CH.PTER 5

CONCLUSIONS ..l'D DISCUSSIONS

5.1 Sore Qualitative Conclusions

—

It is nossible to arrive at sorie qualit~tive conclusions
yithout having to obtain explicit forns of the corrclation funce
tions dofinced by tho geb of Mpb¥inenr ocquations (Lo3a)=(4.7d).
Take for instance, the-TEfdécdtsofthe corrclati-n functions on

the transiticn tonperfiridds ot whieh the sublutticce uagnetization

venishes can be digfugsod.. Dhe plumal teuperawure terir is used
since the tenperatwre/ot whieh the opin clignnents on one sub=
lattice disappears doggaaob Have ko be the sane as the temper-
ature at vhich the spifnligannents on the cther disappearse

The rooson why theftue temperatures/need not be the sanc is that
we have included into our Hamiltonion, eq. (3.7), terms nllowing

for intral-tticc interacticns between ) ion spins and between B

i
)

L.

ion spins. It is thercfore nossible for the thermal agitation
of the snins to overcone the interlaottice interaction cnergy and
the intralatticc exchange cnergy of only ounc of the sublattices,
lecaving the soins on the other cublattice still partially cligned.
If we label the tomperatures ot which tlic spin alignients
on the twe sublattices disanpear, T, and T_, we have fromn ecsS.

ak B
(4.192) and (4.19b) as follows
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vhere A nnd D ore e _spddl/ quantws nusbers of the nagnetic ions
on the twc sublatticés/gnd witérc E+y X and n are piven by ccsge
(3e34)y (3e33) and [B.52);PFeopectivaly, e wyabol X is used
in place of the vnerpy/tety of eqs (3.533) in cxder to avoid
the nossible confucion HEEWEEH the spin gquantun aunber A and
the encrpy tern Ad-—substituting—the fcfinitions of E+, X and
n into cys. (5.1) and (5.2), we get
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If we set ﬁ(A = &, = 0, the 2bove two dcfinitions hocome
L&)
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E.(k) = 203 (K)-I*(0)), (5.5a)
Ep(k) = 2(39(k)-J4(0)). . (545b)
I 3
Thereiore in the case of % . = o(B = 0, 1.2y the results if
A

Tyablikov docoupling is used, the egquations vhich deteraine

the transition te n:,“\’cur‘ﬁs b,z/e/an'*

//: ) ﬁ/
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If we nalke the substitutions, A = 31, B = 853 (a 2 = iﬁq,

” i 1 e
E* s 52, J(k) = JB(_I_E)s 27 (k) = J,(k)y 27 (k) = J,(k) and
N, = NB, we would sce that our results (cas. (Ue6) and (5.7))

I
-, 1 : . q..+0
are oxcetly the rosults obitained by Yablonskii .

The cquatiens for deternining the transition tenperatures

1 F - 1 5 - ¥ e
for Ou, £ C and L& £ 0y ie¢ey 2q8e (5.3) ond (Y.4) ecan also
23

41

be obtained from Yablonskiits/ ¢quotions 1f the Tollowing sube

stitutions are nade

& , o 1 - T
I, 4% —3 3eX¥aZY/ L 08(n® J (k= )(B i
502"} X07Y/ #3584 >\ﬁ Z' (=l (B D s
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S - RS, & <!
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b Ny
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T4 —> 3 (kY W06 }g FURENNAATY, (5.10)

T —5 0 )+ Oy o T (el 30D (5411)

BN, £ k!

and the different in the nunmber of sites in the two sublattices

are takcn into account. It thercfore apnears that the cifeet

of Callen decoupling is to rencrimalize (or correct) the exchange
interaction constants, The anount of corrccticon denends on the

- ' ' -
spin quantun nunbers oinoc O, and C%B cre dircetly related

ik



to the spin guantun nunbers, ilecey XK, = -—= , whilc the correla-

tion Tunctiovns are indirectly related to theu.

sition temperatures deteriined by cace {5.3) and (5.4) would in

general be higher than those predicted by <dSe (546) ond (5e?)e
5 L .

Since Qos beconies snallor as 8 increases, we wvould expect the

diffcerence batween the twolbéts of transition tenporatures to

decriaso,.

\J-l

<2 /Poasible Future york

The rosults obtdined 4n this work arc very complicatod
and do not give a clear déscription of the spin wave bchaviors
such as the cncrgy speckrum, résonance susceptibility, nagnetize-
ation and tronsitdien LonpOratur.Sa

The troubl: which, unfortunately, is cextrencly difficult

to work out ak present is duc to twe main causess The first onc

s

5 the corrclation functions which play an importont role in

the deteruinaticon of those boehaviors neationed whoves These cor-
reloticn functions appear in a set of nonlincar sinultancous
cquations (cgse (He3a)=(4.3d)) which con only ke solved nuner-
ically. The other difficulty to obtain mathemntically clear re=-
sults is cuce te the lack of the evaluation of the summation over
the wove vector E of the exchange inteprals of the systeun, Sonc

evalutions of those guantities have been made only for the simpler



91

structurcs such aa, the sinple cubic lattice, face-ccntercd cubic
lattice and boly-centered cubic lattice whereas for the uuch nore
conplicated struecturs of the spinel type, sueh an cvaluaticn of
those quantitiocos has acver been made at alls

Consoguently, it should be noted that cventhough thc pres-
ent worlk does not pive quantititivo results, it pradicts velucble

jualitative oncs which ma kghéggfg possible tou cbtain couplcte
\

results, boeth gua l?jifiij J:ﬁiﬁZiit tive, when tho two problens
are solved, Howczerf//f'

be finichoed.

schcuul\ﬁcous about o year or nore to




PPENDIX A

THE TBEISENBARG LAHNILONIAN

Consider a systen of twe electrons subject to fields
derived from similar potential funetions, the Jamiltonion for

tlie nairs is

e
) 4 g = T, + Wy ()

nﬁ/pj F;er to. the two electrons, consiw=

".E;;ﬁ the senaration of the two elec-

A

/ %’
trens. Neglecting thdﬁ@“’ gggggpu bc‘ueon the two electrons, we

get a wave eruntlﬂn o;'%hé\fef* ’ \‘f
—
VICAIEES (2)

which can be seprrated into two independent vave equaticns involve

ing eaclh eleetrii.. Yhe porslble solutions are

Vi yr@
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and | w Wi(2)¥fj(1) (3)
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beth cases,.



However, the clectrons are indistinguishable, so as a conscquence

the acceptable solutions are the linear combination of the wave

functions of eg. (3) svch as

. 1 ) ¢ ]
Y8 =5 U/_fimwfj(a) RASRVA &

i

-

Wp(1,2) (5)

7 {'sff’i(” Yrez) - Wi (2) l,({.j(’l):

where QUS(ﬁ,E) is called Bymmetrical and QU&(T,E) is called
antisymnetrical. I# wé/aydy first order perturbation theory
to caleulate the effedt/ 6/ tHe! intaraction M

177 we find

tl
It

B, o+ /;L-/:_(’11%;(.23;’5;‘2Wi(1)wj(::) a 'qu T2 (5)

-

1l

B, + Cign I (7)

uhere G, =[W;(*I)W;(a)%mwim)]’uj(a) a7l )

is physically intorpr:ted as the average Couloub interaction of
the two clectrons in states i and j.

ifowever, the electron wave functions are not only func-
tions of spatial coordinates but also of the spin. fralking into
consideration the Pauli exzclusion -rinciple, which requires that

the total wave functions be antisymnetric with respect to the
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exchange of space and spin coordinates of the two clectrons, the

appropriate total wave functions are then

Y = Y@, (9)

i

1}

Vs

Wi (120D (1,2), (10)

where st(1,2) and ¢IT(T,2) areggymnetrical and sntisymmetrical
wave functions which-invelve| only the snatial coordinctes, res=—
nectively, where;s‘q;mtﬂj?) and q58(1$2) are antisymametrical and
symietirical spin vaye functions, respectively. These wave func-

tions, ore, respectivelyy

[j’lm)w (@) yjlcau/zam) o (1)

;.a_..

Y =

1

Vor =43 [l/fimgz/_j(a) - Wica)%m;gbq, (12)

sping are antipar:llel (S = 0, singlet state), whercas QD repres=-

1
ents the spin function in which the spins are narallel (8 = 1,
triplet states). If we recalculate the Tirst order perturbaticn

contribution to the energy, we find thot

El = B+ C.. + J..; (133
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Jy4 = %fi(ﬁ)g?j(h)f&13yfi(2)L/j(1) a e, (13)
is the exchange en2rgy of the two electrons in states i and je
It is useful to express the energics of the two states
(eq. (11) and cg. (12)) in terms of the electron spins. The two

\ J I/ / y
electrons nay be considered tO///JQOunled via their spins and

</ r

this coupling must bﬂlg§3>ortlonal Lo the ecicenvalues of the

scalar product 3,. / I;/VE'wrlte
Z N ( !
g . . \)\/
“Hy //“-/>cv > % R AN T (16)
V5at v RITULONTE

,r~

states i and j, th \WﬁungﬁggggluéTpf M = 35+ 1 of the two

stales are

o5 the Hamiltoni m,£61 the gpins s. amﬂ SJ of tho electrons in

1
o*Ciz "3 Jiy "% Jyg B8y (772

vhich coincide with eq. (17) and eqe (14). Tor, consider tha

identity

Al and BB 1[.2 3 p
Siely = u | BBy - 5 .“..j] = 2 {5 ?J (18



which shous that the eigenvolue of Ei'fj is =3/4 for the singlet
state (S = U, spins antiparallel), and 1/4 for the triplet states
(s = 1, opins varallel), In this sense, the exchange force is
equivalent to an interaction between the spins of electrons in

Ia problems concerning ferronagnetism vsually only the
spin devendent term of cq. (1?) iz of interest. If it is @ jood

approximation to assume: Lhat tﬁéé%iectrons carrying magnetism in
J

a crystal have localig tatus on.tﬁe atom, then it is resonable

;oc/* g/g;ggejggffect ean be express as

?f/ ,/ 4 }-~2 Z

to thinl that thei

355 - (1)

i
;_4.

This is preciselypwhat Heis&nberg assined in his theory of farro-

5 v
' -/ . X . . .
magnetism and is cad the Heise 1%? Hamiltonian which we have
L 2

also used to desgribe our system under dnvestigation.




EPPENDIX D

THE GREIN'S ¥iIlNCTICH

The definition and some propartizs of the Areents function
used to nstudy magnetism are ziven in this annendis.

The douwhle-time ratapded, tempzrature deperdent freents
‘r"’//
v‘.'///‘//

function is defined by the reldfidnchip:

pr
({A(t) sB(t? >>>,/~/"—7/jf/%"i.§r£r;—t : )([ ACt), Bt )]n> : (1)

/

',"‘:' == ,
and B(E1) S 8rSANEBEQ) (2)

are the Heisenherg operators satisfy the fnllowing relations

it t%: ACt) [A(t), ?{?] = A(E)H - HAE),

i, 0(E) = [BOEND, K] = BEDH - sk, ()

and [ﬁ(t),f}{t')] = ACE)BCEY) = 7 B(E0)ACE), (4)
1

where fp= 1 if A(t) and B(t?) are represented in terms of the
( I

Bose operaters vhile 7@ = -1 if they are represented in terns
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of the Farmi onzrators.
The syubhol (.o.) denotes, ac usuel, a statistical averag-

ing and the use of the Hamiltonian .

ET—
6 (t-t+) i (5)

7, t=tr

i a step function.

Using ote (3 ) 1nd\.1nccé£ﬁ;'iluu derivative ol the step
J a;‘t\fTT ve obtain the equaticn

in(e))

‘=)L?> - (([n(t),vt];n(t'§> ‘

_.;?quf;A ()

RE:

The above equaticﬁ}h called the G ﬁﬁas differential equation,
3l b A

and a8 2 consequence the function ((A(t);B(t‘))) is called Lhe

Green's functidne

Introducing the Fourier transfori of the Creecn's function

{asB)), = /’ (ace)inen)yy e gy (9)
" 27T :
L0
vith the inverse transiorm
o

(CACE)5B(ET))) :j ({A3B)) 5 e IE(E-E1) 4p (3)

=50
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then the Green's diffcerential equatien (eg3. (&)) beconmes

B((A3BY), = ;;-:{-_—<l&,ul'> «(A,“] )>E (9)

In our problems under investipotion of snin waves, the
double=time retarded temperature dependent Greents function is
used with A(t) and n(t') are rﬁerS;ntcd in terms 9f Doson pars
ticles owing to the Eact\tﬁrjj ﬁé%é}?r a5 or mosnons way be thought

\J
of as bLeinp Boson pfffiﬁ%;‘ﬂ (Hiﬁgﬂzjﬁq. (9) e8 npplied to ouwr
/)

case becomes

E((’\.‘\;B})E __ [n,}(-,] ;i-:}}.}l, (10)

whers [A,E]

Bquation (10) is we have used in our prob-

lens.

Since the wight hand side of eqasc(10) contains higher
ordoer Green's {unctions, one ebtains a hierarchy for the cqua=
tion ¢f mction which, in practice, nust Lo Eruncated by intro-
diucing some approximations in order to clese the system of equa-
tions.

Finally, it should bo noted that since the Greents func-

tion <<h‘u>) depends linearly on cach oi the operateor arguments,

A or B, therciore
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((Kghg+ KoA3BY) = Ky({Aq3BY) + Op((Ay3n))e (11)

This property of the Green's function is used Lo obtain CiiSe

(3e172)~(34174).

AWIAINTUNNIING1A Y
CHuLALONGKORN UNIVERSITY



APPENDIX C

CALCULATIONS OF THE EXCHANGL IETAGRALS

TH THE JORM'L SPINBL 37TRUCIURE

1
In this appeondix, the exchange integreols J(k), J (k) aad

{ /] 4
G [ / ' ; \
& (F) as Jdedined in scc§igq~3€2%§2§;e caloulated referriang to

N — >

L) . - J . . - 1, * .
the positions of 1onf:i2:;he normal soincl structure as described

in section 3.1, ’//////// .

1. Calculation of J /i &
- wwuf /] P

According to ecqg. {3

&

/

6 s
- ikke (2 ,~1.)
50 WSy W, =5 (1)

K/
Y
= J.Fjo
il
VNANB i &

or we can wirite

JE) = et T3 (), (2)

where

.Ti(_l_’:) = ZJi. e . (:’)
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The rcason for malking this representation is that not all the
sites in o sublattice arc csuivalent., While 2ll the sites within
one sublattics are zimilarly coordinated, the surrounding sites
do not form the sanc snccs pgrouv. If we consider the group of

B sites surrouhding an A site; we will find that the set of F
sites Torms a space group which is the inversion of the space
greup formed the sect of 3 sitgy purrsunding soue of the other

4

A Bites. This property Gill beZdtmenst-ated in the following
s— W >

L 7 -
=7, —=
naragraph. )
P //// /// ~

; PV [BrS! . . F . =
Assuning ncareﬁ}gﬁﬁ;gh@uur appreximation with the iso-
g/ Py 7

§ Y NN .
tropic exchange 1nudgp{l J, ;%§;, Jij = J for necarest neighbour

7/

interactions and J*i 5/q;ﬁ¢§g§§wise, ege (3) can be put into the

form

()

wvhere z is the number of nesrcvet neipghbours in the B sublattice
of the ith atom in the A sublattice.
Consider the ion in the 4 subluttic2 located at (0,0,9),

the twelve ncarest neighbours in the B sublattice of this ion

are at the following positions (see Fig. 6 (a)):

(%503 |

Trggi®
T 4 1
--_-r,-?/v,w]a (_...
L & Rt Sl

(centinued)
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I 1 3 { 5
[grgzla - 3o gla
o 2] 113
o a - - & la
|= &= 53 F Tl T
| ! o i 2 T
t" oy " *t.:,‘lr:jti ('Fr,"' wry -:'I-]nl
1 g 2 7l ] -
("' T Parra (“‘fs ol "J)'j-a (5)

where n iz the lattice ounutants

Talcing r, = (0,0,0)a_and-z. @z dedfined in >q. (5), we zet
g % 3 i Jiiad TSN it T 9 5
1k.(w,@,w}a, lka(ﬂ, ww)a 1:.(W,W,#)a
}1_) = J e WL T g >t < (%] e L B = T &
g 3 1/ 8% 1 5 1 1 .5
ik lu Sey = } §id ( £y = ] - -
. k] o ‘aﬁ"“f a y el_ -0 ‘{:1 ‘8’1'8’ & e" Lo '!'3! "‘3!'8 a
+
4 5) 8 3 1) 34 1)
= . Y « e ” :
N el}...( .U\_,Ey, = a = elﬁ_- 37'8" b a el:_-..( Ty T 2
+
. 9 7 ( 1 3 gl i 1
W Y A el - RG] = -
i e {:;3’ g E}a i _l}-{-' greig "C')a . el;-'("’ 8" BB

. - 1 11 g :
The f ion ~% (W’" 1|8 has twelve nearest neighbour p

ions loccted ot

[ ’]n | 1 J]a 11 }
7707 BT B RAANE A NS b
4 9 =1 | % 1 {_5 i j)
] a = g a - a
(H'E‘ﬂ?] [ o? ‘gﬂj} gr= TG

(continued)
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1 S 5 11 1 ES
[ qoe Ja |7+ gogla vem B g)a

cd\
o}

(%~ % ([ Zo= v e 7

i |

1 ; " ;
Taling x Ty = [y,— Ty |& and rj as defined in eqe (7), we pei the

corresponding distances (rj-rﬁ) as follows:
T g

1 .5 ) 4 711 1 1 }]
[“H@v+l P}ﬂwﬁh - grgonla
13 .1 1= 1 .13
(ﬁW‘ﬂq {'@“w‘ﬂ? WVC%P

1 3 1) 2/4 ”1} q 1 3
("?“?“C* (?W‘Ba ("ﬁ*m‘ﬂa

These distances are the nesative of the distances given by the
set of distances off €§H(5)s —The sct 6f cq. (7) of b lattice sites
forus 2 roflcction Off the group Tormed Ly the sct of ea. (5).

Hencc, we obltain

s 1 i) : ¥ 2 1 s 5 :
i -{w,;,w)a ik. -c-,-r’:-,—- )a 1]:.(-- g 3,-,—- v &
L o OO0 LIS R ] . (&) e 9]
J2( ) + 2 + C
. 4 5 1) PTOE ( 1] = [ 3 1 il
e To | = “=gerr & ko - e ey
lE"('S" U’g & ll l\ 5Y0Y8 ; 1—‘ -51 o? 'S A
+ e + e + @
3.1 i 11 3
:L:Eo{ T{;‘g‘ ’8 la l].{ [ '—-r, 'S,w) a. :L; - M ,-S’T') .
+ € + C + e
. 1 3 i 3 11 %
el ma= ‘"*313 L "J)a et 0 ¢ ‘8)"“
+ € + € 4+ € °
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Adding eqs. (6) and (9) gives

2 cos

J,-I (}:.) +tT r'-! (-].:‘)

T3 1
}Lq{-r-r,.:’w,n- a

) (-
B, e o Sasd T T
+ 2ocos ke Ty & + £C0B HLa = "“ pidilts] “
1 3 1) 1
& .| = - Sooa uliviegys e
& Do i { == fagla + Zeon :.( 71 g |a
1/V0. 3. . - 12, o
+ 2C0B M:‘.(" g d 300 ‘G‘J 5+ 2008 EE'(" | E)Q
| 5 J - 1.9 &
) Lin B 2cos k L. e = oot
+ £Cos E et 'SJa + =My By B
LN ; 2o
+ “cbs },E. 2 Ty g + 2c08 }E. ioaal Lo ‘8 » (10)
' eix+c-ix
wvhere we have used the identity cos X = mwgaons

gpveating the same steps of derivation,

Ix(k) = 3, (&) =dg(ls) = .0,
where we take 55 - L b

Also we ot
J6(£) = J7(§) =

I‘;-_., sveoesue oy

where HC 31?

occupicd by 1/4 ion.

?'!

each of which is

Thercfore vwe obtain

) 1
JS(-{E) = scoea soes = J‘]?(}j) =~IE: J«](E)?

ve pet

(11)

1

1 1
b K!E!F)as 23 = (rsq’“ +|a and T/ 3

(12)

are the rest of the A sites,

1

™
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gJi(E) T ()T 5 (4T3 (1) e v e o T (1)

12

T, +I5() + 3 3,5(K) + 5= J,4(K)

i

11

TR+, (k) + 3(3,(K)+T,(k))

4(J1(E)+J?(E))- (13)
Substituting ea. (10) intoleds /(13) gives

Z— 1 T 1 3 1
(k) = 4Xx27|coslRr k4 & v v(-i- Bk )c_
%Jl(__r:) 4 X 27 [c 05 -81 ;_+ Iiky"' Ekz] a 4+ CcOSs gl + El“y+ Ekz, a

& i/l 1 3 3 1 1
+ eo.;l‘-gkvx+' -gi;y-a- -Egkz)a + cou[-- -B-LX— -S-ky.;. 'E,"kz) a
1 2, 1, § 1 3
05 | = e =l k)& Sl= wli_ = =l + =k
+ €0 ( 1-‘,1-'}; ?g.{.iv+ 3{211 + Cco { e =l z)a
+ co8 |= e 11«; L Dx \a cos(- 1z 31- - b ]a
S\l 7, |2 + gk By B
=== == ) (1h >
+ ,cp..,{ BT -,Jl.y Ekz: a + cos - -,:ky~ -,a-kz]a

a4 cos(-ﬁk -ljfl: & .11.; ]
O X (&) y v %

]
To 0By o T il T Jig 4
COS|vis +['r)1'1\'.‘___-|~ ll ‘ a + cos|wk - Fe + ok ] a
S x 10 ¢zl | Ox |0y Uz

.; ar
LA

1 1. )
a + cos (- werlt -{85 i l:")
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Using the identities: cos (A+B) cos A cos D - sin A sin B

cos (A-B) co3 A COS T + s5in A 3in B

co

4]

(A+B) + cos (A-B) 2 cos A cO8 B,

we get

2 8 o e e 2 s i ) 1. 3 1 )
%gi(&) = uJ[;GOQ Ban cou[ELy+ Ekz a + 2cos Ekxa Cos{gky+ 8kz a

4. 1 3 ; > 1 1
2C08 iz a co“( =k & 2CCS ik & oe"k -« |a
& "8 x N Eky+ Gogls * € T* COB|3Yy T THe

1 3 1 - 1 1 >
2¢co 1 . - - 4 Stk =~ =k t1a]e.
4+ ZCOS ‘r",lf:{a COS{ Sky '8'1{2) a 4+ <£CuB -8'1 }:a co {8 -8 Zl ]

(15)
5;.]. (k) = 16J {cos %cha{cosj‘%}:ya- %kZ]a + cos[%ky- -él:zla]

+ COS %kxa[coslgkj+ %kz]a + cos(%ky- %kz]a]
+ ces.%ic‘xa[coa(%l;yq- gkﬁ);é. + cos{%k - .gkz)a]}.('l?)

. . 3 1 1
2rla‘i(}g) - _,EJ[cos -gkxa co5 ,Jkya cos sza

1, 1
4+ COB wyiz_ & COB zk a cos gk a
L% T 18 y ]

+ cos lk a cos lk a cos %k a]. : (13)
O X L&) a

Substituting eq. (18) into eg. (2) gives
K b 35 I & GoE K B EO8 kB
J(._‘) - —-—r-——-:—- 32J [cos bL 5 5 ¥ V3 e
W N.,
AD : 3
4+ CcuB Ekxa cos ghya COS ~li &

+ CO8 %kxa cos gk a cos %hﬂa]. (19)
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In a unit cell of the normal spinel structure, M = 8 and Ny = 16,

("

thercforc

J(E) = 2V2 J[cos %kxa cos %kya cos %kza

1 % 1
cos a cos a CcoS -k a
* BKy 8ky Tz

) 1 1 s s
4+ COB kaa cos Ekya cos sza (20)

which we put into 2q. (3.7a).

" /
2., Calculation of AT (5)

- dis

According 46 cq4 (3.6b), we have

ik.(pi -r.)

i - e —
5 ) AEVUREF- g P (21)
2 A—g—d

P 1

or J (E) = -1-49-4 le(k)? (2)
b N I
T (5 PRV ol |

where To(k) = 'y | i e s (¢3)

A= e

Assuning nearest neighbour approximation with the iso-

L
tropic exchange integral J , eqe. (23) beconcs

TRl Py =P )

4 A =0 ek =l
Ji‘k) = WJ .L & 3 (‘: ’)

where z is the number of nearest neighbours in the A sublattice

£ the ith ion.
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The ion in the A sublattice locatzd at (0,0,0) has four

nearcst neighbours in the same sublattice located at

("“'H_]at L Al

-Erq TI_‘!'II_ E,T{:‘n’

1 4 1 1 1 1 '
e ﬁ’a [" el e t]a» {25)

Taking r, = (0,0,0)a and r. as defined in eq. (25), we get
21 &

i (1, - 1.0 G 11], .,,‘11 1]
' ' 1L‘|.| 'rl:,‘- K,‘!}- =} 1_:;\_."- ?:,T;,'E: a l.;:a 'r’:,n-"" I]- a
Ja(k) = J |e +re + e

) 1 1 1
ike | = — g e pag a
£Y N\ ( £ & % ] . (26)

The A ion at (;,« %,1’a has four ncarest neighbour A ions

located ot

(0,0,0)a (%‘501‘;)3—
o 3 iy, -

; 1 A :
Taking Ts = [H'" %,&]a and Ei' as defined in eq. (27) then the

correspending distances (ri'-ré) are

YOI ERIY
il o e, -

vhich are negative to the dictances given by eq. (25).

Therefore we get
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- T %4
1‘1\.¢[" ‘q,"’ ‘q:,z}' a

L&+

a(k) = J'{oiﬁj (- gl . eiE°(%'%’%)a .

3 1 I il
elE'[K" L ﬁ)a]- (29)

Combining togetner egs. (26) and (29), we get

' " : 1 D A S i O |
J1(£)+J2(E) =d [acos E“{ﬂ’" pry g Lol 2cos E'(" BT |2

< 1 1 1 1 o
+ 2605 Byl = gfa e 2008 k[ - - gl GO)
We can olso get
"T i_k 1 K ? -
J}(*) V7, J}_}(_) o Js(__) = JZ(.]E)‘ ()1)
e o T YT ﬁ( 11 1] ) I T W
ahal¥ [ )2 FhT | Gge |2 and Iy = " T T:) )
and
v ' ! k i [ I -
Jb(}:) = J,‘-’.(.ls) 2 A me hee e e = J,I?(‘x.) S J1 (.,.:)’ (32)
where T EV' ccccccccc i wiy 317 are the rest of the A sites,

"each of which is occupied by 1/ ion.

Henee, we obtain

:é;.li(}g)

i i i i
T (4T (RI+T 5 () e v oy (K)

Il

TAU+T5 () + 3353 + 7= 3509

T30+ 5(K) + 334 (K) 7, (K))

L(4 (k)44 (1))« (33)
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Substituting cc. (30) into eq. (33), we get

!

T e {1 1
* [cos\ ﬁhx+lxhy+ Kkz” B cou(- ﬁkx"(ﬁky* ﬁkz” a} i

%ﬁy— %kz))a + cou lT 54 Lk )

' | I ‘1
b L
ngi(E) 2 by [cos(ﬁkx+

(5%)

W T (8 1, 1 1 ]
T“-L;;“J a + 2cos 'E: x'l COD[TI:ILy_+ ‘q:kZ Qe

oy

~

L

h -

1]

O

)

J—

Mo

(9]

O

{;\
£l

A

v

(9]

o

)]
+t-

(55)

E:J;CE) = 16J |cos %kxa{cos{;i ;k ]a % COu(T“ +-;kJ é] « (35)

-
-

.4 1 1 .
cos i/ 8 cos ﬁkya cos ﬁkzaJ“ (27)

=]
oy

Hs =
_f"'\
L
o
]

N

")
[

-

Substituting eq. (37) dnto eq. (22) gives

' 1 1 1 1
J (k) = ﬁ_ 328 [coswﬁkxa cos Ekya cos nga]
i 1 1 1 5
= L7 [cos Hkxa cos Ekya cos ﬁkzaJ' (38)

The above cquation is what we put into eq. (3.7b).

2. Calculation of J”(k)

According to eg. (3.6¢), we have

1k.({j'-r.)

T e g TR et 0
B J4
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i 1 3]
or Ik = o 2T (K, (40)
B 4
i i ""'_l_-," (EJI I‘.)
whero J.(k) = Z J.:p © . (k1)
J - L

Assuning nearcst neighbour annroximation with the isotropic

W
exchange integral J , cq. (41) becones

ike(r . -r.)
=t (42)

ine

J”(k)
s(k) =

where z is the number of nearest neighbours in the B sublattice
of the jth ion in that snblattice.

: . : 371 S ol ;
Consider the B/ion located at ["‘3'3 a aving six necarcst
L]

ncighbours in the same sublattice at the following positions;

(%1%&%)& (8‘9"‘ "'l'!""' a

(113)a (3_1_11ﬁ

3'0'8 8r gy By©

15 4 [51 % s

[go3vg)a e e h22
Taling x, (K,W,é a and rJ as defined in eg. (43), the corres-
ponding distances (Ejv'£1) are

1 1
02z )a (2= 0]
il 1 g 1
Vﬁmwh (04= 40= xa

T?‘[;’iO] (-3;,0;" ;F)a-' (Li'Li‘)
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Substituting eq. (44%) into cq. (42) gives

J:(E) ) J”[Gig.[o,%,%]a . eiE.(“ %,0,%)& . ciE'(_ 1’;,o]a

: 1 1 . 1 1 5 1 1
l}_{-. t.ll:‘“ I;’O] a lE.(O,- -LI-:"" 'Ii:}a. lE-(Il:,O," K)a
+ € + e + € -
(45)
Similarly we can gcet

oK) = 350075 s aesasius = T1(0) = 3,(K),  (46)

where r,, Tx1 woeseesdof [DYSRTE the remaining B sites in a unit
- — —
ccll of the spinel structures

Hence, we obtain

i

%Jg(}g) 163, ()
) 16‘]';:[2.005 E‘(U’%'%)a + 2cos _}E.(- .1,0,;{:)51

+ 2cos E'(" %,%,0]&]. (47)

L 1 Te. 4 1 1
> =] 1 bl e oS |- < 4 2
)-_-J [COulE.sy-f E’-'L'Zl a 4 CcOo ( 'z';‘l x‘i’ ‘E‘ICE)

il

Y (k)
3

1 3 ) &
- il I -
+ cos( ﬁ]x+ Ecy ] (48)
z:J"(l) = 52 & s 137 a cos 1k a - sin 1k & sin 1P a
j j C- = J J co I-Eu.y e T‘;-Z E y.. Tlt\z

1 1 e 9 5
S melz 1 - s z
+ COS Ean cos gl a 4+ sin Ean sin Ehza

15 1 o ) 2, il Tie
+ cos qlt a cos Kkya + 8in nkxa sin ﬁhya]. (49)
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™
C*r-
%
o
p—_
i

IS 1 g . o T .
32J [cos Ean cos Eﬁyd + cO8 ELya cos HLza
cos 1V a ccs 1k a sin 1“ a sin 1? a
+ T!:.xz q: ‘v + I T::""-_-_: TF‘ ..y-.‘-
- sin 1k 7 sin 1k a 4+ sin 1k a sin 1? a (50)
Ty 4z Ty K g

™
x

Substituting eq. (50) into eq. (40), we get

i 1 4.0 1 1 1 1
1) = s 3 =k -]z i s
J (&) =5 327 [co& Elxa cos hhya + cO8s ya co ukza

1? = 1I & + 8in 1k a si 1? a
+ Ccos gl & cop pita i i, n oo
sin 1k a sin i 2 sin 1k a sin 1P a (51
e E ..y L TFA{Z E E \.Z -,_!-: \.x °
J”(k) = 2J” cos 1k & cos 1k a 4 cos 1% a cos 1k a
. = IF W 7: y‘ K‘ y E Z
L Aty N L e
+ cos gk a.cos e sin gk a sin Ty
i 1k a Bi 11 a .0 1k a sin 1k a (52)
- sin ¢ = n Tk 2+ sin/yk Tk, 2 |-

The eq. (52) is what we put into eqe (3.7¢)e
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