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1) Intr od'jctlon:

The parpóse of this paper is to explain the g-values and

hyperfine structure constants observed In the paramagnetic resonan-

^ 4* 5 4"
ce of one complex of Mo^ ^ i The resonance of Mo has been

observed in diluted crystais (1 ) , and in li-quld and frozen so- 

lutions (2 ) , and the optical absorptlon spoctram of one complex 

is also avallable (3 ) . !¡ost of these references (1, 2, 3) deal 

wlth the complex. of Mo^ vith chlorlne in strongly concentrated
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C I5 OM0 is assumed,hidroclorlc acid, and in them, the formula 

It v;ill be shov/n that the neasured pararaeters can be expíainc-d 

u-idcr rcasonable assamptions with this formula for the complex.

As the paraniagnotic resonance spectrum of this ion is axially 

symmetric, it vjill be assuned that the complex ion is a totra- 

gonally distortc-d octahodron with Mo in the ccnter. The formula 

assumed for the complex ion makes unlikely the axial trigonal 

distortion,

For octahedric symmetry and in the crystal field appro- 

ximatlon, the orbital levóla of the Mo^ ion vould split into 

a triplGt and doublct, The triplet bcing of lower energy than 

the doublct for negatively charged ligands, The states of the 

triplet and doublet aro designed as t2 and e states respccti- 

vely and their energy levols aro further split by a tetragonal 

distortion of the octahodron, The triplet t£ splits into a 

singlet and a doublct under this distortion, their separation in 

energy being proportionnl to 27 ( }  - 2 5 < r ^ ) a n d  to the

amount of the tetragonal distortion. The sign of this expression 

is vory sensitivo to the details of the elcctronic distribution, 

and although it will bo yhovm that the orbital singlet from t2 

is lover than the doublct, it is not possible to bo suro of tho 

sign of the tetragonal distortion from tho expression abovo.

Míen tihe electrón spin is considerod, the throo orbital t2 

states become throe spin doublets, and their g-valuos havo boon 

c?lcal'itüd (^) when tho tetragonal distortion and spin-orhit
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coapling betweeíi these slx states are considered. As the measured 

g.j and are very naar the valué 2, the spln doublet from

thc- orbital singlet has the lower energy, because If the othor t2 

states were of lo-wer energy, the g valúes would be near zero.

This dGduction dcpcnds on the assumption that the spin orbit 

coapling constant ^  is snialler than the tetragonal spllttinc S 

bctveen tho t- orbital singlet and orbital doublet. Therc- :.s 

anothcr possibility of having g|| and gĵ  ncar valué 2, but 

in the present case it corrcsponds to ^  :  20 6  , ’.'/hich ir: not 

reasonable as it will be prosontly sccn.

The formulae already racntioncd (!+) fa il  to glve an accu- 

rato agrcoment with the mcasurcd g|| , because g|| r 2 up to 

first order in /  S  while g| r 2 - 2 ) .  This difficulty

disappoars when one considcrs the admixturc of the (^d)e orbital 

states into tho ground state through the spih-orbit coupling, and 

it can be shnvm that both gjj and gĵ  diffor from 2 by a 

term of first order in ^  . Whcn the formulae- so obtained aro 

madc to fit with the measurod g|| and gĵ  , the ratio of the 

spin-orbit matriz' olcmcnt of thc energy separation between tho 

t^ and o states, turns out to be unreasonabl? small. To explain 

this discrepancy, one is forced to considcr the covalcncy betwcGn 

tho (^d) states of 1-ío and the p states of thc ligand. It vas not 

onoagh to chooso convcnicnt orbital factors (5 ), as thcse v;ou2.d 

have boon too small, and it vas nccessary to takc into account 

thc fact that some excitcd states, that are not considcrcd in thc 

crystal ficld approximation, are raixed into thc ground satc throu¿h 

thc- sp.ln-orbit intoraotion. These states aro those obtained from 

thc g.'.’C'.'r.ü STate of the conplcx ion by excitation of electrons 

f*'oiii thc fully occupied órbitaIs into the cmpty orbitals. Ey 

this iiiechanism some orbitals that are essontially ligand states, 

gi\’-G contribution.s to thc g-'^̂ .̂lnes that are comparable to thoso 

orbitals that aro essontially contral ion states, This contri- 

bution does not appear in the crystal ficld approximation or in

- 2 -
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theorl.es víhere covalency is taken into account only by the use 

of convenient reductlon coefficlents.

One v/ould expect thnt the Introduction of a 11 these excl- 

ted states would make vc-ry dlfficiilt the calculation of g-va].ues, 

but it vas shown that unáer several restrictlons most of the con- 

tributions became zero. Un,der those restrictions, most of the 

required results aro obtained by raaking the calculation for n 

fictitious one-electrón system, provided the energy levéis and 

wave functions of this fictitious system are convcniently ciioosen, 

These rc-sults are gencralizcd to the case vhen there is only one 

laagnetic electrón or holc be-sidos Ginpty or fully occupied orbitals.

Ivhen considering the covalency bGtvocn the 1+d olectrons 

of the central ion and tho p olectrons of the ligand, the 

differcnco betveon the 0= and tho el" is disrogarded. To find 

a justification for this assumption it is assumcd that the diffe- 

ronco bet\'7oen 0~ and el can be described by the sur̂  of tv/o 

perturbations: one oven and the other odd und.er inversión, taking 

í-io as center of inversión. Tho even porturbation only adds to 

the effects of tho oven tetragonality alrcady considcrcd. Tĥ o 

odd porturbation would nix odd contributions to the wave fonction 

of tho ground state, and thcir effect on the hyporfine and Zooman 

terms would be of socond ordcr in the porturbation beca uso the 

corresponding operators aro oven, If it is then assumed that 

the said odd porturbation is small, its effect on tho hyporfine 

and ZooiTian pararaotors can bo disrogarded.

Undor all theso assuraptions the oxprossions for g|| ,

 ̂ A and B, ha ve boen obtained.

Although tho fornulao have too nany paraneters to bo 

dotorminod from the availablo data, tho modol assumed is justi- 

fiod by the roa sonable valuos that can be givon to thoso theoro- 

tical paramotors.

From tho theorctical oxpressions for tho hyporfine 

constants A, B, sensible valúes for the paramoter P and K, dofi- 

ned as usual (6 ) ,  havo born obtained.

^ 69/65
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2 The wave f u n c t i o n tiie complex

The way in whlch tho ^Ki, 5pj 5s States of Mo and thc 

3p statGS of thG ligands v;oald be occupled when covalency is 

assuaed for octahedilc syinmetrA'- is now considered. One shoald 

tako 2p statos for the oxygcn ion, but that diffc-rGnce vill be 

disrcgardcd* Molc-cular orbitals will be formcd fron linear com- 

blnation of the atoraic orbitals mentioned above, not considcring 

thc: inner shells, It is better to work with syniraotry orbitals 

which are rcadily constructcd for thc- central ion and for the 

ligands. Thoy are donoted by (S) A, a^^ , with S = d, p, s 

for the central ionj and S = (j** , 7X ligands, vith the

standard aeaning for G" and 7T olectrons. A denotes tho irre­

ducible roipresentation of tho cubic group, and ai thc parti­

cular State in that representation. All these states conform 

with thc notation of Griffiths (7 ) , and their transformation 

proporties sru those given in Table Aló of that reference.

From the five há - orbitals, three (TT) and

tiro íG ') Eg orbitals aro obtained, and similarly, tiiree (CT ) 

orbitals from 5p and ono (CT ) Á2_g orbital from 5s 

are obtained. The eighteen 3p orbitals of the ligand are 

scparatcd into six G orbitals and twelve TT orbitals., They 

givo orbitals with A equal to Aj_g, Eg and T;j_̂  for tho CT 

electrons and equal to Tj^g, T^^ ,̂ T^g and T2̂  ̂ for the OT d e c t ro n s .

Therefore for octahedric symraetry (8 ) ,  there are bon- 

ding and antibonding orbitals with A equal to Aj^g, Eg, T^^, 

ona Tgg, and non bondlng orbitals with A equal to T^g, Ti^ , 

and T2^.

Of the tbirtysevc-íi ellr-ptrons that have tn be accomodated 

into thoso orbitals j '■-i 2n can be put into thc bonding 

'.'g,. Eg, and T2g orbitals, eighteen into tho non-bonding

Tig, and T2^ orbitals, and thL-ro is one magnetic electrón

left, From tho hypc.-rfino s-^ructure observed, it can be doduced 

• î:"t this cloctron is most o.-*'' thc time around the central ion.

- if -
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In the cr^’-atal field approxiraation thls electrón should be a 

Tgg, and it Is assumed that this state of affalrs would not be 

changed by covalency.

The symmetry assumed for the complex ion is not cubic 

but tetrag;Dnal and molecular oroitals suited to symmetry

are defined as linear combinations of the aiready defined sym­

metry orbitals (S) A, aj_) . The new molecular orbitals span 

the irreducible representation of the group, and they are

denoted by j d  ; A, a^^) , where Á, â  ̂ corresponda to 

and d  is an integer that identifies each ene of the several 

molecular orbitals that transfora like A aj_,

In a totragonal field the orbital triplet tp is split 

into an orbital singlet of syim-ietry Bp in and an orbi­

tal doublet, It has been said bofore that in the crystal field 

approximation, the magnetic electrón occupies the tg orbital 

singlet, so that the valúes of ĝ j and gĵ  are very near tv;o. 

Assuming that covalency does not alter this situation, the magne­

tic electrón ■'//ould occupy a molecular orbital of symmetry 

’̂2g ^2 ^ h  spin-orbit interaction is equal to

zcro,

The two spin states of a spin one half transform under
■it

liko E ' and the ground states will have in this approxi- 
5

mation two one-electron states available for the magnetic elec­

trón, their symmetry being x E ’ z E" ,
S g g

In the next paragraph, it -will be swown that the 

g-values and hyperfine structure constants for this complex, 

are obtained by making the calculation for a fictitious system 

of only one electrón. As the spin-orbit coupling is invariant 

under molecular orbitals that will be reqaired

are all those belonging to irreducible representations A, such 

that A X contain E ", i .e .s  and E^.

- 5 -
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The following are a 11 tho possible órbitaIs that can
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be

1;

obtalned from the | (S) A, a^)- 

“l e ’ ’"!> =

consldered:

(^d) E g ,B > 2 .1

1 2| =ig> * î> = ^2 l (ÍT) Eg,5. > f D2 1 (^fd)
V  e )

I l 5 ®2g> '“a) = ^3
1 (H ) T2g,0> + D3 1 (^d) 0>

1 2? % g i  ^>2) = 1 ( 7T) T2g ,0 > f Di+ 1 (Ifd) T2g, 0>

í 3g, + 1 > = ) ( Tr) ^5 ^ T2g,-1> + F5 (JT)Tig, 1>

l i ; Eg, - 1 > : -C5 ) ( I D  Tog,-)-!)- D5 (^d) T2g,+l) + F5 (ÍT)Tig, - 1>

12; = ^6 1 ( 7T) T2g,-1>+ Dg (i+d) Tsg.-l) + Fól(^)Tig, + 1)

1 2*, Eg, - 1> = 1 T2g,fl>- Dg 1 ( W ) T2g,tl> + F6lffi)Tj^g, - 1>

1 3 ; Eg, f 1 )  s Cy j (ÍT) T2g, -l>t ( (^d) T2g,-1> f F5,|(ÍT)T^^,
+ 1)

( 3 J Eg, - 1 )  r -c? 1 (7T ) T2g,+1)- 1 (^d) l2g,+l> + F^t(^)Tig , - 1>

The coofllcients are choosen in such a \my that for 

the and functions a z i  are the bondlng órbitaIs,

and a z the antlbondlng ones. For the E states there are 

three possibilltles, bocaase the states ( T2g, t l )  and 1 T^g*, l) 

belong to the same representation of the group Di .̂ In cublc 

syianetry the T̂ _g glvcs a non-bondlng orbital whlle the two 

groups of Tgg states glve bondlng and antlbonglng orbltals,

It vlll be assumcd that the E states are essentlally the same 

as thelr counterparts In cublc symmetry, taklng a r 1 for the 

bondlng, a r 2 for the antlbondlng and a = 3 for the non- 

bondlng orbltals, l .e .s  F^, C^, are much smaller than 

the others cooffIclents. Lattcr, as a rough approxlmatlon thcso 

coefflclcnts are taken equal to zcro, to reduce the number of 

parametors In thf̂  formulae,
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The phase of the i (S) functions are chosen In

such a vsy that D and C are positive for the tonding combi- 

nation. I3GsldGs, a further restriction on all the states deflned 

In 2.1  is assiuiGd, naaely; that they are all orthonormal, so that 

the usual formalae of perturbation theory apply.

As in the case of cubic symetry, the ground state wave 

funcions are assumed to be the two Slater determinnnts of 37 

electrons, with 36 electrons in the bonding and non-bonding 

orbitals cicntloncd beforo. As it v;as already discussed the magne- 

tic olGctron is in ono of the two ( 2 ; B2g, b2 )  statc-s. The two 

Slater deterjiinants are elgenfunctions of an unperturbed Hamil- 

tonlan Hq and the effect of the spin-orbit coupling remalns 

to be considered, this belng dono in the next paragraph,

The inner electrons of central ions and ligands are not 

considerad bocause it is assumed tíiat the energy necüssary to 

excite thcsc states is too big, and that thcso cxcitod states 

give a very snall contribution to the g-values and hyperfine 

structure constants,

3 Reduction to a one-elcctron problem.

It has been assumed above, that the 37 electrón Slater 

detcrminants are eigenfunctions of an unperturbed Ilamiltonian, 

and the tvo ground states in txhis a ppr ox ima t i on will be called 

I c^*') \ ) • They behavc undcr the group as the

/T**
and basis vectors of the , irreducible representation

§
(tnblG AI6 in ref. (7 )\and it is assumed that the only important 

perturbation is the spin-orbit Hamiltonian Hg^. In view of a 

lattor goneralizntion thcsc two states are denoted by i 

for i s 1 , 2 , The perturhod states ) 1 ) aro to first order :

1(
The cxcitcd states \ ^ )  havc zero-ordor energy E-̂  ,

*473/6?
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and the summation exeludes the groiind states (their energjr is 

Eq to zero order), For the matri:: elements of anjr opera tor O 

betxreen tiié fanctions 3 .1 /

( ñ ? .  lo i  "ñ j > - < n i l  o h j )  o | j 'X y iH ^ ^ h 3 > +

í  3.2

4 croíS torras

where the "cross terms" are thoso obtained by exchan[?lng O and 

HgQ in the- f:'.rst summation,

For the problem under consideratIon, the operator O 

wlll be of the form j,j

o = ^  Ol 3.3

where 0^ is a one-electron opcrctor acting on the coordlnates 

of the i-the electrón, and all the 0^ are otherulsc equal,

Tiie operator is also assur.ea of this form. For these oper-

ators tj’ie ¿latrix elomcnt betv/een olator determlnants are equal 

to zero, unless they differ at most In one of the onc—electrón 

statc-s, This proporty makes the contribution of nany c-xcited 

states üO 3 , 2 , equal to zero. The only excited states that con­

tributo to 3*2 are divided in tvro categories; a) the magnetic 

electrón of the ground state | )  is excited to a higher sta- 

tc ; b) one of the 36 paired elcctrons is excited to p. non-occupied 

i.lghorstate,

In order to simplify the calculation the ono-electron 

states have bcen chosen in such a way that they transform according

-H-
to one of the two irreducible rcproscntations of Dî |̂  . E ' or lí",

I I I j 11
and in particular, in tho. samo ’̂ ay as ck } or ci respocti-

vely (table AI6 in ref. 7 ) . Thcso two rcpresentations are the 

only oncs allowed for onc-clcctro:: states when tho eloctronic 

spin is conslcLcrod, The one-elcctroh states are thcn grouped in

- 8 -
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duublets, and symbollzeá v;ith latín letters a e .g , :

Cj and G,̂  for the partlally occupled doublet of the ground states. 

For each term In 3 -2 , the oní?-elcctron states of all the doublets 

whlch are equally cccupied lii i a n d j ^ ) v i l l  not be

explicity written, and It is farther assuraed, that if two states 

belong to the same representation and have equal subscripts, th^y 

transforci in the same -way andor Di^^. The excited states J  /  of 

type b) do not contribute to 3 , 2 unless.tho cxcitcd stato is 

the unoccupáGd state, ?or thls is vory simple- to

show becausG the tv/o only possiclc ) when tho cloctron in the 

ag State of the a^ doublot is excited to the bĵ  statc- 

of an cmpty doublet, are a^ bj- Cĵ   ̂ or { a^ bj  ̂ cj^. The first diffcrs 

frora j c j  ̂ and the socond differs fr om | = | 3g â- c ^

in two electronic states, and one of the two uatrix eleacnts in 

oach torra of 3*1 is zoro.

The proof of this propcrt]' when c .=c. is dif forent; thó
i J

contribution of all thoj| ^ obtaincd by exciting tho states a| and 

ag into the states b-, and bp of the eripty doublet, is givcn by;

\ ai>+(ai|o|bi><bi|H,Jai> + 

+ ( a g l o | b 2 > < t 2 lliso I 32)-í-(axl C'lb2) '^2 lHso|a])  + c ro s s  t6rms|'  3 . V

From the transformation proporties chosen for the onc- 

electrón states and the inyariance of under

quantity 3A is equal to

^ 9 -

[<■“! I ° I '’l>+í'-'‘2 I 0|t2)]<b̂ |Hs„lâ ) +
° In>+'<’1>2 | 0 Í “ 2 > j] 3.5

3ach tcrn in 3,5  is proportíonal t? an cxpression of tho 

f orm

'/ \Ó\ I\ a... lo" |d\*l ) 3*6

i
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where c( ancld' characterizc tvjo sc-ts (c^ A) and ( d ‘ A) rf 0 

onc—c-lGctron \jrvo functlons cach, that transform undc-r G as a 

glvc-n b.;sls of a unltary :rrcduciblc reprcscntation A of a 

group G, ¿;nd the sutnnatlon Is over all thc c-lemcnts of this re­

presenta ti on. In the proscnt caso = 2 , but latcr the genera- 

lization for any is made, The operator 0^ Is one of a set of

operators that transform undor G as the irreducible representa- 

tion B. In Apendix I it is shown that unless B is thc identity 

repi’osent:;tionj 3*6 is equal to zcro; thsrcfore if the operator

O has t!ie r&quired properties, tho quantity 3 .5  equals zero, 

and thc property stated bcfore follows for Cj_ = c . .
o

The non-zoro contribution of states of type b) to 3 ,2  

cornos froa thc- intermedíate ( )  states obtained by o:x;citlng 

any electrón of an occupir.d doublet a^ a^ into thc unoc-

cupied State, The only excited state of this type is then

j c^ ) , For c ^ ^ c ^  , thc contribution of a doublet ajL ^2

to 3 , 2  is equal to

-1

- 10 -

3.7
+ cross terms

The negativo sign comes from the different position of 

the ono-elcctron v/avc- functlons in the Slater deterninants, as 

thejr havc to be- placed in those determinants according to sô ie 

fixe-d ordcring, so as to defino the ir phases uniquely,

Tor = Cj = c^ , and vrith similar arguincnts as for 

3,5> contribution to 3 .2  is equal to

(Eq ^  ̂ cross terms 3.R

yrom thc- invariance of undor , it follows

that < Cg I'^s q I ^ 2 )  Gquals zero unless C2 and 82 bclong to 

the sjir.'.e irreciuciblc represontation of , and in this caso

k76/65
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<32 lo| C2) is ono tc-rm of 3 .6 .  Assiuning as bcforc that O 

belongs to an irreducible roprestritatlon of D^h difíoront from 

the identity, it follows that 3,C Is cqual to

- Cj, |K^^|a^'^(a^(0|c^) f cross tcrms 3 ,9

In tliG same way, the contribution to 3 .2  for

Ci :  c. z

Is ¿qual to

- - :J-j ) \co|n^^|a2)(a2|0|c2> + cross tcrns 3 .10

The GxcltGd states of typc- a )  glvo cxpressions c-qual 

■to 3 *7 , and 3 . 9 , bat without ths nagativc- sign,

Tho calculatlon of the matrix elements of thn opcrator

0 betweon two vSlator deterrainants | ¿ ) and Is simplc- 

becausc C scitlsfics 3 .2 .  For i ^  j it follows that

< *li  = < '1  lo| 3 .11

but for i c thore is also the contribution of all the filled 

doublGts, As it was assuned that O transforms undcr as

an Irrcduciblc roprc-sentation difrcront from the identity, the 

expression 3 ,6  is cqual to zcro and the validity of 3 ,11  when

1 = 3 is ioiiodiatcly deduced.

Loocking at all the non-zero contrlbutions 'to<r[ĵ  | o | , 

it follows that its valué can be obtained by making a similar 

calculatlon for a fictitious one-electron systom,

Torstatu this result in a precise way, a more general 

propc-rty, (derived in Apendix II) is given h<,rc, The following 

propcrtj’ includcs the results just derived.

I.ct an opcrator O and a i^m iltonian  H s K q E ’ 

be givGh for r system of N partidos , with the follov;ing 

pr opertics :

i) The opcrator O is of the form 3 »3 > 2nd the 0^ ha ve

the proücrties statcd after that cquality,
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ii )  The oporator O is one of a set^operators that trans-

form under the group G that leaves Hq Invarlant, 

as the irreducible representation X of G.

l l i )  There is an orthogonal set of one-electron wave functlons 

denoted ty \(^ lí a.i} , such that the Slater determinants 

cf ordf-.r !í ohtsinod from them, are oigenfunctions of 

These Slater deterrainants are denotecl by a k e t 

with a greek letter, with or withoat subscript, e .g .

! ] ̂  I i > •
Iv) The one-electrán wave functions \ cA A a¿) aro sortea

into sets (d\A) of elements each, such that

the elements of cach set span the irreducible repre- 

sentation A of the group G. The integer d  identi- 

fies each one of the several sets with a given A,

v) The several Slator deterciinants that lia ve a 11 the sets 

(oí A) equallv occupied, have equal eigenvaluos of Hq,

vi) The number N of electrons is such, that in the sevc- 

ral ground s t a t o s \ '^ i^  aILthG sots (O Í A )  are full 

or erapty with the excepción of set (*^  C), which has 

only t he s ta te 1 y  C .Al) occupied,

v il)  The pcrturbation Karailtonian H*, has the same propcr- 

ty i) as the operator O,

v ii i)  The operator H» is a linear combination ff opcrators 

that span "rr< riiciblc representations of G, all 

d-lfferent from K (seo i i ) ,  A fictitious t^ne-clectron 

system is now defined v;ith stationary states equal to 

the 1 d\ A of i i i ) ,  \i/hen|cA A a¿) belong to a

s:-! z --'r-iy occupied in the ground state

of the real systc-A;; its enorgy in tlie urcp^.rturbcd 

fictitious systum is -E ^  ^ = - ( E - S q ), whcre 

is the cncrgy of the statc- r,f the real system that 

is obtainod frora the grounc  ̂ state by oxciting the

- 12 -
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olc-ctron lnjci(A aj_ > to any availablc- statc of thc set ( y c ) ,  

partially occupicd in tho ground statc-í w h cn jd  A bclong 

to a sc-t ( ĉ á ) thfit is Gi.’.pty in the ground statcs of thc rc-al 

systoa, its onorgy in thc unpcrturbcd fictitious systcra is 

^o( A ~ “ ^o^> whcrc Is tho encrgy of thc statc of

thc- Tv^al systcm, that is o’Dtalncd from thc ground statc ty 

02cciting an clcctron of thc- set (Jf C) to tho statc|o(A a ^ .

onorgy of any statc C Cj_) of thc set partially occupicd 

in tho real ground statc is oqual to zcro in thc fictitious 

System. The cn.rgy is that of thc ground statcs of thc

real systom,

Dcfining

I K ~ > = U C  + ^  (E^. - E ^ , r \ o < A a 3 | H . | ^ C  Oi >|c< A u 3>

3.32

Whore ly is thc onc-clcctron opcrator that corrosponds to E ' ,  

It follows for itrj

- 13 -

I o I = < p  OllOll )( c Cj> 3.13

Víhoro is the one-c-lGctron operator that corrosponds to O,

This oquality holds for i - j , only whon tho irreducitlc rc- 

pre-sentation K (scc i i ) )  is not tho idontical rcprosentation. 

lihcn O Gs invariant undor G, the two aciabers in 3 .13  diffor 

by a constant indcpcndont of g j. times thc ICronochcr

A vory similar propcrty is obtaincd for a systcw v;ith 

all tho propertiGs i)  to v i i i ) ,  but using instcad of v i )  tho 

proporty vi’ ) :  in tho ground statcs, all thc sots (c^A) aro 

fully  occupied or e-^pty, vith the exception of set ( lí C), for 

víhich tho State I ^  C is: :the only one unoccupied, Thcse

¿iround states v ill  be d^notod v;ith j ( , and instead of

S .B 'the  folloviing equatioi-i holds

( y \ i ) > :  I + ) _  G v  - I h ' 1  3 . i h

I  *
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For ■ It Is shown in Apondix II

<f ( ni )  | o|  ( n , j ) > =  (-  o ¡ l o i i y c  Ci> 3 . 1 5

vhere Is the number of states between and In

the ordering selected for states of the ()f C) set, uslng the 

convention = - 1 (For a doublet, equality

3,1!; holds for 1 :: j v/hen K (see l i ) )  is different from the 

Ider^tical representation. '/Jhñn O is invariant under G, the 

two niembers In 3,15 differ by a constant indopendent of c¡_ 

tiñes ^ i y  same dcfinitlon is used for the energles of 

the fictitious systen whc-n there is only one electrón in ( r C) 

or only one hole,

The generallzation stated in this paragraph, makes 

possible the calculation of the g-values and loy-perfine stractu- 

re constants, up to first order perturbation theory, víth one- 

e l G C t r o n  fanctlons like 3 *12 j instoad of using the more cunbcr- 

sojne many-electron functions 3 . I ,  The orbital functions in 2,1 

are vritten with a + or - sign to denote the two possible 

spin statGs,  transf orming undor as S * ci* or E* /3 '

rospectivGly (tablG A16 in ref, (7 ) ) .  Instead of the two ground 

statos of the many electrón system, the following states of the 

fictitious system will be used:

I 2? Bag, 4 > : |2i Bjg, b/> + X̂ l 1, B2g, b2 +> +
+ Xj I 1 -, B b / >  + X, | 2 ¡ , bi+> +

«■■“O

+ 1 1; > + Ya I 2 ; üg, - 1 ■> +

+  Y 3 1 3 !  a g ,  -  1  -  )

I S! 1=2'> = -|2-, bg" > - t 1 , Bgg, bg ■ )  1

+ Xgll; -> - X3( 2 , bj_ - )  +

+ í l | l !  E g ,  t  1  ■^) + Í2  I 2 ;  líg, +  1 +  )  +

+ Y ,| 3 -, i3„ , t 1
to
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The two statcs | 2 ;  ^ 2 ^ > and | 2 ;  Bgg, ^ 2 ^} be-have

undor as E ” ci“ and E ” /?>" r esp ect iv e ly , and v i l l  be

donoted by | ci*')and | j?>'* > for convonicnce,

Spln-Hamlltonian oarametc-rs,

It Is now straightforward to obtain g ,̂ and 

to f ir st  order fro.-n the Zoeraan térra: / ¿ H .  (L 4 2 S ) .  From 3 . 1 6  

and tiieir syinmetry propertles

=  2  + B e | x p  < 2 ; b j  | | 1 ; + X 3 < 2 ( B g g j b g l L z l

• 2 ! Bie>

S,

b| - - - T ' A _  ^aN^> ^2g>
\_3 ¡Tx

The matriz elements of and betv.'oen (^d) states 

were Imnedlately obtalned; those between a (̂ i-d) state. and 

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

those between two ligand states were obtained neglectlng the 

contributlon of ruatrix elements between two 3p states cen- 

tered around dlffb-rent ions. The final fornulae ares

= 2 + 1 +  Re[x2 2]^ (Dj + S^) -v C¡̂  (-Ci + 2Di ^

*

r 'if
+ X3|^2Dî. (D2 + C2 S^) + Cî  (-C2 + 2D2 ) 

- Y 2 Rc Í1

5̂ 2

^3

■ ^
2Dk

v;here

(C^ - F5 4 2D5 4-

Ch (C6 “ Fg -f 2D6 +

>
Ci+ (C^ - . 2Dr̂ Sj)]y .  2

z ( ( W  Sg e\«T) 3g,S>

= ( ( U d )  l2e>Sl^^^  ’’2 g . ^ > ‘<■.3

^31/65
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The hyperflne oarameters A and B are obtained fron 

states 3*16 and the usual perturbation term (6)í

S) • I - J ^ ( r .  n )(r  . I) +

SJT
(r) S • I

wiiere ^  Is the distance from the raagnstic electrón to the cen­

tral ion, 2/ is the orbital angular mo.T:Gr.tum of an electrón, ^  

its spin, y2» the Eoi'ir magneton, ^he nuclear mapjneton and

y  the nuclear gyromr.gnetic factor.

The quadrupole Interaction has not been considered as 

the quadrupoio moments of Mo^^ and Mô ^̂  have not been observed, 

so they are presumably small.

The dependence of on r goes as í and it can

be expected that Its inatrix elenents between any tv;o states 

of the llgands, or betveen a state of a ligand and a state of 

the central Ion, are nuch sraaller than those between ti'.’o states 

of the central Ion, It can also be seon txhat vhen ene conslders 

coval3ncy, the- contributions of r~^ í  and r”^ S aro not 

proportlonal to g or as happens when the onc elc-ctron

statGS aro the product of a radial function times a functlon 

of the polar an^lc. (cf, formulae 12.1^f in ref. (7) or fornulac 

5.3 and 5 . ’+ In r e f . (9 ) ) .

Consldering only the matrix clencnts of bctvc-c-n

any tv;o central ion states,

A = P-ĵ -

6V2

7

B = P

i+ *
Dî  4- 2 Re (Xi Dî  D3) + Re Dl̂  8(X2Di f X3D2) +

Dy) - K j -

7

' *  ^  ii'sfz
Dl+ I 2 Rg (Xi  Dlf D 3 ) ------ Re

+ Y2 D6. + Y3 Dy) + k J*

eJ  (Y1D5 +

> .5
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v;hcro P = 2 r “3 ^  K comc-s from thü Formi contact

tcrm in 3,*h.

5 Spln-Orblt Intoractlon.

-Bcforc formulac '+.2 and *+,5 are conparod with ( .xpcrinont, 

it is nocGssary to cstimatc- thc coefflclcnts  and in 3 . 1 6 ;

tiic- spln-orbit interactioii Is assumod to givG thcso coeff:.-

clents in  f i r s t  ordc-r pcrtarbation thcory,

To Gstimatc- thc spin orbit matrix olcmcnts hctwc-cn thc 

CK A statG-s It is assumod that thc- matrix oloments of

bctwGcn two frcc-ion statcs contcrcd around d iffcrcnt  ions are 

zerOf but those bGtwoGn two otates centered around tho same ion 

givG tho froc ion valuG. This assumption givcs a suffic icnt  

approximation (10)  for tho cstimation of Xj, and . Thorcforc, 

only thG 3p spin orbit parameter of the frcG chlorino

ion; and tho !+d, spin orbit parameter of the frce

raolybdcnum ion are ntoGdod.

After somG calculations the follov/ing formulas

- O

Xg = ( cÍ 5.1

whcrG S14. r: E2B2 - sama formulao hold for

vjitli D2, C2 and ¿ ^  = S2B2 ~ ^2B1 i^stead of D^, 0^,

- 17 -

= ^  (2 I\ Dj + Ci, (Cj - Fj) ^  5.2

l \ ¡ 2

whert S j  z ^2 22 ~ same formulac- hold for Y2 and

^3 D^, Cgj Fg 8 2  - ^2B2 “ ^2E

Í 3  = '^2B2 "  ®3E ^cspcctively instead of C^, F^, (S^.

The 3 A energios of t h e  states jd[ ; A ,  aj_^ in t h G

f ic t it io u s  one-GlGctron systom, and have buen dGfinod in ^ 3 .

k?3/65



6 CojiparIson wlth experimental g-values,

Formulae k .2 and k ,5 deptnd on severa 1 kinds of para- 

nctor: i)  coefficionts lliro Dî ., that are rolatod to the amount 

01 covalcncy betwGon central ion and ligands, i i )  coc-fficients 

likc X]_, ¿'Ivon in 5.1 and 5.2 as functlon of thc coofficicnts i ) ,  

tho spln-orfcit parameters of thc freo ions and and tho

oncrgy difforonce betwccn tlio ground statc and the other states; 

l i i )  pararjctors P and K, Valúes of the s?.ne order as those 

given by Owen (8) for similar ions, will be assiimed for a 11 the 

coGfficlents of type l).,.To simplify thc analysis it will be 

assu.Ticd :: O, as they only appcar expllcity in thc

first order corrections, and pressumably give small changos 

in ^ .2 ,  In V .2 it has bocn alrcady assumed that F^, Cy, Dr̂  

are small, and they are now set equal to zero, so it follovrs frori 

norma lization that F^ r 1,

There are still too many coefficients in 2 .1 ,  but their 

nurabor \7ill be reducad by assuning that the anount of covalcncy 

is tho sama for a 11 bondln,-̂  n  orbitals, i . o . :  D6 = Di+, All Dj_ 

aro chosen real and positive, and from the phfiS'-s assumed in h ,2 

for thc orbitals (S) A, )  and the orthogonality of the func- 

tions in 2 .1 ,  it follows that

= Dg I a D2 = Ci

D3 a - - Ĉ . = - C6 = V l  - D3_ = - C2 r X / l ^ T ^  6 .1

V.-ith all thc se assumptions it would be possiblo to obtain D2 and 

from h ,2 if the cnergy lovels of tho states in 2«1 where 

known, as and can be estimated roasooably well.

Unfortunately thc only two cnorgy diffcrcnccs that have been 

idontified (3) are: - S2  r 1^050 cm ^ that corresponds to thc 

splitting of the ground T2^ triplot, duc to the tetragonal 

field ; and 22500 cm thnt corresponds to the transition 

botvrcon thc ground statc and the lowost of the two oxcitcd

- 1? -
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statGs orbital syrüinetry Eg (under 0]^). Álthough It Is

imown that the ground ctate corresponds to B2g (under 

It has been already said that the sign of the tetragonal 

dlstortlon can not be deduced wlth certainty, and therefore 

the equality - 5 - 22^00, Is nct necessarily true, 

Nsvertheless, It wlll be assuraed that this equality holds, but 

it must be born in mlnd, that - can be much greater,

perhaps around 50000 cm''^.

It is necessary to estímate and and the

valué ^ p  = 550 cm” ^ will be assumed. In Apendix A. 6.2 of 

reference (h ) , is given for Mo for severa 1 degrees of

ionization, Although the sinple crystal field theory assujies

5 ^
ho , the covalency v;ith the ligands increases the nogative 

charge around the nucleus. It has been ali'eady assumed that 

there aro eightenn eloctrons in bonding orbitals, twelve in 

C  orbitals and six in orbitals. (The remaining cighteen

elGctrons bcsides the magnotic electrón are in non-bonding 

ligand states). The probability of finding the eloctron in 

the molybdenum atomic orbital will be lator taken as approxi- 

niately O.3 and 0,2 for theCT and 'fC bonding orbitals 

respectively, and this gives an extra charge around Mo^ 

oqû ' l̂ te U .8 , assuming that the non-bonding orbitals do not 

give any charge to Mo^ . The ualue z 600 cm”^ that

corresponds to an ionic charge slightly greater than zoro has 

been accordingly chosen. This csticiate of will not be

altered under small ciiangos of the covalc-ncy, as these small 

corrections aro not j u s t i f a f t e r  all the rough approxi- 

mations made.

With all the abov'j mentioned appr oxinations, the? 

formulae ^.,2 vill be fitted to the valúes 

gjj :  1.970 i  0. 00;; gĵ  z: 1 . 9^0 Í 0.005

- 19 -
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measured in frozen solution (2 ). These valü.es are very simi­

lar to those glven in rcference (1) for tlie tvo magnetic

5 +
coraplexes cf Mo in a ¿iluted crystal, and in particular 

is nearly the sarao in a 11 cases.

With the valaes assiimed for g. > and S - ,sary i. ' ¿ »

one can vrrit^implicit function of ¿ i ,  and ^  •

For siiDplificition it is assumed that 6 i  = 63»  and this 

energy difference is calculated as a function of ^  ; typical 

valuos are: 3300 cm ^ for ^  = 0 .9 ;  12000 cn-^ for ^  - 0,8 

and 135000 for ^  = 0.7» one can expect that ¿ I  > ¿ 3  

they have been both calculated for ^  r 0.8 vhen they are 

different. Typical pairs of valúes measured in cm“ ^ are:

7OCO and ^ 8600*, 8OOO and 25100; 10000 and 15100 for ¿ 3  

and 6 1  respectivcly. The valué r 0.8  glves a reasona- 

ule order or magnitude for and ^ 3 ,  and it will be

ased in futare calculations.

With the expression for gjj , and tha valúes assu'ied 

for V  P > d and ĝ j an implicit function of <5 1̂ , 6 5 ?

^  and may be ’rritten, The valué of (5 i,. has bec-n

calculatod with (S  ̂ ~ - 22500 cm*"  ̂ for scvcral valúes of 

cnd for - 1, 0 .9 , 0 .8 ,  0 ,7 ;  typical valúes for ^  - 0 ,8  

bcing; 6  = II300 c¿i"^ for z 0 .9 , 5  c 22200 cm~^ for 

= 0 .8 , ¿  = 39000 cm~^ for z 0 . 7  and 5 :: 70900 cai“  ̂

for r 0 .6 , From the valúes calculated, it seems that 

^  = 0,8 and IT|^r0.7 are the best guc-sscs i<jhen ^  5 = 

z - 22500 cm“^ Is assumed, i . e , ;  that the- antibonding Blg 

State is of lower energy than ths antibonding statc.

If the- opposite situation is assumed for this palr of levcls 

one should have a larger valué for - probably around

50000 cía”^ . For this valuó of S ^ ,  one- should take a valuta 

of closc-r to ono, and assumlng that the dc-grce of cova- 

Icncy is largor in the cr- bonds than in th¿ fr - bonds, i . e .

- 20 -
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>>a> tha valué of ^  vould ais o be neai’cr to one.

If one had better valúes of the energy differences 

involved, one would be able to test tiie presant theory in 

a more satisfactory \;ay. Konetheless, two points be stressed: 

i) For X2 O, i e.s i,-/hen the contributlon to ĝ j of sta- 

tes that do not appc-ar In the crystal fleld thoery Is not 

talr?n into accnunt and the contributlon of to the spin

orbit interactlon is disrcgarded (as is usually done), one 

obtains the formulae:

8
g|l - 2- -

-vhere k corresponds to the orbital reduction factor. For 

(S ^ r •" 22500 cm ^ follovís k r; 0 . 1 -̂, and for 

^ ~ - 50000 cm ^ the valué k :: O.31, Both valúes of k 

seezú ur ' asonably small, ond it was this difficulty that led 

the author to raako this theory. i i )  The diffc-rence ĝ j - 2y 

is obtained as the differtínco of tvo larger cuantities. This 

could be the rea son for the xarger variation of g|j with 

rospGct to gĵ  in the several systeas mc-asurod (1 ,2 ) ,  as 

sfflall differences in the energy levGls prod.ucc- larger varia- 

tions of g{j than those of g j

7 C o P i r a í - i s . ° A X i i k . imontal hvpr.rfin& structure

P,-PjQ.§ÍSÍÎ 'A’

The para.neters F and K will nov; be dcduccd from 

thü moasured valúes of A and B, and the ir expro ssions in 

^ .5 .  Roplacing the valuss ^  r 0 ,8 ;  z 0.7| ^ 600 cm

and “ 550 cm~ in ^+,5

A :: p f  - 0,^57 - K f (1560/ 6 ^) + ( 2 2 5 0 /S ^ )  x (h5/S j^ )  +

+ (367/ 2 ) ^

- f { -  0,229 K - ( 8 2 / S^ ) ^ ( 6 7 3 / 5 2 ) }  7.1

- 21 -
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Fron tho spectra measurcd in thc- frozen solution it has bcon 

dí'daced;

I a| - (0 . 007 +̂ i  0.0002) cm”l
7̂ O

I b | r (0.003^ f  0.0002) cm''^

It Is known (12 ) that by a simple numc-rical transfor- 

aftlon and rodefining £  , It Is possiblo to obtaln other 

Spin-Familtonians that dcscrlbc tho cncrgy lovcls of thc 

systum c-qually woll, but havc two of thc g-factors vith signs 

opposito to thoso which appcar in th'; original Spin-Hamiltonian 

(thü sign of gxx gyy g^^ is the samo in all thosc, Spin-̂ Ia.-nil- 

tonians). The fact that it riight turn out that g^x z - gyv 

in a syste-rn of axial symmctry is not forbicdcn in principio, 

bocausL thc redcfinc-d S.,. S, and havc- transformation* y ¿t

propcrtiGS diffr.rent from tho original onv:s iind̂ -r thc synoiG- 

try group of thc system, and thc axial symmc-try of thc systcni 

is üiaintaincd. In spitc of all this arguTicnt it is alix̂ ays 

prc-fcra^lc to havc - g for a system \jith ajíial symmc--
■J J

try, and g^^ = gyy “ g^^ lor a systsm with cubic symmc-try.

The x/tvc functions uscd in tĥ - thocrctical calcalation of 

this papcr givo g^^ = Syy. In thesc foriiiel changcs of thc 

Spin-JIamiltonian, thc valu.^r; of thc hypcri'inc structurc 

constants changc valúes in thc samo vay as thc- g-valucs do,

\ihon thc opc-rators ly and are not rcdefincd.

Similar argumcnts api>ly to the opcrators I^, ly and 

I^ appcaring in thc Spin-Ha^ailtonian. One can choose thc se 

opcrators and thoir corrcsponding wavcfunctions, as thc usual 

ono for thĉ  froe-ion, br.causo onc docs not havc to mix any 

voccitod nuclear states into tho ground statos. It is apparcnt 

fron the thcorctical calculations that thc operators 1̂ ,̂ ly,

I^ usod in this papor, aro the freo ion onc s , and the uralue 

of thc paramctcr P r 2 y has t’io sign of Y

- 22 -
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this being the valué íTieasured fot he free Ion. An averags of 

the valúes (I3) for and ^  - 0.37^6 wlll be

used, and it follovs;

(rVhc) = - 0.001192 cm“l }  7.3

For = 25100 6 2  r l '-¡050 cm"^, ^  z 39000 cm''^ and

¿  ^ ~ - 22500 cm one dr^duces from 7 .1  í 

.? = - 1.375 (A + B)

7 ^
PK = - C.253 A + 0 . 7^ 7B

and from 7.2  it is knovm that 1á |^1b 1 . From 7.3 Is Icnown that 

P is nogative, and it follcv.'S that A is posltive for the wavc 

functions and operators used in the present calculútions, From 

7.̂ :- follows that one still has two sets of valúes of P and K 

that |ive the same [ b[ . For B positivos p A c  = - 0 , 01^9 cm 

IC ~ . 0̂ -5 and for B negative P/líc = - 0.0055 cm"^, K = 0. 80. 

From 7.3 follows / r " 3 )  r 12,^6  a~^ in the first case, and 

^  - î-.6l a ^  in the second.

The valúes of P and K depend on thosc assumcd for 

^  j V\ > ^ d ’ '^p energy differences The first

térra in 7«1 is the most sensitivo, and is prnportional t o '^  ; 

rsasonable changes in all the other coefficients will altor tho 

two expressions in 7 .^  only by a few perccnt, so one expects 

that tho error in tho valuc-s obtained for < r"^ )  will be at 

nopt 30 /̂ « These valúes will be compared with raasonable esti- 

mr’.tas of ^ r~^ ^ to see wliether it is possible to >^redict the 

sign of B that corresponds to the wave function and operators 

usGd in this paper. The approximation of Elliot and Stevens (1 +̂) 

namely, to calcúlate ^  r using the Hydrogsnic wave function, 

x/ith tl.e same n and £; atributed to the onc-clectron wave 

function, but with an effect3.ve chargs that givcs the known 

velun of ^  is the first considered. In this problem: n r '+,

^  r 2 and ^  r 600 cm”^ and one obtains^r”^^  - 6,37 - 3.

(̂-89/¿5
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This valué^intermedlate het^íjcen the two possitle valúes dedu-

ced frorn the measured spectrura, bat th'i author believes that

the valae ^  y z H .61 correspon<^ing to negativo B, is

the correot one, Thls assumption Is based on the fact that in

othor cases, the approxiiaation of Slliot and Stevens gives

valúes of the ratlo ^  r “3 ^ / ^ ’.ighc-r than those obtained in a
/

nore accurate calculatlon. ivs an example the electrons

of ti’ansuranic-ions are concidurcd; for ^  z 22C0 cm“ ^:

/  Z 10 ,05  a '^  froffi the forinulae of Slliot and Stevens.
' '  o

For those ions, the valué of ^  and ^ r " ^ ^  have been calcula- 

tc-d (l?) from the solution of tho one-electron Schrodinger 

cquation, obtainlng the potontlal from the Thomas-Ferml model 

of an ion v;ith the right numi.or of electrons, With this modc,l, 

one obtains a given valúe of for severa 1 pairs of valúes 

of tijG atoraic numbcr Z and the ionio charge n ' ;  i . e . j  

^  r 2210 cm“^ for Z = 96 , n' z 1.119 and also for Z z 95 , 

n ' = and the valúes for<^r“^ )  are 5 .7^  and 5.^7 a“^

rosp'.ctively, It is soon that the ratio ^ is fairly

constont in this range, and rathor smallcr than the one obtai- 

ncd from the formulac of i^lliot and Stevens, A siwilar calcu- 

lation for ^d electrons vas not available, >-.ut it is rcaso-» 

nable to cxpcct a lovjer valué for r ”^ )  than the 6.37 a”^ 

calculated before, so the valúe ^r ""^ )z  ^ .61  a~^ was tho onc 

chosen from the two possiblo onos.

With rcgard to the signs of A and B, onc finds in 

the first refcrenoc (2 ) the statemcnt that as the average 

valuó of the hyperfino constant neasured in the liquid solution, 

is vcry near (|a| + 2 j B ( ) /3 , both A and 1 aro positivo,

But it has boon set^n before, that the sign of gĵ  and B 

are changod ly altering the phs.Jcs of the spin wavo-fuñotion 

3 ,16  and redcfining the Spin-Hamiltonian oporators S„ and
Jv
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"••̂ 1 th.’.t a 11 thc- descrip-!::-"ns of the systcrri obtalned aftcr 

t':os- form."!l changos are cquelly good, It sggci strango that 

the valac mc-asured shoald glve prcfc-renoe to any one of thosc 

descrlptlons of tho systom ovcr all thc cthor possihlo oncs.

Thls apparcnt contradictlon is solved whon one looks 

at thc dorivatlon (16,17) of tho formulac that, in first ap- 

prox:.mat:.on, d^scribo thc microwavc obsorption In liqulds by 

an isotropic Hamiltonlan witL

- 1 - . 1
g r -- (g , f 2 g, ) and A z -- (A + 2 B)

3 3

In thesc roforcnccs, th:- spin hamiltonian of a mlcrccrystal,

arbltrarlly oriontcd in the J.abcratory systcni is writtcn as

function of opc-rators S  ̂ , S ’ S ’ , I * , I * I e x p r c s -
x ' y ’ z ’ x ’ y ^ z ’

sod as a linoar combination of thc oporators S , S , S , I ,
X y z X

I , I (thG unprlmcd oporators are dcfined in tho usual way
V 2

in tho aiolocular systGtn). The coc-fficients that relate both 

SGts of opcrators are givon functions of the "íulor anglc-s

that transform tho líolccular System into tho Labora- 

tory Systom of coordinatcs, A canonical transformation dcpcn- 

ding 0x1 ó(j is tht^n mado for each microcrystal. It must

bo so dcfinod that thc matrix c-lcments of thc primad operators 

bütvGGn thü states of tho basis in thc now rcprcscntation aro 

cqual to tho matrix elcments of tho unprimod opcrators bctvK^on 

thc corrosponding states of tho basis in the oíd rcprcsentation. 

By this procodure, the Spin-I-íamllt onian of cnch micr ocrystal 

is Gxprcssrd in torms of oporators v?ith matrix clf-rments indo- 

pendent of thc oricntation of thc micr ocrystal. The angular 

dcpi.ndoncc .3 now shi-rtod to txhe paramoters of the Spin-Famil- 

tonian.

This Spin-Rarn.  ̂Itonian separatas in a natural ways

K - 7.5

vhc-ro Hq is indcpondont of tho Suler Anglcs, £ind deponds

on thom, For tho systv^m unf^.r study;

- 25 -
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Ho Z i  H + I  ( S • J )  7 . 6 .

if the Laboratory z axis is taken along the magnetlc fie Id,

The operator Is a rather complicated function

v.'lth (g,, - s^) and ( A  - B) appearing as •' coeff Icients of

t;.e diffcrent terms; Its tirae average is zero for a liquid.

'7hen the matrix elements of are much sinaller than

those of Hq , a perturbation calculation may be done, and the 

lino width of the resonat absorption is obtained, The posltion 

üf rthe resonant absorption lines is given by v;hlch is the

isotropic I'amiltonian of 7*6, V"ien the assumption on the re- 

lative valúes of the matrix el.ements of and is not

valid , tho perturbation calcul:: ti on breaks (’ own, and is

not any raore a good appr oximation to the observed spectrum,

The usual procedure doos not give a convenient separa- 

tion 6 .5  whon and gĵ  are of opposite sign, because 

the matrix elements of h]_, will be larger or of th¿ seme 

order than thoc'. of Hq. In this case, one should defino the 

priuied oncrstors as a diffcrent linear corabination; employing 

the usual formulas but with 4- TT instead of c( . (The ¿'ulcr 

An.';;l3 (ĵ  is tha first rotiition aroond the Z axis ) . After 

that, a canonical transformation with the same projorty as in 

the previous case is madc for cach microcrystal, and the sepa­

ra tion 7 .5  is nbtaincd as bofore, but in all the formulae,

- gĵ  and - B appear instaad of g^ and 3 rospoctively. As 

g^ is of opposite sign to g|| , v;e now have g z (g„- 2 ^)/3»g,j+ ĝ ,̂ 

vjhen |g|J^nd ) gĵ j differ very littlo .

If the signs of gj| and g^ are opposite, and those 

of A and 3 are not, (or vic-.ver sa ), the lir.oar combinations

thnt írive I '  , I '  , I '  should be different fro.ü those giving 
X ’ y ’ z

S* , S ' , wS* , so that the two Tvuler Angles o( that appear in
X ^ 2»
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ths coe.ffIcients of both sets of linear combinations d iffer  

ty 7T ’ that way one naicQ s'ire that the separation

6 .5  is tho best possible.  ?rom a 11 thesc argumcnts onc 

concludüs that tho moasurGd valúes of g and A, aro

. 1
i  = í ----( g„ f 2 g I )

- 27 -

3

and

II  ̂ U '  

A r + ( A I I 2 I b| )

It l 3 well known that o:ic can not distinguish botwern the 

two signs frora tho obsorotion spectrum of paramaignetlc 

res onance.

Concluslons

The g-values and hjpcrflne structuro constants of

5 ^
i:o In a complex ion vith six ligands that occupy the

vcrticGS of a tetragonnlly distorted octahndrum wlth lio in

Its ccntor have boen calculatcd. It Is assupiod that tho

outermost occupled clectronic sholl of each of the six li-

2 6
gands is S p and covalunt effects are considered, by 

taking molecular orbitals that aro linear combinations of 

thesG xix sets of six p-states with the Mo ^d, 5 S and 5 P 

states, For sinplicity tix tvíulvc S elcctrons of the li- 

gands are not takc-n into account, as one would expect that 

tliey will only introduce contributions similar to those of 

the twclve p electrón of type CT .

This model has 37 electrons to considc-r, and to 

simplify tho calculations, it has been sliown that the g-values 

and hyperfine structure constanfes in this nodol are equal 

to thosG of a conveniently chosen one-electron system. In 

this fictltiou.- 1 on system, the oigenstates are the

molo-cular orbitals of tiie 37 electrón model, and the ir 

enorey eigenvalucs are di.-’ectly related to those of the 

original model. In the folloving discussicn, the fictitious

^93/65



one-clectron system is used but it has to be born In mind that 

their states and energles aro directly relatcd to those of 

37 electrón model,

In the calculation of g-values and hypc-rfine structure 

constants, the contrlbutlon of molecular orbitals that are 

essentially llgand ofcbltals vas included. This is a contribu- 

tion that does not appoar in the crystal fleld approximation, 

and Is not usually taken Into account in this type of calcu- 

lation. It turns out that the contribution of these states to 

tho orbital part of theg-values and hyperfine structure cons­

tants (appearirig through the spin-orbit coupling) can be of the 

saíne order as that of the central ion molecular orbitals. It 

is the energy separa tion botween these two kinds of states 

and the ground state, which decides their relative contribu- 

tions to the Spin-Ha:niltonian parameters: the smaller this 

energy ssparation, the grcater the contribution,

In tho calculation of the hyperfino structure constants, 

only the contribution of the *+d eloctrons vms considered, 

as there is a dependence of tho rolevant opcrators on the 

electronic radius proportion':íl to r”^ , surely making the 

contribution of the ligand states much smaller than that of 

the ^d électrons, Tho contribution of tho ligand nuclei to 

the hyperfine structure, was also disregarded.

Tho contributions of tíio ligand states to the spin-orbit 

matrix olcmc-nts was taken into account by nia.':ing crudo assump- 

tions about the proportics of these matrix elononts. Tho for- 

mulae 3 .2  and 3 ,5  obtaincd under the said assumptions ha\c 

a groat number of paramett-rs and to reduce it , several addi- 

tional assumptions wcrc mado; i) the ovorlap integráis appoa- 

ring Gxolicity in 3 .2  and in tho scalar products of the 2 ,1  

functions were set equal co zoro. ii )  x\ravG functions of dif- 

forcnt ligands were assumod orthogonal to oach othor.

- 28 -
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l i i )  tho mo?..3cular orbitals v;here assuraed to form an orthogo- 

nal system. iv) the (/T) T, llgand orbitals v;ere assumed 

not to mix with t h e  ( T T )  T p ,  llgand orbitals ñ o r  with the 

(̂ ■d) T 2g States o f  t h e  c e n t r a l  Ion, l , e , :  Cy = Dy  a F 5 «  F g  = 0. 

T h l s  is true only í 'o r  cubic symmetry, v )  the probablllty of 

finding a *+d electrón i n  all the bonding 7f -type molecular 

orbitals o2 2 ,1  Is the samsv W ’i all these assumptions,

5 .1  wa s obta ine d »

It is possible the make rea sonable estima tes for tho 

one electrón parameter of the spin-orbit interaction. If the 

energy diffcrence beíivrcen the states in 2.1  v;ere known, it 

wo'ild now be oossible to determino the two indepondent para- 

meters in 5^1y namely Dp and thoir sqiiares and ^

respectively being a measure of the covalency in the GT and TT

bonds rospoctively. From the fev data available it was found

p 2 
that with tho valúes - 0.7 and ^ it is possible

tn fit the maasured gjj and ĝ  ̂ with rea sonable valuc-s of

the unknown energy differences. In tho present model, (2 - g|| )

is equal to the differonce of tv;o quant-Ules scvoral times,

largor than itself anfí this is not so for 2 - . This might

expía in v;hy the changos of gjj are larger than those of

gĵ  in the severa 1 measuromcnts available (1 .2 ),

Using - 0,8 and r O.7 and the measured valúes

of A and B, it has bccn doducod that;

(r ~ ^ )  z a^^ and K - O.CO

It V7as also discussed why tho other possiblo valúes 

<'r"'3> r 1'̂   ̂ ^ 05 seem unlikely.

The pcssibility of ^^ Lhe relativo signs of A

and D (or g., and g, ) from the parama^nctic absorption 

spectrum in liquid solutions waj discussed, and the conclu­

sión v;as, that :’ t is not possible to derive theso signs from 

tho paramagnotlc rosonanco spoctrum in liquid solution,

■̂95 /65
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Appendlx I

In this appendix tv;o properties are derived that are 

direct conseqaence of the symmetry properties of the systeni.

It is known that when the system is Invariant under 

all the operatlons R of a group G of transformations of 

the spatial coordinates, it is possible to define (18) a 

set of operators Pp¡, acting on the state vectors of the 

system, that is a representation of G. The wave functions 

can bs 30 chosen (18) that the Pp¡ are unitary operators 

and the vector space of the state vectors thereiore, can be 

reduced Into irreducible sabspaces, A basis of voctors in 

each of these irreducible subspaces of dimensión , will 

be denoted by a set of state vectors |ok ; a )  with

a - 1 ,2 , , . ,  , To each irreducible subspacc there are

Ivjo symbols associatc-d: and A; A givos the irreducible 

representation, and idontifies one subspace from all those 

vith the same A. The state obtained by operating on

j cív ; A, a ) will be denotad with ) Pp¡ (C^; A, a ) ^  ; and the 

basis of the irreduciblG subnpaces is chosen in such a wny 

that 5

1 pR ; A, a ^ ) )  r YL (R) I d ; A, a«>  I . l
a a ’

The T^ is a unitary raatrix with the proporty

\  « ^ a  ^  a ”  ' a ' "

iViioro the summat.1on is ovcr all tho h elcmonts of the group

G, 3ach opcrator P^  ̂ canonical transformation, and

any oporator O, is given in the new representation by P^ 0 ^ ”^,

B
A set of Horraitian operators 0^ is now considered. They have 

the property that:

Pr °b ^-3

- -

b !
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for any R of G. Somc proporties of the natrix clcments of

B
thoso oporators 0^ bctw^c-n statos|Ol? A, a )  will bo dcrivcd. 

Fr on 1,1 a nd 1 , 2 :

n
a R

<Fp ( d t  A, 0 ) 1  0®| P (d̂ ’A, a ) > ;

I B
0. a 'L  a " > í l  ( /  ( R ) )  1“  (R)  r

R a 'a

" a a ’ 

Tliorcf ore

B
O,

a "a

1.5

As thr- operator P^” -̂ is unltary:

<o( ? a I 0|c^'; a) I ( p  ( d  • A, a)

Using 1 , 5 , 1,6 and 1,3 in that ordors

‘’r^ O’o Pr
p-1 (d!,L , a)>

1.6

L < d i  A ,  a lo®|ck'-, A ,  a >  :  h ' ’- L ^ < P r  ( d > )  A ,  a ) 1 0 ° | p j , ( , i > ' . A , a  ) >

:  t ( c < ' ; A, a pr^ o® Pt
a R

’j," Og Ph CÁ» A, a >

L  (R-’-) 1 .7

As . (R) r 1 for a l l  R, Is a roprcscntation of any
‘ ’f- iJ

groupj It follows from 1 ,2  that 1 ,7  cquals zcro unless thc 

irrcduciblG reprosontation B is oqaal to I ,  In that caso, 

it Is v o l l  known that 

^ds ? A, a 0  ̂ c^*; A, a) - A, a 0^ d ; A, a ^  1,8
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and wlth J

E ( d v ?  A, a> r S ^ i  ( d ?  A, a )o^|d 'j  A, a) I .9

Anothor propcrty will be dcrivod uslng the u n ltar%  of Pp í ,g . :

^  (R)f (R) r f) ,
n tp a "a ■■■' *  ̂”

- 32 -

1 . 1 0

A set of opcrators Q^, wlth thc- samo propcrty 1,3 as tho O- 

is Introducod,

From 1.6

E  < (* !  *V, a | 0^ ( y ¡  C, o X j C ' )  C, c Q‘

B

D

a c

( P r  ( V »  C,c) Pr QS P;
D n -1 

R Pr ( A, a ) )  I . l l

D
ii-s all 0^ aro Hc-rmltian, and all are unitary, wrltlng A"̂  

for tho Hcrmitian conjúgate- of A l ’s follows that

(P, Q° P,-l) ^ g° P,-l 1.12

and taking thc Hcrmitian conjúgate of I .3 ;

«d P r ' "  = I Í R »  Q?
d»

■d» 1 . 1 3

Boplacing 1 , 1 , 1,3 and 1,12 into 1 ,11 , tho first torm of I . l l  

cquals ^  ^  V— Z'

‘"ac ’c

' C e  ■'^0 (H )} (R ) (T ° ,a  (R))’

■ f B 

b »
O )¡ i C, 0>)(V', C, o" I Q°,| A ,  a " )  I.llt

Using I .IO  It fnilows thnt: •

A ,  a j o ® | |  ; c , c ) q l  c , o

= ^ b . b < R H T D , ^ { R ) r  ^  ^ 'K . ¡ ¡ t c , c P q \ c ,c ' l Q ^ , l d . ' : : . , a . )

D it » ,
d  Q> = ■ 1 .15

B
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Summlng ’ooth terms of I , l 5 over all R of G, and uslng 1. 2 , 

ZI (d; A, a I 0®| y , C, c) C, c Q^|d  í A, a )  I

“  ^ B D  ^ b d  ^   ̂ ^ l % l ^  í

1.16

Appendlx II

In thls appendlx the property stated In 3 is derived

as an extensión of the proof given In that paragraph, "íhe maln

dlfference Is that the sets (0( A) of one-electron wave functlons

Ckj that span the irreducible representatlons of G,

have dinension Instoad of tvo, From vi) in ^  3 , there

ground states denoted by | , and the basic formula

is again 3 *2 , but with H* instead of H « The notation in
so

thls Appendix is the same as in ^  3 unless otherwise stated. 

Instoad of assuming v ii i )  of 3, it is assumed that H ' is one 

of a set that spans a given irreducible representation of G, 

dlíforent from K, The extensión to the case when v i i i )  holds, 

is trivial, The difforent contributions to 3 .2  will be consi- 

dc-rod one by one, as it was dono in ^  3 . To avoid repetition,

( cA A) denotes any set completely occupiod in the ground statej 

( J i B )  a set empty in the ground state and ( ^  C) the set 

inconpletely occupied in the ground state.

1 ) Contribution of excited states obtainod by exciting an

Gloctron from any state a^ of a set (C^ A ) , to any state of 

a sot (j 3  B) when j | ^ * The only possiblc states

aro c( 5 A, (ag)|?¡ ? B, b^, ^  j C, , wherc only the elec-

trons of sets whose occupation is differont inl U.-[} j | or

Ij'^aro written down explicitly, together with the electrons of 

the set ( ^ C); by (^ ; A (a^) it is meant that the state a<, 

is tho only unoccupied one in the sot (dvA). It is easily seon 

that the contribution of these states is zeroi for 0^, i c^,
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tho stato diffcrs frcm ! ^ iíi 'the occupation of two statcsj

for r ĉ . it differs from|ií[^) In two statc-s; for the othor

c.. It differs  at Ic-ast In  thc occupation of two olcctrons
K

with both i n .i) I )
\)

From i )  and v l i )  it follows that thesc states givG 

zoro contribution to 3 ,2 ,

2 ) Contribution of states obtainc-d by exciting one cloctron

from any state a of the set ( K  A) to tho stato Cxr of
s ^

( ^  C), vhcn . The states j J  ^ a-̂ e IC^; A ( a , ) ,

or I ; Á (a^) 5 ^  C Cĵ  and v/hen or

Cj, thcy again give zoro contribution to 3 ,2 ,  bocause thcy 

diffc-r in tho occupation of two one-oletron states with 

o r l ^ ^ ^  • To calcúlate tho non-zero contribution, it is assuraed 

tíiat in tho ordering chosen for the one-eloctron states, Cj 

goes to tho right of c^ , This contribution cquals

“  ^ 5^"^ ^3 a ^ C Cil o| Ck 5 A (ag),"^  C Cj. c^) x

S "ZÍ

í  A
3t ( d )  A ,  ( a ^ ) , ' ^  ? C 5 c ^  c .  A ,  a C ,  c ^ )  4  c r o s s  t e r m s

) IL  1

w h e r e  (j^ ; A ,  a  m e a n s  t h a t  t h o  s e t  ( A )  i s  f u l l y  o c c u p i e d ,  

a n d  t h e  " c r o s s  t e r m s '  £.ro o b t c i n o d  b y  a x c h a n g i n g  H ’ w i t h  0 .

T h e  c o n t r i b u t i o n  t j  3.2  is t h e n

I
- (jíq  ‘̂ } A ,  C ,  C ; ] ^ f

i

c r o s s  t e r m s  I I . 2

a n d  tliG m a t r i x  e l e m o n t s  i n  thi-^ o n e - e l e c t r o n

s t a t e s .

3) C o n t r ^ --- ' j b t a i n e d  b y  e x c i t i n g  on e  e l e c t r ó n

f r o m  a n y  s t a t o  o f  ( C^. A )  t o  a n y  s t a t e  o f  B), w h e n

^ i )  = i n í )
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The states \ )  aire \ d\ i A (a^), ^  ; C, c^, B, > and 

their contributlon to 3,2 is

f Ik
- E ^ ) " ’- ^ < 0k-, A a , J , C, c j  o|cí; Aíaglj^- 5 C, B, b , ) *

xdl! •*) C, \ E, bt|H '|d ; A, a '*^5  ̂ j C, oj)+ cross terms^

■f c r o s s  t e r m s ^  11*3 

but from vlll) and 1.16 thls contributlon is zero.

Contribution of states obtained by exciting one electrón 

from any state of ( A) to any state of ( ^  C) when

, The excited states are l p = l r t ,  Á(as n ^ o ,  c ,  o . )  

and they contribate to 3 .2  the araount:

Ía  I

(E^ ^  ^ C, CjLCt)

ÜA 1
( d  A (a2);Vc ct ( H'l A, a ^  ; C, cj,) + cross terms^ r

^A I
= ® o - E v ) ' ^  r  Z l ( ( 0( M ‘, a ^ l o j  J-t c, Ct)^

** 35 •

X

szl t=i 

t:^i

x / j ^ ;  G, c^ |K^| 0 ,̂5 A, a^^ + cross terms^

and from 1,16

; C, Ci O- C<; A, as^(d^ A, agjH^I jf  ̂ C, Ci) +

I I l A■V cross terms

5 ) Contributlon from a 11 \ )  obtained by exctiting the

electrón in ( ^ state of (jl» B). It is stralght

forward to obtain

B

(p °> '’tXA’ ®> '’t
f cross terms

" i
l ,  c .  c ^ >  + 

I I I . 5
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From 1 ), 2 ), 3 ), ^ ) ,  5 ), 3*2 and 3.12 and the definltlon of 

for the one-electron flctitlous system:

<ñiioiñj>-\niloi'T,3>:(jf( c, ojioiiy, c, =3>-(j'i c. = i i o j y !  c,

I I I . 6

when O Is Invarlant under G, the electrons of all the sets 

( d A )  glve a contrlbutlon to ( j o| Independent of i , 

and this contrlbutlon Is not necessarlly zero. llhan the irredu­

cible ropresentation K (sc-c i i )  in ^ 3 ) is difforc-nt from the 

identlcal representatlon the oquality

< n i l  " 1  i ° i i  n ! = d )

follows from 1 . 9 . From this and 11,6 the formulac- 3,13 

follows vrith the quallfications written after thet equality.

'■Cn ^  3> there is anothar generalization of propcrty 

3 .13 , to statcsj^fj^M which are just like | but instead

of having only the state | ^  ; C, from the sot ( ^ C )  occu-

pied, they havc a hole in that statc l .e .  all the states of ( ^ C )  

are occupied with the exception of state c^. The dcrivation is 

very similar to that of 3 .13 , and only the arguaents which are 

differont in both cases will be stated.

1 *) The same type of contributions as in 1 ) give ais o zoro

by the samo arguments.

2 ') Contrlbutlon of states obtained by cxciting one electrón

from any state ag from ( d  A) to the hole in ( '¡T C) when 

I  ̂ ^ i  ^  I ( • The only | ) for each is

I Ck ; A (ag); ^ ; C, c ^ ) and the contrlbutlon of (diA) to 3.2  js

1 , I L
(3^ - " y f  I : í < í 1 . !  'm a , \ ¡  o (Oj)  o|d) (a3 ),'V , C, o ° > x

i.1

f
d i  -j a 5 C, (c p >  4

■f cross terms ^ I I .7
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■jDefinlng as tbe number of states between ci and Cj

In the ordorlng selected for the states of the C) set, and 

aslng the convention that = - 1 (for a doublet: n̂ 2̂ =

the contrlbutlon I I .?  is written:

ir

- (- ¿ V -  " s l ° l l  y »  C ,  o^>  X

 ̂ S=1

- 3‘.' -

^ ( ¡ f j  C, Cj A, -f cross term I I . 8

3 ’ ) The same type of contrlbutlon as In 3) glves

iy •

ÍF.q -  ̂ *’ 'í!  ̂ (Ci)|o|d; A (a,.,); Jf; 0(0^) ;

S t  . ^ . - D V X

l A
fb-, B, b j  X

x(d\! Á (as)!)f ; C B, b .̂| H ' i * ;  A, a ) C (oj)) +

f cross terms > l

= - K^)-

s t'̂

A, a 0. P,-, B, b ^ )

( f l i  B, b^ IP ci; A, a '̂^ -f cross terms"^ I I . 9

and thls contrlbutlon Is equal to zero by vlll)  and I . I 6 .

^ • )  Contrlbutlon of states obtalned by excltlng one elec­

trón fron any State a^ of (C^ A) to the hole In ( '^  C), 

vjhen ( = ('f\j)) . Thls Is equal to;

1 r . . \
í^o - ^  - <d ? A, a ; ^ ; C (ci)|o|di A(a^) ;  ^  1 C, c ^  x

3Zl

ic ,
< d A  (a^) ;  jj C c I H ’ l d  *, A, o í í ^ ^ cross termsV r

,n il  „  ^-1
:  - (-1) í

s=l

<CÍ' A, 3^ 103̂ 1-y ; c C i)

^1 t A? 83) + cross terras| 1 1 . 1 0

because - (- 1)
nll

z 1
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5 ’ ) Contributlon from all obtalned by excitlng any 

State In ( ^ C )  to any state in (/3 b), víhen \ ( ( lf\j) ) .

It is equal to

(3g - 2 _  ^ ^ P >  ? S» ^t>
" t=l s=l

3^:1

x < J  í C (Ci Cg) y f l ^ y  B, b^|ll»l )J í C (Cj)) + ero? terms 11.11 

whore ^ C (c¿ ) ncans that only the two states and Cg

aro missing from Whc-n cgijrc^, the intermedíate state

diffcrs in two one-electron states frorajjj' ; C ( c^ ) )  , and their 

ccntribution is zero, It follows that 11.11 equials:

(3p - S ^ )  (-1)-1, , . n i 3 3^ M O i H i  C, Ci>

u
t=l

<1!

6 ' )

O o . 11.12

Contributlon of the same ( as in 5 ’ ) when

t(. n.i^> -I

It is equal to

< ^ o - v  n  r
• t=l Sal

s;^i

Q  I o (Oĵ  ’  o’ '’ t  ̂ ^  ° cross terms z

I b  ,

í

r (B„ - Ey)-^ 2
L _

< r > f  B, b,| . .3

< )¡!  C, C3I Oj fi, B, b t >
tzl S=1

C Cc,y + cross terms 1 1 . 1 3

and by I ,l 6  it is equal to

Í b

( - ( s „ ■ n  ( "V i  *=> = i i ° i i  A *  ®> ” t)
 ̂ t=i

(_/?) ) B, bj I 1 y  ( C, Cj) + cross terms| I I . 1^
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Fron 1 »), 2 »), 3 ’ ) , V ' ) ,  5 ‘ ),  6 ' ) ,  and 3 -2 . and 3 *12r the 

dcfinitlon of

- 3̂ ' -

I IJ .5
( ( « l i ^ i c i c a j ) )  -< ' ( 'Q i ) ioi (n j )>3

^  ________ —

:  ( -  1 )“ J[ < ) ( i c c j 1 Olí 1  j c, c i >  - < ^  i c, o j  I o j  ^ ,  c, o ¡ ) j

Tho G q u a l l t y

< ' ( a i ) t o l ( < i p >  = (- 1)"^^ q  i c CjIOil ^  C O i >  11.16

Is trivial for i ^ j .  1‘̂ cn  i z j,  it Is onlj  ̂ truo whcn thc- 

irr-duciblG represontation (sc-e ii )  in ^  3) is differcnt 

froLi tho iaontical ene. V/hcn O is invariant undor G, both 

menbers in 11.16 differ by tho contribution of the diagonal 

natrix Glcmcnts of a 11 tho onc--clectron statos in all the sets 

( Cív A) and in the set ( ')j' C) (formulae 1.9  is used to derive 

tLis property). Formula 3,15  is now proved, with the quali- 

fications that follows that equslity.
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