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ABSTRACT

Semiempirical MO calculations of vanadium in the tungsten site of

CaWQ), crystals are presented. The two cases of [VOu}B' and [VOu]h— are
considered. The true symmetry S) of the tungsten site is used in the con-
gtruction of the ICAO and ligand hybrid orbitals are constructed to

accomodate the crystal structure. ©Small positive Ag shifts are predicted

and possible accidental isotropy of the g tensor.

ix






CHAPTER I

THEORETICAL BACKGROUND

The Scr%dinger equation for a collection of k nuclei and N electrons in

the Born-Oppenheimer approximation 1s:

HY(zlfgo ¥ 'iN) = E\I,(Elrgo - 'IIN) (I"l)

where the Hamiltonian is given in (I-2)
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In addition to the Borm-Oppenheimer approximation which neglects the kinetic
energy of the nuclei, we have neglected terms depending on the electron spin,
the nuclear spin and the nuclear quadrupole moment. Even so the solution of
Eq. (I-1) is impossible and only approximate numerical solutions can be ob-
tained in the simple cases. The difficulty arises from the last term in Eq.
(1-2) which expresses the electron-electron interaction. Without this term
the Hamiltonian in Eq. (I-2) would become a sum of one-electron operators
and the solutions of Eg. (I-1) would be in the form of a product of one-
electron functions (or orbitals;) i.e.,

Y(r£r§~o~£N) = V1(rp)valra). - iy (rw) (1-3)
In the Self-consistent Field (SCF) approximation we keep the electron-electron
interaction term but assume that the solution of Eq. (I-1) can be written in

the form of a product of orbitals as in Eq. (I-3. Using this expression for



the solution and applying the variational principle to minimize the energy

in (I-4)

g - JHe (1-4)

<v|v>

we get the following N Hartree equations:
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i=1,2,3...N (1-5)
We interpret Eq. (I-5) as expressing the motion of the electron that occupies
the i-th orbital, under the influence of the stationary nuclei (second term)
and the fixed effective (average) field of the rest of the electrons which
occupy the other orbitals (third term). The method used for solving the
equations in (I-5) is by successive iterations. However this is still a

formidable problem and therefore additional assumptions are introduced.

In the valence electron approximation we divide the electrons into two

groups. The core electrons and the valence electrons. The core electrons
are those found in closed atomic shells and are considered to interact with
the rest of the electrons (the valence electrons) only through the screening

of the corresponding nuclei. Therefore Eq. (I-5) simplifies into the

following:
B, M .
% y 2 Zie / e
-2 W) 2 ) <y (@) [l (@ v (1) = By (1)
2m ruj Tt '
3=1 n'=1 MM
b u=1,2, .. Ny, (1-6)



where Z% is the effective nuclear charge of the j-th nucleus and N, 1s the
number of the valence electrons. Of course the only simplification that
occurs in Eq. (I-6) with respect to Eq. (I-5) is in the number of the equa-
tions. The third term in Eq. (I-6) (as well as in Eq. (I-5)) varies with

the index u because it expresses the potential energy of an electron in the
u-th orbital due to the rest of the electrons which occupy the other orbitals

and all orbitals are not the same. Nevertheless as an additional assumption

we congider quite frequently that this variation is not great so that all
valence electrons are considered to move under the same effective field.

Therefore we write one effective Hamiltonian for all valence electrons

Hepr = }: 'j“ + V(r ) (I-7)

where V(ru) is the average value of the third term in (I-6) taken over all

values of u'.
Thus the original many-electron problem has been reduced into a one-

electron problem, namely the following.

Heffwu(£“> = Euwp(r“) (1-8)

SOLUTION OF THE ONE-ELECTRON PROBLEM
In order to solve Eq. (I-8) usually we approximate the molecular
orbital ¢p(£) by & linear combination of atomic orbitals (ICAO) centered at

the different nuclei; i.e., we write



¥(r) = }: c; P4 (1-9)

i=1

Then by using the variational method we minimize the expression (I-lO)

E = %lﬁeffw}P (I-lo>
<y, loy>

where |, is expressed by Eq. (I-9). This procedure gives the following

equations: 1

}: ci(Hij-ESij) = 0 j=1,2...n (I-11)
i=1
For a nontrivial solution we must have

det |H, .-ES = 0 1i,j=1,2...n (1-12)
1]

m

where by definition

Hij = <®ilHeff]®i> the Coulomb Integral

fl

H j = <¢i]Heff]@j> the Resonance Integral

it

q%h%> = the Overlap Integral
The selection of the proper atomic orbital P to be used in Eq. (I-9) rests

on intuition and experience but the best coefficients ci's are determined

rigorously by the variational method.

SIMPLIFICATION OF THE SECULAR DETERMINANT
The secular determinant (12) is usually quite cumbersome to solve. Its
rank is equal to the number n of the A0 used in the expansion (I-9), which is

often twenty, thirty or forty. In order to factor out the secular determinant



it is convenient to use Group Theory to form combinations of the originally
selected AO so that these combinations transform according to the irreducible
representations (I.R.) of the group G of the symmetry transformations of the
Hemiltonian Hggp- Then according to group theory the only nonzero matrix
elements Hij and Sij occur between functions belonging to the same irreducible
representation since the Hamiltonian operator and the identity operator
transform according to the identity I.R. of the group G (see for example

Heine "Group Theory"). The overlap integrals Sij are called group overlap

integrals when combinations of A0 transforming according to the wvarious I.R.
are used. They are calculated by using SCF atomic orbitals like the ones
given by Freeman and Watson or if the latter are not available Slater-type
functions may be tried. For the Coulomb and resonance integrals either we
try to calculate them directly from first principles or we approximate them
by using experimental data concerning the ionization potential of free atoms
and molecules.

The latter case is referred to as a semiempirical calculation.



CHAPTER II
SEMIEMPTIRICAL MOILECUIAR ORBITAL CAILCULATION OF VANADIUM IN THE
TUNGSTEN SITE OF CaWO)y

In this chapter a semiempirical molecular orbital calculation of vana-
dium in the tungsten site of CaWOL is tried.

The true symmetry of the tungsten site is S),. However, if one restricts
himself to the four neighboring oxygen atoms, then the symmetry is higher,
namely Dog. The coordinate systems have been chosen according to Fig. 1.
Notice that the coordinate systems on the oxygen atoms are left-handed.

This facilitates the calculation of the group overlap integrals. The charac-
ter table of the point group S) is given in Table I. The atomic orbitals s,
p, d are classified according to the I.R as well as the angular momentum

A A

A
operators Ly, Ly, L,. In the lower part of Table I the reduction of some

direct products of I.R. is given.

TABLE T

CHARACTER TABLE OF Sy POINT SYMMETRY GROUP

s | E | c| sa| si

I 1 1 1 1 S; 22; X2+ y2, i‘_z
I 1 1 -1 -1 Z; X2-y2; xy

E 2 -2 0 0 X, Y; X, Yz; fx, Ly
Txp| 1 | -1 1 | - A

[xE | 2 0 | -2 0 -E

BxE | 2 0o | -2 0 -

EXE | 4 0 4 0 <+
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Fig. 1. Coordinate systems of vanadium and oxygen ions.




SELECTION OF THE ATOMIC ORBITAL
Now the problem of which AO are to be used in the ICAO approximation is
considered. The electronic configurations of the vanadium and oxygen atoms
are as follows:
v 1520820p036%3p05 adks? = [Ar]3adls?

O: 1322522plL [He]ESQQ;pLL

Since the vanadium 3d, L4s, and 4p AO's are energetically close as well as the
oxygen 2s and 2p ones, it 1s reasonable to consider them as candidates in the

expansion (II-1)

(@) = Zci@i (11-1)

Of course the greater the number n of the AO's used in (II-1) the better.
However for practical reasons we try to limit this number as much as pos-
sible. Therefore we shall try to solve the problem of vanadium in the tung-
sten site using only the nine vanadium AO 3d, 4s, Lp and the sixteen AO 2s,
2p of the four neighboring oxygen atoms; i.e., we shall consider only the
complex [VOy]. Thus the molecular orbitals Wu(ﬁ) may be approximated by
the (II-2). o

vy (r) = Z ciPq (11-2)

i=1
However, the approximation (II-2) is deficient in one important aspect,
namely it does not take into consideration the surroundings of the complex
[Voh]v Thus one would be inclined to use the point symmetry group Dog instead

of the §). Furthermore the approximation (II-2) would result in the following



o oxygen hybrid bonding orbitals

s1n@; (2s); + cose;(2p); i=1,2,3,4

whose hybridization angle © would be about 25°+5°, and the corresponding
nonbonding orbitals
cos®i(2s);-5in6i(2p);

directed away from vanadium. What we intend to do, instead of the above
program, is to incorporate the influence of the rest of the crystal in the
construction of oxygen hybrid orbitals which will be combined afterwards
according to the Sy, point group.

Each of the oxygen atoms in the complex [VOu] is at a distance of 1.78
A from the vanadium atom and at 2.44 A and 2.48 A from two neighbor calcium
atoms (see Fig. 2).

The vanadium atom and the two calcium atoms are the closest metal atoms
and lie almost on a plane with the oxygen atom (oxygen atom about .25 K of T
the plane defined by the vanadium and the calcium atoms).

Approximately perpendicular to this plane and at a distance of 2,91 E

lies a tungsten atom. We make the assumption that the hybrid orbitals, which

are constructed pointing towards the four metal atom, will result in the most
stable situation. Since it is convenient to have these hybrid orbitals or-
thogonal to each other, we congtruct first the three orthogonal hybrid or-
bitals which are directed towards the vanadium atom and the two calcium

atom as follows:



e
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Fig. 2. Part of the unit cell showing the coordination of an

oxygen atom.
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oy = -T64T3(2s)+.64435(2p),,
Peap = -38671(2s)+.92220(2p), (I1-3)
Poax = Q49268(2s)+°87020(2p)5

Then we construct the orbital h which i1s orthogonal to the three orbitals in
Egs. (II-3) as follows:

h = .1513%(2s)+.98848(2p) (1I-4)
W

1
The oxygen orbitals (2p)y, (2p)o, (2p)5 point towards the corresponding metal
atoms. When checked the orbital h points quite close towards the direction
of the Wp-site. To be more gpecific the direction angles of the h orbital
are 125°, 55°, 56° and those of the Wj-site, 116°, 51°, 50°. The two direc-
tions form an angle of about 10°.

We take the orbitals in (II-3) and (II-4) as the proper ones to be used
in (IIml)e However, two of them, namely the mcag and $ca5 overlap very little
with the vanadium orbitals and will be considered as nonbonding orbitals.

Thus referring to Fig. 1 the following orbitals (II-5) are to be used:

(a) the nine vanadium orbitals 3d, ls, 3p

(b) the four o orbitals

op = .T6WT3(2s) +.6M435(2p);  1=1,2,3,k

(c) +the four h-orbitals, which are almost m-orbitals,

h = al5l55(28)+(a)052582(2px)i~5819H9(2py)i
- 17957(2py) 4
where
1 for i=1,k
(01
-1 for i=2,3 (11-5)

11



Using the Character Table I for the S| group and the transformation
properties of the functions in (II-5) (see the Appendix) the combinations of
orbitals which transform according to the I.R. of the S) group are con-
structed. The results are summarized in Table II.

We observe that the symmetry arguments alone are not sufficient to
determine the coefficients in the doubly degenerate irreducible representation
E. This is because the S) group is mathematically an abelian group with non-
degenerate lrreducible representations. The double degeneracy of the E I.R.
which is shown in Table I i1s due to time reversal symmetry and not to the

S, point symmetry group.

TABLE IT

COMBINATION OF AO TRANSFORMING ACCORDING TO THE I.R.'S OF THE Si GROUP

LR Metal ¢-Lligand m -Ligand
r 72, s 0 =01+02+03+04 g, =Nt *ha +hs +hg
! 2 ' 2
- - + - -
f2 x2-yZxy;z 0,0 "% 203 Ja y, N h22 N3 * Ng
sin alxz) + cos alyz), sin Oz + cos po3' sinY Hz + cosY Hz'
E cos alxz) - sin alyz)' "cos pdz - sin pP3; cosY Hz - sinY Hz
sind'(y) + cos a'(x)
cos a'ly) - sin a'(x)
0 -0 _h - h4
() Oy=—==2; (3 Hy=-
) >
0, -0 h, -h
0= 22 3 : Hy= 22 3
2 3T @ 3T

12



GROUP OVERLAP INTEGRALS

The group overlap integrals are calculated according to the standard
techniques; see for example Reference 1 Chapter 7T, Appendix I. The
University of Michigan IBM 7090 computer was used. The following SCF radial

functions were used.

Oxygen
R(2s) = .5459%p,(1.80)+.485995(2.80)
(11-6)
R(2p) = .6804po(1.55)+.40380,(3.545)
Vanadium
R(3d) = ,52u5¢5(1.8289)+.4989¢5(5,6102)
+,1151@5(6.8020)+00055@5(12,u522)
R(ks) = R(kp) = .067795(9.3319)-.0971p3(5.1562)
- 0246gz (3.5078) +. ObkLoy(3.8742)
+.36070) (1.8764)+.6090¢,( 1. 1462)
+. 14870, (. 7800) (11-7)
where N
(2 )2n+l 01
Pa(n) = N T
(on)!
The following nonzero overlap integrals were found:
GF1(22,¢1) = .02022; Gpe(xg-yg,Hg) = -.15657
2
Gpy(z ,HL) = .09518; Gry(xy,0p) = .2556h
Gpy(hss01) = .67h70;  Gpo(xy,Hp) = -.05509
Gry(ls,Hy) = .04082; Gro(z,Hp) = .18355 (11-8)

15



GE(X-Z:(PB) = GE(XZ:(PB') = GE(YZ)(PB) = 'GE(YZ)CPBV) = 16792

og(y,95) = Oglv,05) = Gu(x,05) = -Gglx,p5) = .3T166

Gg(xz,Hs) = -Gglyz,Hj) = -.0277h
Gm(xz,H)) = Gg(yz,Bg) = .07510
Ge(y,H3) = -Gg(x,H}) = .14880
Op(v,H8) = Cg(x,Hs) = -.19477

(11.8)

RESONANCE (or Exchange) INTEGRALS

In the semiempirical calculations we approximate the Coulomb integrals
by experimental data and the resonance integrals by the following relation
(I1-9)
Hy, = -FGij VHi{H:s (11-9)

13 33

where F is a constant between 1.67 and 2.00. The Gi is the group overlap

J
integral between the i-th and j-th orbitals. In the following, F will be

taken equal to 2.00 according to common practice.

COULOMB INTEGRALS
The results of any semiempirical calculation depend crucially on the

Coulomb integrals Hj; used in the Secular Equation (11-10)

|H; 5-ES13] = O (I1-10)

On the other hand the Coulomb integrals Hii’ which are approximated as

1k



valence-state ionization potentials (VSIP), depend again crucially on the
charges and the electronic configurations of the atoms. Therefore it seems
that one is faced with an ambiguous problem. The way out of this ambiguity
is to use the trial and error method in connection with some monitoring
device. The most commonly used monitoring device is the "charge self-con-
sistency”; i.e., (a) we assume a certain electronic charge and configura-
tion (b) we estimate the corresponding VSIP (c) the secular equation is solved
(d) the charge and configurations is calculated from the solution and (e)
we stop when agreement between assumed and calculated values is reached.

Any overlap charge is devided in half between metal and ligand orbitals
according to Mulliken'su suggestion.

To start the calculation we assume a charge of minus three for the com-

D
17 with 32

plex [VOu] which mekes it isoelectronic with the complex [WOA
electrons. We expect most of this charge to be located in the periphery
of the complex leaving the vanadium atom almost neutral. Thus each oxygen

atom will have a charge in the vicinity of -.75. From previous calculations5

the following VSIP of the ¢ and h oxygen orbitals are deduced:

]

VSIP(Oxygen o) ~77000 cm™1

(II-11)

VSIP(Oxygen h) -49500 cm~t

il

These VSIP are held fixed in the following trial and error calculation. In

general form the calculation runs as follows:

Assumed wvanadium configuration: dd sS pp
Assumed vanadium charge: q = 5-d=-g-p
Assumed electronic charge: n = 5-q = d+s+p

15



a) The Case of 3d VSIP
The assumed configuration 5ddhsshpp is split into components corresponding

to the configurations 3d", 3d™ ths and 3d% Ltup as follows:

Conf.3d%s®hp® = (1-s-p)Conf3d+sConr3d™ s
+ pConf3dl-Lhp

Then the VSIP of the 3d electron is given by the following expression

3AVSTP = (1-s-p)(3QVSTP of 34°)+s(34VSIP of 3d" k)

+p(3dVSIP of 3d%~Llp) (I1-12)

Generally n is not an integer. However, available estimations for the
various VSIP's exist only for integer values of n. In Table IIT the values
given5 for vanadium by A. Viste and H. Basch are listed. The strong dependence
of the VSIP's on the vanadium charge and configuration is obvious from the
Table III.

In order to be able to use formula (II-12) in the cases where the
electronic charge n is not an integer we interpolate the VSIP's assuming at
most a quadratic dependence on the charge gq. Therefore for every configura-
tion we have an expression of the form

VsIP(q) = Aq2+Bq+C (11-13)

Table IV gives the calculated values of A, B, C for the corresponding
transitions of Table III. Whenever the VSIP's for only two integer values
n of a certain configuration are known, the coefficient A of the quadratic

dependence is taken from the preceding configuration. Also, whenever the VSIP

of a single integer value 1s known then both the coefficients A and B are

16
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taken from the preceding configuration. It 1s obvious that the obtained
curves in the latter two cases are less reliable but that is the best we

can do for the present time.

TABLE IV

COEFFICIENTS OF THE INTERPOLATION TRINOMAL Aq2+Bq+C FOR THE

VARIOUS VANADIUM CONFIGURATIONS

contiguretion : : :

34 3d5 -15.8 -68.0 -31.4
34 5dlJL hs -14.0 -87.0 -51.4
3d Bdl‘L Lp -1k.0 -87.3 -61.k4
Lg 5@{1L hs - 8.6 -54.1 -51.0
he 537 hs® - 8.6 -62.9 -60.k
b 382 Lshp - 8.6 S57.5 -70.6
bp BdLL bp - 7.5 L5 L -27.7
p 3a° p” 7.5 -50.8 36.8
bp 38 Lglp - 7.5 -50.8 -36.k

b) Cases of lUs and Lp VSIP's ~

These cases are similar to the previous one of the 3d VSIP with the dif-
ference that when the assumed configuration dehsshpp is decomposed to its
components the results depend on what electronic orbital we have in mind.
For example for the VSIP of a Ls electron the assumed configuration should

be decomposed in contributions from the configurations 5dlL Ls, Bd5 Msg and

18



and 387 hslp. Thus the obtained result is

2
5 s +pConf 5d5 bshp

(I1-1L4)

ConfoBGdhssupp = (2—s—p)Conf5du hs+(s-1)Conf3d

Similarly when the VSIP of the lUp electron is involved the configurations
. L 3, 2 3
that should be considered are the 3d Up, 337 Up and 3d” Lsbp.

Thus we have instead

a, s, p _ ot 5, 2 3
Conf3d 4s®bp? = (2-s-p)Conf3d Lp+(p-1)Conf3d’ Lp“+sConf3d” Lshp
(11-15)
RESULTS OF THE CHARGE-SELFCONSISTENT CAILCULATION
By trial and error the following vanadium configuration has been found

to give charge self-consistent results:
3.8281 439k o ST4k
(3d) (bs) (kp) (I1-16)

Assuming this configuration the VSIP's for the vanadium atomic orbitals are

found as follows.

34 VSIP = -[-.0138(k2.5)+.4394(65.5)+.57h4(75.5)] = -71.6 Kem ™

hs VSIP = -[.9862(59.8)-.5606(70.6)+.5744(79.9)] = -65.3 Kem™

bp VSIP = -[.9862(35.1)-.4256(45.0)+.4394(kh.6)] = -35.0 Kem ™
(I1-17)

We have taken already as VSIP's for the ¢ and h oxygen hybrid orbitals

L ang -49.5 Kem™t correspondingly.

~77.0 Kem™
Approximating the Coulomb integrals Hy; with the above VSIP's four
secular equations are solved, one for each of the irreducible representations

of the S point group. The results are given in the following Table V and

Fig. 3.
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Fig. 3. Charge self-consistent MO calculation of vanadium in
the Tungsten site of CaWoy, .
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Using the eigenfunctions of Table V and the overlap integrals in (II-8)
the output configuration is calculated and matches exactly the assumed

configuration

3,8281 L4394
hg

34 Ly STk

D

To be more specific the following distribution of electronic charge is

found:
TABLE VI
DISTRIBUTION OF THE METAL ELECTRONIC CHARGE AMONG THE AO
I.R Orbital Electronic charge
Iy 3252 .9490
Lbs 39k
I'o x2-y? .8849
Xy 1299
VA »0008
E Xz .7822
vz 7822
y 2868
X . 2868

The total electronic charge is 4.8419 corresponding to a net vanadium

charge of
g = +.1581 (11-18)

On the right hand side of Fig. 3 in addition to the o and h oxygen hybrid
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orbitals the oxygen nonbonding orbitals which are directed towards the
neighboring calcium atoms are shown. Thelr energies are calculated from
the same values of the oxygen 2s and 2p VSIP which were used in calculating

the ¢ and h orbitals, namely 2pVSIP = -48.4 Kem™* and 2sVSIP = -97.3 Kem™ .

HIGHEST OCCUPIED ORBITAL

The assumed charge on the complex VO) and -3 corresponding to a total
number of 32 electron. We start filling the levels in Fig. 3 from the bottom
going up until the number of electrons is exhausted. The highest filled
level is the h(Cap). However, the levels h(Cap) and h(Cas) are considered
as nonbonding and therefore do not enter in the interactions of the vanadium
center. For the latter the highest filled level ig the doubly degenerate level

-1
E at -62.5 Kem .
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CHAPTER IIT

EPR PROPERTIES OF THE COMPLEX [VOu]

According to the results obtained in the previous chapter no EPR
signal is expected from the complex [VOMJB— because all electrons are
paired. This is in agreement with the experimental fact that the crystals
of CaW0y:V do not show any EPR signal. However, after x-irradiation many
EPR lines are ob’served6 bearing the signature of the vanadium hyperfine
interaction. In particular an intense set of eight lines is observed
which shows an isotropic g value of 2.0245 and a hyperfine separation of
19 to 21 gauss. Both of these properties are a little unusual for vanadium
and the possibility of identifying the complex [VOM] as the source of this
EPR signal need to be consgidered. Obviously the x-irradiation prdoduces un-
pair spins giving the EPR signal. We distinguish the following possibili-
ties:

a) An electron is knocked out of the vanadium center by the x-rays.
This leaves a hole in the highest occupled level. When examined the EPR
properties of this hole are found far from being the isotropic tensor.

b) An electron is excited from the level E to a higher level. This
gives spin zero or one contrary to the observed effective spin of 1/2°

¢) An electron is added to the vanadium center. In this case the
calculated g values are found as follows when the eigenvalues and eigen-

functions of Table V are used:
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i

811 2.010

(11I1-1)

i

g1 2.003

COMMENTS

Only in the last case do we have some regemblance with the observed
set of the eight strong lines; namely (a) the calculated g values are
greater than 2 (b) the extra electron in the I's level spends less than
L2% of its time in the vanadiuﬁ neighborhood in accordance, perhaps, with
the observed small hyperfine interaction. However, the numerical results
are fair because they show a pronounced anisotropy which is compatible
with the symmetry of the tungsten site but not in agreement with the ex-
perimental values. In addition the calculated Values for the Ag's are
small. Probable inadequacies of calculation may be due to the following
reasons:

a) The complex [VO4] is not in vaccum but in the CaWQ) crystal.
Therefore the VSIP may be altered by a type of Madelung potential.

b) With the extra electron in the I'o orbital the charge of the com-
plex has been altered and consequently the VSIP's have changed too. The
alteration may be due either to the addition of a completely new electron
to the complex bringing its charge up to -4 or to the transfer of one
electron from the lone pairs of the nonbonding orbitals to the‘Fg molecular
orbital. The latter transfer leaves the overall charge of the complex un-
changed but redistributes the electronic cloud so that an excited state

results: In any case due to the necessity of charge neutrality the extra
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negative charge of the vanadium céenter has to be compensated by a positive
charge in the neighborhood.
We consider the case (b) in which extra negative charge is added to

vanadium. The usual formula7 for nongegenerate ground state is used; i.e.,

815 = 2(313-Myj) (111-2)
where
A
< ><n|Lg| o>
hy - }: 0|1 |m>=<n|f1]0 (111-3)
En - EO
n#0

However an extra difficulty arises from the fact that the ground state

]O> and the excited states ’n>, which are Slatér determinants, consist of
wave functions haVing both metal and ligand parts. Thus in one of the
matrix elements, for example the <O|ﬁi|n> only ligand-ligand and metal-
metal contributions need to be taken thinking of it as being the matrix
element due to the spin-orbit coupling (There is a l/r5 dependence in the
spin-orbit coupling constant). In this case the other matrix element
<n|ﬁj[0> has to be dﬁe to the Zeeman interaction and the contributions from
metal-ligand and ligand-metal should be taken in addition to the others.

For more details see the example References 5 and 8. ;n Fig. 4 the coupling
of the I'o I.R. is shown by the singular momentum operators. As for the
one-electron spin-orbit coupling constant the value of --l5Ocm"l is used.
From the spectroscopic data the corresponding valueé of V° and V' are
—158cm”l and -156cm’l, Actually for the‘parts coming from the ligand con-
tribution a higher coﬁstant should be used. However, by using 180cm ™t

for the ligand-ligand evaluations of the spin-orbit matrix elements no
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Fig. 4. Coupling of the o> I.R. by the angular momentum operators.
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effect of importance is observed.

CHARGE-SELFCONSTSTENT CAICUIATION WITH THE EXCITED I's> LEVEL OCCUPTED BY
AN EXTRA ELECTRON

L.
The calculation for the complex [VOu] follows the same steps as that

I 1

of [Voy We start by fixing the values of oxygen (2p) VSIP =~ -16 Kem™
and (2s)VSIP =~ -70 Kcm'l, The higher VSIP are due now to the approximate-1
charge that each of the oxygen atoms is suppose to have. Various vanadium

configurations are tried. Self-consigtency is obtained for the following

configuration

.0102

L6718 ho6
3d Ls 7o bp

(III-4)

The total electronic charge is n = 5.1788 corresponding to a net vanadium
charge of ¢ = -.1788.

The VSIP corresponding to this configuration are as follows:

Eqg = -[.4390(19.7)+.4968(36.3)+.0102(46.2)] = -28.22
Eg = -[1.4930(41.6)-.5032(49.4)+.0102(60.6)] = -37.87 (III-5)
E, = -[1.4930(19.8)-.9898(27.9)+.4965(27.5)] = -15.61

The above results are obtained in this case by extrapolating the quadratic
fit of Table IV in the region of negative vanadium charge and are less
reliable than before. Specially it was felt that the (EP)VSIP value should
be increased a little. Summarizing, the following VSIP values were used,

which gave the above mentioned configuration (III-4).

(bp)VSIP = -5.93 Kem™ " (n)VSIP = -16.2 Kem™t
(3d)VsIP = -28.3 Kem™ (III-6)
(bs)VSTP = -37.7 Kem ™t  (o)VSIP = -38.1 Kem™t
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Except for the increase in the (4p)VSIP of the order of 1 ev. the cal-
culation is rigorously charge self-consistent. The distribution of the

electronic charge is as follows:

TABLE VII

DISTRIBUTION OF THE METAL ELECTRONIC CHARGE AMONG THE AO

I.R orbital Electronic charge
ry 555 12 .9780
Lg L4968
2 x°-y? .9493
Xy <957k
-
E Xz 8935
yz .8935
y -0053
X . 0055

The calculated g values are:
811 = 2.0700

(I1I-7)
g1 = 2.0608

We observe that the g tensor is almost isotropic but the absolute values

are greater this time than the observed one.
At this point we observe by mere arithmetic that if all VSIP are made

deeper by a factor of 2.528 the following values are obtained for the g tensor.
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g1 = 2.0268 end g; = 2.0231

These values are just above and below the observed g value of 2.02L45.

The above mention reduction involves energies of the order of 50 Kem
for the vanadium 3d and U4s VSIP's.

A rough calculation shows that a positive unit charge located at the
gite of a neighboring calcium atom lowers the potential energy of an
electron at the tungsten site by aﬁout 30 Kcm_l. Similarly a positive unit
charge at a distance of 1.784 K which is the vanadium-oxygen distance
creates a lowering of about 65 Kcm"l.

From these magnifudes ﬁe observe that perhaps the final answer to the
problem lieg in the way the extra negative charge which is located at the

vanadium site is compensated by the crystal.

The results are summafized in Fig. 5 and Table VIII.
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Fig. 5. MO calculation of the complex [VOM]
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TABLE VIII

4o
ETGENVALUES AND EIGENFUNCTIONS OF THE COMPLEX [VOj]

Energy cm™r I.R. Eigenfunctions

+41218 ry -. 0485221, 243 25+1. 23900, +. 0869H]

(104199)

+5167 E -.2869xz+.001hyz-1.2200y+.0698x+.h268¢5+.u698¢§+.208033-.2150H§
(13063) +.001uxz+.2869yz+.0698y+1.2200x-.u698¢5+.u268¢3+.2150H5+.2080H§
-5170 Ty -.0738(x2-y2)-.O§78xy+l.0123z+.0178¢2-.2895H2

(-13071)

14515 rs .308L(xP-y2 )+. 2286xy+. 10kbz- . 12700+, 9595H,

(-36693)

-15493 E .2980xz+.0896yz- . 0300y+. 0L27x~, L4063 - o676¢ +, O98hH5— 9720H3
(-39167) -.0896xz+.2980yz- . 0127y~ . 0300x- . 06763 ++ 1&06¢5 -9720Hz - 098hH3
-15739 ry -.200122+.0337s—.0522¢1+.9966Hl

(-39787)

-20928 rp . 0823 (x2-y2) - . 9266xy - . 0029z+. 6188po+. LTT6H,

(-52907)

-22380 E -.5669xz+.6598yz+.0785y-.0953+-.oh00¢3+.5575¢§+.2032H5-.0801H§
(-56576) +6598x2-+, 5669y 2= + 0953y -+ 0783 %~ 53 53 - - 0400p3 +. 0B01H3+. 205 2H3
-28490 ry .98573°- , 02+, 00k2p1 +. 107K,

(-72023)

-2873L rp .9586(x2-y2)+. 013 bxy+. 01262-.01360,-+ LT19H,

(-72639)

-41138 ry . 00003 (x2-y2 )+ bOLbxy+.00022+.8189p,- . 0016H,

(-103996)

-41595 E 35527~ 161ky 2= 1438y+. 06585+ 519305+, BLbogs +. 0286H; - . OLLTHS
(-105151) + 161kxz+.353 2y2.- . 0658y - . L58x-+. 84403 - 31u3¢3- 0117Hz - . 0286H3
-55148 ry 005725+ . 54325+, 54960, - . 002kH]

(-1314358)

Note: The numbers in parenthesis correspond to the case where all the VSIP have been divided by the

factor 2.528.
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CHAPTER IV

CONCLUSIONS AND REMARKS

The results obtained in the Chapters III and IV point decidedly in
identifying the complex [VO4] as the source of the set of the eight in-
tense lines. During the trial and error method gli calculations were
giving positive Ag shifts with values varying from .002 to .080. The
complex [VOulh_ seems to satisfy better the charge self-consistency and
the isotropy of the g tensor although not both of them simultaneously.
However, one may find many reasons for changing the extrapolated VSIP's,
as we did, in the case of the [VOu]h-, in order to accomodate both the iso-
tropy of tensor and the charge gelf-consistency. It is felt that further
calculations at this point will not help much. On the contrary more ex-
perimental results are needed. For example a serious objection that one
might have for the scheme of [VOh]u_ is the two extra negative charges of
this complex as compared to [WOM]QH, Even in the milder case of [VOh]B_,
charge compensation is required which, if the sample is pure CaWOj with
vanadium only as an impurity, must come from vanadium itself.

Thus one can picture the copmplex ['\/’OLL]B’= ad jacent to a V5+ which
occupies a calcium site. Then a very appealing scheme is the following:
By x-irradiation a lone palr occupying the nonbonding orbitals h(Cag)
or h(CaE) 1s broken up. One of the electrons is transfered to the I,

MC giving the above mentioned EPR signal and the other electron is attracted
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by the adjecent vanadium reducing it to V2+n Therefore the total charge
of the complex ig actually decreased to [VOA]E- and the adjacent vanadium
has an odd number of electrons which should produce an EPR signal charac-
teristic of 1lonic vanadium.

Furthermore this signal should be anisotropic having some relation
with the broken lone pair. Referring to Fig. 3 it seems that the h(Cap)
lone pairs are more likely to be affected by the x-irradiation since they
lie higher in energ& than the h(Caz) ones. On the other hand the h(Ca5)
are closer to the célcium sites that presumably the vanadium impurity
occupies.

Perhaps it is significant that such anisotropic spectra characteristic
of ionic vanadium have been reported.6 A further experimental study of
these spectra, specially their angular propefties with respect to orbitals
h(Cas) andvh(Ca5) seems to bé highly desirable.

Finally in Chepter III we saw that a reduction of the estimated VSIP

by a factor 2.528 would bring the g values in the right position. This

reduction amounts in using the following VSIP's.

LpVSIP = -15.0 Kem-1 VSIP = -41.0 Kem™1
LSVSIP = -95.0 Kem™ ! VSIP = -96.2 Kem™t (IV-1)
3dVSIP = -T1.6 Kem~1

We notice that according to the above model in which a lone pair is split
we can accomplish two things. First bring an electron to the orbital
which gives the EPR signal of the strong lines and second reduce the

overall charge of the complex to -2 so that the VSIP are lowered ag required
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to produce the observable g values. In fact both the o VSIP and LsVSIP

in (IV-1) are lower than in the case of the [VOA]B-. The 4s and 3d inter-

change order probably because the T's> orbital adds electronic charge to the

2

5rd orbitals xg—y and xy. Similarly charge is added to the h and lp

orbitals accounting perhaps for the relative increage in these VSIP's.
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APPENDIX

TRANSFORMATION OF AO BY THE S), GROUP
(Coordinates and Indices as in Fig. 1)

SL,_ E Co Sy SL?
o1 o1 ol op 03
oo oD 03 ol o1
03 03 02 ol ol
ol ol o1 03 op
X1 X1 XL -XD =Xz
b'9s) XD X3 =Xl -X1
X3 X3 X2 -X1 -xXlh
Xl Xl X1 ~X3 -XD2
J1 y1 yh yo Y3
y2 2 Y3 Yl Y1
¥3 Y3 yo Y1 L
yh yh Y1 Y3 ye
b X -X v -y
y y -y -X X
Z Z Z 4 =7,
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