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SYNOPSTIS

The dissertation comprises of four chapters.
Chapter 1 survef the work on magnetic exchange inter-
action in magnetically ordered metals and compounds.
Various mechanisms of exchange interactions, including
' those to be reported in the later chapters of the
present work, are briefly discussed. A short resume
of the crystal field theory snd the electronic confi-
gurations of 3d metsl ions in octahedral fields is
given,

In chapter 2, the basic formulation of the
indirect exchange mechanism for the spin coupling
between paramsgnetics ions, which are otherwise sepa-
rated by intervening diamagnetic ions, in certsin
magnetic compounds is presented. This is done by foll-
owing a new approach which tskes into account the
spatisl correlations and the spin depenqﬁt polarization
effects between the electrons of the intervening ions.
This is described by formuleting the appropriate semi-
localized orbitasls for each anion electron. An appro-
priate expression for the exchange interaction, which
appears in the second order perturbation term, is
derived using the spin operastor formalism.

The conditions which lead to ferromagnetic and
antiferromaznetic spin coupling between psramagnetic

ions are then explored, It turns out that the coupling



is antiferromagnetic if the semilocalized orbitals of
the anion show "angular correlation"” effect and ferro-
magnetic if they suffer from "in-out" effect. The
preference of one effect over the other depends on the
relstive symmetries and energies of the ground and
excited orbitals involved. The problem is slso analysed
by the pure perturbationsl configuration interaction
method. Quantitative cslculations are carried out for
"the three centre and four electron system” {M; - i.- M;)
by the method of Slater determinantsl functions. In
this, the various eigenststes ( which are linear combi-
nations of Slater determinsnts) of the total spin operator
(Sz) involving ground and excited ststes are formulated.
The energy depressions of the zeroth order singlet
(Antiferromagnetic) and triplet (ferromasrnetic) states
owing to interactions with the corresponding excited
stotes are calculated. A rough numerical estimate for
rock salt type systems (MnO, NiO etc.) ie made and gives
a reasonable agreement with the observed Ne'el Tempersature.
In chapter 3, the spin polerization mechanism
developed above is applir~d to the study of indi:~ct
exchange interaction in tetrahedral systems. For this
purpose g "five centre and six electron system" ((]L:[)LL X);
where the paramasgnetic ions are at the corners of a
regular tetrahedron snd the anion #t the centre, is chosen,
The various quintet (ferromagnetic) and singlet (anti-

ferromagnetic) ststes of the total spin are formulated



CHAPTERS-T

GENERAL INTRODUCTION

In a quantum theoretical study of solids there
is a growing reslization of the importance of exchange
and correlstion phenomens in relation to certsin spin
dependant properties. That these effects together have
a deeper bearing on the ferromagnetic and antiferro-
magnetic properties of magnetic substances needs further
investigations., This is the motivation behind the work
described in the first few chapters.

The basic concept of the quantum mechanicel
exchange interaction between two non-singlet like atoms

‘
was put forwsrd by Heisenberg1

invoking the Heitler-
London thaoryz of the chemicsl bond. He demonstrsted
that the electroststic interasction between the electrons
when considered along with the principle of
indistinguishability of like quantum particles and the
exclusion principle gives rise to spin dependant terms
in the energy of the system. This theory was further
extended by Van Vleck3 using Dirac's approach of spin
vectors.L The nature of the coupling i.e. whether the
spin alignment of the two stoms is ferromagnetic or

antiferromagnetic is determined by the sign of the
Heisenberg exchange integral,
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where ﬁ% and '7; sre the localized atomic orbitals

being respectively the solutions of
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The constant nuclear repulsion term th/nsb is weuwelly
taken out of (1.1) and treated as s parameter.
-
For :rthogonal orbitals i.e. sah' a/ﬁ}:ry;}%dfk 0
= (sb/-:-_ /ba> , which is always positive being the
12

self energy of the overlap charge e 7§(1) ‘f;(1). This
would favour ferromegnetism ( the triplet state). On

the other hand for non-orthogonal orbitals

/ve) - 28, (a/V/oy . ... (1.3)

V being the attractive potentisl contained in (1.1).

e

When the second term of equation (1.3) dominates, J; is
negative and sntiferromagnetic coupling (i.e. the

singlet state) is favoured.



-3 -

This theory of direct exchange interaction
between two paramagnetic atoms formed the basis of much
theoretical work on ferro and anti—fermmagnetism.5'6’7

Serious objections, however, were expressed on
the quantitative aspects of the theory by Inglis8 and

Slater9

owing to the suspected occurrence of divgrgence
in the overlap and energy matrices when nonorthogonal
orbitals are used and the number of electrons involved
is infinitely large. Some recent rigorous examinstions
of the problem by Mizuno and Ezuyam8,10 Ari111 and

Herring12

have dispelled these doubts and have shown
that the nonorthogonality catastrophte does not appear
and the use of non-orthogonal orbitals can be reasongbly
solved.

This reassurance is indeed gratifying and in
some of the later chapters the Hisenberg-Diracf approach
will be employed, It is expedient for future reference
to discuss a brief reformulstion of the spin -
Hamiltonian.k’11

Let us consider s system consisting of N magnetic
stoms each having one localized electron, the distinect .
orbital function of each being represented by
Yoo Yor seesenes Y&. Within this orbital set, on
including the spin functions, there sre 2N linearly
independent states in that the spin variasble 61 can
take either of the two possible values i.e. positive or
negative. Denoting the spin functions by Gm(U',OE,..JE )

with m = 1, 2, .....2N, the antisymmetrized product wave



functions including both the orbital and spin parts

can be written as
P
%ﬂ . J%Tr ZPM} top, (1) X(z).....?;(n)
t

T W & . Y - JTSRR TS

where Pt is the permutation operstor acting on both the
orbital and the spin coordinates of the electrons.
Considering only the coulomb interaction between the
electrons and the nuclei the Hamiltonian of the system
is

N

H-Zi< ) 213 ZH1+Z s elAE)

143

The permutation P, = PP, where P applies on the orbital
and PY on the spin coordinates. Thus the matrix
element of the Hamiltonisn connecting %m and %m'
can be written as

<
(w/t/n"> = ZP- (-)F “p-1z.-°m f Opt »  weeel(1.6)
whera < \r(ﬂ "V(Z}... )V/H/ )V(T) (2) {N)>

It follows from (1.6) that the evaluation of the energy

matrix of the Hamiltonian is equivslent to the determina-

tion of the eigenvslues of the operstor,



- Bri

P
 JE ZP(-) iy (1.7)

b has proved

operating on the spin functions. Now Dirac
the identity that the permutation involving a pair of

electrons can be expressed by the operator

1
Pij = f ( 1+ l"_s_i' §J ) . (1-8)
where S, and §J are the one electron vector spin

operators with components

1(01

Six = 32 10)'

Sy = %(2%) g

jz ~ %(8-?) -

Since higher permutations can be broken down into

S

products of pair permutations, i.e. Piﬁk: PI} P;; ,
PM;B can be described by products of % (1 + k§i-§J ).
The effective Hamiltonian cen thus be transformed

to

Hope = E - 3 ZJ;j (144 8;- 34 )

XS

¢ 32 T Bpy) O (80 Byp +eBy § Bd 5(1.9)
n;a Py

where the operator Oy is @ function of spin operators
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Sqq» §12, . e s §1M’ M denoting the number of
electrons involved in the permutations. Under the
assumption that the exchange integrals JiJ involving
a permutation of single pair are much larger than

Hp for M7/ 3, (1.9) reduces to the well known

Heisenberg-Dirac Hamiltonian

. . -
Hypp (H-D) = E - 3 z J“U + b 8y 8, Yoo o« £ 110)

143
B2 Z.Jij (3" §J) .
E.LJ

It is useful to note that the operator §1- §2 has the
eigen value -# for the singlet state of & two electron
system (i.e. S = 0 ) and % for the triplet state
(i.e. S = 1) ( measuring the spins in units of 1),
The Hamiltonian (c.f. Eaustion (1.10) ) found
ready applications in systems having d and { electrons,
which were assumed to be locslized on the respective
atoms. Aside from furnishing the bssic microscorpic
mechsnisms, this wsgs adopted, within the frasmework of
Weiss moleculesr field theory, by Heisenberg,1 Van Vl?ck,5’7
and Ne‘el6 in the study of the ststisticai beheviour of
ferro snd anti-ferrom:znetic systems (See Danielian snd

Ta

Stevens for s recent extension). For an arbitrsry

spin 5y, the Hemiltonian for such purposes is



He -2 a, () 88, - WPy 0w
1(m L

where 1 and m span the magnetic atoms of the system;
the second term is the Zeemsn term, H being the
external field, g the spectroscopic splitting factor
and /LLB the Bohr magneton. Since the macroscopic
discussions are outside the plan of our study, we shall
pass on to other aspects.

Before coming to the exchange interaction in
compounds, another microscopic mechanism put forward for
metsls is relevant to our future work. When such crystals
have conduction electwons (mainly due to s electrons), the
role of exchsnge interaction between the localized
magnetic electrons ( say the d electrons) and the

s electfons may become importsnt. In this case the corres-

ponding spin Hamiltonian can be written as

d = - & > Ik exp{_i(&-g')-ga (858) )y--(1.12)
Lc-ls'

where §c is the spin operstor for the conduction electron

and §1 for the d electron, and

Juex - fo Yo/ ﬁfz/ T ‘K>

YI is the locslized d weve function and
7&1;] - f% exp (ik.r) U (r) is the Bloch function for the
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e¢onduction electron. That the s-d exchange interaction
csn give rise to a coupling between two d stoms via the
polarization of eonduction electrons was first suggested

by Zener.13

The detailed theoretical work was done by
Kesuya'* and Yoshida.'® This coupling sppears in the
second order perturbation term after the conduction
electron spin terms are eliminated. The effective inter-

action term is given by

Hope = :E:_ I(Elm) §1'§m ) (1.13)
1,m
where
2 2
N J
g s ol
I(le) - - : N2 3 F ( 2k0R1m)
X c¢osx - Sin x
- 7 Nt

i.e, the intra-atomic s-d exchange integrsl, Ns the total
number of s electrons and 3} the Fermi energy; ko is the
propagation vector st the Fermi surface.

The sign of the interaction term depends on the
function F(zkoﬂlm). Easrlier, Rudermsn and Kittel16 had
discussed the indirect spin soupling between the spins of
nuclei in a metal by precisely the same mechanism.

- It is to be noted that the magnitude of this indirect
exchange interaction decresses as the third power of the
distance between the magnetic atoms. Furthermore, unlike

the direct Heisenberg interaction term where nearest
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neighbour interactions are of the greatest importéance,
the indirect coupling has a long range character. It
appéars therefore that the direct interaction may not be
the dominant process in the ferro or antiferromagnetic
ordering in metals. Furthermore, the indirect process
is of particular significance in the magnetic ordering
in dilute slloys and some rare esrth metals.

The situastion in ordered msgnetic compounds, where
in addition to the parsmagnetic ions, there are diamagnetic
ions, becomes much more complicated. Most of the magnetic
compounds of the transition elements ( i.e. omides, hslides,
sulphides, selenides etc. ) show antiferromsgnetic ordering.
These cover ferremsgnetic substances which are, in fact,
non compensated sntiferromagnets#. (Nagemiya, Yoshida and

Kubo:17 Anderson18).

Furthermore, in the pure state they
behave a3s insulators. Although there are some true
ferromegnetic compounds which show metal like electrical
conductivity, others (e.g. CrBrB) are ferromagnetic

19

insulstors. The situstion is difficult to reconcile

with the band picture of solids and there is now general

agreement with the Hott'szo

suggestion that the partislly
filled d shell electrons in these compounds are suffici-
ently localized at the respective magnetic ions.

The patterns of mggnetic ordering as revesled by
neutron diffraction studies (Shull et 31.21'22) indicate
that the strongly coupled magnetic ions (next to neardst)

are separated from each other by the intervening anion
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(fMn** - 0" -Mn""¢{ ). Thus the lsrge magnitude of
the interaction cannot possibly be attributed to the

direct exchenge. This situation, therefore, suggests the
importance of indirect exchange interactinns involving
various spin dependent excited configurations of the
intermediaste ions. This type of spin coupling, ususlly
referred to as superexchsnse interaction, was first pointed
out by Kramers.ZB Following him, seversl apparently
distinct mechanisms have been suggested by several workers,
These are usually confined to the study of the interactions

in the basic interscting unit (three centres and four
L

electrons). Yasmashita and Kondozf;have listed a number of
these mechenisms., In what follows, the salient features of
each are adumbrated.

Taking Mn0 as a typicel examnle, let us consider
two magnetic ions M?+ and Mg* sepsrated by 0 1iong. 1In
the ground state, one assigns one d electron each to the
magnetic ions and two paired electrons occupying the saome

p orbital of the anion. Some suggested mechanisms are ¢

i) Kramer323 - Anderson

25

model
Mn** -0 -Mn*t ) + (M0t -0 - Mn*h)

The principal feature of this -rocess can be
described thus. One of the two anion electrons is
tranzferred to one of the magnetic ions, say M1, occupying
an 8 or a d orvital. The unpsired electron left behind

in the anion has then exchange coupling with the electron
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of the other magnetic ion Mz. The perturbation chosen
in this process is such that the orbitel trsnsition is
spin dndependent with the result that the intersction

appears in the third order of the perturbation theory,

namely,

z (t/Htr/u) <u/H°x/u'> {u! JHET /¢ '>

uu' (Eu - Et ) (E“, - Ey, )

' =
Htt

geeel(1.14)

where t and t' refer to the degenerste ground spin states
and u and u'tol the excited ststes. The perturbstion

as indicated is split into two parts HYT . Hex, where the
former is spin independent and the latter is spin dependent,

To this mechanism Anderson and Hasegawn26

added another
process in which the transferred electron to M1 returns

to the anion with the simultaneous jump of the other
electron to M2. Neglecting overlap of the orbital functions
the spin dependent Hamiltonian for both the processes can

be expressed as

2
H . (KA+AH) = - —RB (0 #d', ) (8 « S ) ,..(1.15)
eff (AE)2 pd " pd *m," *m, ’
where

b= O /A KD )
)
)

Ioa -O; \fa/Hm/*f* }g> ; e (1.16)
)

: )

T (% Y SRl Yo, 'ﬁ,} 5
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here de refers to the Kramers-Anderson (K-A) mechanism
and Jﬁd to the Anderson-Hasegaswa model. Actuslly the
d and p orbitsls are not orthogonel and hence qualitatively
they inferred that de and Jéd will be hegetive. The
important deductions for more then and less than half
filled d shells of the magnetic ions are tha@t according
to the K-A mechanism the former situation will exhibit
antiferromagnetic coupling and the latter ferromsgnetic.
On the contrary, the Anderson-Hssegawa mechanism leads to
antiferromagnetic coupling in both the situstions. There
are many exceptions to th#se conclusions and hence it cannot
be sccepted as applicable. Another tentative conclusion
was the 180° directionality in the interaction in thst the
interacting magnetic ions are on the opposite side of the
dumbell of the anion p orbital. This may seem to
hold for a few systems but a general velidity is doubtful
when the role of other orbitels having different disposi-
tions is considered. Furthermore, it is desirable to include
the overlsp of the wave functions in the calculstions which
was taken into account in the later work of Keffer and
Oguchi27 (see also Yamashita and Kondozh). It is not
possible to arrive at any decisive conclusion from their
results in view of the choice of the orbital wave functions
and the appesrance of several parameters. Also, by & proper
choice of the perturbations, the interaction should appesr
in a lower than the third order.
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8

ii) The model suggested by Slster,2 Pratt,29

Goodandugh30’95 and Nesbet: 31232

(Mt <™ ) o {H -0 -Mu* )

The basic idea of this mechanism is that of the two paired
electrons in the central ion p orbital one goes to the
singly occupied orbital of the magnetic ion on the left
side and simﬁltaneously the other goes to the singly
occupied magnetic ion orbital on the right side. This
mechanism always lesds to the antiferromagnetic super-
exchange effect because one electron is transferred to the
orbitsl having slready a spin up electrbn and the other
to the orbitsl having a spin down electron. The inter-
action appesrs in the second order of the perturbastion
theory and the stsbilizstion of the antiferromagnetic

states as given by Nesbet31’32 is expressed as:

K)gm o2 / giz/ Yal 1) %2(29{ 2
P = AE ) (1.17)
N

where AEH is the energy difference between 612 d:?2

and (d ) pztdzp), o end B indicating the two
spin states. Considerable doubt.,27 how ever, has been
expressed concerning the quantitative estimates particularly
the energy denominator and in view of the double ionigation
involved in the mechanism, this seems to be a feeble effect.

The important feature to notice in the mechasnism is that,
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following Slater's suggestion, this aprears to be the
first serious attempt to consider the charge correlation
effect of the two anion electrons,

111) The delocslizstion model of Kondo>> and

34

Anderson” ™ which stems from the band picture:

Ma™ -0 -Mn**) + (Mn**™ Z 07" - Mn*)

Kondo,33 in his band picture calculation of superexchange
interaction in NiO, was the first to obtsin the appropriste
expression, within this mechanism, of the energy difference
between the parallel and sntiparallel spin states, Later,
3k

Anderson gave » sophisticated discussion of essentially
the same delocalization term.

In the new reformulation of Andarson,Bh the electron
transfer terms between the magnetic ions and the anions

occurring in his old theory25

are not explieitly taken into
account. This is eliminated by sssuming an exact solution
of the one electron protlem of the electrons of the
magnetic ions in the presence of the dizmagnetic lattice
(ligand field effectsh7). In other words, this solution,
in principle, conteins an antibonding admixture of the
anion occupied orbital. Such electrons of the magnetic

ions sre assumed to be surrounded by spin independent
electronic dielectric polirigzations. Let us denote such
electrons by d1', d2' belonging to magnetic ions at
sites M1 and M2 ete. in the ground state. Then it is assumed

that by the virtusl superposition of the ionized state in
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which the electrons are transferred from one msgnetic ion
to sanother the system gains energy. This process is
opposed by the coulomb repulsion of the two electrons on
the same ion. The interaction terms appear in the second
perturbation and the coupling is sntiferromegnetic when
both the orbitsls involved in the transfer sre singly
occupied. When the state to which transfer tokes place

is completely empty, the coupling, which is ferromagnetic,
appears in the third order and involves both transfer and
internal exchsnge integrals. Including both the situations

the spin dependent energy terms sre

2b,, 2b122 J
H ppldelocalization)= §m y (1.18)

m tmz

empty

orbitsals

where b12 is the transfer integral involving the two
magnetic ions, J mnd U are the intra-atomic exchange
integral (always positive) and the repulsive energy of the
excited stste respectively. The ferromagnetic term is
weaker than the antiferromagnetic term by the factor % ‘
AndersonBL takes the reciprocal of this factor to be about
5 to 10. However, if the magnetic ions have several low
lying empty orbital states, the antiferromsgnetic term
will be considerably weskened. The estimates of the

parameters b12 and U made by Anderson are empiricel in view
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of the rough correlations of ‘b12 with the ligand field
theory parameter 10 Dq and liberal reductions made in

the magnitude of U, " The simplicity of the theory appears
to be deceptive when one considers the starting assumption,
namely, the availability of an exact solution of one
electron problem in the presence of the diamagnetic
lattice. It may, however, be mentioned that the attempt
to bring in the role of ligsend field thecory is in the
right direction. In this context it should be noted that
Kamamor135 first sppreciated the importance of the
symmetry of the singly occupied orbitsl functions of the
magnetic ions subject to the crystslline field and the
orbitals of the anions in relation to superexchange inter-
actions (see also Wollan36).

It will be seen in the discussion of the spin
coupling owing to the spin polarization of the anion
electrons that the symmetry of the excited orbitsal
functions relative to the occupied orbitals is of central
importance. This forms the subject matter of the few
chapters of the present dissertastion. This work was
initiated by the author in an attempt to assess the combined
role of correlstion and exchange effects in the spin
coupling of the magnetic compounds under discussion. Some
parts of the work remain unpublished and the others have
already appearedas single and joint publications. (Sinha,37
Koide and Sinha;38 Koide, Sinhs and Tanabe;39 Sinha and
Ko:i.cle;'!‘0 Sinhs.41:42 ),
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This mechanism, which is analogous to the Zener,13

b and Yoshida15 model of indirect exchange of

Kasuya1
magnetic ion spin coupling in metals, and the Fuderman,
Kitte116 and Ramsebe— Bloembergen33 model of spin
cournling between nuclear spins, was pointed out for the
first time by‘Sinha37 and later along with co-workers-c’>9
in the study of the spin coupling in the magnetic compounds,
being considered in the present work. It is interesting to
note that this mechanism appeared sutomatically when the
spin coupling was studied with due cognizance of spin and
coulomb correlations between anion electrons without sny
attempt whatsoever of invoking the counterparts in metsllic
and nuclear problems. Anderson also gave a discussion of
the analogous mechsanism by a different method 1ater.3h’18
In this context it is also relevant to note

Slater’'s suggestion28

that the potentisl energy of an up
spin anion electron is different from that of the down
spin anion electron in the identical orbital owing to
interactions with the neighbouring magnetic ions. The
resultant mechenism is effective only when the magnetic
ions M1 and M, have antiparallel spins. It will be seen
in the next chapters that the spin polarization mechanism,
in keeping with the coulomb correlation effects, can lead
to either of the antiferromsgnetic and ferromagnetic
coupling depending on the symmetry and energies of the
orbitals,

Since the energy levels, the nature and spatial
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dispositions of the orbitals of the magnetic and the
ligand ions in the crystal field sre of importance in the
study of exchange intersction, a brief discussion of this,
by now, well known theoryhs will be in order ( For
details see e.g. Blesney sand E‘:i:.evens}*6 or Griffithh7).
Here we follow the account given by Sinha and 'i‘amaﬂne.l"8

Let us consider an atom or ion &t the centre of an
octahedron end also one ion each at the corners of the
seme. If the Hamiltonian of the free central ion is
represented by Ho' then the effect of the other six ions
at the corners can be trested as a perturbation V at the
central ion and which has a cubic symmetry. The
Hamiltonian Ho has the symmetry of the rotation group
including inversion. Now the symmetry group Oh (to which
the above octfahedral arrangement of stoms belongs) is a
subgroup of the rotstion group and hence the symmetry of
the total Hamiltoniany

HGHO-FV

has the symmetry of the cubic group. As s result the
degenerate energy levels of the central ion corresponding
to the various irreducible representations Dt_(dimension
2(+1) of the rotation group will be split and the various
split manifold will now beloneg to the various irreducible
representations of the Qh group. This can be derived
following group theoretical calculations and one gets the

following classification
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R ————————————————— et T L

L Rotation group Oh group
. 0 D0 A1g
b D1 T‘lu
2 DZ Eg + ng
3 D} A2u * T1u - T2u

—————— - -

and so on. The sngular part of the orbital wave functions
of the central ion which form the bases of these irreducible
representations of the O, group can be derived from the

corresponding spherical harmonies. These are given below:

Irreducible Base functions
Representstions
Mg £, (r), fh(r) (e yhs gk % rk)
Cyeclic
Xyz
Eg (322- r2), 3 (x?- yz)
T1g xyﬁ(xz-yz}, yzﬁ(yz-zz), zxﬁ(zz-xz)
ng Xy, ¥y, 3X.
Ks xyz > x*(y%- 2%)

cyelic
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A2u Xyz

E, xyz{i(xz-yz), xyz (-3z° + r?)
T1u X, ¥, z.
Tou z3(x°-y%), xPBly?-22), yB(z2-x?)

R i e LTy ———

In the above Mulliken'akg notation has been
followed; the one dimensionsl non degenerate irreducible
representations are denoted by A1 and A2, the doubly
degenerate (two dimensional) by E and the triply degenerate
(three dimensional) by T, and §,. The su%cripts 1or2
denote those which are symmetric or antisymmetric under
one of the two fold rotations about an axis perpendicular
to the principal axis snd likewise g or u under the
inversion transformation.

For present purposes, s discussion of the
electronic configuration of iron group ions having
incomplete 3 d shell is sufficient. In most of the
compounds the positive magnetic ions are surrounded by
an octahedron of negstively charged ligends (e.g. I~

0”7, 877, ete. ).

In such systems the crystal field effects are
much stronger than spin orbit perturbations (Pryceso)
and it is customary to clsssify the free ion states by
first considering crystel field perturbastions snd
then spin orbit effects (intermediate field scheme),%’
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Conversely, the crystal field effects may be taken into
account first, then the coulomb repulsion between
electrons and finally spin orbit terms (strong field
Scheme).h7 Thus, for the Purely electrostatic model,

the d orbitals in the Jﬁiﬂi; field sre split into doublet,

ay ! a4 (22° x* -y% ), a4 (X -y® ) and
the triplet

de! d (xy), dlyz), d(=zx).

For an octahedron the dy orbitels lie higher then de
(the reverse is the case for a tetrshedral arrangement
of ligaends) the energy difference being expressed ss

A or 10 Dq . The angular dependence of the orbitals
are such that the lobes of the two dy' orbitals point
towards the z axis and % and y axes respectively and
de orbitals hsve their lobes pdinting midwsy between
the coordinate axes. When the mixing of these orbitals
with the combination of ligand orbitsls having
appropriate symmetry (Es or ng) is tsken into account
the resulting orbitals are denoted by eg and tzg. In
the electrostetic (the point charge) model, the
electronic configuration of the ions may be described

as:
chmedshﬂl*-(dt)n(df)n':

n+n' = N, the number of d electrons. The lowest states

of these ions aras given below.51
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T T ———— =

Free ion Intermediate Strong Ions
ground field field
state
1 2 - 3+
3d D 2T28(de) 7}
38> by “r g (4€) o, ord*, v¥*
3a¥  Sp 5Eg(d«3dy) 3r1g(de‘+) Mn ¥ crt
6 6 2 2 2
3a° Os Aw(de}dy ) T,g(d€’) Fe3* Mn?*
6 5 5 Lo 2 1 6 2+
3a° °p T, ld¢%ay?) Ay glde®) Fe
i . 8.8 2 6 2
a7 “r, (a€dy?) 5 (d€%y)  co®*
3a8 I 3A25(de6d72) Ng2*
3¢ ?p 2T2g(dh6d13) cu?*

e . - —— -

Other components of the configuration in some ions

2+, Co2+ are not given here.

e.g. Ti
The electronic configuration of some ions

involving orbital degensrezcy (e.g. a* or 69) give rise

to distortions in the Surrounding arrsngement of the

ions 80 as to remove the degeneracy; a study of this

problem including covalency effects will, however,

form the subject matter of the second part of the present

work (ie. Chafber 4).
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CHAPTER-2

SPIN POLﬁRIZATION MECHANISMS OF
R XCH ANGE

Theoretical model and description of orbitals

In this chapter the basic formulation of the indirect
exchange mechanism for the spin coupling between para-
magnetic ions in certain compounds is presented on the
basis of & new approach which takes into account the spatial
cofrelation between the electrons of the intervening dia-
magnetic ions. The results will show that the spin coupling,
whthin this mechanism, is intimately connected with
correlation (configurstion interaction) effects.

The correlation problem52'53 between electrons
arises because of the mutusl repulsive coulomb interaction
ez/rij which becomes very large as the distance Ty 4 tends
to zero. The effect of this is to keep the electrons apert
and in the description of the motion of many electrons one
can talk of each electron being surrounded by a "coulomb
hole".53'5b In the Hartree-Fock scheme,53 where one uses
a Slater determinant or inother words antisymmetrized
product wave function of one electron orbitals, an
appreciable psrt of the correlation effect is sccounted for
in that each electron of s given spin is surrounded by a

"Fermi hole" with respect to other electrons having the
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same (parallel) spin orientstions. However, in the H.F.
Scheme where some orbitals sre occupied by two electrons
with sntiperallel spins (or more precisely, the two
electrons are in the singlet state) so as to satisfy the
exclusion principle, the correlation error remains. Thus
the correlation energy is usueslly associated with such
paired electrons.

The intervening dismagnetic ions ( e.g. 07~ with
2 2p% ) with closed shell
description involve doubly filled orbitals asnd the coulomb

the ionic configuration 192, 2s

correlation effects for such ions are unaccounted for,
One way out of this difficulty is to have different
orbitals for different spins.52’55 Two situstions can
arise in this description. First, the "angular" corre-
lation effect in which the two paired electrons tend to be
on opposite side of the ion core. The second is the
"in-out™ effect with the orbital of one electron tending
to be inside that of the other., In the formulation of the
magnetic interaction problem, the influence of both these
effects on the possible spin coupling of the sdjacent
paramagnetic ions will be investigsted.

Neither the Heitler-London (HL) Scheme? nor the
molecular orbital (MO) approach56'6° is very convenient
to describe the correlation effect between antipsarallel
electrons quantiatively in that the probabilities of a
lerge numbef of configurations have to be independently

determined to give the minimum energy.
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In the first section of this chapter an sttempt
is made to overcome these difficulties by using a method
intermediste between the HL and the MO schemes. This
is similar to the method proposed by Mueller and Eyring61
for the calculation of electronic states of molecules and
extended by Lowdin to solids.?? This method of different
orbital for different spins hes many advantsges in the
description of electronic and magnetic properties of

molecules and solids.

Let us consider the usual three centre problem,

2+

namely, M,°" - - ad Mzz+ , where the M's represent

parameggretic ions and 12" the ligsnd ion. Such magneticlly
correlated collinear units occur in rock salt and
perovskite type magnetic systems ( e.g. NiO, MnO; LaFe03,
CaMnDB). Consider the csse of NiO; in the ionic model

6

each N12+ ion has the ( de~, dyz ) configuration and is

surro.nded octshedrally by six oxygens. Each oxygen

having the configuration (132

, 252 2p°) 1s Jikewise
surrounded by six Ni2* ioms. If the Ni-0-Ni axis is
chozen to represent the z sxis, it is easy to see that the
important metsl ion orbital for the present unit is
d(2z2-x2-y2),denoted here by de . On the same bssis the
2p, ( i.e. p, ) orbitsl of the snionwill hsve s larger
overlsp with the metsl ion de¢ orbital. In order to
include the covalency effects) we start with bonding and
antibonding orbitals. The bonding and antibonding orbitals

for octahedrsl complexes involving trensition ions have
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been formulsted by others (See Van Vleek,éz, me63
and St.evens&*) . The appropriste orbitals for the
present three centre unit are, however, chosen with
respect to the symmetry plene intersecting the molecular
axis normally &t the centre centre. The orbitals sre:

P (do - do,)
P - Pl Y ] 2 .« o o (2,1)

\I 1428, - 2)8, + 212

doy - (Y + 8,) pg
\]7‘! +72 - 312

de- (Y -5,)
u, - 2+___L2 i e oo (2.3)

\I1 +72 - 822

whereY is the covalency parameter, S1 and 82 are the

overlsp integrals; S, = <da‘1/p'_), s, = <d°'2/pr> , with
S1 - -52. It is seen tht under reflection R in the

symmetry plane da'1 (—-—E—-) do‘z, Ps —-—fi—-) -Po- -+ Hence

p is an odd function and u, (-—E——) u,. Furthermore

e o o (2,2)

u, and u, are orthogonal to p ( on neglecting third order

terms in S andY ) and they are nearly so to each other

as

2 2
<u1/u2> - (do-i/du'2> + 8%y v . . (2.8)
where 512 and 12 are compsrable and hence cancel each

and (dg’1/du'2> is negligible. The formulations (2.1) to
(2.3) contain the appropriate admixture of metsl ion and
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ligand orbitsls and therefore, as far as the occupied
orbitals sre concerned, the electron transfer effects
are sutomatically included.

Apart from the appropriste ion core framework
(M13+ " H23+), four electrons are tsken into inter-
action scheme, namely, two electrons in the p orbitals
of the intervening ion and one representative electron
each in two magnetic ions in the orbitals u, and Uy,
coupled strongly by intra-stomic snin dependent forces
while moving in the field of respective ion cores {(Hund's
culey .

Next, the correlstion effect of the two coupled
electrons in the p orbital is considered. If the idea of
doubly filled orbitals is abandoned and the appropriate
semilocalized orbitals formulated,§5’61 it would seem that
the charge density of the two anion electrons is modified
in such a way that they interact differently with the two
metal ion electrons. The distortionnof the p orbitsl
function owing to the correlation effect under the influence
of the sdjacent paramagnetic ions can be described, to a
large extent, by superposing appropriste available orbitals.
The singly occupied orbitals such as u, and u, are not
considered for this purpose in as much as they would lead
to the usual surerexchange interaction effects (Anderson,25
Nesbet31). Thus oniy those atomic orbitals are considered

which are empty.
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It should be noted that in a ctystal or in the
unit under consideration such available orbitels cannot
be attributed to any particulsr atom and should be better
termed as the localized crystal orbitsls. This description
would be &n keeping with the physical situation where, in
the excited states, it is difficult to meintain the
distinction between the electrons of the cation snd those
of the snion. For the symmetricsl unit M1 -0 -M,, two
types of aveilable excited orbitsls should be considéred
namely, those having even and odd symmetry which sre
denoted respectively by ¢g and ¢u‘ Generslisations tq?gzse
where a series of excited orbitsls of each symmetry is
taken into account. will be given later (cf. equations
(2.39) end (2.44)).

The following two sets of orbitals sre considered:
91 = =pcos Q@ + ¢g sin © .« . (2.58)
¢z = -p cos @ + ¢g sin @ ’ e o o (2.5Db)

wit.h<¢1/¢2>- - cos 2 @ g o o (2.6)

and
p1 = 2] COSS + ¢u Bing . ¢ (2-78)
P, = P coss - ﬂu sind ’ e oo (2.70)

with  (py/pp) = cos 2§ ., e o o (2.8)
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Here the angles @ and d are celled correlation
angles.52’55 It should be noted that under reflection
with respect to the symmetry plane defined above

§, &2> g, end Rp, = -p, and Rp, = -p,. The
formulation is chosen in such a way that while ¢1 and [62
describe "angular correlation™ iaffm':t:s,p1 and P, describe
"in-out"™ effects. While the two effects are kept in mind
the two different orbitels are formslly represented by

\ﬁ and "[é which may represent either sets (2.5) or (2.6)

or any other complicated combination of orbitals such as$

'lr1 - 5{: 8y ?i « « . (2,90)

-\.rz - 21.. by ?i " .« . (2.9b)

with (‘f;/ 'f2> =8, .« . (2.10)

where ay and bi are variationsl paremeters like © and )
to be determined by the minimization of energy and 501
constitute an orthonormal set including p. It is to be
noted that s8ll the peirs of orbitsls namely (¢1, ¢2),
(pgy Pp) or | ¥ "fz ) are non-orthogonal.

Thus we start the formulation with four singly
occupied orbitels, namely, u, ‘{4 ¥% . In vhat follows,
the derivation of the interaction terms will be given both
using the Dirac's vector n:odel"’5 and the method of deter-

minantal functions., First the vector model method is
followed.
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2.1 Derivation of the intersction operstor by the spin
opersator formalism37'h1

For a grester generality, the symmetry relations
between u,, u,, "f‘1, ‘[’2 are ignored, The result will
be analysed with the symmetry restrictions after obtsining

.1 -
the general expression., The symbols §m1, §m2’ §11, §12
denote the spin operators corresponding to the spins in
Uy, Uy, 1f} and 'f; respectively. The occupation of

each orbital by one electron only is shown in the following

table
Index m, 1, 1, m,
Orbital u, Tq 1% u,
Spin operstor 8 35 |- S
=m, 11 1, =m,

It is convenient to introduce the following vector

sums of the spins:

§m1+§m2.§m; §11+§_12-§1; Sy + 8 =3 ...(2.11)
Including the spin functions there will be sixteen

independent antisymmetrized product functions. The

eigenstates of the S2 operator can be obtainad by taking

appropriate linesr combinstions from the above product

functions. There would be one quintet, three triplets

and two singlets. For the present purpose the quintet

state is of no physical interest mnd hence is not

considered.
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In terms of the spin operators the three inter-
acting triplets 3% s 37{11, 37{}2 and the two inter-

acting singlets 121)’0 and 1]{)'1 are expressed as
follows:

Y, - s, 8,=0, 8 =1)

or simply = 1‘{} (10, 1) ;
Similarly %
3?1 - ¥ (01, 1 i (2.128)
3"?2 . "}_"(11, 1) ] i
snd
R ¢ - Wioo, 0) )
§ (2.12b)
)

13{(11, 0) )

1',}(1

Since ‘ﬁ and 7“2 are not very different from each
other (the coefficient of p is predominent compared to
others) the states with §,=0 would constitute the zeroth
3 1

order ground state. These are ,FO and "FO snd sgre
degenerate if one neglects the relatively smsll direct
exchange interaction between u, and Uy The states with
St'1 interasct with the respective zeroth order ground

states to bring sbout the energy depressions.
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This appears in the second order term of the
perturbation treatment. Now, the effect of the second
order perturbstion on the zeroth order ground states can

be expressed by an effective Hamiltonian defined by

(smo,S/Heﬂ./sn‘1 0, S >

. (2,13)

(sma,s/ﬁm/s;'1 1,s'> <s; 1,&‘>"/}1m/sﬂ’l o,s>
- )
Z [0 - &0)]

where E(Q) is the energy of the zeroth order ground
triplet and singlet states and E(1) is the mean energy
of the excited stetes which correspond to 31-1.

Hm denctes the spin dependent Hamiltonian which takes the

following form in the present case (Dirsc's vector model]:h

H=E:-J P -J_ . P sy B -J_ P
m m1l1 m1l1- m112 m112 m212 m212 m211 m211

(m,) (m,)
-J P - 2K 18 P - 2K 2's p
1,1,71,1, 1,1, 01,1, 1,1, o 1,1,

- 2h. . SP +d, o m) sp (p
1,551 T, F1,1,%m 1 *Fm 1,

(m,) ] Ly1/2
+ d 2’ 8P x (P + P )1 / (1-8%)
1112 0 1112 m211 mzl2 o

g oo oeo. (2.4
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where the various symbols stand for the following:

C = Constant terms

P = 1/2 (1+ia§a-§b)

Jgb = (ab/b€>, Jab‘c) = <Fa/bc;>
g (e)

ab = (ca/cb)
y O <7’1/h/7'2>

{ab/ed) -ﬂa*mb*(z) %12 e(1)d(2)d T df, . ...(2.15)

The totsl Hsmiltonisn ( in atomic units e -'( =m= 1)

is expressed as

G %Zviz+zv(gi) . Z = . eee(2,16)
i

i
i idj ’

In the above, h represents the one electron psrt of the
- -2

Hamiltonisn i.e. h, 2?i + V(zi), V(;i) being the

total potential acting on the qth electron due to the

three nuclei and other electrons except the four under

considerstion. The term % represents the usual
ij
i

coulomb repulsion between the four electrons.

The factor (1 - Soh)-1/2 in (2.14) is related to
the normslization of the wave functions and it is to be
remembered that one must replace this by ( 1 + 302)'1
and (1 - 502)-1 in the calculation of the matrix elements
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of Hm disgonal with respect to S1 i.e.
1°2
{ 8,0, S/, /5.0, s') and (sm 1, S/H /s; 1,s‘>

resnectively.

Let us introduce a projection operator 0p which
annihilates all states with parallel spins in l1 and 12.
Then 0a = 1- 0p igs slso & projection operator and
annihilates all the stetes with sntiparallel spins in

l1 and 12. With the aid of these operators, we can write

<Sm0,S/Hm/S; 1,5")- (88,8 /0 H 0 /s 8. ,s") cee(2.17)

pma "m

It follows, theré&fore, that Heff can be expressed as

Hopp = OpH OB 00 /[E(O)-E(ﬂ] . ...(2.18)

The explicit form of 0p is given by

2 R
op op 2(1P1112)
1
= +(1-L48+5, ) . «ee(2.19)
b 1y 51y
Likewise
0 = 21 a4k 5 ) w 0% : (2.20)
8 ‘.‘ _.11.__12 o » T .

From these, the following importent relations can be

derived by meking use of the well known properties of the
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spin matricos.k These are:

1
0 31105 R (§11— §12 - 2i[§11x 5 ‘) eeo (2.212)
1

slong with their hermitian conjugate reletions. It follows
from these that the relation

Op{§l1+ _S_lz) Oa = 0 se e (2.22)

and the equivalent conjugate relstion hold. Fm‘ther, if the

following relations are used i.e.

P 0 = - LRI .
0p 1112 . opoa 0 (2.23)

(which can be easily proved by noting the relation

(8.2) (8.b) = 1 (a.b)+ F1s.(axd)

where g and b are any vectors )

and likewise

O_F (P +F )JO_ = 0P S . (8, +8, )0
P 1112 m,lf m112 a 1311].2;-1111 1, 12 8

= 8 .0(S, +S, )O = 0 )
*m, 'p 11 12 8 )
g Fan L2x2h)
0P (P +P )= 8 +080 = 0 )
P 1112 m211 111212 “m, pla )
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all the terms of (2.14) excepting those on the first

line can be eliminated. Thus one gets

0p('3;11111pm111 Jm 1 Pm 12 szlzpm 12 Jm?l1 mZL

O _H O
o (1 - sk )12
o

0 [-2(s )8, +8; 24 4 I, )8 -§-lo
s[ m11 m 1 §11 myl, mzli m, <1,|"a

L \1/2
(1 .-sol

« » % 2w UBN

dropping the constant term in P.1 etc. and using (2.22)

i.e. Op§l 0 - 0p§1208'

let us define the following abbreviations:

For the sgke of convenience

l}* = J -d H J = J -4d . s e (2.26)
m111 m112' P m212 m,l,
The complete expression for the numerator of (2,18) is

therefore

OpHmoaHmop

0 (-2J,8 .8, -29,8 .S, )o_(-2J,8 .S, -2J,8 .S, )O
L T PR R PR PR P Y

L
(1-30)

2
B (z.J,\o S, +8; 0,8 .53110p + J.JPo 8 312033 §120p

+ WJyJdp,0 S .3, 08 .5,0 + 4J,J,08 .8, 08 .5.0
“-f pm, l1 a=m,""1,"p F % pm, l2 om, "1, p)

/ (1-8%) e e .. (2.27)
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For a further reduction of (2.27) it is expedient to note
the following important relations involving spin

operators.
sxs - 13
1§1'[§-1"-3-;l" (24.8,) = 1 [5y%8,] -8,
1184%85) -8 =(84-8,) = 18, [8,x3,]
3,x[8,x8,] = 1[s,x 8)/2 - §2

igs S
§_2x[§_1x §.2] v 2x 2] +

MI lta
=

(2.28)

. 1{s,xs,)
Bx s s, - =2

118, xS,
i§1" Sp)xs, = _L;_._Z]__

mbm

(syx3,) . [84%s,) = 3 - 35,5, = (347+85°-28,.8,)/b

fope,) = (g8 = B (g + 8y

e e e e e e e S e e S S e e e e e e S P e N N St S S Wi Nt St St St Sl Sl S S

(8.2) (S.b) = % (3.8)(a.b) + 4(Sx8).(axb)

8% §m1.§110p - (§m1.op§11oa)(sm1.05§110p )

1
- (8, 8, )08, 0, . °.§11°p’ + %[§m1x_3m1]

l°p§11°, x °a-s-11°p B ey . (2.29)
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Using (2.21) and relations in (2.28) it csn be shown
that

[0p§l1oa X 08§110p] =0 = (°p§11°a x °a§1?°p]
and
= 2 .
(0})_3_110a & 08§_110p ) % op

Hence (2.29) reduces to

1 2
I_§m1 Op . . s s s @ (2.30)
Likewise ;
S .4 Dk B - 18 2 ce e (2.
Op—mz -1208—m2 120p [ §m2 op (2.31)

and

3 -S . = .
(Op:_am1 _1103 §120p) (0p§m2_§1

a-m, oa)(oagm 5 0))

> 1 4P

S o)o. ... (2.32)

-1
" (§m1 §m2 P

Finally using relstions (2.27) through (2.32) Hype
[ef (2.18) ) is given by

2
2
€ +%JP - 20 Jg Sy 8y )
H - .. (2.33)
eff
L
(1-82) [EO) -E1]

where, as is well known, 3 .
1

the triplet state and "2 for the singlet state. The above

S will hsve the velue % for
b
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expression furnishes the relevant operator for the spin
coupling between the two paramasgnetic ions, M1 and Mz )
within the fromewerk of the mechanism suggested here. In
effect, it gives the energy depressions of the triplet

or the sihglet state owing to the second order pertur-
bation of the zeroth order states involving spin dependant
polarization of the anion electrons.

Various possibilities of the spin coupling depending
on the signs of J, and JP can be easily seen from the
eguation (2.33). These are explained below.

The answer to the question as to whether the singlet
or the triplet state lies lower is to be related to the
numerator of (2,33)., In order that the depression be more
for the singlet than the triplet both J, and JF should
be either positive or negative. For the triplet state to
lie lowest one of these should be negative and the other
positive. To study the point further let us examine the

following relations.

{l = Jm1l1' Jm

ki ={ vy, “h/ *1“1) -<u1 Yz/ )qu1>§
) (2.34)

)
JP - Ay szl1 = (uw '/ Yz“z) '(“2%1/7'1“9.

ate 5

1

All the exchsnge integrsls involved in (2.34) are
positive definite and hence the sign of J, or {P is
determined by the differences in the magnitude of the
corresronding exchange integrals. Thus the following
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general conclusions regarding the spin coupling between

the two msgnetic ions cen be deduced from (2.33) and (2,34).

When Coupling
Jm111 Y ]&112 and Jm212'> Jm?11 Antiferromsgnetic
Jm1l1 < Jm112 and szlz < Jm211 Antiferromagnetic
Jm111 >.Jm112 and J“zlz <‘Jm211 Ferromagnetic
Jm111 < ‘]m112 snd Jm212> Jm211 Ferromagnetic

The magnitude of these exchange integrals would
depend on the extent of overlap of the two orbitel

functions involved e.g. u, and Yﬁ inJd Thus

m,1,°
the criterion of antiferromagnetic spin couglgng, according
to the present scheme, is that 1: overlaps more with u,
than with u, and Y% overlaps more with u, than with u, or
when the situstion is converse. On the otherhand, for
ferromognetic coupling one of the T? and 'Yb should
overlap more with both u, and u, than the other.

One is therefore led to the conclusion that the
corrBlation effects may occur in two ways, each giving
rise to the corresponding spin coupling between the para-
magnetic ions. The angular effect, in which the two
electrons tend to be on opposite sides of the anion ion-core,

leads to antiferromsgnetic coupling of electrons in u, and

1
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u The second, the 'in-out' effect in which the

2t
electrons pertainimg to Y, and '7% tend to be inside the
other, leads to ferromagnetic coupling.

The 'angular' and 'in-out' coulomb correlation
effects were envisaged by Lennard-Jones and Pople in the
study of the spatisl correlation in Heliun.66 The
present study, however, reveals the consequences of
similar spin dependant correlation effects on the spin
coupling between the adjacent paramagnetic ions.

Of these, which effect will predominate in s
magnetic crystal would cbviously depend on the electronic
state of the paramagnetic ions and the spstial disposition
and the orbital energies of the avsilable excited orbitals
on the three centres,

The derivation of the spin polerisation mechanism
ensuing from (2.33) hss a formal character. Specific
results from it can be derived by analysing particular
situations, Instead of the broad character of the different
orbitals 7’1 and ‘1, , it is instructive toflfack to the
set of orbitals ( ¢1, ¢2 ) and (p1, P, ), the former
representing the effect of the superposition of an even
orbital ¢g on p and the latter of an odd orbitalg ( ¢u ).
Let us bring in the role of symmetry of the various
orbitals for the three centre problem. If u, and u, on

the two parasmagnetic ions are the same type of orbital

e.2. given by (2.2) end (2.3), then under the sppropriaste
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reflections operator K, one gets

u

R
. € > Y

Also, ss seen from (2.5a) and (2.5b) @, PRIER S g, .
On the other hand (p,, p, ) (ef equations (2.7a) ) and
(2.7b) ) behave differently i.e. Rp, ———% -p, and

Rp, — -p, . Consider the set (u1 ¢1 ¢2 u,)
first, In this case where

BBy ) = Lyl [By0) - Luyfy /854
(2.35)

Jp(¢1¢2 ) = (ugfy/Bauy) - (WP, /¢1“2)=
Ja Q—E—% {B , and hence Jg ia equal to iﬁ in sign
and magnitude. Thus (2.33) reduces to

Hopp(B.0,) = 32 (9,0,)( 2 - 28, -3, / (1-sg)(E(0)-B(1)] ,
vevnseas (2.36)

The above shows that the depression of the singlet is
three times larger than the triplet. Thus ¢1 and @,
(which represent the angulsr correlation effect) slways
stabilize the antiferromagnetic state.

Next, consider the set (u, p, P, u, ). This gives

W ppy) = {upy/pqupy - 4“11’2/1’2“1) , ;
y++(2.37)
‘;3(1’11’2) = {uP/Po¥2) - (UPr/Pe¥p) )
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As seen from (2.7a) and (2.7v), P1 snd p, involve the
mixing of orbitals having the same Symmetry namely p and
§, in the form P, = p cosd + g, 8ind and P, = P cos§

- #,8in§ . This describes the "in-out" situation, where
the electron in Py will move inside that of the electron
inp, | d like 0 is s smsll angle). Hence p, overlaps
more with u, and u, than Py does and accordingly e = -JP .
For this situation (2,33) reduces to

Hope(PyPy) = 32 (p.p,) (3 + 2 +3y,) / (1=s@)[E(0)-5(1)] -

L T ) 0‘2038}

This gives a depression of the triplet state and the
singlet is unsffected. Thus, in this situation, the
ferromagnetiz coupling is favoured,

' Since both the situstions must be included in actual
calculations the total interaction terms, involving the
role of all possible even (g) and odd (u) excited orbital
Stateq, would be given by

Hyppltotal) =3 Heff(¢1¢2) +:Z_ Heff(p1p2) ¢ o o+ +{2.39)
g u

The above expression gives, in principle, the total effect
owing to the spin polarization mechanism gs described by
superposition of configurations.

In order to make the formulstion transparent, it

would be advisable to express the relevant exchange
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integrals in terms of the individusl orbitals such as

D, ﬁg, @, etcr Then the expression (2.36) becomes

HopelBi#y) = (3 - 28, .5, ) i(z{(umg/puo\z)/(mo-mg)

2 )
2C16C0 | {248 /pPug| )

. g, oo {2.40)
)

& - $)

where
C,o = Cos?e / (Cos*o + Sinke )1/?

and vea(2.41)

c

et e S S S e Nt et

o = Sin%0 / (Cos“e + sin’o j1/2
A similar expression can be essily derived for Heff(p1p2),
with the varistionsl coefficients C18 025 and the
approrriste change of orbital from ﬁg to ¢u and the factor
( % + 2 Sm,.Sm, ). Now the second term in the scuare
bracket of (2.40) corresponds to the third order pertur-
bation. This is shwn as follows. Since the © vslue as
derived from the varistional procedure is quite low
(this is given elsewhere; see Koide and SinhaBB), the

appropriaste expression

tan20 - &otzc = gi%zgl

reduces to

Sin29 8 ( pﬁg/ﬂgp )

= FCA) T T o eooooow (2042)
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It should be noted, however, thst the first term in the
square bracket of (2.40) does not vanish even if Cog=0
i.e. when §, = ¢2 . Similer argument holds for p, and p,.
Thiis the second order 1nt%?ction terms independent of

@ and § can be derived starting from the configuration

with doubly occupied orbitals of the anion i.e, p2

and
considering spin dependent transitions to ﬁg and ¢u etc,
The effective Hamiltonian in this case will be defined

as
{8,055 /Hype/Sy 0,5/ >

=Z(sms(p2=04,3/ﬁm/s; S(gg =1 ,s"><s; 5(8, =1,

g,u
8" /ig/Sy 8(p%+0),87 > / [BlO)Eg (1)] + . . (2.43)
giving
2 2
2J 2J
g u
Hopolt) = =9 — (2 - 28 .5 ) (2 425 .5 )
eff ZAEg 2 =m, "=m, +zuAEu 2 —m1 —ml )
e e oo (2008)

where Jg,u = (u1¢g’u/pu1) and AEg and AE, may be taken
to be the excitation energies to ¢5 and @ orbitals

respectively i.e. AE " (E a Eo ).

It is difficult to justify such s derivstion within

the framework of the Dirac's vector model in thst the

11

orbitals functions, in this approximations, are assumed
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to be the same for all the spin degenerate states. In

the following sectiony, therefore, a determinantal
formulation, which gives essentiaslly the same results as
(2.44), will be given along with & quantitative calculstion

of the important terms.

2.2 The Method of Determinsntal Wave Functions.

In the present section, the important results of
the previous section will be derived following %he method
of Sleéter determinants. In essence, this consists of
taking such linear combination of the Slater determinants,
for the four electron system under consideration, that
form eigenfunctions of the S2 operator., The details of
this part heve already been published in a different form
earlier (Koide, Sinha and Tanabe).39 In the present
description, however, only the contributions of the suthor
will be emphasised. It is sppropriste to point out the
mein difference. In the joint work, the orbital functions
of the two anion electrons were described by s choice of
orbitals which took simultanecusly into account the role

of both ¢g and § orbitsls or more explicitly

\E‘ - cop + Cu ﬂu + Cg ¢g « e+ s = (?ohsa)

K--Cop - Cu ¢u + Cg ¢g . . » . . (2:1}5‘3)

where the coefficients sre complex numbers, namely,
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LN 10, e,
Co = \(’o'\ e y Gy = \Cu\ 2 and Cg = ‘Gg\ e .

As before)it was assumed thst p and ﬂu were orthogonslized
to each other, Further R¢1—)¢; and H¢2-—) ¢T The
idea wos to describe such modified charge densities of the
two snion electrons that if one points towards the first
cation the other points towsrds the second.

Disregerding the resultant total spin of the system,
the ferromagnetic snd antiferromagnetic ststes may be

represented by the following single determinental functions

Ferromasnetic : ‘91 v ?g dé] e.. (2.460)
Antiferromagnetic : [91 )ﬁ ?é 3;] ce. (2.460)

Here, and in the following, the bracket notstion represents
the usual Slater determinant multiplied by (N!}""/2 : BT
(51)"1/2 4 (2.46). The orbitals without bar include up
spin and with bar down spin functions of electrons in them.
The difference in the energy expectation values of the
ferromagnetic and antiferromagnetic stetes (¢f (2.46a) snd

(2.46b) ), neglecting the direct exchsnge, is then given by

Ep - Ep=Jd(d, Yy ) - Jla, ‘};) C e e e . (2.47)

Since the overlsp between d1 and Y; ia expected to be
grester than between d1 and 7’2, J(n:.l1 'f, ) wbuld be larger
then J(d, }Pé). This suggested thast the antiferromagnetic
state would be lower than the ferromagnetic cne.

The results of calculstions based on single

determinantal functions ( as also done by Yameshita and
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Kondozh) are insdequate to describe the complete physical
situation. In fact, the spin polarization mechsanism
cannot be derived by this., The situation is best described
by taking the states with definite total spin into account.
The formalism using (2.45a) and (2.45b), however, gets
rather complicated.39

In what follows, the formulation will be given by
using a pure perturbsticn technique for the configuration
interaction problem, involving ground orbitel functions
u,, 4,, P and excited orbitals of the type ¢g and ¢u'

The wave function of the two snion electrons, under
consideration, in the zeroth order ground state is expressed

1 = 1(.2
(M = 0) = = y . s . .
l - (ag = 0) > 5] = "? (2.48)

which is even under the symmetry operation R. The
excited triplet states of the snion electrons where one
electron makes trensition to ¢g or ¢u are given by
3(p¢g) i.e.

\ ’ lﬁd >a : Lpg&]
LR
{_ﬁf_ﬁg] ; -1

Ms

1

-

. . (2.49)

-
e e e e S St St o o
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and 3(p¢u}

\B‘erv>a : [pﬁu] ; =

7 )
X@Eu] + lpgs;ﬁ,{z'; 0 § .vv (2.50)
7] )

The suffixes ev, od are the abbreviations for even and
odd respectively and Ms represents the eigenvalue of
the z component of the resultant spin operator, The
suffix 'a' denotes the total anion function.

Likewise, there will be higher states such as
the singlet states

 [Pe] - {faag,qj ZERCR AN YN

however, these will not be of importance in the second
order and sre therefore not considered here.
The triplet and singlet wave functions of the two

metsl ion electrons in u, and u, are similarly expressed

\31%dt1)>c
\1’ 73{3;‘,(0)>c

as

3(u1u2) = {P1ué] i W = Aev51)

1(u1u2) -%‘E.l"ﬁ?] -[a1u%1/ J2

s % . (2.52)
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with suffix '¢' standing for the cation determinantal

functionss. Finally, the totsl product wave functions
< ’

of the three centre, four electron system asre expres-ed

as:

Zeroth order ground ststes.

Iriplet

\3):{?; >0d = 3%—3(\.11112) 1(_32)]: [u_lpf) uzj ...(2.53)
Singlet

\ 1% 7ev 1 {1“111.12) 1(p2i}-“—u1pﬁﬁ?] —[ﬁ1pﬁu2:l},\r2-

..(2.54)

Excited states involving one electron transition to

¢

g °oF ¢u from the anion orbitsl b :

Triplets

EN e . 3019 3
\HET (1)2’“; {(“1"‘2) (pﬁig’u )}
.(L[u1p¢g’u o) - (wog, ua} / V2 ...(2.55)
D) piade . 363 3
\ % “)Z.od 1(u1u2) (pﬁg'u}j
,é\l}f(()? )?ld >-* 1E1(1>\ dev(%
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Singletd

7}{& % (0) 3u yup) 2iogy o }
ev,od
- 3 "
- ﬁi\?‘u? )-_Zfd ( > %f( 1?\ d“u;
_13?(0)‘> \3%(3.11 (C?
ed c od,ev a
» Ezlﬁpﬁg.uu’:’_\ +[2 “1§Bg,uua - [u1wg,uua_ 'Lﬁ1pag.u“;]
‘Y‘_Hﬁ’ag,uﬁ?] -{:;Tpﬁs’uaa}/ﬁ; ....... (2.57)

The matrix elements of the Hamiltonian (cf equation (2.16) )

within the manifold given above areflderived below:

Disgzonal elements:
Zeroth order ground states:

The diagonal matrix elements of the zeroth order

ground states (3.53) and (3.54) can be described by the

compact formula

8
28+1 28+1
< ’ zfg(sm)/ﬂ/ * 2!:10{Sm)>- Qur(=1) ™ J(uguy) ....(2.58)
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where

Q, = 26(\11)+2&(p)+K(u1u2)+AK(u1p)+K(pp)-2J(u1p) ceeo(2.59)

Excited states - These are also given by the compact
formula

25+1 25+1
< Yisgspms - Yisgsy) >

S
= Q 2 {=1) R J(u1u

E,u 2)

. 3'1 . S(S+1)-EE(Sm+1)—Sl(Sl+1)

3 } E(u,p)+J(u1¢g’u)J P

veees(2.60)

where

Qy  =[2€lu,)relp) o€l )oK(uuy)+2K(w,p)e2K(u g, )

+ Koy ) - Il ) ] - - X))

In the above Su and Sl stand for the resultant spins of

the two electrons in u, and u, and the two in p and

¢g " respectively and the other symbols represent the
]
following:

t(a) = <a / -% V2+V/a , the one electron term

and K(ab) = (ab/ab> , the coulomb integral

)
U oo ss(2.62)
J(ab) = (ab/ba> , the exchange integrsl .)
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In deriving the explicit forms of the matrix
elements of the various states one has to make note of
the respective values of 3, Sm and 31 as explained by

the symbols in the wave functions, namely,

23+1 ZSmd- 1 2814- 1 )
(uju,) (pﬂg’ul

Off-diagonal elements,

In calculsting the off-diagonal elements connecting
the triplet and singlet zeroth order ground states with
the respective excited states, the parities of the wave
functions have to be tsken into account. As noted before
the triplet ground state (3.53) hes odd parity and the
singlet (ef (3.54) ) has even parity. It follows that
\37.:[{ > will mix with excited states heving odd
parfty :gd \1?Fr with excited stastes having even
parity. Since tge eggrgy depressions of fhe zeroth order
ground states owing to mixing with suiteble excited
are of present iﬂterest, the off-diagonal elements between
excited ststes will not be given here, To present the
off-diagonsl elements in a compact wey it is convenient

to describe the wave functions by the notations

25+1 ~ 25+1
‘%’( Dl"lcs]‘f.\)> e LP‘( Smesle) ’

where the suffixes o and e have been intfoduced to the

corresponding resultant spins in the zeroth order ground
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states and the excited states. Thus all the off-diagonal

elements can be derived from

23+1 25+1
<<; ]{-y(smc:lslo)/H / iiftsmeslﬂ);>>

S +3
5 My Me
S 2 T, My <u1p/¢g.uu1>*('1) <u2pf¢z.uu2>
=(-1) 3+1 Y_2 (-1) :}i —R';—Re b
terteteeaieesed(2.63)

where NO and Ne denote the normalizstion factors occurring
in the denominators of the ground and excited wave funections
respectively. For future reference, it would be desirable
to have the explicit expressions of the various off-disgonsl

elements, These are:

(3“&10)/14/ 3‘1&11)} - - 2w/t
<31}.f(10)/§-1/ 3?&31)> = -2 <u1p/¢gu1>
(11?(003/”/ 1%1”7 = o6 (u1p/¢gu1>

oo.-(?cél}]

e

The other matrix elements venish becsuse of parity considera-

tion as seen from (2.63).

Study of Interaction by Perturbation Procedure.

It can be seen from (2.58) that the energies of the

zeroth order ground triplet and singlet states are given
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respectively as

1E = E + J(u,u

B, = By - Jluu,) end o - 1¥s),

their mean being E, = Qo‘ Likewise, for the energies
(diagonsl matrix elements cf (3.70) ) of the various excited
triplet and singlet states & mean cen be tsken, namely ,
Eg,u = Qg,u' neglecting the relatively small exchsnge inte=
grals compared to coulomb and one electron terms contsined
in Qg,u' Now, the depressions of the zeroth order singlet
or triplet states, other then thst due to the direct
exchange J(u1u2), as a result of second order perturbation
interaction with the corresponding excited states, can be

expressed as:
31(0°)-0/4/5, (b )=1 3¢5, (8, ,)=1/8/3,(%)-0)

[Eo - Eg’u]

8 (2S+ 1E) -

Execited
states

P - -1 3
The energy depressions of the triplet and singlet states
are thus easily derived with the help of (2.65) and (2.64)
etc. The results, for a formelly complete set of excited

orbitals with even snd odd perity, sre

2 2
e 2 | {uqp/Bguy| _zi‘ l<“1p/¢u“1>l . (2.66)
. A%, - AE,
and 5
Sig) . - 8 l<:12/¢gu1>\ . (2.67)

g
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These results also follow from the relation (2.44)

obtained by Dirac's vector model, namely,

27 2 20 2
H oome|S— (2 -23 .5 )+ (2 +25 .5 )| 5 (2.44)
eff 2 "%2nm, '2m 2 T %n, cm A i
E 1My 17 my
z & u M

with Jg,u = <u1p/¢g'uu1> . Here AEE end AE
represent (Eg,u"Eo) i.e. the energy difference between the
corresponding excited states and the ground state. The
equivalence of the results (3.66) and (3.67) with that of
(2.44) furnishes the justification of the results based

on the Dirac's vector model. Identifying A‘Eg and AEu
with the excitation energy to ¢g end ¢ orbitals, the
energy difference between the ferromagnetic {triplet) and

antiferromagnetic (singlet) states can be expressed ss

- Ef - ‘Eaf

2
R
-4 g u

2Jers
2

. . - 2J(u1u2J e o (2.68)
u

In certein cases, it may be desirsble to consider electron
excitations from the anion orbitsl which hss even parity
with respect to the symmetry operation R. A parallel
derivetion can be easily given for this. Thus the most

general result is expressed as
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u,p/@ _u 2 u, /ﬂuu 2
e Z b \{agp/Bgupy| _z b\ Qayp/Bpu )

A.Egp E;Eu

Eyp u,p P

z b | {uys/B ) ’ B 2_ b\ Quys/Bpupy | i

A B d&EEs

+

u,s £,S

- 2J(u1u2} y " " . . . eve (2.69)

where s represents the ground orbital with even parity
and p has odd rarity. Now the direct exchange integral

J(u1u2) between the electrons of the magnetic ions M, and

1
Mz, which are separeted from each other becsuse of the
presence of the intervening anion, is extremely feeble,

If J(u1u2) is neglected, the coupling, within the present
epproximation, should-arise from the spin polarizstion
mechanism (i.e. terms in the curly bracket). The nature

of the coupling is dependant on the relstive symmetry of the
ground and excited orbitsls &s well as their energy
difference. Transitions between orbitesls having the same
symmetry stabilize the triplet (ferromagnetic) stste and
those between orbitals of onposite sSymmetry stabilize the
singlet (antiferromasgnetic) state. For a quantitative
estimate, one must evaluate the magnitude of the hybfid
exchange integrals of the type (u1p/¢u1 } and the

energy denominators,
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2.3 Quantitative Estimates

In order to carry out estimates of the results
obtsined in the previous section, it is of great impor-
tance to understsnd the nature and the relative energies
of the various excited orbitals availsble to the anion
electrons. There are two possibilities in this descrip-
tion. First, which is called the excitation model here,
the low lyingz available orbitals are the gppropriste
excited orbitsls of the central ion itself. Then (in
the charge transfer model) there may be orbitals arising
out of a linear combinstion of the empty cation orbitals.
It must be noted that there is no clear distinction between
these two. For studying the exchange coupling, 8ll these
orbitsls or their suitable linear combinations should be
taken into account. in what follows, estimates will be
made for the antiferromagnetic systems of the type MO such
as NiO and MnO.

For such systems, the role of the occupied »p
orbital which overlaps with the adjoining magnetic stoms
M, and M2 is of importance. Regarding the excited
orbitals, consider first the excited orbitels centred at
the anion. Since an sdequste knowledge is not available
even for the lowest 2p orbitals,39 it is very difficult
to have s precise idea about the excited orbital of the
0%~ 4ion in the erystal. At best s qualitative discussion
may be attempted and the relative importasnce of 3s, 3p and

3d orbitals on an 0%~ ion in a crystal considered. The
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influence of the environment is represented by zn
electric field acting on the ion in question. As is
well known, octshedrally situsted six adjacent cations
(e.g. in Ni0O, which is of rocksalt structure, the six

N2+ 2- jon and vice versa)

ions are surrounding the 0
give rise to the ecrystsl field with cubic symmetry which
does not affect 3s and 3p but would lower 3dy orbitals.
One may liken the excited oxygen electron moving in the
field of 07, forming a sort of hydrogen like orbitals.

A rough estimate shows that the 3dYy orbitsls in this
system (one dectron in the field of 0 ) are lowered
relative to 38 and 3p by an amount of the order of

10° em™ - % a.u,  Therefore, it seems that 3 dy is
lower than 3p and would form a virtual bound state.
Furthermore, of the two 3dy orbitsls, namely, d(?zz-ig-yg)
and cl(xz-y2 ), only 3dy ; (i.e. d(222-x2-y2)) which points
towards the anion, is of importance for the three centre
linesr model under consideration,

The above considerations show thst for the excited
anion orbitals (the excitation model), the contributions
of the second term in (2.68), namely, hJuz /AEu is
relatively negligible compared to the first, which is of

g

the type L..ng /AE_, where ¢g in Js - (u1p/¢gu1) stands
for 3 dy, on 0%~., This would favour sntiferromagnetic

coupling. :

Let us now consider the charge transfer model

involving the spin dependant transfer of the snion
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electron to empty excited orbitsls of the cations. On
each M%* ion (e.g. Ni?* or Mn?* ) the set of low lying
available orbitals that may be considered are 4s, Lp
and,to a certain extent, Ld; the others will involve very
high energy denominators. A better approach for the
present purpose would be to take x’ and X, as one
of the hybridized i4s Lp3 hdz orbitals around the res-
pective cations having the appropriste directionality
(i.e. pointing towards the central ion), Thus the two
linear combinations of these orbitals having the apnro-
priate symmetry and orthogonslity properties are

B° = (A, +Xy)/ V2 .. (2.70)

.5 = K,=%, - 250/ Va(1-25.2), (2.71)

Se = 111/p>-

If is to be noted here that the orbital energies
of ﬁgc and ¢u° will normally be different. This differ-
ence arises owing to the fact thst the energy of the odd
funetion ( 7(1 - X, ) is expected to be pushed up
because of the mixing with the p orbital of the znion
which hss the same symmetry. Even if one assumed thst the
orbital energies are not very different, the exchange
integrals (u1p/¢g°u1 ) and (u1p/¢uc u1} will differ from
each other because of the factor S2 appearing in (2.71).
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One must therefore besr in mind thst the non-orthogonslity
of the orbitals p and ( %, - ')(2)/\!’3 cannot be
neglected,

A rough estimate in terms of (2.70) and (2.71)
is now given. The energy difference between the triplet

and the singlet states is now expressed as

36 . g

2Jeff =

RIS AR R VOR AL VLR NI
ERPENI & o

where Em represents the mean orbital energy of ﬂgc and
c
g.° .
In the absence of any precise theroetical or
experimental idea of the covalency psrameter (cf. equations
(2.1)to (2.3)) in the system under consideration, calculas-
tions were carried out using astomic orbitals, namely
with u, = daq, u, = do%, P =P, .39 With this redefi-

nition, the integrals in (2.,72) are expressed as:

(ogp/B° wy = apo/ayugy /2 )
i(z.'m

(uyp/8,° UD xl(UTP/?Qub - 2Se(u1p/pu1>} /J2(1-2392).

Since the calculstion of the two centre integrsls is very

complicated, Mulliken's67 and the uniformly charged sphere68
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approximations were used in their evalustion. Thus

J(u1p) =(u1p/pu1> = );3123» K(pp)+2K(u1p)+K(uTU1)j
(“1"“1“1) » %511 (uqu,/ud ) + (“11’/7(1}’}} '

where 31, as noted before, is the overlap between dca
and po

The values of the relevant imntegrals for the unit
Mn - 0 - Mn determined are sept out in the following
table:

Table No.1: Values of various integrsls in stomic units.

———— T T -

Integrals Numerical Approximations used
value in
a.‘ll.
K(pp) 0.753 Slater function69 for 2p orbital
in 0%°
K(ugu,) 0.78 Scaled 8later function for 3d
orbital of Mn?*
K(u,p) 0.267 Uniform sphere app” (u.s.a.)
J(u1p] 0.013 u.s.a. + Mulliken's spp”
(u,u,/X,u,y 0.0720 u.s.s. + orbital function
(u1p/x1p} 0.0302 u.s.a. + orbital function
{u,p/x 0} 0.0082 u.s.a. + Mulliken's app”
5 0.16 Jaffe and Dosk Table’°
Se 0.3 Slster function + Mulliken et al

method’ |

————
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The values of the integrals seem reasonable when one
compares them with some recent calculations e.g. K(d p )
for Ni-F system is 0.286 (Sugane and Shulmsn)’? and
compares favourably with K(u,p) above. Further the
hybfid coulomb integral (u1u1/x1u1) is an order of magni-
tude smaller than K(u,u,), as it should be becsuse of the
orthogonality of X, and u,.

Using the above velues it turns out thst

e ‘<u1p/¢zc uh\z

100

2
|{u1p/¢u° uT}]

Hence, the second term in (2,72) is negligible compared
to the first.

An estimate of the denominator (E,-E,) csn be made
from the ionization potential73 of MnCn)and electron affi-
nity data’¥ of 0~ - 0%, This is estimsted to be of
the order of 1 s.u. Thus the difference between the
triplet and singlet energies i.e. 3 -2 1.2 x 1074 a.u.

Now according to the molecular field model75'5'76
the strength of the exchange interaction between two

sublattices can be defined 88:77

KT, = FR(T,+0) = :1:3' 25(5+1) A E (2.74)

where Tn' @ and 5 sre the Ne'el temneratura,77 Curie-

Weiss oonstsnt77

and the spin quantum number of the ion
respectively, A E is the energy difference between the
ferromagnetic and antiferromagnetic state, and z is the

number of msgnétic ions correlated to a given magnetic
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ion, Thus with z = 6 and using AE = 1.2 x 10™4 a.u.,
the value of Ts is given by

T, = (T, +0)/2 = 650°K.

The observed mean value is about 370°K. Although, the
above estimate gives the right order of magnitude, this
is higher than whst is expected. The value would be
reduced on making the covalency corrections involved in
the orbital functions u, and p given by (2.1) and (2,2)
etec. This procedure would slso take care of the correc-

tions for the Mc Weeny orthogonality effect.78

2.4 Concluding Remarks.

The analyses presented in the foregoing sections
indicate that the indirect exchange intersction given by
the spin polarization mechanism does lead to spin coupling
between parsmagnetic ions in certain compounds. A rigorous
quantitative calculation, based on this approach,is extre-
mely complicated owing to the fsct that a2 large number of
excited configurations have to be included. That the lowest
available excited states will have the dominant role is to
be expected. At present, however, it is very difficult to
get a reliable knowledge about the excited states.

The excited orbitsls were chosen on two models,
nsmely, (i) the excitation model and (ii) the charge
transfer model. In the specific orbitals considered, it

is difficult to sseertain, for example, as to which of the
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even orbitsls 3dY1 on 0%~ and {XT +x2) / \ré is the
lowest, In point of fact, the effect of both should be
tsken into account. It may be remarked that the choice

of orbitals ¢g° and ¢u° is such that it incorporates the
role of both types of correlation effects discussed in
Section 1, in the formulation. Furthermore, these linear
combinations of the empty cation orbitals provide the
appropriste directionality as well as the additional
covalency effects involved in the spin pelarization effect,
It may be noted, that the recent measurements of the
covalent spin density distributions in Man (Nathan et 5179)
indicate that the part of the ligand ions closest to the

3d unpsired electrons carries the same sign as the magnetic
ion., This result would seem to provide a direct experi-
mental evidence in support of the spin polarization
mechanism,

Although, the formulations in sections 2.2 and 2.3
followed a pure perturbstion approach, the spin dependent
polarization of the anion electrons which is responsible
for the energy difference (2.68) or (2.69) is not quite
independent of the general correlstion effects discussed
in 2.1.

The calculstion given in 2.3 is much more relevant
for Nickel compounds (e.g. NiO, N1F2 etc) where the singly
occupied magnetic orbitals involved are of the dy type.
For Mn®* or Fe* systems, the calculations ought to be
extended to the 40  indirect exchsnge effects i.e.

invoking d(xy), P, @&nd excited orbitals. Thet the



= 6 =

right angled exchange interaction between the nearest
neighbour parsmagnetic ions via the intervening ions may
be quite appreciable has been recently pointed out by
several workers,0-83

As emphasized in the introduction, the mechanism
presented here is analogous to the Rul erman-Kittel
mechanism of the hyperfine interaction in metsals and
Zener-Kasuya-Yoshida mechanism for the magnetic properties
in metals and alloys. The role of the intervening ion
corresponds to that of the conduction electrons in metals.
Although, the indirect spin polarization mechanism seems to
be universally spplicable for all systems (i.e. nuclear and
atomic spin coupling in metals and compounds), it is not
the intention of the present work to decide in its favour.
There are other mechanisms as discussed in the introduction
and the truth may be a compromise of sll these in order of
importance, In the absence of reliable quantitstive calcu-
lations one has to await some decisive experimental

results arising from studies involving psramagnetic
82

resonanceBQ'ak hypetfine coupling by nuclear resonance,

and neutron scattering techniques.79’85
In the next section an extension of the present

approach to other systems is considered,
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CHAPTER-3

STUDY OF INDIRECT EIGHANGg INgERQCTION
I TETRAREDRAL SYOIE

N T8

In this chapter, the ideas of the spin polari-
zation mechanism are extended to the study of spin
coupling in magnetic compounds having ZnS snd CaF, type

structures.*

3.1 Introduction

In the zinc blende (ZnS) type magnetic systems,a6
the parsmagnetic ions are surrounded tetrahedrally by
four snions and each anion is likewise surrounded by four

paramagnetic ions. In GaF2 type systems,86

nach:fbn is
surrounded tetrahedrally by four paramagnetic ions and
each parsmagnetic ion by eight anions. Typical exsmples
are -MnS and TiH2 respectively.

For such structures, the elementsry unit chosen
is M, X, where the intermediste ion (X) is placed at the

centre of the tetrahedron and the paramagnetic ions (M)

at the four corners.

] T

* Part of this work in s different form using the method
of semilocalized orbitals has been published (Sinhs and

Koide). 9 In the present chapter, however, s pertur-
bation procedure is given and contains, by and large,
the aguthor's work.
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In TiH,, which is antiferromsgnetic, two 3d

electrons of the Ti%* ions singly occupy the two dy

2

orbitals, namely, d{2z2-x2-y2) and d(x —yz))and in the

anion H™ there are two coupled electrons in the s orbital;
24, -

L B

The magnetic structure of P-Mns (Zinc blende

the unit is (Ti

type) has been given by Corliss, Elliott and Hastings
on the basis of their neutron diffraction studies.87 The
results indicste an antiferromagnetic ordering.

In this case the elementary unit is (Mn2+)h32“ .
The electronic configuretion of S°~ is Ne shell plus
{38)2(3p)6. It is the latter two 3s and six 3p electrons
which are supposed to tske part in the indirect exchange
intersction leading to the spin coupling of the four
paramignetic ions Mn2+. A complete treatment would
require the study of the interaction of all these eight
electrons with those of the electrons of the paramagnetic
ions, nsmely, the five 3d electrons of esch ion. This
task is formidable. In the following, therefore, an
attempt will be made to show qualitatively what results
one can get according to the spin polarization mechanism
for the unit th. Hence for simplicity, one revresenta-
tive 3d electron from esch parsmsgnetic ion will be
considered snd two electrons from the central ion in an
s-like orbitsl. This will be sppropriate for: the unit
(T1L2+H'} also. This description will suffice for s

formal development of the essential festures of the
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previous theory when extended to a 'six electron and
five centre' problem. The central ideas is to study the
stabilization of the antiferromagnetic or ferromagnetic
state of the system (th) by the polarization of the
intervening ion owling to the spatial and spin correlstion
between its electrons. The inclusion of the effect of 3p
orbitals of 82~ can be carried out by following the
procedure outlined below.

As before, the eigenstates of the total spin(?f)
of the system sre considered. The spin dependent energy
appears because of the interaction of the various excited

states with the respective zeroth order states.

Formulation of the wave functions.

3.2 The wave functions of the cgentral ion electrons

The cations at the corners of the tetrahedron are
numbered 1,2,3 and L with the snion st the centre. 1In
the system ﬂ -MnS a large degree of covslency is
expected and hence a tharge transfer model would be more
appropriate for the description of the excited states.
Thus the excited orbitels are taken as the linear
combinations of those empty cation orbitals which point
towards the centrsl ion snd have g type symmetry with
respect to the bond a®is. The respective orbitals are
denoted by ﬁ,, %) ¢3, ﬂh' The possible combinations are
(By+Pp+B3+8,) s (By+8,B3-B)), (B +B,-B3+@,) and
(—¢1+¢2+¢3'¢h)' The transformation properfies of these



-T0 -

under the symmetry properties of the point group Td must
be noted and should be orthogonslized with respect to
the ground snion orbitsls (e.g. s orbitsl of the central

ion).

Table No.2 : The Character Table for Td (After Griffith)“’

o o ——— ————————— - — -

Irreducible The character WE(R) for the symmetry
Representation transformation.
.
E 803 3¢, 6 2 6SL
‘\1 1 1 1 1 1
ﬂ2 1 1 1 -1 -1
E 2 -1 2 0 0
3 3 0 -1 -1 1
T2 3 0 -1 1 -1

-

These are classified as (¢f. the charascter table

for Td group given in Table 2).

( ¢1+¢2+¢2+¢3-k7\85}
H a = . l(3l1)

( ¢1+¢?"¢3‘¢h }
. - P e
2




.

(-¢1+¢2-¢3+¢A)
t - - - - . . (303)
¥ 2 »

(-¢1+¢2+¢3-¢h}
t - J - . . . (30#)
oy 2

where

Ae = L8/ 8

All the orbitels from (3.1) to (3.4) sre orthogonal to

8; t,,t,,end tz from symmetry considerations gnd 'a!'

is approp:iately orthogonalized, If Bp;; 3py and 3p’
were to be considered then the t orbitsls should be
orthogonalized with respect to anion p orbitsls. The
orbital energy of 'a' will be different from that of the
degenerate orbitals t. Also, an important difference
arises becsuse of the overlap mixing (i.e. the presence
of the term 4N, ). In terms of the orbitals, s, a,
and t, the singlet and the triplet states of the two anion

electrons can be written ss:

Zeroth order ground singlet

1

Ry g e B = [ss] s+« (3.6)

where [-- j denotes the determinantal function.

Excited triplets:

b, \3°‘> o [t.xs:l' « s x 139
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16>
1>y)
y ¥ ‘3 z>

[pys] .. . (3.8)

Y_tzs] ... (3.9)

[as] « + . (3.10)

The symbols A1, A T1, T2' E etc. denote the

21
irreducible representations of the tetrahedral group
(ef. Table 2).

In addition to the wsve functions noted, there
will be excited singlets involvine one or two electron
transitions to the excited orbitsls. These involve
still higher energy states compared to those already

given and hence are not cnnsidered,

3.3 The wave functicns of the cation electrons

The singly occupied orbital functions of the

peramagnetic ions are denoted by Uyy U, Uy and u It

L
is assumed thst $¥fe under the symmetry operations of the
Td group, these four transform into each other without
change of sign. This implies that each orbitsl u has
either o -type axisl symmetry with respect to its bond
with the central ion or its angular dependence is such
that the sbove condition is fulfilled. To be more
precise u has the angular dependence of d(222-x2-y2)
where X, y, z are the axes defined with respect to the

cube axes, Alternatively, it behaves like =
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do = d@&? o x'® . y'2) where the new axis z ‘coicides
with the direction of the bond in question. The sbove is
assumed for convenience in calculations.

Including the spin functions, the linear combina-

1

tions of the Slater determinants give the states E,

3T, and °A, which belong to different irreducible
representations of the tetrahedral group. Of eanrac1h¢s¢,
g may be regorded as renresenting the antiferromagnetic
state and 5A2 the ferromsgnetic state. The explicit

forms sre expressed as:
RNV SO CLE W [oyu,0gu] + [3,8,u38,]
* [agegnay) - 2(8pupu0) - 2[_u1uzuauh]}/ iz,

vesseseassssesss(3.11)

\1ijI>'i(ﬁ1ﬁ?u3“la - LTJ’uzﬁBu;J - [24%5u30,]
+E11u2n3ﬁh}/2_ EE veee(3.12)
3, Px(g=0% .&\_u1u2u3uh] - Lﬂ1n2u3ua} /V2 ...(3.13)
\sy(0)> =§.[ﬁ1u2ﬁ3u€l : Lu.'ﬁzuBfiai/ VZ ...(3.10)
32000 > - TR TR VNN ERD)

ete.

- W \5/\(12)> - [upuge)  eve oo s Bu 1)
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The states with different Ms values can be easily obtained
by making use of the raising and lowering spin operstors,

namely, (Sx+iSy) and (Sx-isy)'

1 3 The wave functions of the total system.

In order to formulate the wave functions of the
total system, such products of the anion and cation
electron wave functions ($ 3.2 and g 3.3 ) are tgken
tﬁat form the base functions of the irreducible represen-
tations of the 'I'd group. The symmetry of the cation
electron and anion electron functions as shown below will

indicate the nature of the product functions.

Cation system ~ Anion system
g 1A1 (ground state)
3T2 3T1 (excited state)
A, 20, (excited state)

The zeroth order ground states will be the products of the

anion 1 1

5

A1 ground state and the cation states 'E

1

1 gTz and

Aye Since A, belongs to the one dimensionsl totally
symmetric irreducible representstion, its products with
1E1. 3T2 and 5A2 will constitute the base functions of
the irreducible representstions of the Td group. Thus
the antiferromagnetic zeroth order state is taken to be
the product of 1A1 and 1E1, namely, equations (3.6) and
(3.11) and (3.12). Likewise, the ferromsgnetic zeroth

order state is the product of (3.6) and (3.16) and has the
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symmetry A,. In addition to these, there will be triplet
states also; however, they are not considered here in sas
much as their energies lie intermediste between the
ferromagnetic and antiferromagnetic states (for details
see Sinhs and Koide).*® The explicit expressions of

the various states are:

Ground state

Antiferroms gnetic
‘1E1>' Ry S 1§1>
=§'\'ﬁ1u2u3uhssl + \E1u2ﬁ3uhss] + [u1t12u3uhs§]
+ [uyu 838, 88] -2[8,u,u,0,88) -2['1_11ﬁ2ﬁ3uh35]}

/ 12 v e . (3.17)

(e ' -
-{(}11“2‘13“&953 " Lﬂ1u233uhs'§] - Lu1n2u3ﬁhﬂ]
+ Lu1u2ﬁ3ﬁhsa‘_l§ / 2 e .. (3.18)
Ferromagnetic
\5"2> - "\ 5’\>

- E;,,uzuBuhsE] e oo (3.19)
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The various excited states are the products of

anion states 3'!‘1 and 3A 1

3p

and the csation states E

1 1?

21 5Az. The reducible products sre decomposed to the
various irreducible ones. Of these only those states are
taken which form the base functions of the irreducible
representations and have th{?gyhmetry 8s the corresponding

zeroth order states. These are:

Excited States

Singlets
P-4 ) dffancorne)

-\a (o) xio) \304(1).311(-19 . \33(-1).3“ 1?

*l3,3‘°"3“°> -\3P(1).3r(-1)>}

i( u,u,80,8.8] + [uu,u,0e 8]

- [oitpugw 8] - [aguntsn g

T_ﬁ1 2¥3u.b ‘g]

[“1“2“3‘?&‘::’]

1

[219205%,553]
]'_n1n2u3uhtxﬂ . [Byup050,8,8]
s [ug0,058,0,8] - [8,0,8,u,t.s] [n1u2§3u4txsj)>
_([ﬁ1u2u3uhty§] [a,9,05u,8 8] - [u,8uqu,¢ 8]

. [“1“2“3%‘?% B [-“1“2 3¥4ty8) ~[oyetye, YJ

+

+
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+ [u1ﬂ2u3ﬂhtyﬂ] - [!11ﬁ2u3flhtyaj +Lf11ﬁ2fi3uhtys]

. Lu,,uzaBuhtys] < [ﬁ1ﬂ2u3ﬁhtyé] -Euz%uhtys])}
........ v e.(3.20)

\1EH>'~!% | % ) J% 1’ ) é Py .3Z>
- JJ—"“%“-”BXH)) ‘\30((0)31(0}>+\30((1)31(_1)>
18

+ \%p-n 2rc)- Ppio) Sv(o)y* \B,B{” 3“'”>
- 2Pyt 2z1))s 2Ppt0) z00) - 2%y (n) 3z(-19}

Its determinantgl form including the spin part can be
easily written following the pattern given in (3.20);
however, the explicit form is rather lengthy and hence is
not given here.

Likewise, the excited ferromagnetic states are

given ssi@uintet

I°a! 2 - ‘%UB«H).3X(1)>+\3ﬂ(1).31(1)>+\3)'(1).32(1)>}

- (%1[,“1“2%‘1&“1!3] +E.11u2u311htxa -PTuzuBuhtxs]
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‘_u1ﬁ2u3uktxs] + ‘_ﬂ1u2u3uhtys] + ‘}11u2t!3uhtysj

Lu,'ﬁzujuhtys] - ‘:11T12u3ﬁhtys] + L&1u2u3ubt'zs]

+

Lu1u2u3ﬂhtts:] - ‘_“1“2“3“:."’:3-_\ - Ex1u2ﬁ3uhtz;j} )

.......... .. (3.22)
PA; )= 2175 AL
- é. | 32(1).5/\2(1))-% \32(01.5/\2<z)>

1
= {;—zi [u1u2u3nhas] +Lu1u2ﬂ3uhaq + L“1u2u3uhasj

+L1, “2_“3“1,,'5-] -2 Lu1u2u3uh3€' -2(u, uzusuhaﬁj } ,

-~ G.z‘s)

3.5 Evaulation of the energy matrix

The Hemiltonian in stomic units ( e = 'K =m= 1)
is

b

1 2, 1
38 iVi 7_?(:1) v % by (3.24)
1 1 143

where V(gi) is the potential acting con the 1* 2ectron
owing to the five nuclei and all other electrons except
the six under consideration. The energy matrix of the
Hemiltonian within the manifold described in § 3.4 is

ziven below.
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Diagonal elements:

Neglecting the direct exchange integrsls

J(uiuj) these are:

Zeroth order ground states
QE/H 1E> -an/H/5A2>

= Q, -vzt(uihzé(sh% ZiK(uiuJ)+8K(u1a)+K(BSJ
%

-M(u13)] oa-o-.o-(3025}

This shows that the ferromagnetic and antiferromagnetic
zeroth order states asre degenerate when the wesk direct
exchange integrsls between the paramsgnetic ions sre
neglected, The various notations occurring in (3,25)
and in the following have already been explained in the

previous chapter,

Excited States

{e'm's)- o+ 20a4ty EON . .(3.26)

Q.ﬂé/ﬂ/saé) = Q. - 3J(u,t,)-30(us) + 2(u1ty/t.zu1>

% % w (3:27)

(5A;/H/?A;>= q, e . (3.28)
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where
Qm -[7_&(ui)+&(m)+é(s)+% z K(uiuj)+LK(u1m)+b.K(u1s)
[y L#:\

+K(ms)-J(ms)] )

with m denoting any of the excited orbitals t or a. It
is to be noted thst the dominant terms in the diagonal
elements are always the Q ' s and the relstively small
exchange or off-diagonsl exchanre integrals can be

neglected.

The off-diagonsl elements are as follows:
(]E/H/’E'} = 24 <p18/txu;> = Maf , (3.29)
Cuiing)= iz Qagsfeay - mp (3.30)

<5A2/H/5:\;)- 12 (uTs/au1> = Ht" ; (3.31)

where t  stands for the orbitel (3.2) and 'a' is given

by (3.1). The above results are shown in the compact

form below:

"By "Bry '5; "Bi1
"B E,, 0 M, 0
1311 0 E. ¢ 0 M,  (3.32)
B X M. 0 B ¢+0E, O
"Efp 0 Mar | © EartaBy



5 5, 5.1
s Ay A A
5 ‘ ’
LY M E +AE X
2 £ £+4E,y
YL M. X E +AE ( )
A2 £ 1..+ p sees (3,33

The energy depressions of the zeroth order antiferro-
magnetic and ferromagnetic ststes owlng to interaction
with the corresponding excited states are obtasined by
the second order perturbstion procedure discussed in the

previous chapter. The results are given below:

&(1E) =24 l<u15/txu1>\2 / AE, cev. (3.38)
2 2
3(5A ) - o 12|<u13/txu1>‘ B 12|<u1s/aubl ..(3.35)
2 dEt sza

As in the previous case, AE, may be taken to represent
the excitation energy to orbital t and AEa to the

orbi tal 'a'. Thus the energy difference between the
ferromagnetic (quintet) and the antiferromsgnetic

(singlet) states becomes

Bp - Elp =56 40E)

- ‘%%t l(u1s/txu1>1 i 'i’%aK“ﬁ/auDl 2 . .(3.36)
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This result is exactly parallel to thst obtained for
the three centre and four electron symmetrical problem.
The result cen be easily generaslized to the cese when
several orbitals in ground as well as excited states
are considered. The question @s to which of the ferro-
magnetic and the antiferromagnetic states lies deepest
depends on the magnitude of the denominators (i.e. the
orbital energies) and the hybrid exchange integrals
such as <u1s/t.xu1> and <u1s/au1> .

The method of spin operators developed in chapter
2 can be extended to the present problem involving four
paremagnetic ions and one intervening ion. The essential
parallelism to remember is the role of two coupled anion
electrons in the zeroth order ground state, which makeg
a transition to the triplet state in the intermediate
excited state. The interaction operator describings the
depressions of the various zeroth order states can be

written as

2 [k L
8(25”?. 2y, S sm: Xt(E)..z S gmi.gmj

1=1 Pi=1
20 o Lszztshz Y s s (3.37)
- -A_g— E_ my [fl® Z —mi'—m‘j Jooaes
a i=1 J?i-1

where

Jgs = <u1s/t.xu1>, Tn = <u1s/au9 '
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and It(E} and 7(3(1-3) represent the dimensions of the
irreducible representations to which the orbitsls t and
'a' belong. Further, if the relstion (Van Vlecksg)

2S 8.8 (2 §1)2 -F 5,2 = 8(s+1) - 2 n (3.38)
N 1 1

is used, the above can be simplified to

2541 27, 2
SQ F). - XE% 2n X, (E) - {S(sn# -2 n}

2

2J
- ?gi En'Xa(E) + is(su) -2 nﬂ . (3.39)

Here mw represents the number of singly occupied orbitals
Ugy Vg, Ug, ¥y i.een =14 and S 1is the total resultant
spin of the four electrons im them, X  (E) = 3 for the
orbitals t and K _(E) = 1. Expressions (3.34) end
(3.35) easily follow from (3.39) on meking the appropriate
substitutions. It should be noted that (3.39) gives
correctly the depression of the ground triplet state
considered by Sinha and Koide.‘t"0 l}he result, when written

in terms of the present formalism, is

((r) - - 2 [Qup/eapl” b Qu/my)t

AE, AEa

which kndicetes thst the total State \3'1'2 will lie

gr
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intermediate between the ferromagnetic lsﬁz and the
antiferromagnetic \1E >rst.ates. This conclusion is
borne out by the fact, gs seen from the estimates of
chapter 2, that the quantities such as |<u1s/txu1>\2/aEt
and | {u,s/au)] 2 /AE, differ considersbly in
magnitude. In what follows, some rough numerical

estimates of these quantities are given.

3,6 HNumerical estimste for p-MnS

For this purpose, the overlap between u's and

#'s having different suffixes sre neglected, Accordingly,

<u13 / txu.!) = %<u15/¢1u1> )

i<u1'/¢1u{> = has(u1s/su12} (3.41)
’ —————

{uts / au1;7 2 \[Y_:_:_Z;;gis_

Further, making use of Mulliken's approximetion,67 the

exchange and hybrid exchange integrals take the forms

given below:

J(u,s) -(}Hs/su;): ka{F(u1u1) + 2K(u,s) + K(SS§%
)
’ )

(243/8upy = 28, ?_(“1“1/‘51“0 d (“13/’515)} ; (3.42)
)
)
)

S, = <u1[52> §
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The relatively simple one centre integrsls are evaluated
by using the following forms of the orbital functions

u,; §,and ﬂ1 .

o g b [exp - (£.75/3) r] ... (3.43)

and

u o< @ Low- (B3 Y 40, .30

where z' refers to the bond direction joining u, and s.
For the empty orbital ¢1, the role of 4s and Lp on Mn?*
is considered by taking one of the sp3 hybridized

orbitals of the cation which points towards the centrsl

snion, This is given by

¢1 = '32' \tys? + J—%- \‘}pz'> ---(3-1"58)
with the radial part
f(r) oc > @-t3/2)r ...(3.45b)

which is assumed to be common to §s and Lp functions.
In deriving the exponents of (3.44) and (3.45b) the
appropriate exponents of the Slater type functions are
multiplied by a factor 1.5 so 8s to conform better with
a Hartree-Fock function ( as done in Koide, Sinhs and
Tanabe).39

The overlap integrals for the observed interatomic
distance between the cation and snion in B -Mn§ (4.6 a.u.)

were evaluated by the methods suggested by Mulliken et 9171
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and Jaffe and Dosk.’C The values A, = 0.30 and $,=0.20
were used in the appropriste places in equations (3.41)
and (3.42). For evslusting other integrals the uniform
sphere spproximetion, as mentioned in Chapter 2, was
used. The values of the relevant integrals are set out

in the following table.

Table No.3: Values of various integrsls in a.u.

T T -

Integrsls Numerical Approximstion used.
values

K(uqu, 0.780 Orbital function (3.44)

K(ss) 0.409 Orbital function (3.43)

K(u1s) 0.26L u.,s.a.

J(u1s) 0.014 Mullikens approximation

Ly1u1/¢1u;7 0.070 Mullikens aprroximation

+ KST39 calculstions.

<u1s/¢1s> 0.030 " "

(u1s/txu1> 0.005 " "

Lu1s/au1 7 -0.001 n n

e

Although, the orbital energy of the orbitsls 't' will
probably lie lower then 'a' owing to the mixing of the
latter with s, both these will be aprroximated by
€(t) = €é(a) - &{551). This may seem ressonable here
in that the mixing of the t orbitals with the »p

orbitals of the anion have not so far been considered.
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It may be noted that this mixing will not alter the value
of the integral <1Hs/txu;> in as much as this will
involve the appearance of extrs terms such sas -
h.ht(y1s/pu1> , where <p1s/pu;> will be negligible as
compared to <u1s/su1> in (3.41).

As before, the appr‘oximstionAEt -AEa = AEm is

used and AE_ is identified with ¢ (¢1)Z.$)

This is
determined from the appropriate ionization energy?a and
the electron sffinity7h dats for the manganese and sulphur
ions respectively. Thus AEm turns out to be about

20 eV. However, to be -n the safe side, the value 1 s.u.
(i.e. 27.2 e¥ ) will be used. The rough values in the
table indicate that (u1s/t.xu1> is about five times

larger than u,s/au . This means that
1 1

lQl s/t u1>| 25 <u1s/au1>‘2

AEm AEm

snd the first term in (3.36) will dominate, favouring
the antiferromagnetic state. However, taking both terms
into account the energy difference&ks.-‘\é&E) -3 x 1074 a.u,
which in the temperszture unit is about 80°K

Since it is difficult to connect the present model
with the simple statistical theories of magnetic ordering,
no attempt is made to relate the energy difference with
the Ne'el temperature. Only a irough idea of the Ne'el

temperature can be had from the above figure. It may be
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noted that ﬁ—MnS (Zinc blende type) is antiferro-
magnetic with its Ne'el temperature lying between
75 - 150°k.57

The agreement should not, however, be taken
seriously 8s no account has been tasken of the spin pola-
rization effects of the 3p like orbitsls of the central
ion snd the numerical estimastes given above are rather
crude. The model chosen for the formulation cf the
mechanism and subsequent calculations are i{llustrative
and show that the spin polarization mechanism for the
systems under—systEme under considerstion would lead to
a greater stsbility of the antiferromagnetic state than

the ferromagnetic state.

3.7 Concluding Remarks.

As remarked earlier, the foregoing calculstions
apply equally well for systems such as T1H2 where the
anion has only the occupied s orbital. It may seem
more reasonable to define the occupied cstion orbital
e.g. d Yy * d(2z2—x2—y2) with respect to the cube
axes., If this is done so, then u, = d’q is orthogonal
to s (a point also noted by Kensmori)>> and the
question of sntibonding admixture with s would not
arise. For the excited orbitals, one of the 8p3
hybridized orbitals on the cation pointing towasrds the
anion may still be chosen. For T12+, however, the d¢

orbitals have also to be considered. When dealing with
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orthogonal orbitals Mulliken's approximations cannot be
used and complicated two centre integrals ought to be
evalusted by other methods. Since no pretence is made
here for a quantitative completeness in the calculations,
we shall turn towards other points,

The above formulation has been confined to a
symmetricsl snd isotropic situation. If the complete
tetrahedral symmetry is not there, the two singlet states

\1EI> and l1EII> may have different degrees of
stabilization owing to the present mechanism. If the
latter is stsbilized, then the parsmagnetic atoms in
(001) layer will have parsllel coupling and are coupled
antiparallel with the adjacent layers. This type of
antiferromagnetic ordering has been observed in TbD2 and
HoD,, (Calcium fluoride type structure) by Cox et 31.89
It may be noted that the spin polarizstion is expected
to be the dominant process for the rare earth compounds.
The caleculstions of the present chapter cen be suitably
extended to the sbove systems provided the symmetry of
the f electrons is taken into account.

In addition to the isotropic exchange interaction
(type A §i'§j ) suech as the spin polarization and other
mechanisms, sanisotropic superexchange 1nteractionsgo
( Dij‘—s-ixéj’ may also be permissible for 'B-Mns type
systems. Keffer'91 and Pearson92 have carried out this

type of calculations.



CHAPTER-L4

ON THE TETE#GONAL DISTORTION OF OCTAHEDRAL
4 A

g

In this chapter the tetragonal distortion of
octshedral (MLg,where M stands for a transition metal
ion and L denotes the ligand) systems having two fold
orbital degeneracy is asnalysed on the basis of a model
which takes into account both the covalency and the
essential features of the Jahn-Teller effect.

4.1 Introduction

The tetragonal distortion from cubic symmetry
occurring in certain transition metal compounds, e.g.
MnBOh’ has been treated on the basis of spatisl ordering
of distorted elementary octahedra (Sinha et 51,93
wojtowiczgh). The tetragonally distorted spinels,
e.g. Mn304 and C“F°204' contain thetransition metal ions
Cu(II) or Mn(III) st the octahedral sites. Thus the
origin of distortion has been related to the behaviour
of such ions when placed in the octshedrsl environment
of the ligands (e.g. 02'). Some authors (Goodenough
and Loeb??) have attributed the origin to the ability
of such ions (having a* or a? outer electronic configu-

ration) to form dsp2 empty hybrid orbitals which take
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part in the covalent coplaner square bonds with the
overlspping orbitals of the four anions, the other two
remaining electrovalently bonded. This theory, however,
does not seem to be of general validity and there are
situations which are difficult to rationalize on this

96

basis, The approach which invokes crystsl field
theory and Jahn-Teller97 distortions of the environment
seems to be more successful in correlating the magnetic,
opticsl, and structural properties of such systems
(Dunitz and 0rge1,96 Griffithb7). The theory of Dunitez
and 0rgel,96 although quslitatively successful, relied
entirely on the electrostatic model. Thus, there remains
considersble scope for the generalization of this promis-
ing method by combining the molecular orbital aporoach
with the crystsl field theory (Ven Vleck,éz,OHen,63
Sinhags).

In the folleWing trestment, however, the bulk
cryztal is not considered and only the nature of distor-
tion in isolated octahedral complexes (ML6) will be
investigated. Piloneering work on the Jahn-Teller
distortion of octahedral complexes has slresdy been done
on the bssis of the electrostatic model by Van Vleck99

and bbik and Pryce.1oo 101

Liehr and Ballhausen have
attempted an extension of the above trestments by
including additional second order terms of the nuclear

displacements to the electronic énergy of the complex.
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The procedure smounts to introducing a new phenomeno-
logical constant, the sign of which is arbitrarily
fixed to have agreement with the observed result.
Furthermore, the calculations are confined within the
premises of the electrostatic model and no sccount is
taken of the covalency between the central ion and the
ligands. On the other hand, 5pik and Pryce100 had
included the anharmonic terms of the quasi-elastic
potential energy and pointed out that the third order
terms in the normsl displacements were of crucial impor-
tance in pinning the nsture of distortion ( See also
Kanamori102 for & discussion of the two theories).

Since covalency does exist in such systems to a
greater or lescer extent (Stevens,éh Owen63’103), it is
desirasble to consider a model in which an sccount of
this effect is included. In what follows, we give a
formal anslysis of the energy states of octshedral
systems in Eg electronic states following a molecular
orbital approach which takes into account the essentisl
features of the Jshn-Teller effect. The role of the
first and second order terms in this scheme, which now
include covslency effects, and the bpik-Pryce anharmonic
terms will be sssessed in relation to the nature of
tetragonal distortion i.e. elongation or contraction slong

one of the axes of the octshedron.
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4.2 Theoretical Mpdel

For this purpose, we consider an elementary
octahedron with six ligands (e.g. 02'), one at each
corner, and a transition metal ion having Bdh or 3d9
(Mn3+ or Cu2+) outer electronic configuration at the
centre., The positions and the displacements of ligands
will be described in terms of normal coordinates which
transform adcording to the irreducible representstions
of the relevsent symmetry group (Oh for the undistorted
octahedron), The definitions end notations used here

ere the same as those of 5pik and Pryce1°0

and Van
Vleck.99 The two ligend ions on the + x axis are
respectively numbered 1 and 4, the two on the i+ y axis
2 and 5 and the two on the + z axis 3 and 6. Out of
the fifteen normal coordinstes representing vibration,
we shall enumerste only those coordinates which are of

physicel interest for the present problem, These are:

Qlhgy) = (KoK & Tp-X, v 2322 )/ (6, g
)
)
ox(zg) - [ 222 - (X, =X+ Y,-Y0)] /{72, )

The other vibrationsl normel coordinates corresponding
to the irreducible representations T1u’ ng, T2u etc.
are not considered., In other words, for convenience in

calculations, they are assumed to be zero. In equstion
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(L.1) Xy, Yy and Z, represent the x, y, z components,
respectively, of the displacement of the ith ligend.

It will be useful to express the displacements of the
ligands, whose regulsr octahedrsl positions are defined
by (% R,+0,0 ), (0, Rz0. ) and (O,O,LROJ, in terms of

the normsl coordinates given by (4.1). Thus

Ry = X, = 0,1/.{'6 + Qy/2 - QB/ITE

(L.2)

n
u

Yy = QA6 - y/2 - C.B/JTZ

Zy = -Zg = QN6 + Qy/ J3 :
For the construction of the molecular orbitals of
the system ML6 sccording to the LCAO, MO (Linear combi-
nation of stomic orbitals, molecular orbitsl) method,
the various atomic orbitsls are classifed ss the core
and the valence orbitsls. Thus the orbitals on the metal
ions important for mixing with those of the ligand ones
are nd, (N+1)s, and (n+1)p. Likewise, the ligand orbitals
which have an sappreciable overlsp with the sppropriate
metal ion orbitals will be involved in the bonding snd
antibonding orbitals of the total system.
To fix ideas, let us consider, ss en example,

3+

one Mn ion at the centre snd six 0%~ ions, one each
st the corner, Then the totsl number of electrons to be
accommodated in varioums orbitals are 22(Mn)+6x10(02")=82.

Of these, 18 (in 1322522p63323p6 ) can be regarded with
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sufficient accuracy as completely located on the Mn3+
centre and likewise 6x4 sre located on oxygens (in the

2252).

configuration 1s The remaining electrons
( 4+ 36 = 40 ) would occupy orbitals which cen aprroxi-
mately be regarded as built up from the combinations of
2p atomic orbitsls on oxygens snd 3d, 4s, and 4p atomic
orbitals on Mn’*.

Before proceeding further, it should be noted that
the bonding moleculsr orbitels involving the ¢  (i.e. 2pg )
orbitals of the oxygen will be of lower energy than those

invelving the ¥ (i.e. ) orbitals because the G

2p_rr
orbital function overlaps more on to the Mn and mokes use
of its strong attractive field than the 7JT orbitals.
Here 0" and 4 refer respectively to those orbitals which
have even and odd symmetry under rotation by 180° sbout the
axis joining the metal snd the ligand ions.

Then in the increasing order of energy the molecular
orbitals and the elcctrons sre assumed to be sccounted for

as follows:

1. Bonding combinations involving ¥ orbitals.

a) A1g : One orbital {a1g ), being the combination

of 4s on Mn and
[ x0) - 900+ Gy =S50 G2y - (2)] /V6
: two electrons,

b) Eg : appropriaste combinations of the cation BdY



orbitels with corresponding anion combinations. Two

orbitals (eg) + four electrons.

¢) T,. : appropriste combinations of the cation

1u
Lp (p,, Pys Py ) with anion combinstions

CIEREEACN ZER LA ACA) WEN LACN I ACAIVE:
Three orbitals : six electrons.

2. Bondi combination of orbitals
The degree of mixing is smgller than © because

of smaller overlap

a) ng : Weakly bonding combination of 3d€¢ on Mn with

(Mg - Mlyy) « Mix) - M(x5)] /2,
(M) -y ln) + Mylxy) - Tixgl] /2,

[Malag) - Milag) « Mylyy) - Mylyg)] / 2

Three orbitals : six electrons.

b) T1u : weakly bonding combinations of 4p on Mn with
[Malxg) + Mslxs) + Tylxg) + Mlxgl] /2,
[ My + Tl «Ttry) « Tetyg)] /2,

(mytay) « T(a,) + Tyl + Mslag)] /2

Three orbitals : six electrons.



- 97 -

c) Tig : Non bonding orbitsls (fig)

[n-‘*(ﬂh) - m(51) +Tr;(13) 'Trﬁ(xé)] / 2 ,

(v - My - M) +Mtxgd] 72

Three orbitals : six electrons.

d) T,y ¢ Non bonding orbitals (tzu]

[lbx) « Mylxg) - Myixy) -Meixg)] /2,
LMiry) « M) - Ty ~Tlyg)] / 2

[M(ay) + Ms) -TMyla) -Tolsg)] / 2

Three orbitals : six electrons.

3. ng : Weakly antibonding combinations of 3dé on
Mn and the eppropriste combinations of anion 1T orbitals

(t% ) which are orthogonal to (2a) above.
2g
Three orbitals : three electrons.
So far, we have accounted for the 39 electrons. The

remaining electrons would go to

b, Eg : The strong antibonding combination (e; ) of

d, orbitals with the ¢~ combinations,
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[203(25)-205(5g) -3 (x )4 77 (x,) -3 (y,)s 55 (y5)] / Viz,

19 (x )= (x, ) -G (yp)eoslyg) | /2

and orthogonsl to (1b). It is with the last set of
degenerate orbitals that we shall be most concerned in
the study of distortion. The antibonding combinations
with 4s and Lp orbitsls of the metsl ion will give highly
excited orbitals and will be empty. lThese will not be
~considered, in view of their higher orbital energies., For
Cu2+(02“)6, there will be six electrons in t;g snd three
in e; , the others being occupied equivalently as sbove,
With the above example, we now consider the

exrlicit formulstion of the problem. The explicit forms

of the valence orbitsls under consideration are then taken

as follows:

For the central metal ion:

¢3 = R(I‘) Yzo(g ¢ } ’ (1}-39)

gy = Erfrie ) . y;2(e ¢§ /VZ 5 (43b)

where R(r) is the radifsl psrt of the orbital function and
Y’/s are the spherical harmonies representing the angular

dependence. The appropriate combinstions of the ligand

orbitals are re-written as

Rolgs8) = (204 - x) - 1) /Viz , (L.ke)



= 00

Kl 's) = () - [1]) /VZ . )
where {;] = G;(x1) - GZ(XL) etc.

It wouldjbe useful to note the transformation
properties of the above orbitals and normal coordinates
involved under symmetries of various point groups showing

descending order of symmetry.

%  Dun Dan

A1g A1g

B,g A.g

With the above choice of the model, we now proceed
to develop a formalism suitsble for the study of the tetra-
gonal distortion of the octshedral system having an electron
in Eg electronic stste (for the metal ion with d* or 47

outer electronic configuration ).

L.3 Formulation and solution of Energy Matrix.
The Hsmiltonian for the one electron problem

( in stomic units ) is
H = - 2YV% + Vg, R) (4.5)
> % £y, B . .

where the first term is the kinetic energy operator of

the electrons and the second represents the total potentisl
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energy of the electrons and nuclei, ihe potential V can

be further decomposed as
6
Vole)e S 0V (lz-B\), o - (k5
i =1
where V (r) is the potential on the electron owing to the
central ion and Vi due to the 1% ligand ion core. Each
has spherical symmetry sbout its own position; however,
the total potential V in the undistorted configuration of
the octahedron will have cubic symmetry.

Consider the four by four secular matrix of the
Hamiltonian with respect to the orbitals ﬁa, 7(8, ¢b and
XJ;' Since we are interested in the tetragonal distortion
only, we decompose the above matrix further by assuming
Qy20, in the first instence., Then the following two, two
by two matrices are constructed snd are to be diagonalized

separately.

Ps Ko

p. B, - E : (4.6a)

¢b Ab-E Cb—SbE

Ao B,,-E : (L.6b)
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where Ay = (ﬂa/ﬁ/¢a>, By =<xa/3/xe>,

S = LI /BNy Sy =2 (B, Ay e

The effect of Q2 in the first and second order
terms in the development of the energy matrix will be

included later,

Within this approximation, we define the antibonding
molecular orbitals 7‘; and '\ﬁ’ as follows:

7‘;@102(33) T A BT (L.78)

}‘;(c1r:2q3) - ')"b(Qp Gy ¢ ... (4.7b)

Similarly, the Hamiltonian is tsken as

Now, we have to consider the solutions of the two by two

secular equation,

<7§/H/}g> -E <}‘;/H/yg> -E (?ﬁ/}‘{, )

ety = /%y <;gm/}kb> g
e oo (b.8)

The two solutions within the approximation C2=O can be
defined as E_(Q,0 Q) and E (2,0 C5). These must be

equal to
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B,(040 03) = %(0,0 0g) / K(Q,0 Q3)/ ¥,(2,0 Q3)), (k.9a)

and

By(@,0 0g) =(%(2,0 Q3) / H(Q0 Q3)/ Y5(8,0 05)). (4.9b)

In order to find the explicit forms of the solutions,

we consider the following forms of antibonding and bonding

orbitals which diagonalize the matrices (46a) and (4.6b)

¥f,(2,0 25) .SL(cosua)gsB - cos(O+ o)), )j / sing”  (L.10a)

teesss.(antibonding),

x;(Q1O Q3) -i sin(%+°§.)18 - (sinog)ﬁa} / sino~ (4.10b)
....... (bonding) .
Similarly 3

(0,0 a5) -i (cos0%,)By - cos(Tsof )Yy, § / sindy  (h.11a)

vve..e.(antibonding),

7{1;(0-10 Q3) -\ sin(O‘bwﬁ))Xb - (sinﬁ‘{))ﬁb} / sineg  (h.11D)

veeeees(bonding) ,

where czos':)'é:-.sa - 493/15 > and cos o = Sb - {ﬂb//{‘} (4.12)

The coefficients involved in (4.10) and (L4.11) can be
determined from the relstions given below; the relstions

are given in s general form without the suffixes a and b.
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We have,
2(C-A8)sine
tan 2(orsol) = —————— AR (L.13)
: A-B+25(C-AE)
or
2(C-BS)singo
tan2uk-__- e "-l-(!l--“h)
A-B-25(C-RBS)
or
C - BS (C - AS )
+ e w0 .« (L.15)
sin 204 sin (2% +07)

It is to be noted that the above three relations sre not
independent. Any one of them will serve the purpose. The
disgonalization procedure for (4.6a) or (L4L.6b) finally
gives for the antibonding orbitals,

<";‘7H/',V}a ims-zcs + \ﬁA-B)2+MC—ASHC-BS}} / 2sin%- .

T A 1Y)

It would be useful to write (4.16) in a form which separates
the terms arising due to covalency from those which follow
from the electrostatic model. Making use of relastions

(4.12) and (4.13) etc., we get

£(Q,0 Qg) = {¥/H/P= n - i(C-—AS)cot(ohc)/ainc} o (4.17)

where the term in the curly bracket represents the covslent

part.
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In order to derive suitable expressions for the
derivetives 3E/dQ, end BZE/bQiBQJ etc., involved
in the expression of the energy matrix with respect to

normal coordinates, we introduce the following notations,

Y= o8 - ak . (4.18)

where p = cost{/sing; aq = cos(o*®) / sing- , with

relations
p = g5 = sin(0+a)

pS-q = sin

e e e S S St et S

(L4.19)
and the normslizstion condition
P"+q2-2pq3-1 .
Thus (4.17) can be written as
ESA-(C-AS) fp-aS) A V9 VAR

We consider the case where all the algebraic entities E,
A, B, C, S, q and p are functions of the normel coordinates.

Let () d () stand for o( )/dQ nd
Q an Qin an g @

¥ )/bQ{bQJ respectively. Then after some compliceted
slgebrs involving relations given in (4.19) and (4.17°) and

their derivatives, we get the following relations

E. = A - 28 (C-AS). +(A-E)S pa-(A-B)n g2 , (4.20)
Q" Yy &_ Q Qi} Sy

and
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Eq,q

=A -2 2 (C-AS) +(A=E)S +(A=E), 8
19 Q‘iQJ ﬂ’ Qin Qin Qi Q

J

(A-E) 8 -(A-B), o 9°
* Q470 } Pq Q,Qy

2
S {. (A-E)Qi(p—qS)- [ lC-J\S)Q;(lt-E)SQ:L ] q} %
%‘(A-E)Qj(p-qs)- EC-AS)Q;(A-E)SQJ q} . (b.21)

With these relstions in hand, we consider the "Taylor

Series" development of E  and E, ( cf equations (4.9) and
(4.17) ) with respect to Q, and Q. We get

)E
Ea(Q1OQ3]-Ea(000)+(bEa/aQ)Q\*%q?- Q,
2 2
B—Za Q% 2 —7% 2o bt Q,Q (4.22)
| + - B - R . e .
de7 /1 25/ 2\ dee, e

with a similar expression for Ele10 Q3). Further we
have the following relations between the derivatives

involved in the expressions:

and . "
YE °E )
PTRE, T TRt

E DE, 3%k 3, g
R L v~ A Y- A
- )

dE, AR Ve ’E, 3 (k.23)

Zis i il ‘T :

R EX: 33 i
)
)
)
)
)
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Using these relations, we get s convenient development
of the energy matrix (ef. equation (4.8) ) with respect
to Q,' 8. We obtain

T l 2 2 \
L.24
7
FQ Q W- ®Q, - 1B(0%-q3)
- 293 - g - 2’3 3-Q5

where the various symbols stand for the following:

oE, 1 gEa 2 g= az-"“'b ol ul
W zEa(ODO)i-(m) Q1+ 3 B_E? Q1 + * —S'ag' + -h—Qg Q3+Q2>
s o o s o 0 0 s o (bh.25)

2

0(112-%+(%E3£§)Q1 c e e e e e e s o (5.26)
¥Ey

2F (602—3@) N ¥ - A

To solve (L4.24), we define polar coordinates p end ©
100

in the space of Q, end Q3
Q3 =pcose Q, = psine (4.28)

At this stage, we take into account the third order term

of the quasi-elastic potential energy assncisted with

100

Q, and Q3 as suggested by apik and Pryce, namely,

3 (Q3 - BQ ) AB being the coefficient defined by
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them, Adding this term to (24) and msking use of p end ©

we get
Bz W flo?sd P2f2+qu’cos 30 )% + Ayp? cos 30
....... (4.29)
When Q, = 0, then for 0«0, 6= w
E-W + €f (°‘+6%PP1 + (e ABf’B) , o+« . (8.30)

where € =1 for © =0
€=-1for =T

Under these conditions the explicit forms of Ea and Eb can

be written as:

2 3
EB(Q.'O QB) =K + o(Q3 + YBQ3 + A303 ’ (4.31a)
2 3
where

e e e e et St S e

{(4.32)
2g 2
Y—"‘%B'zi' ae rb'%?’z .
- 303 BQ3

The extremigzetion of Ea and F% gives

sk ‘D'e - @A, (4.33a)
7,

Ea! Q3-
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Yot VRt
3h4

By ¢ Q3 = (4.33b)
For & minimum, however, we should respectively have
3905 % > 0 5 . (L.3ba)
and
3905+ Yb> 0 : . (4.34b)

To be consistent with (3.34), we can choose only the plus
sign before the radicsls in (4.33). Thus,

for
2
in | a ‘Ya b )/ - 30“‘3
Eﬁ ' QB(min} = _EBAB » (b.358)
and
for

, (4.35Db)

Bt o Q b *\%; Wl oos
3

3(min)

provided the quantities under the radicals are positive.
2
If one uses the approximations that )/a >> 3 AB
and 7fb2:£> BﬂAB (similar to that used by Liehr and
Ballhausen; although our parameters o and Y are

different from theirs), thenm8

X b X
Qg(min) =T 2778 end  Qg(p4p) = m y (4.36)

and
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Emin _ gmin ’Dg( Y; B YL ) - . Dkﬁé
° ) L 7; }% 2)2)%

y o (4.37)

with p-:l.- ( )’a- Yb). The above results (cf 4.36) and
(L.37)) may be interpreted as a generaslization of the
results of Liehr and Ballphsusen with the additional terms
arising out of cowilency effects. However, the approxi-
mation of neglecting the third order terms does not seem
justifiasble and we shall go back to the earlier relations
i.e. (4.31) end (4.35).

L.L Discussion

Let us assume tht the term K in (4.31) will give
rise to equal displacements of the centre of grevity of the
energy levels of E8 and E. (this is implied by (4.23) ).
If we displace the scale of energies accordingly, only the
tgree terms dependent on Q; are left in (4.31). Now, apik and
and Pryce found that the sign of A3 is negative. For o ,

we have

dE ViE,
5 -(mty) o

The explicit form, &s determined with the help of (4.20)
and (4.21), turns out to be unwieldy, particularly the
second term. A rough estimate on the basis of the electro-
static model shows that the second term is much smaller
than the first. In the following, therefore, we shall
neglect the effect of the second term even for the present

model. Then,



- 110 -

o s p2aa? ) Qv 8° - e 2oa 52 3s?

TR _ = .

00, 90, 20, 2q, 0q,
R T 1)

Within this aprroximation, for s moderate degree of
covalency (i.e. p is not very much different from unit)

it is likely that the first term in (4.38) dominates. Thus
we assume that o« 1s positive. This however is not
strietly true and the final answer would depend on the
calculation of all the terms involved. Ya and Y p °re
quite complicsted and may, for the present, be treated as
parameters of the theory. It seems, however, that for the
stability of the system both .Ya and )fb should be
positive.

The following qualitative conclusions may be derived
from (L4.31) snd (4.35) devending on the various values of
the parameters chosen.

Fixing, o) 0, A;{ 0 snd Yy 2> 3u|A,)
(always), we have:

i) for 78> 0, Yb> 0,

I A AT D

0@
3
-3 \.&3\
and
2
Qg (min) = yh+\/yb -3““\3[)0 ;

-3 M)
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b a
Furthermore, if 7 2, 7'.0, then \QB{min)\ >‘Q3(min)\
and E';in is likely to lie deeper than Emén at the
minimum position. This would favour an elongation of the
octahedron along the z - axis. The sbove seems to be true

provided 3ot/ Ay / is not very much smaller than sz.

Even for
Yo { Yo bu \3dt5 | (Y P& 2] 305

\Qg(min)\ > \ Qg(min) | . Egi" may still be less
than EI:in. On the other hand, for )’a < yb and

Yb2> 2| 3d45)

\Qg(min)l < \ Qg(min) ‘ . It is difficult to
say a8 to which of E':in and E_rgin will lie deeper;
however, probably E’:in 4 Egin and contraction of the

octahedron along the ¢ - axis is likely to occur ,

ii) for Yol O yb> 0,

Q;(min) {L o,

and
Q}(mn) > o.

i1i) for )fa>o ; )’b/\ 0,

Qg(min) 4 o,
and
Bmin) &L o
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iv) for Y, L 0, Yyl 0

og(min) 4L o,
and

Qg(min) L o.

The cases ii) to iv) sre not discussed further in as much
as they do not seem physically fessible. Finally, it
should be noted that if A { 0, the other conditions
remaining as enumerated above, then conclusions inverse
to those contained in i) to iv) follow

The sbove are some very broad conclusions. The
nature of distortion in each case could be ascertained
only after determining as to which of the Ea and Eb lies
deeper at the respective minimum values. In the absence
of quantitative calculations of the parsmeters involved
this is not attempted here. It may, however, be remarked
that the case (i) seems to be physically likely and the
elongation will be generally possible. Nevertheless, a
contraction of the ¢ -axis ( or more precisely

m m
Q3(min)< 0 end E; Z Eb ) cannot be ruled out.

L.5 Concluding Remarks.

In the foregoing sections we have given s formsl
snalysis of the tetragonsl distortion in octahedral
complexes involving magnetic ions having d“ or d9 type
outer electronic configurations. The conclusions broadly
suggest that both situations sre theoretically possible i.e.

either elongation or contraction along one of the axes.
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The advantage of the present model is the inclusion of
the additional terms owing to cowlency effects. These
may influence the sign of the parameters involved in a
different way compared to those obtained before. The
covalency analysis is, however, restricted to the case
where 0 = 0 or 77 1i.e. the non zero velues of Q,
(pertaining to other equivalent minima) sre not covered
as done by others in the electrostatic model.wo’101

Quantitative calculations have been postponed for
future work. This will involve the calculstion of the
matrix elements such as A,B,C, explicitly in terms of
integrals involving atomic orbitels. It would then be
possible to correlate the parameters calculated with
observed results.

We now discuss & few compounds where the above
treatment will be apolicable snd which may hsve varying
degree of covalency. We have already mentioned the cases
of spinels such as Mn{an)Oh Zn(an)Oh, cd (an)oh,
Fe(CuFe)Oh where the ions within the bracket occupy octa-
hedral positions.’> The distortion is related to the
presence of Mn (III) or Cu(II) ions. We expect an appreci-
able degree of covalency. The c/a‘) 1. Next, let us
examine the series of compounds CuF,, CuCl,, CuBr, where c/a
ratios ( for the distorted octshedron) are 1.17, 1.30 and
1.32 respectively.10L The covslency in such systems is
expected to increase as we go from F to Br because of the

corresponding decrease in the electronegativity difference
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between Cu(II) and the halide ion in question. The elactro-
negativity of F, Cl, and Br are 4, 3 and 2.8 respectively.
It would thus seem thst the increase in covalency favours
elongation of the c-axis. One would therefore expect
that in systems where the covalenéy effect is very small,
a distortion, where the tetragonal axis contracts, takes
place. An example of this is prg?ably furnished by chuFb
where Q3 <i 0 (four F~ ions ar;kZ.OB A from Cu®* snd two
at 1.95 A, with ¢c/a = 0.9#).105 Perhaps the presence of K*
ions renders the system more ionic incharacter.

It appears that in systems having a fair degree of
covalency the condition 1) of section L.L with E, lying
deeper than Ea obtains favouring Q3> O. In ionic crystals
the situstion seems to be the reverse.

The distortion of the octahedra in MnF3 and CrF2 is
such that there are three different bond lengths.106’107
The theoretical approach for such systems is essentially

the same as given above excppt that we must tske into

account the effect of both Q3 and Q2 (D2h symmetry case).
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MEMORANDUM

The author initiated the work on "Spin
Polarization Mechanism of Indirect Exchange" in
magnetic compounds and was later on assisted by
Drs. 8. Koide and Y. Tensbe, Chapter 2 covers only
those parts of the investigations which contain, by
and large, the contributions of the author.

Chapter 3, dealing with the indirect exchsnge
interaction in tetrshedrsl systems, describes the
author's version and some extensions over the joint
work with Dr. Koide,

The Chapter L deals with the work "On the
tetragonal distortion of Octshedrasl Systems in E
Electronic Stste". Following the approach suggested
by Professor M.H,L.Pryce, the work was carried out by
the guthor. He had frequent discussions with
Dr. Y. Tenabe in the course of calculstions,

The opinions, other than the quoted results,
expressed in the general introducti-n (Chapter 1)

are entirely of the suthor.

FNede >

(K.P.Sinha).



