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ABSTRACT

The problem of feature selection in the field of pattern classification of multi-
dimensional feature vectors is essentially one of dimensionality reduction. A new
non-parametric technique for choosing an optimum subset of features from the given
feature set is proposed in this study. This technique is based on the concepi of inter-
class and intra-class distances and tests conducted reveal the efficacy of this new
Effective Figure of Merit Criterion—EFFECT’.

Key Words: Feature Selection, Pattern Recognition, Non-Parametric Methods, Estimated
Probability of Misrecognition.

1. INTRODUCTION

Numerous parametric and non-parametric techniques of feature selec-
tion have been proposed in the Literature [1-4} from time to time. Many
of these methods are based on the concept of inter-class and intra-class dis-
tances of the different pattern classes. Deuser [5] proposed one such
technique called the Hybrid Multispectral Feature Selection Criterion.
Tests conducted using this criterion on Iris data [6] brought out the unsuita-
bility of the technique for implementation in multispectral feature selection
problems of interest to remotely sensed earth resources data analysis and
the like. Results of these preliminary tests on comparison with the results
of actual classification of the test data using non-parametric recursive algo-
rithms (such as the Ho-Kashyap Algorithm [7] and maximum likelihcod
classification methods [8]) revealed that the Hybrid Figure of Merit obtained
for different feature subsets were highly disproportionate to the correspond-
Ing actual classification efficiencies obtained using the same feature subsets.
The Hybrid Figure of Merit in addition had no lower and upper bounds

* Presented at the Natjonal Systems Conference held in June 1973, at the Indian Institute
of Science, Bangalore.
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on the actual values and this proves to be a drawback when a choice has to
be made among the possible feature subsets. Such a comparison between
feature subsets is most effective if the figure of merit is based on a normalized
scale. This lack of normalized scale of merit together with the major con-
ceptual shortcoming of not accounting for the inter-feature correlations
arising within the feature subset brought out the need for a new criterion
of feature selection. Investigations carried out towards this end has led

to a new and more meaningful criterion for feature selection which takes
into account the effect of inter-feature correlations. This is conceptually
significant in that one of the basic aims of transformation techniques
employed in feature selection problems is to obtain an orthogonal system
of coordinates (which form the components of the feature vector) minimizing
the cross correlation between features, i.e.,to choose such (transformation
of) features as will diagonalize the covarlance matrices of the training sample
sets of the different pattern classes. The new figure of merit is bounded
and rates the difierent feature subsets on a universal 0-1 scale, thus allowing
a direct comparison amongst these different featuresubsets. Results derived
by application of this new criterion to Iris test data have verified the supe-
riority of this criterion over the Hybrid Figure of Merit Criterion. Also, as
a further evaluation of this new criterion, comparison relating to a para-
metric feature selection method (based on Gaussian assumptions) was
made using the same test data. Results showed a fair agreement between
the two approaches relative to the actual classification efficiencies, with the
new criterion showing a far better correlation than the parametric method
(which possibly could be atiributed to the doubtful validity of the Gaussian
assumptions). These are presented and discussed in the sequel in detail.

2. ANALYSIS

Let C; (i =1, m) represent the *m’ pattern classes into which any
given feature vector x, of maximum dimension *» ', is to be assigned. The
purpose of this or any other feature selection criterion is to determine the
optimal subset of r features (r < n) out of the possible (2" — 1) feature
subsets for the ensuing classification (decision) process. Let x (j.isp)
represent the j-th feature (j <r) of the p-th training sample of class C;
[p < L (i) where L (i) is the total number of training samples from class Cil.
To appreciate the physical significance of this non-parametric feature selec-
tion criterion, consider two pattern classes C; and C,. Assuming that two
training samples from each of these classes are available, one can visualize
that the decision or classification process becomes more efficient with increase
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in the inter-class (bctween samples of the two different classes) Euc]ideqn
distance in the corresponding feature space. On the other hand, an increasc
in the intra-class (between samples of the same class) Euclidean distances
tends to decrease the efficiency of classification. Therefore, the optimum
subset of features is one that maximizes the inter-class distance while mini-
mizing the intra-class distance in the Euclidean feature space. An obvious
candidate criterion is, hence, the difference of inter-class and intra-class
distance. This non-parametric method (being based on no specific para-
metric assumption about the distributions) can be made more meaningful
physically by attaching suitable weights to these distances to account for
possible differences in the ease of measuring (and hence the cost) of certain
features over some others or such other physical or problem dependent
considerations. This is the basis for Deuser’s criterion, which can be written

as.

Hybrid Figure of Merit of a set of r features

H= 5 SUM(j)
=1

= 5 [SUM1() — a(j) SUM2 (j)]

}1=2

Here _
. m =1 L(1) L(4,) . f .
SUMI (]) — 2 2 kii; 2 2 [x (J: I, P) — X (.;! fl! pl)]2
=2 { =] p=1 p,=1

m L p-—1
SUM2(j) =X ki = % [x(j,i,p)— x(j i p)]°

=1 p=2 Pyw=l

ki, ki, a(j) are the appropriate weights defined from physical con-
straints of the problem.

The particular subset of r features which maximises this criterion was
considered as the best ‘r’ features. (A particularly interesting exercise
in FORTRAN coding was called for to automatically consider all possible
combinations). However, this does not allow for a direct comparison
over different sized feature subsets (r,, r,...n), i.e., over all the
possible subsets of features. To overcome this and other deficiencies,

attempts were made to define a new criterion and this is discussed in the
sequel,
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A careful analysis of Deuser’s criterion reveals that no consideration
is given to the effect of interfeature correlation, which increases the scatter
of the classes in the feature space and hence is a significant factor in problems
with highly correlated features. Also, no attempt at defining a bounded
universal scale of merit is made in his analysis, thus lackirg a necessary and
basic ingredient of any figure of merit concept. To meet these conceptual
omissions, the following new criterion 1s proposed.

3. EFFECTIVE FIGURE OF MERIT CRITERION
Let J ={J;: i =1,...n} be the set of features under consideration.

Let O (J) be the complement of & (J) with respect to @ where &(J) is
the power set (set of all subsets) of J and @ is the null set.

We define B the best feature subset of J as

_ o E(
=550

where, £(S): The Effective Figure of Merit of a feature subset
S ={sj: j=1,... r} r =m(S) isgiven by
E(S) =[P(S)(1-:0 + C(N]

P(§)=[1:0—n (10— F(s))]

f=1

1S maximum,

C(S) = SUM3(S)/ £ (SUM1 (s;) — SUM2 (s7)): r>2

f=1

= s r=1
F(s3) = (SUM1 (s5) — SUM2 (s;))/SUM1 (s3).
Here,

m =1 L () L(ty)

SUMI(s)) = T X Kii, 2 5 (X (s iy, oY) — X (54, is, po))*

{1m3 {ym] =™l pywl

L{D p1—12

SUM2(s) = 3 Ky 3 T (x (sir iy p) — % (54 i» po))?

{m=] 9122 py=1
m L) r 33

SUM3(S)= X 2 X2 3 |djdj, |

tw] pm] J,=2 jym]

L (1)

dj = X (Sj, I, p) — [ o) x(sji A P)/L (i)]

pw=]
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An estimate of the probability of misrecognition can be determined as
EPOMR (S) =(m — 1)(1 — E*? (S))/m.

This effective figure of merit unlike Deuser's Hybrid Figure of Merit,
allows comparison over different sizes of subsets, and more proportionate
comparison within the combinations possible of a given subset size. It
can even represents a rational basis for comparing different feature selection
problems. As a further evaluation of this criterion, comparison with a
suitable parametric feature selection method was thought of. The existing
parametric feature selection technique based on the assumption of Gaus-
sian distributions and equal covariance matrices for the pattern classes, was
considered here. The high classification efficiency obtained for the test
data through maximum likelihood classification procedures based on Gaus-
sian assumptions indicated that the Gaussian assumption may be justifiable
to an extent. The statistical analysis of the Iris data showed that the sample
covariance matrices for the two classes were unequal, but close enough to
justify the use of the above parametric approach provided some suitable
modifications to the method could be made to account for the difference
between the covariance matrices of the two classes of Iris data. Two alter-
natives were considered: (i) Average the covartance matrices and computing
the inverse of this averaged covarlance matrix for further analysis, (ii) Com-
puting the inverses of the covariance matrices of the two classes individually
and averaging the inverse matrices for further analysis.

Let M;, Ki; (i =1, 2) be the mean vectors and covariance matrices of
the classes 1 and 2 respectively. Under Gaussian assumption, the diver-
gence criterion, for two class problem with equal covariance matrices X,
can be written as

D(Cy, C) =(M, — M))" K71 (M, — My

and the features are selected on the basis of the magnitude of D for the diffe-
rent feature subsets. Here, the covariances matrices being unequal, the
measure is not necessarily optimal. However, an equivalent inverse covari-
ance matrix can be defined in view of the fact K; and K, are not very different
in their values and towards this end two possibilities are considered:

(1) K™ = [(K, + K3)/2)*: inverse of the average,

(i) K! = (K + K;7Y)/2: avérage of the inverses,
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is computed through both these approaches. The results of experinients
along these directions with Iris test data 1s presented and discussed in the
next section.

4. DISCUSSION OF RESULTS OF EXPERIMENTS WITH RIS DATA

The two class Iris data [6] consisting of 100 four-dimensional training
samples was used as a base for this experiment designed to make a compa-
rative study of the Hybrid and Effective Figure of Merit. The Hybrid and
Effective Figures of Merit were computed using the Iris data for all the
possible 15 feature combinations. To obtain a basis for comparative evaluation
of these two figures of merit, the actual classification efficiencies under each of

these 15 feature combinations were estimated using a new non-parametric
method of feature classification. (This technique can be used either inde-

pendently or as an extension to existing techniques such as the Ho-Kashyap
algorithm. The classification results listed in Table I were obtained using
the new method as an extenston to Ho-Kashyap algorithm. It was found
that the classification efficiencies, under this approach, turned out to be con-
siderably higher than under either the Ho-Kashyap algorithm without
extension or the maximum likelihood approach with the assumption of
Gaussian distributions, for all feature combinations).

A careful perusal of Table I brings to light the relative superiority of
the new Effective Figure of Merit over the Hybrid Figure of Merit. This

point can be dramatically brought home by considering, for example, the
cases of features 3 and 4. The Hybrid Figure of Merit for feature 3 is about
350 per cent of that for feature 4 thus indicative of a very high superiority of
feature 3 over feature 4. But the fact, as can be seen from actual classifi-
cation, 1s that not only the feature 3 is not superior to feature 4 by this order
of magnitude, but actually is even slightly less efficient than feature 4. This
indeed is very clearly broughtout by the new figure of merit. Similarly,
comparison of the results among other cases of interest such as features 1
and 4 reinforce the superiority of the new figure of merit. The bounded
(0-1) scale of merit of the new method, in addition to allowing good relative
evaluation of different feature subsets, does also give beforehand a fair mea-
sure (a sort of lower bound) of the classification efficiencies that can be
expected in the corresponding feature space. Indeed except for the case
of feature subsets (1, 2, 4) and (1, 4) the order of merit as derived from the
Eftective Figure of Merit criterion is exactly the same as that derived by
actual classification of the data and even there the measure of classification



TABLE |

A comparative study of the new Effective figure of merit with Deuser’s hybrid figure o f merit and modified

A

(parametric) divergence criterion using Iris data

Effective Estimated Estimated |Actual observed] Deuser’s Divergence D (C,, C,)

Features figure probability of | classification on | classification | hybrid using parametric feature

used of mis- efficiency efficiency figure of selection criteria

merit recognition (%) (%) merit KA=K, 1 | K = gt
12,3, 4 | 0-9834 0-0165 | 9835 98 | 6s64.90 14-219 5. 853
I, 3,4 | 0-9833 0-0166 98-34 98 6460- 88 17-207 19207
2,3, 4 0-9794 0-0204 97-96 98 550217 22-974 24-445

3, 4 0-9770 0-0227 97-73 97 5398-13 25-109 26-848

1,2, 4 | 0-9466 | 0-0520 9480 9% 2391-78 18- 262 29.925
1, 4 0-9399 0-0583 94-17 95 2287-74 21-496 34-128
1, 2,3 0-9346 | 0-0633 |  93.67 97 $339-22 | 11-637 | 16956
1, 3 0:9234 0-0737 92:63 96 5235-88 11-533 16-315
2, 4 0-9178 0-0788 92-12 95 1329-03 12-378 22-856

4 0-9020 0-0932 90- 68 94 1224-99 14-759 26-107
2,3 | 0-89%I 0-0985 90-15 94 | 427717 23-012 29-307
3 0-8742 0-1179 88-21 93 4173-13 22-054 27718

1, 2 ; 07017 | 02538 |  74-62 75 116679 3976 4:048

I | 06267 0-3036 6964 73 106275 3-976 4259 :
2 ! 0-4164 | 0-4133 l 58-67 63 104-04 0-712 0-740

il

—
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efficiency dertved from the criterion compares favourably with the actual
classification efficiency. This is of value in comparing various feature selec-
tion and classification problems which arc of a similar rature. Table Il
shows the results of the new feature sclection technique as applied to Iris
data, wherein the various feature subsets are ordered according to the values
of the corresponding effective figure of merit. Depending on the ease (and
hence the cost) of measurement of different sizes of feature subsets, the opti-
mum size of feature subset can be chosen. Then, vsing Table 11, the best
feature subset within the chosen subset size may be selected.

TaBLE [

Results of feature selection for Iris data using the effective figure of merir
criterion

Feature subsets listed in the descending order of merit

o - B |
Subset dimension ] 2 3
1
- |
4 3,4 1, 3,4
(94%,) (®7%) (98%)
1,4
3 (957) 2.3, 4
o (93%) 13 (98%)
Figures in parentheses tndicate (9’;5,,, )
the best classification effici- c _
encies obtained in the corres- > 4
ponding feature subspace : (95%) | L %4
(73%) - i_ 3 | (92%)
(94%,)
2 L1,2 1,2,3
(63%) (75%) (97%)

Table 1, also gives the divergence values D (C,, Cy) computed using the
psuedo equivalent inverse covariance matrices as detailed earlier. While
the divergence values are relatively lower for subsets which have significantly -
lower actual classification efficiencies, comparison of divergence values bet-
ween subsets, which are not too far apart in terms of their actual classifica-
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tion efficiencies. does not reflect well on the reliability of this criterion. This
may possibly be due to the doubtful validity of the Gaussian assumptions.
Further the results in Table T show that averaging the covariance matrices
before computing the inverse gives far better ordering of the different subsets.
This is also more meaningful from physical and mathematical considerations.

One can also notice that agreement between the Effective Figure of
Merit Criterion and the modified version of the Divergence Criterion is good
for single features and fair for feature subsets of two dimensions. How-
ever, as the size of the feature subset increases, the agreement becomes
poorer. This probably is due to the fact that errors due to assumption of
equal covariance matrices and averaging become more and more predomi-
nent as the size of the feature subsets increase. Also, the validity of the
assumption of multivariate Gaussian distribution tend to reduce with increas-
ing dimensionalities. However, the non-parametric Effective Figure of
Merit Creterion being independent of such assumptions has the same over
all reliability. Thus the eftectiveness and reliability of the new creterion is
clearly demonstrated by these tests conducted with the well known Iris data.
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ABSTRACT

Single crystal ESR investigations of copper (II) diethyl-diselenocarbamate, dilu-
ted in the corresponding zinc complex, are reporied in this paper. The g and C
hyperfine tensors hav. non-coinciding principal axes. While the maximum Cu
hyperfine splitting dircction is normal to the plane of the ligands, the maximum g-
value direction is located in the plane of the ligands. The g-values for this complex
are very close to the free spin value; the g shifts are the lowest reported for Cu (II)
complexes. Hyperfine structure from the ""Se isotope (7-5Y, abundant) has been

observed and the Se hyperfine principal values are used to estimate the coefficients
of the Se 4s and 4p orbitals in the ground molecular orbital of the unpauired electron.
These indicate a high degree of delocalization of the unpaired electron over the complex.
A consistent explanation of the results is given in terms of the large delocalization of
the unpaired electron and the high spin-orbit constant of the ligand.

Key words: ESR: Cu diethyldiselenocarbamate? Covalent binding.

INTRODUCTION

We have been investigating for some time, the effects of covalent binding
in sulphur co-ordinated copper complexes [1-3]. These studies motivated
similar investigations in copper complexes bonded to the much heavier
ligand atom Se. Cu dialkyldiselenocarbamates are among the few stable
Se bonded Cu (I1) complexes. These were taken up for study since the
results on the corresponding thio complexes are available for comparison.
Both complexes have similar geometry; the Cu atom is surrounded by four
ligand atoms roughly at the corners of a square. Covalent binding effects
can be investigated through superhyperfine (s.h.f.) structure study, more
easily in the case of selenium than in the case of sulphur because of the
higher relative abundance of the magnetic 1sotope of Se, ""Se (7- 5%, abundant).

* Present address: Solid State Physics Laboratory, Lucknow Road, Delhi-110007.
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Therefore, a detailed ESR study of single crystals of copper diethyl-diseleno-
carbamate (desc) isomorphously diluted with the zinc ¢complex was under-
taken a few years ago[4]. A preliminary report on the work was published,
but all the features of the ESR spectra had not been explained. Attempts
were being made to study the effects of Ni dilution also. Two groups of
workers[5,6] meanwhile published ESR results on Cu di-n-butyldiseleno-
carbamate Cu (dbsc)., diluted in the corresponding Ni complex. In both
Cu (desc), and Cu (dbsc). the g-and Cu hyperfine (h.f.) tensors have non-
coinciding principal axes. The g-shifts in these complexes are the lowest
reported so far for Cu complexes. A large degree of delocalization of the
unpaired electron is indicated by the magnitude of the “Se hyperfine inter-
action. In this paper we report our investigations on Cu, Zn (desc), and
compare them with the results for Cu, N1 (dbsc), and attempt an explanation
of the unusual features of the ESR spectrum in the two cases in terms of the
large delocalization of the unpaired electron and the high spin-orbit coupling

constant of the ligand.

EXPERIMENTAL

ESR investigations were carried out with an X-band spectrometer
using 100 KHz modulation. Single crystals of Cu (desc), isomorphously
diluted with Zn (desc),[7] were grown from chloroform solutions. Prelimi-
nary X-ray examination in our laboratory indicated that Cu (desc), is iso-
morphous with Cu diethyldithiocarbamate (detc). Mixed crystals of the
thio and seleno complexes could also be grown without difficulty. Crystals
of Cu (desc), belong to the monoclinic space group P2,/c with a = 1002,
b=11'06, c=17-03A, B=111° z=A4.

RESULTS

A recording of the ESR spectrum with the magnetic field in the ac plane
is reproduced in Fig. 1. In addition to the strong hyperfine lines from Cu
nuclel (43Cu and ®Cu 1sotopes), the spectrum shows a number of weak lines
due to "Se nuclel (I = 3).

Angular variation studies showed that the axes of the g- and Cu h.f.
tensors do not coincide in this crystal. In the ac plane the maximum h.f.
splitting direction is 70° away from the direction of maximum g-value (g,,.,)-
The maximum and minimum g-value directions in the ac plane, gu.. and
Zmin Were noted. Angular variation study in three orthogonal planes (ac,
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8w O 8nd ga b planes) yielded the g-tensor which was diagonalized to give
the principal g-values g, = 2:0076, g, = 2:0228 and g,, = 2-0581.

63 77
Cu S'a l A ’ | _I | l A i H
65cu’’se ) | |

1 M"’J :

1

Fig. 1. ESR spectrum of Cu, Zn (desc): with H lying in the ac-plane.

The turning points of the Cu h.f. splitting in the principal planes of the
g-tensor indicated that one of the principal axes of the Cu h.f. tensor m
coincides with the g, direction and the h.f. sphtting n this directior is found
to be the maximum. The other two principal directions / and » are located
in the uw plane making angles of about 40° with the «# and w directions res-
pectively (Fig. 2). The principal hyperfine constants are: A; =266 x
10%cm™1; Ap® =127-7T X 10 cm™t; Ap® =136-9 X 104 cm™? and A, =
446 X 10 cm™.

Since the directions of maximum g-value and maximum Cu h.f. splitting
do not coincide, the problem arises as to which corresponds to the z-direc-
tion of the spin Hamiltonian. To find this out mixed crystals were grown
with Cu, Zn {(detc), in which the g- and 4 tensors coincide. ESR spectrum
of this mixed crystal showed that the maximum h.f. direction corresponds
to the normal to the Cu-Se, plane.
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(Y (v, m}

(n)
(1)

Z
(w)

FIG, 2. Relative orientation cf the g and Cu hyperfine tensors and the coordinate system
used for the discussion of ESR results, The Cu and the four Se atoms are in the XZ plane.

S.h.t. structure from 77Se nucler has been analysed. The measured Se
h.f. separation along the maximum Cu h.f. direction is 27 x 10~*cml
Assuming the s.h.f. interaction to be axial about the bond direction, this is
taken as the principal value B%. Tracking the lines in the vu plane, the
maximum separation measured along the u direction is 75 x 10~4cm-L.
Noting that this direction i1s 40” from the bond direction /, the hyperfine
separation A% along the bond direction 1s calculated to be 95 x 10— cm!.

Measurements made.with a benzene solution of the complex gave the
values: g =2-0246, A =75 X 10~ cm ' and A% =42 x 10~ cm.

DISCUSSION

The following points may be noted from a comparison of our experi-
mental results with those of Van Rens er a/.[5] and Kirmse et al.[6].

(1) In both complexes the g-values, Cu and Se h.f. tensors have roughly
tetragonal symmetry in their respective principal axes frames with only
small rhombic components.
| (ii) The g-values are very close to the free spin value. The g-shifts are
the lowest reported for cupric complexes. One of the g-values for Cu, Ni
(dbsc), is less than 2-0023.
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(iii) The principal axes of the Cu and Se h.f. tensors are oriented as 1s
normally found in other Cu (11) complexes, but unusually, in both complexes,
the direction of maximum g-value is in the plane of the ligands.

(iv) The numerical values of the g- and Cu h.f. tensors are similar for
Cu, Zn (desc), and Cu, Ni (dbsc),.

(v) The g-tensor axes are differently oriented in the two complexes.
In Cu, Zn (desc),. the only coincident principal axes of the g- and A% tensors
is along the normal to the Cu-Se, plane while in Cu, Ni (dbsc), it Is in the
molecular plane.

Since the principal axes of the g- and Cu h.f. tensors do not coincide,
the molecular orbital theory developed by Maki and McGarvey[8] and Kivel-
son and Netman[9] is not directly applicable. However, the symmetry of the
Cu and Se h.f. tensors indicate the ground orbital of the unpaired electron
to be the antibonding o-orbital. The present results may be understood
by noting that the unpaired electron is highly delocalized over the ligand
atoms. Under these circumstances the g-values are ditermined by the over-
all symmetry of the complex over which delocalization is effective; h.f. ten-
sors have symmetry axes decided by the local symmetry provided by the im-
mediate neighbourhood of the nuclear site because of the 2 dependence of
the anisotropic part of the h.f. interaction. This accounts for the normal
orientation of the 4 and A4%¢ tensors. In addition to the large delocaliza-
tion, another special feature is the spin orbit coupling constant of Se which
iIs much larger than that for other ligands studied; in fact, i1t is larger than
that for Cu.

An estimate of covalency in the complex may be obtained from ligand
h.f. data. The isotropic and anisotropic parts of the h.f. Interaction, deter-
mined from experimental h.f. parameters, are: a5 =49-67 X 10~* cm™?
and b% =22-67 X 10-¢cm. These are assumed to arise from spin den-
sities pg and py, in the Se 4s and 4p orbitals, which can be estimated by com-
paring the experimental h.f. parameters with theoretically calculated values,
For the two sets of theoretical values calculated by Whiffen{10] and Hurd and
Coodin[l1] the values of ps and pp estimated are ps =0-011 and 0-008, pp =
0-18 and 0-138 respectively. The values of o-overlap integrals for the Se
4s and 4p orbitals with the metal d-orbital taken from Boudreaux ez al.[12]
are: Sg =0-036, Sy =0-05. The values of «,% the square of the coefficient
of the metal d-orbital in the ground molecular orbital of the unpaired elec-
tron, calculated from the values of pg, pp, S5 and Sp, are 0:29 and 0-48 for the
two sets[10,11] of the estimated spin densitiecs on Se. The values of a,>
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calculated are the lowest reported for cupric complexes. More spin density
is transferred to the Se ligands than is retained in the metal orbital. 1In the
above discussion we have not taken into account the 3d-orbitals on the Se
atoms. These would contribute directly to the anisotropic h.f. interaction
and indirectly to isotropic h.f. coupling by core polarization. We have
also omitted the exchange polarization and covalency of the bonding orbitals,

For comparable a;, Se binding should be more effective than S binding
in leading to near free-spin g-values because of the larger spin-orbit coupling
constant of Se. In the unquenching of orbital momentum caused by spin-
orbit interaction, the spin-orbit effects on the ligands partially cancel out
the effect from the metal atom, thus resulting in a smaller g-shift. This
eftect is not so pronounced in the case of lighter ligands with smaller spin-
orbit parameters. Ligand effects are so large in Se complexes that in Cu,
Ni (dbsc), they are even stronger than the spin-orbit interaction on Cu ard

one of the g-shifts becomes negative.

With such large covalency it would, therefore, not be correct to use
molecular orbitals of D, or D, symmetry with the z-axis normal to the
plane of the ligands. Some spin density may be found even outside the
CuSe, framework. The symmetry of the surroundings of the Cu-Se, unit
as a whole cannot be greater than two-fold. The D, symmetry for perfect
planar arrangement of atoms will be lowered by distortions. The results
in the present case can be qualitatively explained by assuming a two-fold
axis with the quantizing direction in the co-ordination plane. Assuming
the symmetry of the complex to be C,p (similar results would be obtained
for C;) the z-axis is taken to be along the maximum g-direction g, in the
ligand plane (Fig. 2). The x-axlis 1s taken along g, and the common princi-
pal axis direction (v =m) is taken as the y-axis.

+

Considering the unpaired electron to be in the antibonding orbital
between the metal atom and the ligands, the ground orbital would be that
involving the dg; orbital on the metal atom. Under low symmetry, irre-
ducible representations have low dimensionality; more than one orbital
belongs to the same irreducible representation. Both d,, and dyz orbitals
belong to By symmetry in Con. The ground state of the unpaired electron
should, therefore, be written as a linear combination of the metal dy, and d,;
orbitals and appropriate linear combinations of Se 4s and 4p orbitals, viz.,

[.I.Sc.—2
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Bﬂ=‘11dxz"g§("1+°'2+“3+"’4)

+ agdyz — 5 (py' — py* — Py + 2y)

where o is the suitable hybridized combination of 4s and 4p orbitals on the
Se ligand .

To calculate the g-values, the spin-orbit admixture into the By orbital
is to be evaluated. The /; operator admixes dy, into dz,. This gives a
contribution to g;. The /; operator connects the dyy, orbital with the d,
orbital. The /y operator takes the dy, orbital into a linear combination of
dyr_z» and dyr g dg? dy?, dz* and dyy all belong to the Ag representation
in Cgp. Spin-orbit admixture is most effective with the /, operator along
~ the normal to the CuSe; plane so that g-shift due to spin-orbit effects is
maximum along the y-direction. Similar but smaller contributicrs are
obtained along the z- and x-direction. There i1s an extra contributicn to
the g-shift along the z-direction coming from the crystal field admixture of
dyz. A knowledge of the exact strength of the crystal field is necessary to
calculate this effect. It is, however, apparent from experimental results
that this effect is appreciable. The g-value is, therefore, maximum along
the z-axis and g, is greater than gy.

As already mentioned, the symmetry of the h.f. tensors can be explained
by noting that the interaction falls off as 2 and is therefore, determined
largely by the local symmetry at the Cu nuclear site. Usually all ligand
and overlap terms are neglected in the calculation of the hyperfine interaction
with the metal atom. Therefore, for the discussion of the Cu h.f. structure
axes, the symmetry can be considered to be Dy, with the unpaired electron
in the dy, orbital. Calculation of h.f. interaction then yields principal axes
and values that agree with the experimental situation. A similar argument
that the Se h.f. structure is determined by the symmetry at the concerned
Se site shows the Se hyperfine structure to be roughly axial about the Cu-Se
bond direction.

Though the g-tensor appears to be more peculiarly oriented in Cu, N
(dbsc),, a similar argument explains the situation. The g-value along the
z-direction in the Cu-Se, plane is maximum because of the crystal field ad-
mixture. The orientation of the other two g-tensor axcs in the perpendicular
plane would depend on the finer details of the geometry of the molecule
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and the orientation of the m-orbitals. A distortion of the ligands beyond
Se out of the CuSe, plane with a trans geometry for the molecule, retaining
a centre of symmetry at Cu, could explain the g-tensor orientation. It would
perhaps be interesting to study by ESR Cu, Ni (desc), and Cu, Zn (bdsc),
to determine the extent to which the alkyl groups affect the resonance

proper ties.

CONCLUSION

It is shown how it is possible to understand the nature of the g and
hyperfine tensors in highly covalent Cu complexes of low symmetry. How-
ever, accurale values of a large number of parameters, precise structural
information and more reliable atomic parameters are necessary before
quantitative calculations of g-shifts could be arrived at for these complexes.
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