CHAPITR 2
WIBORTES OF YERRO-, ANVIFHRRO~ AND FERRT AGHEOIS

2.1 The Bffective Tield Theory

2 .77 TPhe Weiss molecular fieold theony

The Yeiss nolecular ?iﬁi&/appruximatiun was originally
given by Pizvre weigs~§;,fﬁim fﬁuury states that the ordering
of the magnetic noupAY/ Mhich induees ferro-, antiforro- and
Terrinagnetism is du;’tQ"théfinternel interaction bebwecen the
spins of the magnatic Atenss Such an interaction between cach -
magnetic atom ond thq ;gmginng; of the crystal is replaced by
an effective field I o4 caiiedfihe exchange field, which is as
sumed to be propdrtional To the avgrake magnetic moment of the

crystals

.H.e = q .l.i’ <2'1)

where ¢ is a constant called the molecular Tielc coefficient.

Heiscnberg? described this wolecular field coiicept as a conse-
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We Heisenberpy, Zeitschrift fur Physilk ég, 11 (1926),
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quence ol @ guantum mechaniecal exchange interaction which has no
claszical analog. The exchange interactions between spins of

c¢d electrons can be taken into account by adding, to the

o

localirs

Hamiltonian of the systen, 2 term

=7 ‘\_1 o
hy = =2 _{;1 Jy5 ByoBy: (2.2)
ettt A

¢alled the Yeisenberg Hamiltonian, where Si’ S. arc the total

~a -—

spins of atom i, iy Tespoctively-and I3 5 is the exchange intce

gral wvhich is negative fér antiparallel spin interactions whereas
it is wositive fon'parallgl_spin interactions, therefore Jii is
positive for Ierromagh¢tie inberaction while it becomes negative
for antiferrc- and forrimagnetié) interaction. The derivation of
the Heisenberp Hamiltonian together with the cxchange integral
are shown in lpvendix. A. Considerifg the casc of idegtical ine-

teractione of nearest neighbour ‘pairs only, we get the single

atom Heisenbivg Hamiltonian from eqe{@%2) of the fornm

Z
-;E:) = - aJ é.- ,)___. ;S.":‘ (R.j)
321 v

where the sum is over the z nearest neighbours of the ith atom.
In terms of the Yeiss molecular field, the Hamiltonian for this

ith atow iz

§'-.H 1 (Eli;)
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whare g iz the lLande g-factor anﬂ'uE is the Dohr nazacton.

Equating cgse (2.3) and ( 2:..4) together with the defiaition

of the exchange field ., in eqe (2.1) give un approximate con-

nection between the exchangs integral J and the wolecular field

coeificient ¢ by the relation

.."-——2—-2- ) (2-5)
u

entmznt of a ferromesnet considers

[ HELTE GG
cffective field Hy qM p@uduced by its intcraction with the

— . i 8
other atuns. 3y the ﬁ??ﬁﬂu\oﬁAstutlstlcaT mechanics
L\ 4

o)

Ure is pgivea by the curic-

y the sus-

ceptibility auov@”

weiss lav: — %

1
=
I

qu (2-5)
whereas cimerinentally, it is given accurat~ly by

B, = sl (2.7)

T =

e Aeaih 8 mem seacw mea -

Ce Kittel, Introduction to Solid stuLe Physics (tth ed.;

?
New Yorlk: John Wilcy & Scua, INC., 1971), Pe 550,

';g501nu 8. Each atom expericnces the

.
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where & is appreciably greater than the actual transition tem-

perature T, (see Fig. 1). loreover, the molc-aular fiold theery
oy

predicts the relative magnetization at low temperatures accerd-

ing to the relation

ML) 4w g™, 2.9)
1l
J///

5., ST //
where = = i d,(lt:is_fﬁUHd that the best it with

I ol o -
the experimental d '//4%he magngffzation near absolute zero

[ 4 NS

is given by

(2.9)

x D’ =
T)/a E&. erature uuhav1 I;/
1) (i

In an antifcrromagnet with two equivaleat sublatticos of

the Dlockt's

antipa—~allel mugnetic moments two different molecular fields H
and er arec expected to act on the A and 3 sublestices, respect--
ely. The intoractions giving rise to those ficlds are the
interaction between the magnetic woments within cach sublattice
and the interaction between the magnetic uoiments of differeat
sublattices. Gonerally, the latter is the strongest. 1liencs, we

have

I
i
t
Q
=
1,

o]
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i1 (2.10)

jtl ! q B

Zep T T Ggpfy T 954

vhore 944 iz the molecular ficld coofficicat for the interaction
betyeen atcus within each sublattice and ¢, . = t.., 18 the moleec-
P W L RS

ular fielld coefficient for the interaction betueen atous in dif-
ferent sublattices. Folloving the sane statistical treatment

used to obtain eg. (2 «2)y the suscrotibility chove the Udel

point of an antiforroma@gictic Bysben turns out te be (see Fig. 1)

2L
{
.
«Q

{2.71)
vhere 6] 7% -% c(a, )e (2.12)
The Néel temperature—is-given—by
N LU BIGNEGH ), (2.13)
o % CVEAR ii

-

iforeover, the susceptibility below the Téel point of an anti-

Lorromagnet is shiained by

1 By
Xe = 3'x_,-l,‘ -!--5/\, ] (2.1 I‘)

=g ey / i
where X, is Llha susceptibility below the Néel point when the

magnetiec ficld is apnlied narallel to the direction of mogne -
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tization and is that for perpendicular applicd ficld., Tt is

easily shcwng that

21
Nuagas B (%)
._-....- -‘Hvﬁ-"—"“'""-' 1 (2. ]5)

kT + s (4 +qAB) Mp8 ST1B 5(%,)

4
X R

41
and X|/7 5 2.6
XfL»;//? o ! ( )
i 449iﬁ/Q
wherce B. (L ,) is the L/p{;ytlve of EEE/Brilluuin function with
BuS

esnect to dts 3 = B “ el M. =L = Tl
resnecty to it 1¢qué§zﬂf &Q« 56 ’(QAB qll),o, M, li iy

The curves of A/,,/xil aad )( jare shoim in Mig. 2. Experimental

,/
dmt;jan-ws that X}/ dozﬁ not;v&nlsh at a#bsolute zoro,.

The Weiss ruluculaﬁ.fié%%/a pproach has also been applied

to a ferriuwagnet kﬂ which tho two a“Ogﬂtth‘“ have different

r\ -/
\ y
aagetizatiou. InT* 53 case the scular fields acting on the

A and D sublattices. are . such.as

1

Sep By = gty

i
L}

£

—

Hy = = dpp = 9ppMp (2:17)

9
10

A.H. Morrish, op. cit., pp. 450« 45).

S. Torner, "fiszh-iield Antiferronagnetic Resonance in

Cr.,o “ Phyeical Review 130, 133 (1963).

gy
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'ig. 2 wemperature dependence of the uagnetic susceptibility

ol an antiferromagnctic substance,
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However, now, q,. = dpus Qyp £ By and_ﬂA £ Mo Appling o sini-
lar type of statistical analysis uscd for the pruevious two mage
netic systers, it is found that the paramagnetic susceptibility

of ~n forrinagnetic system is

1 %

5 = ot
o T=-g

; (218)

Qi3

A
=

/
where 'Xo, 45 and € are censtants choracteristiz of the material.
The graphical roprescptidion of eg.-£2.10) is a hyncrbola shown
3 - ( i/ o~ o LS. - .
in Fig. 1. Also, th¢ Heel tumporature of a forrimzgnet can be

obtainud as

1 3.4 2k
Colpy) + 3 [ (Cpdpp = Cpipp) + 'CACBQAB] !

-+

!I
Ty = =3 (Cay,

(2.19)
ee
N.g/uES.(S.H)
o 9 i AINgHd
ROED oy =Y 535 ’
3.
8 5
N8 MCS.(S.+1)
and 6, = 2 = ngﬂ J . (2.20)
of J

The¢ spontancous nagnetization of the systen at any time is found

fron the equation 5

M(T) = M, (T) - M (D). (2.21)

000287
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At low teuperatures, the resultant magnetization often varies
with the tempoerature in a manner reminiscent of the ferromage
nztic case, cspectially, if the intrasublattice intcractions

qAA and App OF© of thec sane nagnitude. However, sonc unusual

variations arc also possible,
2.1+.2 The Oguchito wmethod (The constant couplinge approxination)

In the Weiss weldseular £icld theory all the cxchange in-
toractions in the crysedd/arc replaeced by an offoective field and
the spin-spin interaegtionihas) not Been taken into zccount.

1 Lo’ , ) G ;
Qguchi has trcoted the “oelonge intceraction between o pais of
nearest neighbour atons sgleeticd at randoil; the coupling with
the other atone is ropresented-by an cffective ficlde The

: . § e e sy [ 3 :
Oguchi's ncthod has=becon=inproved—=>by allowing the cffective
ficld to be not only a Tumction of mMagnectization, but also a
function of tcmperaturc,.’ “'Using ‘the usunl statistical analysis,
this ncthod yiclds the results similar teo thosc obtainced fronm
the Weiss molecular ficld theory ot temperaturcs well above
the transition temperaturc whercas in the vieinity of the tran-

sition temperaturc, it gives nore reliable rusultse Morcover,

11T. oguchi, Progress of Theorcticsl Physics 13, 143 (1955)
12P,w. Kasteleijn and J. Ven Krancndonk, Constant Coupling
Approximation for Hcisenberg Ferromagnetism,® Physica XXITI, 317

(1956).
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the transition tonmperature predicted by this theory is appreci-
ably differcent from that obtained from the Weiss moleccular ficld
theory. Towcver, for temperatures approeciably less than the tran-

sition temperature, the constant coupling mcthod foils badly.
_..103 TI"\, LuthG-Pul rlg-whluu I3 \.thcd

The principle of thi Buth&13—Pcicr15q4—w0i5315 (B=P--W)
approxination considérs—a cluster of atons that consists of an
arbitrary central abefi afll its z.nwarcst ncighbours. The inter-
action of the neighbouy /Atoms with .ach other and with the cen-
tral oton is treated by / fthe uxchange intcraction. The cffeet of
the atons outside thé clustexriis represented by an effoctive
field H, vhich ucts on“EhEsz-ntdchbour atoms of th. cluster,.

The coffective fiddd ds dolermined by @ consistency condition.
The transition terperaturc dis wecogfiizced as the temperaturc

below which He id 1onzcero.

qu.ﬂ. Bethe, "statistical Theory of Supcrlatticos,?
Procceding oi the Royal Socicty of London A150, 552 (1935).

14? E. Pcicrls, 'gtatistical Theory of Supcerlattices with
Uncqual Concentrations of the Components,™ Procceding of the
Royal Socioty of London A15%, 207 (1936). ’

15P.R. Weiss, "The Application of the Bethe-=peicrls jlethod
to Ferromignetisn,” Physical Review 74, 1493 (1943).
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This method his also heen applied to aatiferro- and
en i ) Do . _
ferrimagnetisns '.  The resulis obtained are in good agrceaent
with those oI the Veiss meolecular field approach at temperatures
well ‘thove the trimgition temperature. Houveve®, at tcubveraturcs
nenr the irausition temperature, this method yiclds the para-
magznetic susceptibility which does not fellow the Curic-yeies
law: the 1% versus T curve 142§pnv ive iz @ ferrodagnet whils

it is conver in an nQ;ifE“erqgnEf:j s observed experineantally.

.

or the case of feg;iﬁf//‘fism, tﬁc\ijx Tersus 4 curve calculated

& NN . - et
by this.mzthod and @Bs%molecular field aznoroach differ

appreciably Tor uuj;/é;ét : ﬂ teup rltur\.u above the [feel point;
b !
at higlheor tenperatures ﬁam ve“ they approach one another. lore-
/ ) { aaca D ’
0§ ceeds

over, this wethod yield ',lts for the transition temnore

£Alnud by the constant coupl-

Q
atures that are a%@

ing “p”rO“LL:thn.‘fT\\\“‘————"///ﬁ

Tinailys it should be noted that the Bethe-Peicrls-yelss

method is concerned only with the local ordering within a cluster

and neglects long-range order and spin-wave cffects that are

i . B BB ol e et e e e e | e s . A s A — A A ——— . —

16 = ;
Yo¥Yo L1, “Magrnctic Moment Arrangemoents and fjiagnotocryst-

nlline Deformations in Antiferromagnetic Cowmpounds,fi Physical
Review 100, 627 (195%).

T?J Se Suart, #rpnlicuation of the Bethe='Jeiss }othod to
Ferrinagnetion," PIYm7CLl Review 101, 585 (1956).
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important at low temnperatures., Hence, the validity of this

nethod is therefore confined to tenperatures in the vicinity

s of the transition tenmperaturcs.
2.2 The Spin Wave Theory
10 . - . 2 .
Bloch invented the concent of o spin wave, from which
; s il : , 2 2
Herring and Kittel Z developed-a sinple phenomenclogical spin
- wave theory. At absclub¢ zeroy, a.shinh systen is coupletely

ordered and is in it# ghéanhddstatos rhe first excited state
nay »nresuncbly be oBtaided byl raisingthe tommerature slightly
so that one spin is ryvesEQItUHowover, an oxcitation of nuch
lower cncrgy can be obtdined by Gllowing 211 swins to shorce the
reversal. Thesce Lou-Iying?olénmentoryexcitations of the snin
systen have o waveTitee form and ars-gallcd spin waves or, when
quantized, mapnons. The formation of avopin wave is illustrated
by Fig. 3 for & one-dimcensional! ferrovagncetic system. The usual

.

apprexination should be made by assuning that spin waves arc

independent and the supcrposition is possible only as long as

the number of the spin waves is small, that is, for teuperatures

: 4 '"“F, Bloch, Zeitschrift fur Physik 61, 206 (1930); 74,
295 (1952). o

190. Herring and ¢, Kittel, 0n the Theory of Spin yaves
in Ferronagnetic Media,® Physical Roview 51, 369 (1951).
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e i 3 ; %—: ~\| J". | : 7
f i voooN N ' \ 1 : )

4

Illusirating a spin wave with wave vaector ﬁ.

(e¢) The precessing spins vicwed in perspective.

(b) The spins vicwed from =bove, showing onc wavelength.
(¢) The engular rclationships betweon the spins of

three successive atons.
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well below the transition temueraturae.
Considoer & s»nin systen of the localined s3pin model in a
ferromagnaet which has the Helisenherg interaction given by eq.

(22)¢

/ >
/'/ =
BEOA 4 g\ 3 \*h"i (2.22)
f: — AN S 'l e o
Py s o W NN [ A U i *
/ f v; y /“f .
[ A
[ REL TRy
. " . / NG
Using the commutation y@;gﬁ&’ e
Lt X

(S

we obtain

d %
hgps = s;xr 2y, s (2.23)
J
Suppose that the spins are slightly disturbed, ond sct
= 8 +(5»5'-a S. = So""é\’éj‘ (2.24)

S.
o=l past's’ Pty =3 B

whera S0 is the sovin valae in the ground statc.
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Then ¢qe. (2.23) hecoues

=0

i -é'-l,a- 80s. = 7 25..(88.-8s.)xs (2.25)
i

by ignoring terms of degree higher thin 1.

‘"he solution of cg. (2.25) can be writtcen as

Tyrt-iker,
1L9k_ g |

A A ey >
“EES e S

which is in the form0F frdvelling waves.

Therefore oge. (2.25)/bycpmes:

2t = IF DR T J % 2 or
thayt, = J‘% _Jij;'l e | ALX S e (2.27)
1.": = ..7 ‘

Assuming that the considering spin is at the origin of the coor-

dinate systom and the exchange integrals betwcen the given aton

and ils z nearcest ncighbouring atoms arc all cqual to J, then the

frequency w, of the spiu wave having wave vector t is imnadiad-

¢ly obtained from eq. (2.27) as

] .
T - e
W = e L =8 & (2420)
J':.'] !

-~

with this solution it zan he ssen Srou



= 4, cos (Wi t=ker, ),
.- -‘l

Ik A

'S S = =i

i Wi, T=lter, 2 6]
- o sin (qut 1 rl) (2.29)

—

which ecxpresscs the propugation of the classicel spin wove in

the Adirection of k (sgo Fig. 3).

agquation (2.26) is thc;gxapcrsiﬂn volation (k) for spin

waves vith nearest neiglibsur iég;%uzti;nm. If cach lattice point
d Q"

is ot thc center Of;lﬁﬁﬁ//'/, NS
7L ‘

Q
» )
¥

?ﬁh%\axgggg_yith/@ﬁtticc constant a, cqe

(2.30) is reduced sto

For tho one dimensﬁ

Wy = ;g 5(1 ~ cos ka). (2.31)

At long wavelenglh ka 2<£ 1, this is reduced to

B, ¥ (2382%)1°, (le52)

Mie distersicn relation for spin waves in a cne dimensiocnal

ferrunnznet with norrest neighbour interacvicns as given by



2k

2
1‘\
|
&
3 1
e
L | T '.l
o) % 2 k78 Iy
ka——-

¥ig. % Dispersion relation for spin waves in a ferromagnet ir

onz dimcasion with ncarcst ncighbour interactions.

= i
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cqse (2.31) and (2.32) is shown in Tiz. &.

By virtuz of the fact that quantum theery allows oanly
integral volues for the z component of thze total spin quantwn
nuiber, only a number of spin waves of wave vector L ia possi-
ble, that is, the spin waves are quantized and the enerpgy of

quantizaticn is

(2.353)

where n,

vector k., These arca
therefore the magnons

Bose stntistics.

{ 5/
L BgNGKOE "‘a“‘{-?') * Koy

where £ = LIS/-_, and A is a constant depending on the crystal
structurc.

The spin waves in an antiferromagnet are calculated by
the analogous method to that used in the case of ferromagnetisi.
The results obtained are quite differeat from these for ferro-

magnetisii. The disporsion relationship for an aantiferromagn-tic
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material is

vhere ] g = ) CS = [ "- Al fl\s . (2.36&)

and 3-“ -

Kubo"" snowed by Whemwmewive theory that the parallel

e N

18 riven by

m—— T

K.,"_f = TJ-?S—Q; T . (L..)U)

where 1 is a conntant depemding on tle tyre of the lattice, and

that the perpendicular susceptibility is given by

20 . . > . .
Re Xubn, ke Spin-%ave Theory of Antifcrromognctics,i
Physical Rneview 87, 563 (1952).

A e A s e e ——

S S - = —
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o)
\?:FJ
La be

|

(2e2°)

o
5

wvliich is T indencndent as predicted by the nelecular ficld
approach.

"or the casce of ferrimapnets, a muiber of calculntions

nas boon wnde, both semiclzssical and gunantua scchenical, con-

o

cerning the spin vaves.oN u%%%%ﬁ).d“uuLlP subesials oosses a
gpentuneots uaguctiﬁfffi;;— l‘séiggfnainn relationship would bo

gquadr..tic. The theorjs

i rm tnﬂt fer the lowest branch,
le“ 4 o %
e flnv 5 ~ H= e
/t¥ye putures,; w &l . Morcover,
/f%?/ {

nﬂ %ﬁatc inbury of ferrinagretic spin

which is iaportant ap

5
Kaplnn“1 dev:loned L¥ec

'4%££:?41¥“th0 c:cchange interactions be-

tucen diffTerent suu7dtu;z@ﬁ,gﬂd\§;¥rlcd out tie calculation to

cond order in th “gnltudL of wav ctn kX« This theory
(m
231°C

shows fouyr branchces of the dispersion relation all of which

waves by taken into

quodratic aand tuo are identical in the c¢lossienl limit Lo the
R
oues obtaine” by He Xaplan  « It then follous that at low teii=

peratures the temperaturce dependence of the spontoncous magnetize

s

3/2

ation has the same form of the T lawy for the ferronsgnotic

A0 : . " . ]
T.4e Kaplan, ippzosiaste Thoory of Terrinmajnetic Spin
Physical. Rov i‘w 109, 762 (19’“).

Vaves, ¥

>
e ¥Xanlon, Y Srin-pave Treatment of the goturation
Magnetization of werrites,d Phys1ch1 Review 2{ 124 €1052)..

. e - e e s e
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case, nanely,

M(D) /2

= 1 - T . 2.40
M(0) AOXP ( )
llere 4 denends on the exchange intcraction betucen and within

2P

the sublattices and the number of ncercst neiphbours. It has
been found m:pc:c'imanb-:‘:l',l‘“vf'3 %h?ﬁ/ nre,0), does indecd follow the
)oY J
2 —— :
J/ law un to T/T kg;ﬁi?‘uhprs&éiébr the spinels Nire,0p,

— _)

core,Cy, and FCBOA, a_} /f t WIf?kELfP law is found,
owever, the<Sy ué&ﬁﬁ%GSﬂriptiun is a goad opproximation

only at low temporatupt /by$h9ﬂ is wot velid for high tcmperas

g J (o
tures wvhere the intcergt b@fﬁoun gsiagnons should be taken into
account. :
SEZ% N\ \\\ —
o ®)
Ko 1,
2.3 -miﬁplirmthod

— . 2k i :

Nolstvin.ond Primakofl have attacizcd on the prohlew aoi
spin-wave intocactions by considoring the effect of cpplying
large mognetic fields to a ferromagnetic systea. The pround

gtate TManmiltonian of the asystem is then

e e e sla eh e e ——— . B e L e T e o T

““n. Pauthenet, Annnlic of Physics (Paris) ‘7, 770 (1952)

B Ty

T, Helstein aad He Primciioff, #Ficld Denencence of the
Iﬂtliﬂnic Dumiain [fasnetizatien of a Forronagncet,! Physicael

Pk

Review pu, 1093 (1940) Rl

———— . wma
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Tn this method, the spin operators are written in the form of

Boson ozoratars as

3 = 41 = 2 - - "'_"l ¢ L Tt
3; = 84, J.Siy ai(_s) {‘1 75 ) (2.42a)
, | n,:k
S, = 8. =48 “gzsa% i wuad @ (2.42b)
i =gy U ——% §§l i’
s* = o LAY (Z.42¢)
¥ T i

" .
vhere o, and a, are the /Fowyeringand, raising operators suhject

3
o

a7 .t
# - Je

In} = gﬁ¥1)g}n“$i)4. ‘ﬁfbﬁ) = n }n—1> (2.43)
with the commutation rel:ation
| , = [ 1 = ra‘ t"t = 0 o ‘L!“.i'
agag] = Sip [meny] = l2ny] - ey

and ny is thce Boson numbur operator:

B

having the cigenvalug e indicated in tho state 1ni\.



Using cgs. (2.4%2a)-(2.42¢c), the Hamiltonizn (2.41) can he written

n,\
1 = h,jé.‘a + g,l.l"}{Zn., (2.46)
- 3 R ¥} il

4
3
. *

where the congtont Eo is the zround state cnergy delined by

/////

E e “'u *:zJSiimgu 8. (2.47)

, sectting the canonical
=iliex

with its inverse transformation

ALKV ike.r. )
1, It gl " H S <
By = sy & @ 8 He & s e a, 2.4
= VN ‘{i 3’ I'E ¥ N 55_" B ( 2
*
where ad, = N (2.50)

hence, the Hamiltonian in terms of akfs is



T %k T - ik a2
h = B =8 ) > =1 c“/‘“ =105
wE By L 958 s N ( -
1yd __1‘51_%{_2
*
Sl k M, =il k !
. f1 . ] L L2 01.,_‘-"5. k), . ik e ) s . ik,er
|' "% &5 ¥ N |
kg
= a
N %k ik.ri kt ~ikt.r,
o - 5,
+apg) / . R N (oot
Ik

The Hamiltonian (2.5%1) ean beo weitten in terms of the occupation

number in the form25
e ‘ '1 1 * otk k .
} = 3 o')
b = By + I by ¥ [k {z Witk * 7 Bt [ (2092)

where A, and By are some-econstants in terms of k.

e
e

The above Hamiltonian can be diagonalized by introducing the

quasi-narticle operators defined by thc Bogolubov transformations

o |
1l

(cosh u )ak + (sinh uk)alt’ (2.53a)

— — — — —

a = (cosh uk)uI + {sinh u )aK' (2.53b)

= — (- —

25Reforcncc 24, p. 1103,



Using the transformation in eas.

(2a53a) and (2.53b), the

Hamiltonian which is diegonal in the occupation number repres-

entation can be cobtainoed and is called ng'

T iz coanvenient

to denote the Fouriecr transiord of Jii by J(k), defincd as

T (k)

L

g T ika(rier.)

And in Lhis manner onc-obtains

P © B o T‘[ZSJQB) ~/PEICK) + gu H n:J

[ -
D - k

1
N ﬂi

—

The study of ?hD

o

was e a

non cnergies € (k),"such as

(k) = hu (k) <%

2[R0 + hW (kY - huw(k-k") - B (O)]
& e 9

I'or nearcst ncighbour interactions,

(2.56)
€0 < hw(. (2.57)

So it is clear that all magnon cnexgics can be reduced by

Fato) @ sk ) = 3o - Ikt myny o (2.55)

gives an important resnlt of the nonlinear mag-

nk'.
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increasing the occupation nunber nk, as in a discussion of tner-
mal cffects. However, the incquality of eqe. (2.57) is roeversced
in noarestencighbour ferrimagnets which have long-range intecw
actions,

The diagonal part of the Haniltoniaa jives a theory of
noninteracting spin waves, identieal vith the lincar approxiia-
ation of Bloch. The 10nd1xgqi¢; part represconts’ the effect of

spin wave ;nt‘rdbtl(Hu‘éﬁﬂ u#ﬂséggithu dicgzonsl part by perturb-
——
ation theory. iowevorsy / '1'rs~t, Sgecesiul analyaois of The spin

The Iolstein~Primakoff formalizm has also bacn applied

27

to antifeorro- and ferrimagaetism '« The results obtained yield
two branches of magnon encrgies with the lower branch, at long
wavelensth, gquadratic for ferrimagnets and becowing approxin-

ately lincer for antiferromagnets

B e i T T e
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T,J. Dyson, Wgecicral Theory of Spin-~Wave Iatoeraction,?
Physical neview 102, 1217 (1956).
2l 3 e =
« hagamura and il. Ploch, #Mensersture Dependence of the
L"chﬁnw» Stiffness in TFerriragnets,: PnMnlca1 “=Vﬂbw 1;2 25238
(1963). R
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2.4 The Green's Function Mcthod

The double=tine tenmperaturc dependent Grewn's function
has been used to study various spin systomse The definition
and sone propertics of the Grecnts function cre nentioned in
Appendix B «ccording to Tyablikov 8. The Fouricr transforn
of the Greents function invelving the onerators A and B is a
function of E, and is dcnoted by ({n;B))E. It sotisfies the

cquation of motion:

BasnYy, = AW2TK[AB]) « W[n )iy (2659

where the square brackébt denotes a' commutator and the single
angular bracket (....} indicates an average with respect to the
canonical ensenblew nFron the analybdieal propertics of the Greea's

funection, the corrclation function (B(t‘)ﬂ(t)) ccn be obtainud

from the relationzg
.’--'-m
1in - <<ﬂ;B>>E=ﬁnw' - ((A;B)>.=hm_'
(BEEDA)) = w L 1€ ! E=hu-ie
N T &30 ‘j exp(hw/lct) ~ 1
-00
% AMEEEY) . (2.60)

aus.v. Tyeblikov, Methods in Quantun Thicory of Magncﬁiﬁi
(New Yorlt: Plenwil Prcss,INCe, ﬁgGVi, Che VIL, DDe 205=24U,

2910id., pp. 210-215.
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Duc to the appearance of higher order Grecnts functions of cq.
(2.52), various deccoupling apnroximations rust be cnployed to
obtain the solution of the chain of eguations for the Grecnts
functionsa.

The singuloritics of the Grecn's functions determine the
energy of clementary excitations of ths systew and the corrclo-
tion functions give the wvalugs/of critical tceuperatures. OQther
macroscopic ag well ag nicrosconic quantitics can also be ob-
tained. Thesc resulls ard/applicable to a wide range of ten-
peraturcs,

The tcchnique 61/ double~timec tonperature dependent Greonts

30

function was uscd by Bogolyubov and Tyablilkov to analyze the

Heisenberg ferronagnet withospin~1/2. Tahir-gheli and ter Hucr31
hove nade the cirteiasien—ef -the-theory' to higher spine Ilcre, A
and B arc svin operd@tors-assoeiatcd wWith diffcerent lottice sites.
The esscntial approximation dn the methods of Tyablilkov and of

Tahir-Kheli and ter Haar consicts of “the docoupling cpproxina-

tion such as,
agnd sB)) o Tz P{{aTsEN ¢ (2.61)

3ON.N. Bogolyubov and §.V. Tyablikov, Sovict Physics-
Dolclady i, 604 (1959). -
21

R. Tohir-gheli and De ter Haar, #Usc of Groeint's Functions
in.the Theory of Foerronnpgnetisme, I. Gunural Discussion of the
Spin-§ Casc,” Physical Raoview 127, 388 (1962).
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i

in vhich the fluctuations of AL are iqnored am! reoleced this

i

operator by its average value. The roplaccment (2.61) is called

the fyabliikov docounling approximation or the rénden nhase apPpProK-

s

imetion (RPA).
The results of this approximation can almest explain the

behaviors in the high-teaperature regivm as well as in the ronge

oi teaperatures near the traéﬁi/lou temperature, but they are

,,4—/

. ; \\\ 3é
not reliahle at low t;;;nlatu E—Callen”’ develeped a snelf-
RS e N
cunsistency &acovpling/(//

AN - : y
oxlmatldﬁxunlch anproniinctely valids
through the cntire ey ‘ h rang ~ Phis will be desceribed in

Chapter 5. Other degbyy chﬂmchBE’ lave also huon made

for many purnoscs wiil f“"“”_, dsults in addition, this
|~ (€a) ]

»

\

2
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v esamn -—---‘-4—~--—-——-—-HM—_—_7/ S S v i R e S 0%
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i O Callen, #Grecn Punction theory ol wWerronagnetism,?
Physical Ravxew A50,15830 (1963) .

))1,F Linés )y Hseusitivity ‘of \gurie Poanorature to Crystal-
#ield Anisotropy. I. Theory,? Physical Revisw 146, 334 (1967).

RLs ey ; 2 ; ; 5 4G

7 IR, Pittipoldil and M.D. Coutinho, Jr., #8pin-1/7 modilfiod
Callen deenupling procodurcs in the Qreents-function thoeory of
forromegnetism,™ Phy: ical Review B 10, 4808 (1974%).

i e a —— e —

.



27

nethod has been applied to antifcrromagnetism55 39 as well ac

g . ko . ; :
forrinagnetisn using different deccoupling schemes,

2.2 Comparison of the Differcnt Aprooches

4 g
e e a

We shall now bricefly comparce the theories. All effeétiVC
field mecthods ~rc high temperature approxinations and arc
unreliable at low tenpuraturcse ~The Oguchi's nethod predicts
the transition temperaturs, lower thanm- that given by the Weiss
nolecular field in go6d/#grecment with the results obtained by

the B-P-W ncthod. TPhe/B=P-W mcthod as well as the opuchits method

Zz

)5F.B. Andcerson and“H B, Calklen, HStatistical ifechanics and
Ficld Induccd Phasg ‘Pransitions—of-—the Heiscnberg Antiferronage
net," Physical Review 136, A1068 (19649,

-
)6J.H. Barry, "Statistical~Mcchanical Thecory of Rcsonance

Susceptibility in Heisenberg Antiferronagnetism," Physical

Reviecw 174, 531 (1968), '

3‘?D.K. Ghosh, "Grecn's-Function Theory of an Antiferro-
nagnet,” Physical Review B 8, 392 (1973).

38{. Fujii, "Heisenberg Antiferromagnet Using the Greont's
Function Thecory," Progress of Theorctical Physics 51, 1283 (1974) .

G
3)R.H. Svendsen, "Modified Callen decoupling in the Grecnts=
function theory of Helscnberg antiferronignets,™ Physical Review B
1ty 1935 (1975)s
Lo i g :
D.A. Yablonskii, "Quantum Theory of an Isotropic Two=

Sublattice Ferrinagnet in Applicd Mosnetic Fields,d Sovict
Physics=Solid Statc k4, 2463 (1973).
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can account for the behaviors experinentally obscerved in the
vicinity of thoe transition tecaperaturce The spin wave theory
and the nonlincar theory of Holstcin=Primakoff account for the
physiccl facts at temperatures well below the transition temper-
ature but fail badly for higher temperaturc regions duc to the
appearance of spin wave interactions. The only imethod which is
valid throughout the catire fzupcerature range is the Greents
function mcthod. TIb-prddicdts the transition tcuperaturc lower
than that ziven by thco Weiss meolecular field approach and give
the results below This /tomperature in accordance with the spin
wave theory, whercas/at /NMighytomperaturcs, the results obtained

are sinilar to those”/of the éffcctive field theoriess
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