have bcen chosen in such a way that they transform according
to ohe of the two irrcducible rcpresentations of ﬁ:h . E' or IV,
and in particular, in thc same way as ck‘_/g. or(i“./gu recspeeti-
vely (talle Al6 in ref. 7). These two representations are the
orly oncs allowed for one-clcetroir statss when the clcctronic

spin is consiccrad. The one-clcctroh states are then groupcd in

Lol /68
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doublets, and symbolized with latin letters with a er™r2efpt e.g.:
¢y and ¢, for the partially occupied doublet of the ground states.
For each term in 3.2, the one~slcctron states of all the doublets
which are equally cccupied ‘n ‘T\i),h\j> and_!z’)wjill not te
xplicity written, and it is further assumed, that if two stotes
belorg to the same representation and have equal subscripts, they
trarsform in the sane way undcer Dﬁh' The excited states lg’) of
type b) do not contribute to 3.2 unless.the cxcited statec is

-

the unoccuped Cy state. Tor ci#?cj this is very simplc to
show bzcaus¢ the two only possib&czfg> when thz c¢leocetron in the

a state of the as at doutlet is cxcited to the bK state

S
of an cmpty doublet, arc }at by- ¢y Y or |ay by cj),The first diffcrs
froml\\:):las ay €j)and the sccond differs from|¥;)=|ag ag cy )
in two c¢lecctronic states, and one of the two matrixz elements in
cach tera of 3.1 is zaro.

The proof of this propcrty when ci:cj is diffcrent: the
cortrivution of all tkmfé)obtaincd by exciting the states ay and
5 into the states bl and [ of the empty doublct, is given by:
(By - 5:5)”1/@2!0}131} CbpEog | ay+{aglofbyyCoy JHgolagr4

+<52)G'b2)(ﬁglﬁso |32)+<a1[6lb2)( bg}HSO]al)+ cross terms} 3.kL

FProm thc transformation pronerties choscn for the onc-
*
electron statecs and the invariance of Hso unger  Dyp, the

quantity 3.4 is equal to
7 n "'l)/ / / l

+<al’7{solb1>[(b1' 0 lagy+(o, |0 az)}} 3.5

Bach term in 3.5 is proportional t> an expression of the

form

2_.:<C* Aoal

L

ja) !
QOK }C‘\:x- ai > 3.6
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where of and d\' characterizc two scts (ck A) and (k' A) ef QA
onc~clcetron wove functions cach, that transform under G as a
given hisis of a unitary ‘rroduciblce representation A of a
group G, und the summation is over all thc clements of this re-

precscntation. In the prescnt casc QA = 2, but later the gencra-
B
OK
operators that transform under G as the irreducible representa-

!
lization for any %A is made, The opcrator is onc of a sct of
tion B, Tn épendix I it is shown that unless B is thc identity
representstion, 3.6 1is equal to zcrog thercfore if the operator
0 ras the required propertics, the quantity 3.5 cquals ZEr o,

and the property stated biforec follows for Cq{ = Cye

v

The non~zero contribution of states of type b) to 3,2
comes from the intermcdiate ‘ky>:ﬂmtcs obtained by cxciting
any electron g of an occupicd doublect ag ay into the unoc-
cupicd Cy state, The only cxcitcd state of this tyne is then
lay c; cj> . For Ci#:cj y the contribution of a doutlet aj a,

to 3.2 1s cqual to

- (B, - SX )-l{< C1l0‘31)<al ' Hgoles) -y-(ciJO!az)(a?_ [Hso | cy)
3.7

4 cross tcrms}

The negative sign comcs from the differcnt position of
the onc-clcetron wave functions in the Slater determinants, as
they havc to bz placed in those detcrminants according to somc
flxed ordcring, so as to d¢fine tTheir phases unioucly,.

Tor ¢g T cj = ¢y , and with similar arguﬁénts as for

3,5, the contribution to 3.2 is equal to
By - By) T CealH, lag)(ay]ol £ 8
(By = iy (cpfHglany(ap|Clep) # cross terms 3.

¥
Trom ths invariance of undcr th y 1t follows

i
SO
that (¢, |Hso' ap ) cquals zcro vnless c¢p and ap belong to

. s . X - \ s
the sane irrecducirl:s reprcscentation of th y @anc¢ in this casc
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(a, ]O! c2) is onc¢ term of 3.6. Asswming as beforc that O
belorgs to an irreducible rcprescntation of D:% diffcrent from

the iderntity, it follows that 3.0 1is cqual to

-1
- (Eo - g_x) <’cl‘Hso‘al><al'O’cl> $ cross tcrms 3.9

In the samc way, the contribution tn 3.2 for
¢y = €5 = ¢

iIs ¢qual to
- (Eo - 3~3)nl<CQ‘HSo‘82><a2!OlC2> 4 cross terms 3.10

The excited states of typc a) give cxpressions cqual
to 3.7, 3.6 and 3.9, but without the ncgative sign.

The calculation of the matrix elements of the opcrator
0 betwecn two Slater determinants |Y1i_) and 'Ylj) is simple

becausc C satisfics 3.2, For 1 & j it follows that

(v‘lilolqj): ¢ ey lof ey 3.11

but for 1 = J, there 1s also the contribution of all the filled
doublets, as it was assumed that O transforms undcr D:h as

an irrcducible representation diffcrent from the identity, the
expression 3.€ is cqual to zero and the validity of 3.11 when

1 =] is inncdiately daduccd.

Loocking at all thc non-zcro contributions to(ﬁi‘oﬁij>,
it follows that its valuec can be obtained by making a similar
ecalculation for a fictitious one-tlectron system,

Tozstate this result in & precise way, a more geoneral
property, (dorived in Apendix II) is given herce, The following
properts includcs the results just derilved,

Iet an opcrator O and a hamiltonian H =z E, + h!
be given for » systom of N particlss, with thc following
propcrtics:

i) The operator O is of the form 3.3, and the 04 have
thns provcrties statcd aftcr that cquality,
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ii) The operatcr O 1s one of a sé?ég;erators that trans=-
form under tae group G that leaves Hy invariant,
as the irreducibvle representation X of G,
i131) There is an orthogonal set of one-electron wave functions
denoted bty |cA A a; ), such that the Slater determinants
¢f order N ohtained from them, are cigenfunctions of
H,~» These Slater ceterminants are denoted by a ke t
with a greek letter, with or without subscript, e.g.

LY or MEDY

iv) The one-electran wave functions \oh 4 aj) arc sorted
into sets (GAA) of QA elements each, such that
the elemcnts of cach set span the irreducible repre-
sentation 4 of the group G, The integer(i identi-
fies each one of the several sets with a given A,

v) The several Slatcr determinants that have all the sets
(Ci A) equally occupied, have equal eigenvalucs of Ij,

vi) The number N of clectrons is suck, that in thc secve-
ral ground statcs \Y\id) allthe scts (G A) are full
or ecmpty with the cxcepcion of sct (.X C), which has
only the state | ¥ G.cy} occupied,

vii) The pcrturbation Hauiltonian H!', has the samc propcr-
ty 1) as the onerator O,

viii) The operator H'!' 1is a linear combination of opcrators
that span irrodneldle representations of G, all
diffcrent from K (sce 1i), A fictitious wene-clcctron
systcm is now dcilincd with stationary states equal to
the | &4 4 ai> of 1ii). Whenjch A ay) belong to a
szt ol Tomns*nly ocecupied in the ground state
of the real systcwy its encrgy in the umperturbded
fictitious systum is Ed\ A :—(EK ~ B,)y wherc EX
1s ths cncrgy of the stats nf the rcal system that

is obtaincd Irom the ground statce ©ty cxeiting thc
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¢lectron inIcKA ay» to any availablc statc of thc sct (yc,
partially occupicd in the ground state: when) ok 4 a1> bclong
to a sct (A A) that is cmpty in the ground statcs of the real
systen, 1ts cncrgy in the unpcrturbed fictitious system is
s = (EX - Iy)y where "“X is the cncrgy of the state of
the real system, that 1s obtaincd from the ground statc by
gxciting an elcectron of tic sct (K c) to the statc|al 4 ay),
The oncrgy of any statc|Y C cy) of the sct partially occupicd
in the rcal ground statce is cqual to zcro in tihic Pictitious
systecme The cn.rgy EO is that of the ground statcs of the
rcal systcm,

vefining

e ——

'X Ce)=lYo ci)+‘.“L (B, - E}c)‘:L(o(A ajlz—zl'\)fc epdlos ay)
x4 3.2

where Hi is thc onc-clectron opcrator that corrcsponds to LA

it follows for 1%

(Ralol Ny = (Yo oslo] Yo e 313

where Ol is the onc~clcetron operator that corresponds to O,
This equality holds for 1 = j, only when thc irreducitble rc-
presentation K (scc 1i)) is not the identical rcpresentation.
then 0 e¢s invariant uhder G, the two mcubers in 3,13 differ
by a constant indcpondent of ¢y times the Xronccher 5ij’

4 vory similar property is obtaincd for a system with
all thc properties 1) to viii), but using instcad of vi) the
property vi'): in the ground states, all the scts (Gh4) arc
fully occupied or enpty, with the cxception of set (B'C), for
vhich the state‘ X C 01 > is:the only one uitoccupicd. Thcsc
ground states will be d.notcd with | (N4)) , and instcud of

3.3 the following ¢quation holds:

) ( NoY= () +>j Gy - B) XY bl oyl ) 3,14
y
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For - i#:j, it is shown in apendix 1II

(M jol MY = - ™Y ey a)e e 3.15

vhere nj 4 1s the humber of states between ¢; and €3 in
the orcering selected for states of the (X C) set, using the
convention ns; = - 1 (For a doublet, ny5 = 0). The equality
3,19 holds for 1 = j when X (see 1i)) 4s different from the
icentical representation, “hen 0 1s invariant under Gy the
two members in 3,15 differ by a constant independent of cy
tines éij' The same decfinition 1s used for the energies of
the fictitious system when there is only one electron in ()’C)
or only one hole,

The generalization stated in this paragraph, makes
possible the calculation of the g-values and hyperfine structu-
re constants, up to first order perturbation theory, with one-
electron functions like 3,12, instecad of using the more cumbcr-
some many-electron functions 3.1, The orbital functions in 2.1
are written with a 4+ or - sign to denote the two possible
spin states, transforming under D:h as B!k or E! /3'
respectively (table Al6 in ref, (7)). Instead of the two ground
states of the many electron system, the following states of the

filctitious system will be used:
e————— o + +
| 23 Bogy b2 » = |23 Bogy P2 ¥ #+ X101 15 Bogy Do ¥ 4
. $ n b.*

+ X | 13 Blg, b7y 4 X3 125 By D17 N 4
} Y0 Eg:‘l_ >+ ¥, 12 Bgy =1 4
+ Y3‘ 33 Eg! -1" >

| 25 By b2 Y = ~l2; By, by ) - xltl; Bygy bp ) 4
+ Xoll; By by ")+ X3§23 Blg’ by Ty 4

t Yl B, +1 Ty Vo l2gn,, 41ty

g’

+ Y3l3§ Eg? + 1 +>
Len/éce
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The two states | 23 ng, by, ) and | 2y Bygy P2 ) behave
ander DY, as E" q" and " " respectively, and will be
dsnoted by | A"y and ‘[}") for convenicnce,

h Spin-Hamiltonian narametcrs.

It 1s now straigzhtforward to obtain and

gy g,
to first order from the Zceman term:/B}L (L 42 8). From 3,10

and their symmetry croperties
g, =2 4k Re{X2<2; Bogs b2 | L, | 13 Bygy P4 x3<2; ng,bglel

'23 Blg? bl}
L,1

3

azl

ol
The matrix elements of L, and Ly between (4d) stutas

were 1lmmediately obtaineds; those between a (Ld) state. and

a ligand state were obtained with the technique of Stevens (5);

those between two ligand states were obtaincd neglecting the

contribution of matrix elements between two 3p states cen-

tered around different ions. The final formulaz are:
g“ =2 44 Re{X2L2D4 (Dy 4 Cq Sg) + C, (~C7 ¢ 2Dy Ss i] 4
% * ¥
N x3[2m (Do % 02 5) 4 G (-Ca 42D S )]
- o > .
g = -2 -Ye Re{Yl 2Dy (Dg + Cg 55) t G, (Cs -~ F5 4 2Dg SS)] +

R i
+  Yp|2Dy (Dg 4 Cg S,) 4 Cy (Cg = Fg + 2Dg ss)] 4
- P

[ * * -
Y512D, (D,; * Cq sg) + C (C7 - F, + 2Dy SS)BL.L.Q

where

5 2{(+d) By £](0) 2 €

L431/65



- 16 -
The hyperfine parameters A and B are obtained fron

states 3.16 and the usual perturbation term (6):

. 1 )
By = 2YPB — (L-8) s T- -z 8 Dy
r

r

8
+ —L—Tf- 6 (r) S = I} L L
3 — ~—-—

where I 1s the distunce from the magnstic electron to the ccn-

tral ion, @ i1s the orbital angular momentum of an electron,
its spin, /3 the Bohr magneton, /BI? the nuclear magnetorn and
.X the nuclear gyromagnetic factor,

The quadrupole interaction has not been considered as
the quadrupnio moments of Mo9? and M097 have not been ohserved,
so they are presumably small.

The dependence of HN on r goes as r -3, and it can
be expected that its matrix elements between any two states
of the ligands, or between a state of a ligand and a state of
the central ion, are nuch smaller than those between two statcs
of the central ion, It can also be sezn that when one considers
covalaney, the contritutions of r~3 25 and 173 S arc not

(L) g(s)

proportional to g or y @s hanpens when the on¢ clectron

statcs are the product of a radial function times a funetion
of the polar anzlc. (cf. formulac 12,14 in ref. (7) or formulac
5.3 and 5.4 1in ref.(9)).

Considering only the matrix clemcnts of Hy beotwecn

any two central ion states,
b o -~ [ *

A= P~{- ——-lDu Dy +2 Re (X3 Dy D3i}+ Retpq B8(XoD1 4 X3D2) +
7

6V2 i

7

2  » * 11y2 *

B = P{- ——-[DL,. Dy +4 2 Re (X1 Dy D3) - — Re[Dq (YlDS 4
7 7

+ Yo De t+ Y3 D7)] + K} e

g2



where P o= QX[%[}N < r-3 > and K comcs from the Fermi contact

term in 3Lhk.

5 Spin-0Orbit intcraction.

Bcfore formulac 4,2 and 4.5 are comparcd with cxperiment,
it is ncecssary to cstimatc the coefficients Xy and Y, in 3.164
tine spin-orbit interaction Hso is assumed to give thesc coeffi-
cicnts in first ordcr pcrturbation thcory,

To ¢cstimate the spin orbit matrix clemcnts hetwcen the
¥ci.A ai> states it is assumed that the matrix clements of Hyp
betwzcn two free-ion statcs ccntercd around diffcrcnt ions arc
z¢ro, but those bctwsen tuwo states centered around the same ion
give the free ion value. This assumption gives a sufficient
approximation (10) for thc cstimation of X; and Yy. Thercforc,
only g;p, the 3p spin orbit parameter of the free chlorinc
iony and ‘ECU the hd, cpin orbit paramctcr of the frce

molybdcnum ion are necdead.

After some calculations the following formulae

0

‘,
i

1 X
o= ( D\,:Dl 3(1 - -E-' b, Clgp)/gh 5.1

where Sq = BpB2 =~ ¥yp; and the sams formulac hold for X3

1
Y

1 = (2 DfDS 3d+cl+ (CS-F5)BP)81 5,2

2\ 2

where 81': Espy - ElE and the same formulae hold for Yo and
7y vith Dgy Cg, Fg Op = Dppp = Epg or Doy Coy Fr,
Sq=mm - E,p respectively instead of Dy Cg, F, S,

Tae B 4 5 2are the ensrgics of the states |l 3 &, ay) in the

fictitious one-electron system, and havc bucn defined in §,3.
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6 Conparison with expsrimcntal g-values,

Tormulae H.2 and %.5 depond on scveral kinds of para-
ncter: i) coeffieients like Dy, that are rclated to the amount
of covalency between central ion and ligands, 1i) cocfficients
likc Xp, 2iven in 5.1 and 5.2 as functlon of the cocfficicnts 1),
the spin-orbtit paramctsrs of the frec ions gp and 3(1, anda the
encrgy difference betwecn the ground statc and the other statesy
1ii) nuramcters P and X, Values of the s2me order as those
given by Owen (8) for similar ions, will be assumed for all the
coefficicnts of type 1).,.To simplify the analysis it will be
assuncd %5 = Sé = 0, as they only appcar cxplicity in the
first order corrcctions, and prcssumably give small changes
in %.2. In %.2 it has been alrcady assumed that Fgy Fgy Cny D7
arc small, and they are now sct equal to zero, so it follows fron
normalization that F7 = 1.

There arc still too many cocfficients in 2.1, but their
rumber will be reduced by assuming that the anount of covalency
is the same for ull bonding TU orbitals, il.c,: D = Dy. All Dy
arc chosceh real and positive, and from the phascs assumed in h,2
for the orbitals | (S) 4, a5 ) and the orthogonality of the func-
tions in 2.1, 1t follows that

D, = D6 - 03 a Cg Do = C1
s VT e

With all thesc assumptions it would be possible to obtain Do and

D, from 4,2 if the energy levels of the states in 2.1 where
known, as BP and éd can be estimated rcasopably well,
Unfortunately the only two encrgy diffcrcnces that have becn

identificd (3) arc: - 52 - 14050 cm that corresponds to thc

splitting of the ground T2 triplct, duc to the tetragonul

g
field; and 22500 cm—l, that corrcsponds to the transitinn

between the ground statc and the lowest of the two oxcitcd
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states with orbital symmetry ¥, (under Op). Although it is
known that the ground state corresponds to Bop (under Dyy),
it has been already said that the sign of the tetragonal
distortion can not be decduced with certainty, and therefore
the squality - ‘55 = 22500, 1s not necessarily true.
Iavertheless, 1t will be assumed that this equality holds, but
it must be born in mind that - GSg can be much greater,
perhaps around 50C00 cm"l.

It is necessary to estimate Bp and %4, and the
value 3£>: 550 et will be assumed, in 4pendix A, 6.2 of
reference (&), gfl is given for Mo for several degrees of
ionization., although the simple crystal fizld theory assumes
Mos +, the covalency with the ligands increases the negative
charge around the nucleus. It has been alrezdy assumed@ that
there are eightenn c¢lectrons in bonding orbitals, twelve in
Cr orbitals and six in.'rf nrbitals. (The remaining cighteen
elecctrons besides the magnetic electron arc in non-bonding
ligand states). The probability of finding the electron in
the molybdenum atomic orbital will be latcr taken as approxi-
mately 0.3 and 0.2 for the(QT and 7T bonding orbitals
respectively, and this gives an extra charge around M05 +
equal tc 4.8, assuming that the non-bonding orbitals do not
cive any charge to Mo5 * . The value Sd - 600 cm"l that
corresponds to an ionic charge slightly greater than z<ro hes
been accordingly choscn. This c¢stimate of 3&1 will not be
altered under small cihianges of the covalcney, as these small
corrections ar: not justifio}"~» aftcr all the rough approxi-
mations made.

With all the abovs mentioned approximatlons, tho

formulae 4.2 will bc fitted to the values
g = 1.970 Y 0. 0033 g) = 1.940 } 0.005
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measured in frozen solution (2)., These values are very simi-

lar to those glven in reference (1) for tlie two magnetic

complexes cf Mo5 + in a c¢iluted crystal, and in particular
g-L is nearly the same 1n all cases.
With gge values assumed for g, , éd’sp and 152,
one can vrit&¥implicit function of O7, S. and 2= T .
5

For simplification it is assumed that (Sl ::~ 83, and thLis
energy difference is calculated as a function of g $ typical
values are: 3300 cm"l for§ = 0.93 12000 cm~1 for g - 0.8
and 135000 for g = 0.7. As one can expect that ‘Sl >(S3
tiiey have been both calculated for % = 0.8 when they are
different, Typical pnairs of values mcasured in cm"'.L are:

70CC and 486005 8000 and 251003 10000 and 15100 for (53
and 51 respccetively, The value g = 0.8 gives a reasona-
tle order or magnitude for (Sl, and (53, and it will he
nsed in future calculutions.

With the expression for gy » and the values assumed

for %p’ \§d and g, &n implicit function of (SLH 55,
g and q = Dg may be written, The value of (Su has becn
calculated with 155 = - 22500 et for scveral values of Y\
end for g; 1, 0.9, 0.8, 0.7y typical valucs for % = 0.8
beings Sy = 11300 ca™l for V| = 0.9, &, = 22200 en~} for
n = c.8, ‘Sh = 39000 ecn™t  for N = 0.7 and (S)+ = 70900 cn™t
for | = 0.6, From the values calculated, it seems that

\g = C,83 and VL = 0.7 are the bhest gussses when 65 =

= - 22500 em™t  is assumcd, 1,e.,: that thec antibonding Blg
state 1s of lower encrgv than the antibonding Alg statc.,

If the opposite situation is assumed for this pailr of levcls
one should have a larger value for - (SS, probatly around
50000 ca™t. For this valus of (55, on¢ should take a value
of rL closer to ono, and assuming that the dcgrce of cova-

lency is larger in the (- bonds than in the 4T - bonds, i.c.:
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é ) "l’ thx value of \g' would also be nearcr to one.

If one had better values of the energy differences
involved, one would be avle to test the presant theory in
a more satisfactory vay. LNonetheless, two points be stressed:
i) For ¥5 -~ 0, i e.: when the contribution to g\ of sta-
tes that do not appear in the crystal field thoery 1s not
talzen into account and the contritution of t;p to the spin
orbit intsraction is disrcgarded (as is usually done), one

obtains the formulae:

8 gd

g = 2 - .k

S5
P
where k corresponds to the orbital reduction factor. For

1

55 - - 22500 em™ follows k = 0.14, and for

- 50000 cm—l the value k = 0.31. Both values of k

c~
N
i

seei ur" asonably small, ond 1t was this difficulty that led
the author to malte this theory. 1ii) The diffcrence gy - 2
is obtained as the difference of two larger cuantities., This
could be the reason for the iarger variation of g\ with
raspect to 8] in the several systems mcasured (1,2), as

small differences in the encrgy levels producc larger varia-

tions of g1y than those of g | .
7 Comnarison with the experimental hyperfine structure

constants.

The parameters F and K will now bc dcduccd from
the msasured valucs of A and B, and their expressions in
4+.5. Replacing the valucs g: 0.835 Y\ = 0.7 ;d - 600 em™t
and g’p = 550 cm” in 4.5
Az Pf - 0157 - K 4 (1560/5y) + (225079 ) b (45/81) +

» 3677 8 0}

momrf - 0,229 3 K - (82/8,) - (673/52)} 7.1
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From the spectra measurcd in the frozen solution it has boen
doduaced s
| 5]

(0,007% * 0,0002) cm~L

2]

~J
[p®]

(0.003% * 0.0002) em™t

It is known (12) that by a simple numcrical transfor-
petion and redefining S , 1t is possible to obtain other
Spin-Familtonians that dcscribe the cnergy levcels of the
systum cqually wcll, but havc two of thc g-factors with signs
oppositc to thosc which anpcar in th» original Spin-Hamiltonian

(tho sign of gyx 8 is the same 1in all thcsc Spin-iamil-

vy 8zz
tonians). The fact that it nuight turn out that gyy = - By
in a system of axlal symmctry 1s not forbiddcn in principlc,

bceause the redcfined S, S, and S5, have transformation

propertics different from thc original oncs undsr the synmme -
try group of the system, and the axial symmetry of the svstem
Is meintalned. In spitc of cll this argumcnt 1t is always

preferanls to have gy

g for a systecm with axial symnmc-

B
1

7y
try, and Byx = Byy = Bzgz for a system with cubic symmctry.

he weve functions uscd in the thocrotical calculation of

=

tnis papcr zive guy = Epye In these formel changes of the

Spin-ramiltornian, the valucs of the hyperiine structurc
constants change valuus in thc sume way as the g-values do,

uhcen the operators Iy Iy and IZ are not rcdefincd,

Similar argumcnts avnply to the oporators Iy I and

y

I, appcering In the Spin-dauiltonian., One can choose these

opcrators and their corrcsponding wavcfunctions, as the usuel
one for thc frec-ion, brcausz onc docs not have to mix any
wzxcited nuclear statcs into the ground statcs, It is apparcnt

from the thooreticul calculations that thc operators I I

X ? Yy

I necd in this paper, arc the frec ilon oncs, 2nd the vealue

of tihe paramctcer P =z 2 [}/BN (r'3 ) has the sign of ){
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tiils being the value measured for he free ion. in average of
the values (13) for 1097  ana M097; X Z - 0,3746 will be
used, and it follows:
(/he) = - 0.001192 cm~t ag (r3) 7.3
¥or 61 = 25100 cm"l,- 62 = 1L050 cm—l, lSL,_ = 39000 cn™t and
‘SS - - 225C0 cm"l, onc d=duces from 7.1:
Pz~ 1.375 (A + B)
7ol

PK = - C.253 A + 0.747B
and from 7.2 it is known that | 4|>}B| . From 7.3 is known that
? 1s negative, and it follcws that A 1is positive for the wave
frnetions and operators used in the present calculations. From
7.t follows that one still has two sets of valucs of P and K
that give the same | Bl . vor B positive: P/ﬁg = ~ 0,01%9 cm—l,
{ = 045 and for B negative PMHc = - 0.0055 cm-l, K = 0.80,
From 7.3 follows <r"3) = 12.46 a;3 in the first case, and
<r-3> = 4,61 8:3 in the second.

The valt;es of P and K depend on thosc assumcd for
; N éd, gp and the cnergy differences éi. The first
term in 7.1 is the most scnsitive, and is proportional tog 3
rzasonable changes in all the other coefficiecnts will alter the
two expressions in 7.% only by a few percent, so one expcctis
thet the error in the valuss obtained for ¢ r™3) will te at
most 30%. These valucs will be compared with reasonable esti-
netes of ¢ r™3 ) to sec whether it is possible to nradict the
sign of B that corresponds to the wave function and operators
used in this paper. The approximation of Plliot anhd Stevens (14)
nenely, to calculate (r-3> using the Hydrogenic wave function,
wita tie same n and e atributed to the onc~clectron wave
function, but with an effective chargs that givcs the known
veluc of B is the first considered. In this problem: n = 4,

& =2 &nd ; = 600 em™'  and one obtains{r"3) = 6.37 ag - 3.
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This valués%htermediate hetwcen the two possitle values dedu-~
ced from the measured spectrum, but th» author believes that
the value ¢ r"31> T 4,61 a;3, corresponfing to negative B, is
the correct one., This assumption is based on the fact that in
other cases, the approximation of Flliot and Stevens gives
values of the ratio <'r“3>V’§higher than those obtained in a
more accurate calculation, és an example the 5f electrons

of transuranic-~ions are consicduereds for 3 = 2200 cm~t:

¢r73y = 10.05 a;3 from the formulac of Elliot and Stevens.
Tor these lons, the value of é and (r'3> have bheen calcula-
tzd (15) from the solution of the onc-electron Schrodinger
equation, obtainlng the potential from the Thomas-Fermi model
of an ion with the right numver of electrons, With this modcl,
one obtains a givcn valuc of E; for scvcral nairs of valucs
of the atomic numbcr % and thc lonic charge n'y i.e.:

S = 2210 en”?
2t = 5,164, and the valucs for1<r"3) are 5,78 333 and 5,87 a;3

for Z = 96, n' = 1.119 and also for Z = 95,

rospuctively, It is scun that the ratio ( r”3)/ g is fairly
constont in this range, and ratiecr smaller than the onc obtai-
ncd from tiwe formulac of £lliot and Stevens, A similar calcu-
lation for 44 clectrons was not available, rut it is rcasoe
nable to cxncet a lower value for (’r'gt) than thc 6.37 a;3
calculated before, so the valuc < r—3>: L, €1 ag3 was the onc
chosein from the two possible oncs.

With regard to the signs of A and 3B, onc finds in
the first refcrcecnece (2) the statement that as the average
value of the hyperfine constant measured in the liguid solution,
is very near (JA) + 2] B|)/3, both A and ' arc positivec.
But it ras boeen scen befors, that the sign of g| and B
are changod Yy altering the pha&ascs of the spin wave-function

3.16 and rcdcfining the Spin-Hamiltonian opcrators SX and
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Sy Cud that all the deseripti-ns of the svstim obtained after
t:os. Fformnrl changcs arc cquelly good. It scem strange that
the valuc mcasurcd should give prefcerence to any one of thosc
descriptions of thc system over all the cther possiblc oncs.

This apparcnt contradiction is solved wacn one 1ooks
at tic derivation (16.17) of the formulae that, in first ap-
proximation, describc thc microwave obsorption in liquids by
an isotropic Hamiltonian with
1

P - — (g e and T& -
g ] (E” + 2 g~L )

In thesc rcfercnces, tho spin hamiltonian of a mlcreerystal,

(A 4+ 2 B)

w -

arvitrarily oricntcd in the labeoratory systom is written as
function of opcrators Si y ST, S, Ié y 'y I' , exprcs=-
z

y z y

sed as 2 lincar combinatior. of the opzrators S S I

Iy, Iz (the unprimcd opurators are dcfined in the usual way

in ths molccular system). Thz cocfficients that rclatc both
scts of opcrators arc given Tunctions of the Tulcr anglcs
c*’fgjx that transform the iiolccular Systcm into the Labora-
tory System of coordinatus. ) canonical transformation decpcn-
ding anciJ/?U 3’ is then made for each microcrystal. It must
be so defined that the matrix clcments of the primcd onecrators
betwecen the states of the basis in the ncw roprescntation arc
cqual to thc matrix elements of the unprimcd operators bctweszn
the corrcsponding statcs of tinc basis in the old reprcsentation,
By tunis proccdurc, the Spia-Hamiltonian of cach microcrystal
Is expresscd in terms of opcrators with matrix c¢lemcnts indc-
pendcnt of the oricntation of the microerystal. Thc angular

4.

dcpendeénecs .3 now cshifted to the paramctcecrs of ths Spin-Famil-

tonian.,.
This Spin-~Eamiltonian scparatces in a natural ways
B I H, ¢ 1 75
where Hy  is independent of the Xulcer Angles, and H; depcnds

on them. For the system under study:
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Hy ZE S, B+ ( 8° 1) 7.€.
if the Laboratory =z axis is taken along the magnetic fleld.
The operator 1il; 1s a rather complicated function OfCﬂ,/g,a’,
with (g"- SL) and (A - B) appearing as & coefficients of
tie diffcrent termsy I1ts time average is zero for a liquid.
“hen the matrix elements of Hy are much smaller than
those of H,, a perturbation calculation may be done, and the
line wicdth of the resonat absorntion is obtainec¢. The position
of rthe resonant absorption lines 1is given by Y,y wnich is the
isotropic I'amiltonian of 7.6. then the assumption on the re-
lative values of the matrix eliements of Hy and Hl is not
valid , the perturbation calcul:tion breaks fown, and Hy &s
not any more a good approximation to the observed spectrum.
The usual procecdure does not gilve a convenient separa-
tion ¢€.5 when g, and gy are of opposite sigr, because
the matrix elements of hy, will be larger or of the seme
order than thoss of H,. 1In this case, one should definc the
prizecd oncrators as a differcnt linear combinations employing
the usual formulae but with d + T instead of ¢ . (The Fuler
Ansles @ is the first rotution around the Z axis). after
that, a canonical transformation with the same pro,ycrty as in
the previous case 1s maedc for cach microcrystal, and the scpa-
ration 7.5 1is obtaincd as beforc, but in all the formulac,
- 8 and - B appear instaad of gy and B rcspectively. As
g.L is of opposite sign to &y » ve now have g = (g"- 2 %8/3»g"+ 8| »
when g, l7nd |gll differ very little.
If the signs of Ei and gl are opposite, and those

of .4 and B are not, (or vicvversa), the lircar combhinz2tions

thant give Ii y I; y I' should be differcent frow those giving
L
S; ’ S§ ’ S; y So that the two Tuler Angles @ that appear in
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the coefficients of both sets of linear combinations differ
vty TTU » In that wiy one cn make sire that tle separation

6.5 1is the best possille. From all thesc argumasnts onc

-
concludss that the mecasurcé values of g and A, arc

g = f—l«(lg‘ t2 g l)
3 YR 1

and ——
A

1

tolal 2D

It i3 well known that onc can not distinguish hotween the
two signs from tho obsorotion spectrum of paramggnetic

resonance.,

Conclusions

The g-values and hyperfine structure constants of
Eos r in a complex ion with six ligands that occupy the
vertices of a tetragonally distorted octahodrum with ilo in
its centcer have teen calculated. It is assumed that the
outermost occupied electronic shell of each of the six 1li-
gands is 82 p6 tnd covalent ¢ffects are considered, by
taking molecular orbituls that arce linecar combinations of
these =ix sets of six p-states with the Mo 4d, 5 S and 5 p
states, For simplicity tie twelve S elcctrons of the 1li-
gands are not takcn into account, as one would e¢xpect that
they will only introduce contributions similer to thosc of
the twclve p clectron of type G .

This modcl has 37 clectrons to cecasider, and to
simplify the calculations, it has been shown that the g-values
and hyperfine structure constanks in this nodecl are equal
to those of a éonveniently choscn one-electron system., In
thils fictitious ...-~7--"_on system, the cigenstates arc ths
molccular orbitals of the 37 electron model, and thcir
cnirgy cigenvalucs are directly rclatcd to those of the

orizinal model. In thc following discussiocn, thce fictitiors
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onc~clectron system is used but it has to be born 1n mind that
lieir states and energics are directly relatcd to those of
the 37 electron model,

In the calculation of g-values and hypecrfine structure
constants, the contribution of molecular orbitals that are
essgntially ligand obhitals was included, This is a contribu-
tion that does not appear in the crystal field epproximation,
anéd 1s not usually taken into account in this type of calcu-
lation. It turns out that the contribution of these states to
the orbital part of theg-vilues and hyperfine structure cons-
tants (appearirg through the spin-orhit coupling) can be of the
same oider as that of the central ion molecular orbitals. It
is the energy separation between these two kinds of states
and tie ground state, which decides their relative contribu-
tions to the Spin~-Hamiltonian parameters: the smaller this
encrgy ssparation, the greatcr the contribution,

In the calculation of the hyperfin¢ structure constants,
only the contribution of the 4d elcctrons was considered,
as there is a dependence of the relevant opcrators on the
electronic radius proportionnl to r—3, surely making the
contrivution of the ligand states much smaller than that of
the bd electrons. The contribution of the lizand nuclei to
the hyperfine structure, was also disregarced.

The contributions of the ligand states to the spin-orbit
matrix clemcnts was taken into account by maling crude¢ assump-
tions abvout the propcrtics of thesc matrix elcments, The for-
mulae .2 and 3.5 obtaincd under the said assumptions haw
a grcat namber of pabameturs and to reduce it, secveral addi-
tional assumptions werc mudes 1) the overlap integrals appea-
ring ex»licity in 3.2 -and in the scalar products of the Z.1
funciiors were set cqual to zero. 11i) wave functions of dif-

fzrent ligands werz assumcd orthogonal to ecach other.
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111) the molacular orbitals where assumed to form an orthogo-
nal system., 1iv) the (J7) Tlg ligand orbitals were assumed
not to mix with the (77) T2g ligand orbitals nor with the
(4d) Tog statss of the central ion, i.,e,: Cy = Dy = F5 = Fg = O,
This is trus only for cubic symmetry, v) the probability of
finding a 43 electron in all the honding I ~type molecular
ortitals ol 2,1 1is the sams, W " all these assumptions,
5.1 was obtained.

It is possible the malke reasonable estimates for the
ohe electron parameter of the spin-orbit interaction. If thre
energy difference betiween the states in 2.1 were known, it
would now be sossible to determine the two indeocndent para-
meters in 5.1, namely Dy, and Ly, their squares Y\ and.§;
respectively being a measure of the covalency in the G and TT
bonds respcctively, From the few data available it was found
that with the values Dg - C.7 and Di ~ 0,8 it is possible
to £it the measured 8} and gl with recasonable valucs of
the unkrown energv differences. In the present model, (2 - g!')
is cqual to the differcnce of two quarti:ies scveral times,
larger than itself anf this is not so for 2 - 5J. . This might
explain why the changes of gI’ are larger tihan those of
g in the several measurcmcnts avallable (1.2).

Using Di - 0.8 and D2 ~ 0.7 and the measured values

- 2
of A and B, it has bcen deduccd that:

<r'3>>: h,c a_3 and XK = 0,00
fo]

It was also discussed why thc other possible values
a}
{rm3)-: 12 " dod "0 7T N 05 seem unlikely.

The pessibility of dreiding Lic relative signs of A

and B (or g and g, ) from the peramagnctic absorption

i
spectrum in licuid solntions was discussed, and the conclu-
sion was, that It is not »nossible to derive thesc signs from

the paramagnctic resonance spcetrum in ligquid solution,
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ippendix I

In this appendix two properties are derived that are
direct consequence of the symmetry properties of the system.

It is known that when the system is invariant under
all the operations R of a group G of transformations of
the spatial coordinates, it is possible to define (18) a
set of operators P2y acting on the state vectors of the
system, that 1s a represcntation of G. The wave functions
can bs so chosen (18) that the Pp are unitary operators
and the vector space of the state vectors therefore, can be
redauced into irreducible subspaces. A basis of vcetors in
each of these irreducible subspaces of dimension eA y Will
be denoted by a set of Qﬁ state vectors|dA s 4, a ) with
2 = 1929000 4 QA! To each irreducible subspacc there are
tvio symbols associatcd: Ch and A3 A gives the irreducible
representation, and d identifies one subspace from all those
with the same A, The statc obtained by operating PR on
| g 4y a ) will be denotcd with | P (Chs &, a)) : and the
sasis of the irreducible subspaccs 1s chosen in such a way
that:

A
\P (a3 4, aj)) = Z_ T, g (R)‘ A 4, at) I.1
R o at @

U <

The TA

a'a is a unitary matrix with the property

—

!

X
2— (TA (R) ) Tovrr grr (&) 2 (b/ ?’A) BAA"Saa" (Sananr I.2

R ala

Wherc the summation 1s over all the h elements of the group

G. Zach opcrator Pﬁ Arfins-~ - caronical transformation, and
. . -1
any opecrator O, is given in the new rcprecsentation by Pp C PR .

B
L set of Hcrmitian operators Ob is now considered. They have
the propcerty that:

T (R) oy I.3

b

B -1 _ N B 3
PRObPR -L...
b

495/65



-31 -

for any R of G. Somc properties of the matrix clements of

B
theac opcrators Ob between statc-sld; A, a) will be derived,
From I,1 and 1I.2:

.B '
§%<%(d;&aﬂodpﬂaxgawz

¥ , By 1, A * A
L_ <d\; 4y a'! ' Obld\tt a >ZI;~ (Ta,a (R)) Ta"a (R) =

a a' a"
= (W ?JA) Z;ﬂ(d\[aa' \Ogld‘Aa'> Tl
Thercforc
L<O(; hy a l Oﬁid\‘; Ly ay =
a
~ -1 ¥ . B v
TR L (R (b |op)ey (dly iy @) 1.5

-1

as the opurator PR is unitary:

- '\ -/p -1 : -1 B -1 o4
<g(; 1y a t O‘d; Ly aY T <PR (A 4, a)'PR 0y PRlPR A1, a))
Using 1.5, I.6 and I,3 in that order:

L {a

a

-a

iy A )Oﬁ‘d\'; 4, a) = 5t ZR<PR (A &y a)‘OglPR(d‘;ix,a )>
a

nt aZ:R<d; Ay alP;{l O.E PR'd\'; iy a)

2T (el 4y 2|0l | (ol i

a b!

% Yo ®Y 1.7

ds ’;‘_I‘ ., (R) =1 for all R, 1s a reprcscntation of any

group, 1t follows from I,2 that I.7 cquals zcro unless the
irrcduciblc represcntation B is equal to I, Tn that casc,
it is well known that

<d\; iy a lOI‘d‘; 4y a> - Szm'(Saa' <O\3 Ly a'OI'd\\; iy a) 1.8
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and wlth KI =1, :

Z(d; i, a‘o}?\c\'; Ly ay = 5131 QA(d; iy a]ollo\‘; Ly ay 1.9
a
Linother property will be derived using the unitarily of Pp 1.

Z .L * J!L —
(@, @) T, ®m oz § 1.10

a a'a"

B
L set of opcrators Qg, with thc samc propcrty I.3 as the Oy,
is introduccd,

From I.6
aZt.C <d§ [;, a 'Oglk/; C’ c><x‘; C, . ng‘d\‘; ,[;, E‘> -

S

2 L (o i o b s (B e, o)

a ¢

<PR (X.; C,c) '_PR Qg PR"'l { Py (d'; Ay a)> I.11

As 211 Og arce Hermitian, and all Pp are unitary, writing .t

for the Hormitian conjugate of L4 1% follows that
D =1y % .. D -1
(Pp Qd PR ) T = Po Qg Py I.12

and taking the Hermitian conjugate of I.3:
*

D _ -1 D
Ppog BT = Z' (Tgra ®) o, 1,13
d

Boplacing I,1, I.3 and I.12 into I.11, the first tcrm of I.11

“ (- *
o) {\L- (. ®) T, (R)}

aia" cle™ 7, a'la

cguals

e C * ¢ B D X
{‘Lc' (T, (B T m)} Ty, (R)(Tghg (R))

x(ck; 4, a! IO?,, 3 5 C, c‘}({“ Cy c" ,Q§‘, ﬁdQ; gy aM > I.14

Using I.,10 1t fnllows that:

E(d\; Ay a ‘OS‘X, c, C><X" Cy ¢ ]Ogl d\'; Ly a> = I.15

NI (RY(TD

T
" pidt b'b

(R))* Z G a"05”30,69(8“30,0"Qg:)d\';ﬂya')

d'd alet®
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Sumning both terms of I.15 over all R of G, and using I.2,
B D
Zc (s &y a) ol Ysc (), cla lds 4y a) =

. ‘SBD de ?,B—l Z(d; A, alog'z’; c, c><d,'; C, cl led‘i A, a)

abe
I.16

Appendix II

In this appendix the property stated in 3 1is derived
as an extension of the proof given in that paragraph. The main
difference is that the sets (Q A) of one-electron wave functions
ld/ A, ai) that span the irreducible represcntations of G,
have dinension ?/A Instead of two. From vi) in ¢ 3, there
are ?,c ground states denoted by | Qi) , and the basic formula
1s again 3.2, but with H' instead of Hso‘ The notation in
this Apnendix is the same as in § 3 unless otherwisc stated.,
Instead of assuming viii) of @ 3y it 1s assumed that H' 1is onc
of a sct that spans a given irreducible representation of G,
different from X. The extcnsion to the case when viii) holds,
1s trivial, The different contributions to 3.2 will be consie
dered onc by one, as it was done in § 3. To avoid recpetition,
(d 4) dcnotes any set completely occupicd in the ground statoy
(f_} B) a sct empty in thc ground state and (XC) the set
incompletcly occupled in the ground state.

1) Contribution of c¢xcitcd states obtaincd by cxciting an
cloctron from any state ag of a sct (ch A), to any state of
a sct (ﬂ B) whon | ﬂi>?‘: ‘Ylj> . The only possiblc 'X} statcs
arc ‘d; A, (as)ﬂ $ By Dby, X $ Cy ¢x ), whorc only the clce-
trons of se® whose occupation is diffcrent inl Qi}, | Qj) or
‘X)arc- writtecn down explicitly, together with the electrons of
the set (Z C)s by ch; A (ag) 1t is meant that the statc ag
is the only unoccupied onc in the sct (d\A). It is easily secnhn

that thc contribution of thcse states 1s zeros for cK - ci,
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the state diffcrs from IQJ) in the occupation of two statesy
for ¢ = ¢y it differs fromlﬂi) in two statesj for the other
cK it diffcers at lcast in thc occupation of two c¢lcctrons
with both ’Ql> and !’f\j N

From 1) and vii) it follows that thesc states give
zéro contribution to 3,2.

2) Contribution of statcs obtainecd by e¢xciting one clectron
fron any state a_ of the set (ch 4) to sho state cy of

(X C), whcn\rll>i|k‘\3 . The states 'K)are‘d\; A (ay),
K’C’CK i> or |3 A (a ), ZC cx Cj)’ and when c¢pfec, or

Cy9 they again give zero contribution to 3.2, bscause they
diffcr in the occupation of two onc~cletron states with“'[i)

or 'T[j> o To calculate the non-zcro contribution, it is assumcd
that in the ordering chosen for the onc-clcctron states, Cy

gocs to the right of Cy o This contribution cquals
(EO-EH) E(d\;A a XC cilold\ A (ag )}C ey ¢ >

5z1

x{(Oy A, a)X Cy ey ¢y ' \G‘\ A, aaA;X!C,». cj>+cross terms
IL 1

A
vhere o Ly a means that the set (A 4) is fully occupied,
and the 'Vcross terms' cre chteinzd by axchanging H' with 0,

The contribution t., 3.2 is then

- o y=1 Q" b . , \
-~ (&, - DX) ‘:‘{(X? C, CilolidW iy as}(d; Loy ash“lX? Cy e3¢
=

4 cross terms IT.2
and the matrix elements in thie Tor=-ml~ av_ Lotvwoe™ one-electron
states.

3) Contrihnattna_ __ Ciatec ptained by exciting one electron

from any state of (¢} A) to any state of (/5 B), when

b =ins)
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The states\}) ate| Ol 3 A (33)78 s C, ci,/}g B, by ) and

their contribution to 3,2 is

-1 Q'A
Gy = By SZ{@; ha 3)3Cocylolds aagdt)y s c, ey By bR
xdy 4, (as);x; Cy ci;[ﬁ; B, bt|H’ld\; A, a A;K‘; Cy cy)+ cross terms}:
-1 T _ _
= (&, - EB) Sat{mU Ay a_|0p] 33 B, p)([3s B, bt\Hl‘Ms Ay agy e

4+ cross terms} I11.3
but from viil) and I.16 this contributlon is zero.
L) Contribution of states obtained by exciting one electron

from any state a, of (Ol A) to any state of (3’ C) when

|qi> :“h) + The excited states are|X> :‘O\, A(as);)/; Cy ¢y )
and they contribute to 3.2 the amount:

LA U P
o =1 VYA , '
E, = bb) é’:ﬂ E{(o\; A, & ;X; Cy Ci‘ olq; A,(as)sgg Cy cycg)X
t#1

04

:(d.& (as);XC ¢y Ct lH'to\; ky a ;K; Cy, c4) + cross terms)’» =

A ?zc
g_;; %{(d? L, .as‘.oll Xﬁ Cy ct )X

t31

- (E ~F -1

= By - By)

X<X; Cy C4 lHl'\ A Ay as> 4+ cross terms}
and from I.16

==~ (B = EE)—I{(g? Cy ¢y lol‘ ks 4y as>(d\3 by "‘slHl', J; Cy °i> +

: , L cross terms} IIT. W
5) Contribution from all |} ) obtained by exctiting the
electron in (K C) to any state of ([3 B). It 18 straight

forward to obtain

-1 YaB ' ]
(B, - EX) Z{(X; C, ci‘Oll ﬁB, b&(ﬁ; B, bt'hilx; c, °j> 4
t=1

4 cross terrns} I1I.5
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From 1), 2), 3), %), 5), 3.2 and 3.12 and the definition of

Ed\f for the one-electron fictitious system:

<‘11|0“13 SURELS (X v eslonlys ¢ ey) (s ¢y eqlol)y cy cg)

I11.6
when O 1s invariant under G, the electrons of all the sets
(o\i) give a contribution to{ N1 | o| Qj> independent of i,
and this contribution is not nascessarily zero. VWhen the irredu-
cible representation X (sec ii) in 6 3) is differcnt from the
identieal rcprescntation the cquality

<Qi‘ O‘ nj> :<\x3 Cy Ci‘oll X 3 Cy Cj)

follows from 1.9, From this and II.6 the formulas 3,13
follows with thce qualifications written after thet cquality.

In % 3y therc is another generalization of propcrty
3.13, to statcs‘(qi)) which ars just like ]Qi>, but instecad
of having only the state ‘ X 3 C, Ci> from thc sct (XC) occu-
picd, they have a hole in that statc i.e. all the states of (XC)
are occupicd with the exception of state Cye The dcrivation is
very similar to that of 3.13, and only the argumchts which are
different in both cases will bc stated.
1) The same type of contributions as in 1) givc also zoro
by the samc argumcsnts.
21) Contribution of statcs obtained by cxeiting onc electron
from any state ag from (C\A4) to the hole in (X C) when
| (¢ N1 N x| ( 7\3 )) . The onlyl\&) for each ag is
lhs & (ag)s MR ©) and the contribution of (CAAL) to 3.2

Q’s ’ gfx 2
By = 2¢)” r (s 2 a a5 0 Ceolddy 4y @Y ey e *yx
Lo

x{ds 4 (as);a; C H"d; Ly aeh;)f; C, (cj)) +

+ cross tcrms} I1.7
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Defining nj; as the number of states between ¢cj and <y
in the ordering selected for the states of the () C) set, and

using the convention that nyj; = = 1 (for a doublet: nyp = 0),

tha contribution II.7 is written:

Ly

-~ - - ni.
- (.uo -:JK) 1 (- 1) . C"/d, A, a 'Ol‘ X’ Cy °i> X

s=1
x(X; Cy cy “J“Q\, A, a ) 4 cross term 1I.8
31) The same type of contribution as in 3) gives
S ﬁ:’l
Ty - ) {(d\, hya 3y C (eq)folds & (ag)y )5 Cleg)y

. f}; B, bt>x
x(ds b @ )3Y 5 C (eifds By b Hilds &y a 3 ), C (eq))+

+ Ccross terms} o

=l

= @, - Eg)-l Zt{m; A, a5101|ﬁ3 By )
S
<ﬁ§ By by ‘Hil oy A, as> } cross terms} II.9

and this contribution is esqual to zero by viii) and I.16.
L) Contribution of states obtained by exciting one elec=-
tron from any state a, of (4 A) to the hole in (b’ C),

uhen '( “i» = I(T\j)> . This is equal to: 0
st T - lo c
-DX) S__Z{((;L;A,a ;a/;C(ci)Od; A(as);!;C,c M x

L

Le
<dA(a) KCc H'ld\ A, 2 ;X;C(ci)>+crossterms}:
L
=~ (1, - B E{(dgl\; aglo|Y s © e1)
s=1
(X; C, ci{Hl'l A 4, as> 4 cross terms} II.10
nii
because - (- 1) -1
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51) Contribution from all '5> obtained by exciting any

state in (J C) to any state in (BB), when \(\'\i))?ﬂ(ﬂj)).
It is equal to

s Lo
2 Ly ¢ tendolfs € (g eg)y f33 By bg) x
szl

sti

w

-1

(Z, - T

™

B)

ct
]
=

x{ {3 C (cqy ca) 4 /b 3 By bt\}:t‘ 5; C (cy)) + cros terms IL.11
wiere ¥ C (cj cg4 ) mcans that only the two states ¢y and Cg
arc missing from (K C). When cgfcy, the intermedlate state
diffcrs in two one-electron states from\x s C (c; )) , and their

contritution is Zero, It follows that II.ll equals:

~1
@, - Et) (-1 {(ﬁ By by} 0y] Y5 €y €1)
(x C ey |Hﬂ ﬂB bt> 4+ Cross terms} I11.12

61) Contribution of the samc [X) as in 51!') when

It is equal t

G, Z {(5; C (ci)| O\X; C (cy cs);rb; B, bt> X

y by ' H'\X; C (ci)> 4 cross terms =

O L IR (ST RN KN TR
s=1
s¥i
(f}; B, bt' Hl" X; C cs> 4+ cross terms} I1.13

and by I.16 it 1is equal to
. B
SR &, - EE)_l L (Y3 © NEANLTERS
<ﬂ; B, bg ‘r{i‘ X; C, °i> 4+ cross terms} 11,14
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From 1'), 2'), 3'), 4'), 5'), 6'), and 3.2. and 3.12, the
definition of EC&A

— a—— '/ N l . -
opletngd) {Olo (QJ»" 1115

= (- 1)“”{@?703' | oal Y 5 ¢ esd ~CYs €y eglogl s o CD}

The cquality

ool () = (- 1) H (Js ¢ cj) 01] ¥ € ey II.16

e

is trivial fer 1Fj. When 1 = J, it is only true when the
irrcducible representation i (sce 11) in § 3) 1is differcnt
from the iduntical cne. Yhcn O is invariant under G, both
membars in I1I.16 differ by the contribution of the dlagonal
ratrirx elcmcnts of all the onz-clectron states In all the scts
(Q\ i) and in the set ('X C) (formulae TI.9 is used to derivec
ti.is property). Formula. 3,15 1s now proved, with the quali-
fications that follows that equzlity.
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