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ABSTRACT

The effects of a large quadrupolar interaction in the IrII(CN)5 molecule
in a KCl lattice are analyzed using a MAGNSPEC computer program. Some empy-
rical rules are given to help in the interpretation of this kind of spectra.

g and A deduced ligand field formulae for a dzg ground state are used to
calculate the unpaired electron density on the metal. The hyperfine constants
are determined to be positive leading to a positive value for the core polari-
zation constant X, indicating a mixture of 6s wave function in the unpaired
electron molecular orbital. The ESR data indicate the presence of two non~
equivalent sites for the IrII(CN)5 molecule in KCl, differing only by the
orientation of the principal axes of the quadrupolar interacdtion. A possible
influence of the vacancies created by charge compensation on the existence of
these two sites is discussed. The ratio between the nuclear quadrupole

moments for the iridium isotopes is determined to be

193q: 191 = 0.91 + 0.03
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INTRODUCTION

Spin Kamiltonians, intrcduced by A. Abragam and M. H. L. Pryce], are a
very powertul tool in interpreting ESR spectra and in relating experiment with
theory. For an effective spin S = 1/2, neglecting nuclear Zeeman interaction,

we can write a Spin Hamiltonian as follows:

The three terms represent, respectively, an electron Zeeman, a hyperfine

and a quadrupolar interaction.

In almost all experiments reported up to now the quadrupolar term is very
small compared to the hyperfine term and we can use Blean¢y's perturbation
theory formulae 2 for the cases with axia1‘symmetny=or Golding's for the
more genheral Case‘3. In 1968, H. van wi1ligen and J. G. M. van Rens reported
the single crystal ESR spectra of Au(IIl) diethyldithiocarbamate which show
the gold ESR quarted flanked by pairs of satellites, this quartez diép1ayed
in a very peculiar form:‘the Tines iﬁ the perpendicular spectra are not equal
ly spaced with the central lines lying very close together. These featuresﬁ
are ascribed to the effect of a large electric quadrupole interaction
comparable to the hyperfine interaction. This:effect appears when the mefa]

atom combines a small magnetogyric ratio with a relatively large quadrupole

moment and we shall call it strong quadrupole interaction (SQI) from now on.

Among the nuclei which could present a SQI, besides !S7Er and 2°%0, the
stable iridium 193 and 191 isotopes are the most probable, once, of course,

they are placed in a site with a non - zero electric field gradient.

These isotopes, both with nuclear spin I = 3/2, have a natural abundance
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of 61.5% and 38.5%,‘re5pective1y. Iridium 191 has a magnetic moment 7 of
(0.1453 + 0.0006) B., and a nuclear electric quadrupole moment of about 1.5
8

barn ©. Iridium 193 has a magnetic moment of (0.1583 + 0.0006) B8, and

a nuclear electric quadrupo1e moment of about 0.92 + 0.09 tkmes the value

for the other isotope 9, 3 4
1

ESR spectra presenting a SQI ‘are not easy to interprrt. There are
no analytical formulae available and numerical methods mustﬁbe employed to
diagonalize the Spin Hamiltonian matrix. To our know]edge,jthe best way to
do it is to use a computer program ]ike‘MAéNSPEC 5 and dea1§with the
principal values of the Spin Hamiltonian tensors through‘a laborious
trial method. Additional compiications arise when the prin&ipa1 axes of

the tensors are not coincident.

~This paper is concerned with the SQI spectra of Irli(CN)s ih a KCT

lattice. This molecule presents a d? unpaired electron in ad, ahtibond
ing orbital. This and the superhyperfine structure with thé CN 1igands

have been discussed in a previous paper 6.

|

EXPERIMENTAL | | | |

The crystal growing method, the equipmeht and 1rradiation techniques
aré the same as described in reference 6. The fitting of #he ESR spectra
has been done with an IBM 370/145 computer using a MAGNSPEd program.

|
|
|
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RESULTS

The Ir_II(CN)5 molecule presents an almost axial symmetry.

The measured g va]ues,'the components of the hyperfine interattion
tensor and the components of the quadpupoTar tensor are shown in tgb]e I,
as well as their polar ang]eS‘referréd to a coordinate system'coincideni
with the KC1 principal axes with Z a1ong‘the non-equivalent CN of the

molecule 6.

Table I shows at teast three striking features. First, the values |
of the quadrupo?ar tensor are comparable to the values of the h&perfine
tensor. Second, the principal axes of the quadrupo1ét tensdr do hot
coincide with the principairéxes of the g and A tensors. Third, there
are two non-equivalent sites for IrII(CN)5 in the KC1 hostllatticéivdif;
fering only by the orientations of the principal axes of the tensor P.

We shall call these sites A and B.

The parallel ESR spactrum is not very affected by the SQI and dp-

proximate values of A, and g, can Be obtained direct]y from the spectrum.

Fig. 1 shows the superimposed X and Y ESR spectra of IrH(CN)5 in
KC1 with the MAGNSPEC theoretical‘réconstitution. The Q;band is used in
order to diminish the overlap between the spectra. Unfortunately we lovse
resolution at the Q-band because we have experimental difficu]tiés in i
Towering the temperature of the sample. Ligand superhyperfing gtructufe
has not been plotted in order to avoid crowding the figure. X and Y are
tipical SQI ESR spectra: the central quartet strong lines are very close
together and there are satellites flanking the SpecérUm. The lines  4t-

*
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tributed to sites A and B are almost coincident, their separaiion being

smaller than the line width.

The X-band perpendicular spectrum at 45° is shown in kig. 2 with the

‘MAGNSPEC theoretical reconstitution. The number of lines at this position

is a minimum because the X and Y spectra coincide. This spectrum is sym-
metrical about its center and the amplified_]ow field satellites are
shown in this figure. The lines attributed to sites A and;B are clearly
reso]ved: the intense outer'peaks coincide but the peaks of'the middle do
not coincide. Intensities are in good agreement with this assignement.
Satellites are well resolved and are not one but two pai&s of lines for
each site. We must remember that each line is further sp]it in a triplet

by the superhyperfine interaction.

!

SOME EMPYRICAL RULES AND INTERPRETATION OF THE SQI ESR SPECTRA

As mentioned in the Introduction, ESR spectra presénting a SQI are
not easy to interpret. From our experience with MAGNSPE& we can, however,
try to state some approximate rules about the influence gf a single Spin
Hamiltonian parameter on the SQI ESR spectra. More'detaﬁls will be given
in ref. 10. These rules for an effective spin 1/2 inte#acting with a spin

3/2’nuc1eu$ are:

a) approximate values of the g tensor components'can be measured

directly from the center of the corresponding spectra.

b) the spacing between outer central lines varies linearly with

the corresponding component of the hyperfine tensor. This
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variation influences the middle central lines ih a smaller pro-

portion.

the spacing between outer central lines and middle central lines
varies 1inear1y with n, the quadrupole asymmetry parameter. If n

increases the former spacing decreases and the latter increases.

if ezz = 0, i.e., the Z principal axis of the quadrupolar inter-
action coincides with the Z axis of the g and A tensor, even if
the X and Y axes do not coincide, the strong 1ines‘aré.f1anked
by pairs of satellites. The distance in gauss Hetween the lines
of a pair gives a fairly approximate value for the corresponding
component of the hyperfine interaction tensor. If ¢Xx = 0°,
the middle central lines of the perpendicular spectrum at 45°
practically coincide. If by = 45° the X and Y middle central
lines practically coincide. For intermediate L values these

lines do not coincide for n # 0.

the distance in gauss from the satellite lines to the center of
the spectrum is linearly depehdent-on the Pz value. ih our
case a variation of 107" cm ! 'in PZ causes a change of about
2.2 gauss in the position of the satellites. The intensities

of these lines increase with decreasing Pz'

if @zz # 0 each line of the satellite pairs is split into two
lines of unequal intensity. The Sum of these intensities
remain constant when ezz is varied. The middle central lines

spacing increases with ez but the outer central lines are

b4
only slightly influenced.




As can be seen from the figures 1 and 2, our interpretation of the
ESR spectra of IrfII(CN)5 is in good agreement with the emp#rical rules
formu]afed above. These rules by no means eliminate the 1aborious'tfial
method of fitting the spectra. They only diminish and sbméhow organize
the work. =It‘can be seen from these rules that the inf1uehce 'of the
parameters n and @zz are closely related. This puts some degree of
unaccuracy in the determihation of these parameters for sites A and'B. We

did assume that they have‘ the same asymmetry parameter n.

The measured values of thé quadrupolar interaction tensor with iri-
dium 193 and iridium 191 give the following ratio of the iridium nuclear

quadrupole,mOments:

193; 1310 = 0,91 ¥ 0.03

This agrees with the ENDOR value of 0.92 + 0.09 given by J. J.

Davies and J. Owen 9.

DISCUSSION
g VALUES AND HYPERFINE INTERACTION
In reference 6 we assumed an axial symmetry - for the IrII(CN)5

molecule and we used Mc Garvey's formulae T for relating the measured

g values with the ligand field theory. Rededucing Mc Bairvey's formulae |

for the hyperfine interaction we did conclude that they are not
completely correct.
For a C,, low spin d’ system with an unpaired electron in a d,2

orbital (2A1 ground configuration), there will be a mixture Via spin-




256

orbit coupling with a E excited configuration. The [E' a'> components
of the Kramer's doublets for these two configurations, in the complementa
ry scheme, are |b2 a: > and [b2 (1)” > respectively. Assuming a LCAO-MO

scheme the corresponding anti-bonding orbitals can be written:

1
a, =03, - a.wa
1
and

(1) = 8() ~ 8"y

¥y and y ~ are linear combinations of the ligand orbitals of appropria
1 1

te symmetry. The symbol = indicates an atomic orbital.

Without the use of perturbation theory the formulae for the g values

and hyperfine interaction are:

QH = gO cos 20 + 2k" sin%? @

g cos? 0 + /& k' sin 20

i

_ |- 4 2 aa 12 o2 i 2 . VB : ]
A|| = [ K + 7-a cos“ O+ -7-3 sin“ 0 + 7 af sin ZQ P

_o_2 2 20.8 22 cin2 0. 1B J
Tk-Z oo cos? o 5 8 S1n‘ ) h VB oB sin 20|P

el

AL” =

The orbital redhction factors k' and k" are defined by the follow-

ing expressions:
] 1

k' = <(1)|s,]a,>//6 = 08 - 8" S, - o'8 S,, * ——/E—-— < lelﬁ+|wal>

kll

<(lagl()> = 1= 8% (1= <uy_[2,] 9 >)




respectively. The angle © is such that:

" = - “y =1 - .
9‘1 9y 6L Zors‘x 10 * em and All = A, Changing
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S, and S, are the overlap integrals < (1)|y > and < ;lwa1>,v

/B k'y A
tan @ = —————— , wherey =
1 + yk"/2 © . E, - E,

k is the isotropic contact constant and P = g g, B8y < 3>,

The sign of A, the spin—orbit coupling constant, has/ already been

changed to give the right expressions for d7, not d3.

To use the formulae above we must approximate the experimental data

_given in table I to axial symmetry. This can be done by setting gL = 2.2063,

" and 8 from 1.0

to 0.80, the experimental values can be fitted with |a|? =/0.50 + 0.05, k' =

=0.37+0.02, ©=7.3°4+0.3andy=0.32+0.4. The ¢mall value of
|a|2 .is an evidence of a large delocalization of the unpajiired 5d electron on

ported‘previouslys.

the ligands, giving rise to the superhypérfine structure
The positive combination of /signs=fot ihe hyperfine interaction is the only
szsibIe combination which gives an acceptable value for ||a|?. In the
calculations we have used the value < r~®> = 10.9479 a.u.|calculated in
reference 12 for a 5d’ Ir2+ ion.

" The cqfe polarization field per unpaired spin, ¥, can be calculated

‘from,the Fermi contact term ¢ by the formula

3 -3
22 = e Y‘
X > K<r >

From our experimental data x = + 18.5 + 0.5 a.u. A. J{ Freeman et al. 13

calculated by means of the spin - unrestricted Hartree - Fock method values
of xfor divalent 5d jons. Their values are - 17.5 + (.5 a.u. Our large and

positive y value only can be explained if we admit a mixture of the 6s wave

1
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function in the unpaired electron molecular orbita];'this would give rise to
a positive contribution to the isotrOpic hyperfine interaction. This mixture
is expecte since the ground-configuration transforms as A,, the totally sym-

metric irreducib]e representation of the symmetry group of the molecule.

ELECTRIC FIELD GRADIENT AT Ix NUCLEUS. SITES A AND B

It is generally accepted that the electric field gradient (EFG) on
the metal atom of a complex is the sum of a valence EFG and a smaller contri
bution due to the lattice. It is also generally accepted that the valence
contribution dval is decreased by the Sternheimer shielding factor and the
lattice contribution q) .t is enhanced by the Sternheimer antishielding
factor. For an'unpaired e]ectron in a dzz orbital, neglecting spin-orbit

contributions, 9,57 Can be written as follows:

q = - §-< r-3>(1-R)|a|2

Assuming the Sternheimer shielding factor (1-R) = 0.6 we calculate
Quay © - 18.2 x 1017 V/cm?.  The corresponding P value is about - 17 x 107"
cm . Comparing this value with the experimental |P,| = 20.3 x 107" e’
it seems reasonable to think that in the IrII(CN)5 molecule the predominant
contribution to the total EFG is provenient from dyal® implying in a

negative value for the experimental P

From table I it can be seen that the IrII(

CN), molecule can occupie
two different sites in the KC1 lattice. These sites differ only by the
orientation of the principal axes of the quadrupolar interaction (we did as-

sume equal n for A and B). This result strongly suggests that the two
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There are also other tendencies that I was not able to touch upon, such
as the study of infinite dimensional analytic geometry carried on by Douady,
Ramis and Ruget; or of infinite dimensional analytic manifolds; or appliica-

tions of complex analysis in infinite dimensions to physics; etc.

In all these areas,the problems outnumber the solutions.
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TABLE I
SPIN HAMILTONIAN PARAVETERS ~. A AND P IN 1074 em™!
XX o ¢ ¥y o ¢ zz 0 6
3 T .
g 2.2103 | 0.0/ 0.0 2.2022 | o0.0| 0.0/ 1.9665 |0.0] 0.0
b ! ’ }
193 (+)20.3+0.5 | 0.0] 0.0](+)20.7 0.5/ 0.0| 0.0{(+)51 +1 |0.0] 0.0
b s s
P193site A |(+)10.640.4(95+2/30+5| (+)11.7+0.4{93+2|120+5 (-)22.3+0.3|6+2|60+5
: 5 i
c ; , r
P1935ite B |(+)10.640.4 9212i30i5 (+)11.7¢p.4}91i2312q15 (-)22.3+0.3|2+2|60+5

I I

A

* The signs in parentheses have been predicted by theory and have not been

determined experimentally.

a -8, and gy values are slightly different from that revorted

in ref. 6.

They have been adjusted during the fitting. Ex

perimental errors have een reconsidered and are *+ 0.0007.

Values for the hyerfine interaction with ‘°'Ir can be ob-

tained by dividing these values by 1.089, the ratio between

the magnetic moments of!®%Ir and'®!Ir.

Values for the quadrupolar interaction with '°Ir can be ob

tained by dividing these values by 0.91.

discussed in the text.

*

This will be
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