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PREFACE

fh" 551t" nuclear magnetÍc resonance of the A-site ions in mangan-

ese ferrites provides an oPPoïtunity to study many of the features char-

acËerístíc of magnetic materials. The strong sígnal and the cubic sym-

meËry of the A-sj-Ues make thÍs a relatívely easy sysËem to study al-though

the presence of Ëtlo sËrongly overlapping signal components and the faír-

ly cornplex sËrucËure of the spinel laËtice result in some díffÍculty in

the interpretaËion of the sPectra.

Nuclear magneËie ïesonance in ordered magnetic matería1s has many

distinctive features and some special problems, these are discussed in

Chapter I, as ¿m i-ntroductÍon, with parËicular reference to the prope¡-

ties of manganese ferrites. The strong magnetíc hyperfine interaction,

the spi-n-wave interactÍons, and the exístence of domain-wal1s lead to

most of the interesting properÈÍ-es of this system' íncluding the suhl-

Nakamura or Íodirect ouclear spin-spin interaction, spin-wave relaxation

pïocesses, and the contrast in Ëhe behaviour of the two coxÛPonents of the

sÍgnal (due Ëo nucleÍ in domaÍns and in domaín walls) '

Ghapter II gives a detaíled discussion of the Suhl--Nakamura Ínter-

actÍon lrith Particular ïeference to its role in the formatíoo of multi-

p1e echoes following a Ër,fo pulse rf excíËation of the spin system.

Ghapter III ís a general discussion of relaxatíon processes it q"g-

netic materials, íncluding dipole-dipole and spin-wave relaxation as well

as Ëhe dominanË Sutrl--Nakanura relaxation. The frequency dependent relax-

ation due to the Sr¡hl-Nakamura interacËion is compared to the experimental

data for the first three echoes, followed by a discussion of the Ëwo-comPon-

ent Bature of the spectrum in low exÈernal fiel-ds'
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Chapter IV discusses and compares the temperature and fÍel-d depend-

ences of the tv,ro components of the spect.rum. The techníque of fittíng a

seË of partiall-y relaxed spectÏa to a function (made up of two independ-

ently re1-axing components) of two independent variables, frequency and rf

pulse separation, allows the effective separaËíon of the spectrum into

iËs domaÍn and domain-wall components.

Finall-y, Chapter V gives a brief díscussj-on and conclusíon, pointing

out some areas where Èhe techniques used here may be usefully applied.

I woul-d like to thank my supervisor Dr. C. !ü. SearLe for his hel-p and

encouragement during the course of this work, and Dr. Akira ltírai of Kyoto

University, KyoËo, Japan, who assembled much of the equipment and pointed

out the existence of multÍ-pIe echoes in manganese ferrite. The practical

advice and assistance in many areas given by Dr. Iman MaarËense has been

especial-ly he1pful. Finally, I would like to thank my wife for her patience

and for her he1-p in drawing the fígures

',:-: 1-:l
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ASSTRACT

The A-sit" 55lt nuclear magnetic resonance at low temperatures con-

sísts of two overlapping sÍgna1- components, one due Ëo nuclei wiËhín the_

domain walls, the other due to nuclei wiÈhin the bulk domaÍns. The reson-

ance ís inhomogeneousl-y broadened and characLerízed by strongly frequency

dependenË relaxation. Two-pulse spia-echo measurements show that Ëhe Sr:}rl-

Nakamura or indirect spin-spin inËeraction is responsible for most of the

1ow ËemperaLure relaxatÍon near reson¿mce, æd provídes a mechanism for the

formation of multiple echoes. By studyÍng a series of partially re1-axed

specËra ít is possible to separate the two signal compoaents leading Ëo

the observation of the different temperature dependences of the frequency-

independent parË of Ëhe relaxat,ion of Ëhe Èr'.ro couponents. This difference

is felt to be due Ëo the narrowing of the longÍtudinal dipole-dipole inter-

actionts conËríbution to the homogeneous línewidth of the domain-wall- com-

ponent but not of the domain coûponent. Spin-wave scattering, in partícu-

1ar the dipolar-induced tr47o-magnon process, provides the sÈrongly tempera-

ture dependenË contribution to the total relaxation rate.
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CHAPTER I

Introduc.tion to NMR in MagneËíc }4aterials

The features that distinguish Ëhe nuclear magoetic resonance in

m¡gnetic maËerials from that Ín other solids are: i) the presence, i'n

the ordered staËe, of strong magnetic hyperfine fields ( ttO5- 106 Oe),

ii) the distribuËion of Èhese hyperfine fields and the subsequent sev-

ere broadening of the resonance lÍnes, iií) the existence of domain wa1ls

ín non-saturated samples and the complícated enhancemenË mechanísms as-

socíated with these domaín wal1s, iv) Ëhe possibility of the existence

of trnro signal componenËs--one from domain wal-ls, the oËher from Èhe bulk

domains--which sËrongly overlap each other, and v) Ëhe interactioo of

Lhe nuclear spins with unpaired elecËronic spins or, in Ëhe ordered

state, with spin rtraves. These strictly magnetíc effecÊs profoundly

al-ter the nature of the nuclear resonance and, therefore, must be care-

fu11y considered and undersËood before any analysis of the spectra can

be attempted.

1. Manganese Ferrite

Manganese ferrite (ìAnFerOO) is a magnetíc insulator and has the

spinel (MgA12O4) stïucËure vith the magnetic (ìln, Fe) íons locaËed on

t\.ro crystall-ographically inequivalent sites, the teÈrahedral A-sites

and the ocÈahedral B-sites. The ionic distribution has been studied

in some d.t"i11-4 and can be described by the formula r¡nit *ålrt.O.,
-3+.r
LMtró:ZFuf.gJOO , where the cat,ions outside the brackeËs occuPy the



teÈrahedral sites and the cations inside the brackets occuPy the octa-

hedral siÈes. The nuclear resonance of the 55l4rr rrrr"leí on the two dif-

ferent sites have been reporËed and identified4 as being frot Mn2* iorr"

on the A-sites "od 
tr{rr3* íons on the B-sites. The B-siËe resonance will

be quadrupolar split into 2I = 5 components due to the non-cubíc sym-

metry of the octahedral sites (the octahedral slrr¡ms¿rt does noÈ extend

?-
beyond the O- ions forming the octahedron), while the A-siËe, due to

iËs ËeËrahedral s¡r@eLry, has a single résonance l-ine. The work reporË-

ed here is concerned only with the 55* r""on¿mce from ions on the A-sites.

The spÍ-nel A-síte, illustrated

in Figure 1, Ís aË the cenËer of a

Ëetrahedron formed by four 02- ioo".

Each of Èhe oxygen ions is connecËed

Ëo three B-site cations (Mrr3+, r"3*)

j-n such a way as to preserve the tet-

rahedral s)rnmetry of the A-site. Be-

cause of this s)EÍmetry, Èhe dipolar

field at the A-site is expected to be

zero, as is the quadrupole splitÈing.

Some smell contríbution to the local-

field may exist due to the presence

of different ions on. the B-sites,

however, there is no indication of

thi-s in Ëhe nucleaï ïesonance data.

Figure 1. The spinel- A-site. Laxge
circles are o{ygen ions and tþe dark
circles are B-sítes. a = 8.5 ã'.

2. The Magnetic Field at the Nucleus

(/s ¡e)o

The magnetic field at a nucleus Ín a magnetic material is the sum of



Ëhe externally applied field, the magnetic field due to the distribution

of the magnetie dipoles surrounding the ion conÈaining the nucleus, and

Ëhe elecÈronic hYPerfine fiel-d.

2.I The dípolar conÈributions--the Lorentz and dernagneËizíng fields

T'lle total dipolar cont,ribution to the microscopic magnetic field

at nucleus i in a single dom¡in sample ís
. -:.:....:'. . 

-..'.:,.'

Èuu = suB lj(å)tßr=|, - s?i:<Èr.irrl) (1) ':'''
- r-J 

,., .. . ,i ,,. ,,

where X. is over all spÍns 3, J-ocat,ed at positíon ?- . with resPect toj-J-r-J-
spin i, g is the electronic specÈroscopic splitting facËor and uU is the

Bohr magneLon. (The field due to nuclear di-poles may be negl-ected.)

This sr¡m may be evaluaËed by breaking it up ínto the sums over spins

in two regions separaËed by a surface, called the Lorentz sphere, such

that the volume enclosed by the sphere is large by aËomic dimensions but

small on a nacroscopic scale. Then, the sum is evaluated expliciÈly for

spins ínside the-sphere and the contributÍon from spi-ns outside the sphere. 
:.::,,,.,:.r,t,

can be evaluated as ¿m integral over the vol-ume encl-osed by the samplets :::.'::'::r1:

:

surface and the Lorerrcz sphere. If we define, afËer Keffers '.'.,,: ,,;,,,

olt = olt * oTl" = Iucr'f'j - .fotrl';s

for cartesian components ïrJ of ru, where nlJ:-" the sum over Ëhe inÈerior r:....r:¡.::
it,.,.'.,1.,:,.,:.

of the Lorentz sphere, then,

ol]"*olu{",rrarr)(-rrl'3)a? =- ôrJ IGr/'3)î'tuËr - d32)

where ôIJ= O unl-ess I = J, and S, is Ëhe surface of the sanple, and S, is



the Lorentz sphere. Then, assuming an ellipsoidal sample,

DI-J- =é!- -wr)orJ-v-L '3 -''-

The factOr 4t/3 iS due ËO the uncompensated poles at the surface of ,,,,,,,,,.,,.

the Lorentz sphere, while the factor Nl , called Lhe demagnetizing fac- ':i'""'"""

tor, is due to uncompensated magnetíc poles on the surface of Èhe sam-

p1e. For a spherical sampl-e, tlr = 4n/3 ana ofrJ" = g.- v-l' 
. ...: :. ..

The conËributión to the fíel-d from spins inside the Lorentz sphere ,','.', ',

is called the dipolar fiel-d and can be readíly evaluaËed by direct sum- 
.,;,; ,.',,,r,,:

m¡tion over lattÍce sites. For siÈes (of the spin í) of cubic syrnmetry

the dípolar field vanishes.

2.2 The electronic hyperfine field

By far Ëhe largest contributíon to the magneËic field at the nucleus

ís the field produced by Ítrs ionrs or,Jrl electrons--the electronic hyper-

fine fj-eld. The magneËic hyperfine inËeraction can be wriËten as6

+ + + --> + -+->

fln,=-88*uuu*I,[+,(',)È..i-T-I#9](Ð;..''...''',.''
i l- ì.::.î:.-.::.:

.,
where g* is the nuclear spectroscopic splitting factor, il* is the nuclear ,',,','.',.-.',

.:

-+ -> T "r" the electronic orbítal angular momentum, el-ectronÍcmagneton; L, S,

spin, and nuclear spin, ïesPecËively; r. is the dístance of Èhe ith elec-

tron from the nucleus, and Ëhe sum is over.all of the ionts electrons. ,,,.,,..,'..,i-

The tern io l, will be neglected here since in many íron-group com-

pounds (as in this case) the orbital angular momentum is almost completely

quenched by the crystal fie1d6. The lasË two terms Ínvolving È. are the

dipole-dipole terms and wiLl- be non-zero only for unpaired electrons. The ,. . .,



fírst term, called the Fermi conLact term, involves, through the delta

function, the density of elecËrons at the nucLeus. This is non-zero

only for s-electrons and thus should vanish here since all s-electrons

are paired. However, Lhe presence of unpaired d-electrons causes a

^poLaxízation" of the s-electrons through the exchange interacÈion and

a substanËial- hyperfine field results. In fact,, the largest conËribu-

tion to Ëhe field at the nucleus is due Ëo s-electron polarLzaLLon.

The details of Ëhe polarizalion of the s-electrons are very com-

plícated and ínclude contribuËions from the unpaired d.-electrons of

neÍghboring ions through polarízaËÍon by them of the oxygen anions whj-ch

j-n Ëurn polaxize the original caËionrs s-electrons (super-transferred

hyperf ine ÍnÈeractíon) 7.

The dípo1ar parË of Equation 2 gÍves rise to an anisotropÍc hyper-
?J-

fine field. For l,fn"' ions on the B-sites considerable anisotropy is
lL ?+ ,+

observed* but for ìfn'' ions on the A-sites' since l{n'' is an S-staËe

ion (five 3-d elecËrons + half-fílled shell), Èhe hyperfine field is

isotropíc

WríËiDg the j-nteraction ín Equation 2 in ternst of the effective

hyperfine field yields

Jl¿lrr=-r*u*i'4 = AÌ'È

where,
+ ->. -> ->A = - Brqulfls'S/(S'S)

and S is the total spin of Ëhe ion

tropic case A is simply a constant

would be a second rank Ëensor.

Finally, in manganese ferrite,

lfor Mn2+, S

while in the

(3)

= 512). For the íso-

anísotropic case A

as in many other rnagnetic rnaterials,
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the hyperfine field at an A- or B-site ís anti-parallel Ëo the sublat-

tice magnetizaËion at that site. The A-site hyperfine field has been

found Èo be proportional Lo the sublattice magnetization aË low temp-

eraturesS, and at T = 4.2 ol< has a magnitude of 4, = 560 kOe, while

at the same temperature, Èhe B-site hyperfine field t" tj, = 360 kOe.

3. Magnetic Ordering

Bel-ow a temperaËure T, = 600 oK th. unpaired spins of the magnetÍc

ions in manganese ferrite are spontaneously ordered in such a r.rtay that

all of the A-site mouents are parallel to each other and anti-parallel

to the B-site momenLs. This type of order is called ferrimagneËic and

T, is the ferrímagnetic Neel point. The A and B sites can be considered

to form sublaËtíces whose magnetizatíons are oppositely direcÈed but.

do noË have the same nagnítude9. This resulËs in a neË moment of 4.6 UU

per forrnula unit along the B-siËe magneti zatíon, sínce there are Ëwice

as many occupied B-sites as there are A-sites. Because of this net mom-

eriË many of the properties of ferronagnets are present in ferrimagnets;

e.g., Èhe exÍstence of domains, magnetic hysteresis, etc.

3.1 The exchange interact,ion

The j-nteraction responsible for the spont¿meous ordering of the

magnetic io-nsr spins is the exchange inËeraction, which can be descrÍbed

in ínsulators by Ëhe lleisenberg exchange llamil-tonian

lt-->-+r, =-Ir..9..È. (4)
ex iljtJ- J

->
where S_. is the spin of the ith ion, and J-. is the exchange constanti r-J

repïesenting the strength of the interaction between ioos i and j. In



these maËerials, as mentioned earlier in connection wÍth the hyperfine

interaction, the orbital contribuÈion Ëo Ëhe magnetic moment is quenched

and therefore the conËribution of the orbital angul-ar monerittm to the

exchange interaction r¿ill be neglected. The exchange ínteraction is very

shorË ranged and only very near neighbors ín the sums over i and j in

Equation 4 need to be considered.

As shown in Figure 1 there is a¡r oxygen aníon betr¡een an A-site ion

and each of its neaïesË B-site neighbors. The exchange interaction must

proceed via a polarization of Ëhe anionrs el-ecËronic p-orbital-slo. Such

nn inËeracËion is called superexchange (analagous to Ëhe super-transferred

hyperfine fields menLÍoned earlier) and is found to be very cotnnon in iron-
I1group salts--. Superexchange all-ows the exchange Ínteraction to be ef-

fecËive over quite large disËances when compared with direcË "*"htog"lo
whích would require signifi-cant overlap of the magnetic Íonsr d-orbitals.

Even so, the strength of the superexchange is strongly dependent on dis-

tance beËween cations nnd on the angle forned by the cation-anion-cation
11system*-. Table 1 gives a l-Íst of the possible exchange couplings beË-

ween caËions ín a spíne1 togeËher with the distances and angles between

1?
the cations.

Table 1: Superexchange in Spiaels

Interaction Angle Distance Sígn

A.O-B

A.O-B

A-O-A

B-O-B

B-O.B

L250 g'

L540 34'

7go 3g'

g00

L250 2'

fr'al8
3ßa/8

/3a/ 4

ñ.a/a

ßat a

+

+

+



The m-ínss sign corresponds Ëo antiparall-el or ant,iferromagneËic exchange

and Ëhe plus sign to parallel or ferromâSpetic exchange.

The superexchange inËeractÍon is strongest for short distances and

for angles closesË to 1800 11, thus the A-B exchange (especially the first

type shown in Table 1) is the strongest in these materialsL2 
^r1ð. 

is re-

sponsible for Ëhe antiparallel a1-ignment of the two sublattices. The

other conËributions (of r¡hich the 1250 B-B is the largest) can be safely
1?

neglecËed-- in many instânces.

3.2 Molecular field Ëheory

As postulated by lü"is"13 Ëhe exchange interaction in a ferromagnetic

material can be represenËed by an effecËive magnetic fíe1d H"*= À1"1,

where M is the sarnple qagnetízation and À i-s the nolecular field constant.

Extending this concepË to the ferrinagnetic."""9'14 oo. obtaÍns an ex-

change field acËing on A-site spins due Ëo the B-sublattíce magneËizaËion

and a simílar field on Ëhe B-site spíns due to the A-sublaËtice magaet-

izaËion (neglecting intrasublaÈtice Ínteractions).

EAex =.\ ,
Þ

=ÀMex -A

where the molecular field constant À represents the same quantíty ín

both cases and is given by

À = 3hr'/Ns2u;(s¿,(se + l)sB(sB + D)'4

where SO= 512 is the A-siËe spin (both l'fo2+ 
"od 

F"3* have spin 5/2)

aad S, = 2.40 is the average B-site spin. N j-s the total number of

magnetic ions, h i" the Boltznalm constant, and T, is the fss¡lrn¡gneÈie

ordering Èemperature.

(s)



Since M, = N¡BUTSU and NU =

A-site ions ís

qrhere z

ion and

Then, for g = 2 and T, = 600 oK, th. exchange fíeld l_s

* = (2zSuleur)J =

is Èhe number of

the A-B exchange

2.6 x 106 oe

exchange field acting on Ëhe

(6)

neighbors of Ëhe A-siËe

in EquaËion 4.

f n,.i"

d
e

=LZ

Jis

magnetic nearest

constant as used

4. SpÍn lJaves

The H¡míltonian of a ferromagnet

change interaction and the electronic

na1 fÍe1d H is
o

Then,

Jl =-
rrl:lrijBi'ßi - suuuo I 

sf

= ;.I..r*(sisÍ+ %sls.+ asrsll *¡Ho
(iri) ¡J J I

l_

the ground state energy is given by

f +t = - \(euuuos + ,. sz L Ji.) l+>
J

Íncluding only an

Zeemam i-nteractÍon

isoËropíc ex-

r,riÈh an exËer-

(7)

where Xr- :\ is the sum over all- "dÍsÈinctrr pairs of spins. The ground
ta¡J.f

staËe of a ferromagnet, denoted Uy l+t , is the state w'Íth a1l- spins

a1-igned parallel. Introducíng the spin raising and lowering operatoïs

St = Sx + íSy Ëhe Hamiltonian can be writËen as

S?
l-

(8)
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sínce s] l+t = s, sll+t = o. The factor of 1/2 preeeding x. is to in-

sure thaË Ëhe conËribution from each pair of spins i-s counËed only once.

Then, taking the con¡mutator of fl and the spin lowering operator

' ¡ ít to l+t yiel-ds
"i 

and aPpJ'yl-ng aE Eo lrt yaer(lÉJ 
,.'.......;

Itl , s;]l+' = (suruos- * 
I 

trr(t;t.'- sisrl) t+'
(e)

= (suuuosl * t lti:(t; - srl) l+'

This forns a nerü sËate which is a l-inear combination of states where a

spin i has been flipped, (S;l+>). Then, repl-acíng t, Ot its Fourier

transf orm xi.r.p Cit'irl s*

þ , I"*ctÊ.i.)s;] l+,
l_

10

= (euu"o * trltrr(t - expliÈ.f, - ?r))))Ie"ptii'?rlsrl+'
(10)

it can be seen that the states

( 11)

are the normalized eigenstaËes of the Haníltonianff with eigenvalues

given by

Ir' = + I"=pCiÈ.?rlsrl+>/2SN i

Ek = Eo * sunuo * t lrrr{1 
- exp.(iÈ. C?, - ir>l t (r2)

where E^ is the gror:nd sÈaËe energy. These new state" lkt are ca11edo-
Bloch spín-wave staËesl5'16 

"od 
Èhe exciËati-ons of wavevector È are ca1-

led spín rùaves.

is much lor¡er than that required to flíp a single spi-n since, for a

spin-wave exciÈatÍon, neighboring spÍ-ns are still very nearJ-y para11el

The mÍnÍmr¡m energy required to excite a spin wave (E - Eo = eurHo)
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(on the average) and their exchange energy is only slÍghËly increased.

The interaction of the 55Mn o,r"l-ear moments wiËh these spin waves

via the hyperfine <el.3l interaction and the effective nuclear spin-spÍn

int,eraction__Ëhe Suhl_Nakamura ínteraction__which is a result of the 
,..,i:,.'..,,.,

virtual excíÈaËion, by the hyperfine inËeraction, of elecÈronic spin

traves as intermedíaÈe states, require a detailed undersËanding of these

exciËatíons.

4.L Holstein-Prinakoff diagonalization

The eigenstaËes of the Hamiltonian are expanded in Ëerms of the

eigenstates InU> of Ëhe spin-deviation operator nO defined. by

nulnu> = (s - sf) l"nt = ,rulont

In this notation, the ferromagnetic ground state is lOt , Ëhe state of

zero spin deviaËion. Then the raísing and lowerÍ-ng operators acting on

these states gÍ*r"17

-þ¡
soln*> = t(s - ti)(s + sf * Ðirb lo.c, - t''

( 13)

sulnu> = {(s + sz.)(s - sf + ÐtU Inu + 1>

The spin-deviation operator rl' is actually the boson occupation number

operator defined by

ns = Jr^n , wiÈh F-, 4J = ou,, , all others zero

+
where the ai and aU are the spin-deviation creation and annihiJ-ati-on op-

erators. Then, since

*r lz
. arlnrt (o¿ + L)'' lno * 1>



T2

and, (14)

, (plus complex conjugates)

| - .14, I ra'lî',> - (t!,)' lo.c- It

üre rnay express the spin operators in the llamíl-tonÍan in terms of these

operators as ' ".1.: ¿.j.t:-.

+L'a+.h
So = (2S)-"(1 - auaUlzs)' 

^L

lz -L 1,4

S; = (25)-2ao (1 - {au/}s)'' (15) .,.,,
..,t..,.,,

9z= +
.'.,t. -' 

'
,.-. 

. .,,,
ÐL- S - aUaU

Expanding Ëhese expressions for Sf, , S; in powers of (1/S) yields

+ .- -.h (, - 4"u - 4^u4"u - . .ì asi = (2s)' [r - -*- - -æ- - .') 
^L

.- .h ^* (, - Ju"u 
- 4"04"u - ..1

i
su=(2s)'ui tl -Ë-æ--")

rshere fo¡ m¡ny applÍcations only the Ëerms linear in the spin-deviation

operators need to be retained5'18'19. When spin ïtave scaÈLering becomes 
....:

important, as in the derivatÍon of spin-wave relaxaËion processes, higher ;,',',,,'' ':.-.

'-:. ìorder terms may be necessary 
,,.i;',;;,,;,,

For a two sublattice sysËem, wíth the B-sublaÈtice aligned along

the positive z-axis (the direction of Eo), the spin operators are given

.20Dy i,

sf,.= {zsr)4 (t - oþ, /zs")u a,
J

sf .= {zso)'4 ;l (t - ã1", /zs^)'4
a

rlr= r, - oþ: rlr= - so + ãla,

( 16)
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where SO and S, are the A- and B-site spin and Lhe operators i , OT

create a spin-deviation on their respective sublat,tices.

The next steP in diagonalizing the llamilËonian is Ëo Fourier trans-

f orm the spin-devÍ.ation operators, whi-ch become

a. = ("o)-% ["*p<iÈ.?rl1r-rrË

oj = (Ns)-' 
å"*t-iÈ.?r>un

4.2 The diagonaLized Hamiltonían

The llaniltonj-an q¡e wish to consider is

Í{ =rlî*It1 *11ï1¡ *ildd
AB

= -BurH ití- ,ur" irí= . | ,þ-f, (17)r-r_JJa¡J
22

* r-I. 
= 

(nfrr3..È. - r<4:.Èr){ñrr.Èrrr)
,,3 Kij

,..,.. This llam'iltonien consisËs of Zeeman¡ exch¡nge, and dipole-dipole tems. 
.,i,.,.,;,..,'t: -A _B - 
':": ':':

Íhe sum I; is over a1L spíns on Ëhe A-sublattice, Xi ís over all spins ::
,'. l- 

,rr' 
J .¡,,;t, :.

- ar.l

spins, and X- . is over all spins (i # j). trühen Ëhe spÍn has a sub-- ar.l

scripË it refers Ëo a parËicular sublaËtice and when no subscri.pt is
,.:.:_: :..-:

,:, Present, S can refer to eÍther sublattÍce. Thus, for example, ii.'',1:,¡l

r,rhere Ë i" tt" vector joining nearest neighbors. similarry, Ëhe dipole-

å' ,T 
3,'È, = å'[ i ,lo 

Èo,'Èu,*u . i ,lu 
Èu,'Bo,*u)
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dipole parË of the Hamiltonian can be writËen as

^llj."þi ^Í;j-";'; l
22

where, oÍ1,j"r= #t*T:- rc*ir>2)
r-J

i ]r!1 ii:(Ë,,3:) = tÍ lrrn 15.L.' roo,

22
^ 
(+,-) _ r s u¡ 

(*?., _ .] nlrn r)oi,j z *1. t'.ij z^ii-
aJ

22
o!":.) = :i :l¿,n?.f..'ï,j 2 *5. 

-ïj-íj
r_J

+ ì igii,dor,Èu) + I ¡Aïlo,3u,,uou,

+ ¡A Í1,,Èrr, ÈB*)l

The facto t of ! on both sides of these equatíons is to Ínsure that

Ëhe inËeragËion between any ü.ro spins is included only once.

By breaking up the llamÍ.ltonian in this m¡nner we can more easÍ-ly

carry ouË the steps in diagonaLizaxion of the total Haniltonian. The

dÍpole-dipole Hemíltonian can be writ.Ëen in terms of spin operaÈors S+,

S-, and S' ""

fl.. =
CG

(18)

î ]rt^Í:; 
"),?'i + 

^Íl;-'csls; 
+ s'sfr

oÍi;*'rsisl+ sfs,"r oÍij-'rsis. + slsr')

( le)
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22
oÍîj='= å 5a ,t,'l(-.

r_J

Each of the four parLs (A-4, A-8, B-4, B-B) of the dípole-dípole Harnilt-

onían wíll be rüriÈten Ín this fashion, where the sums involved r,rill be

over a particular sublattice.

Applying the EolsËein-Primakoff transformaËion Ëo Ëhe Zeenan and

exchange terms leads, to second order in magnon operators, to

g,'(z) - I ,rfui* + ril+Ï + uio%br + uiutfuol * consr. (zo)

where,

ufu = -sfsu + 2.lsr{ur/no)%

ui, = | .r{sosrl' trutnu/uo)% vln + ,A(NA/NB)" ,!ot

uio = | .r{sosrl k {zu{Nu/W% ,l + ,A(NA/NB) ' ,L, 
(pr)

uiu=eusH+2.lso(tto/tlu)%

\,r-irh, à = |tt*rlç%t, + (tto/Nr)hzÌ

. A.B --r Aèu
anc yk- = :d,." [ "* tiÈ.ll

ô

where ð is ttre vector joining nearest neighbors and NOr Nrr'26, ZU are the

numbers of A; B-siËe ions and Ëhe number of A-, B-site nearest neighbors.

The dipol-e-dipole H¡milËonian cârr be transformed in the same fashíon

Ëo obtain the total llamilËoniân Èo second-order ín mâgnon operat.ors

fl"' = Itu*{1 + r*ioï + use1ur + uuruf,to) u.3)

In this equatiou we have neglecËed Ëerns such as %"-t , 4O-O , oïO-O,
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etc., whi-ch arise from Ëerms io S*S*, S S and are expected Ëo be smal-l

compared to the remaining t"t*"5'20. The coefficienËs in Ëhis HamilËonian

are

-'o r 'dd rr = r,o r 'dd ^Þõ --,¡lAA = UL . 'AA , .AB = UÆ * UË , etc., and

dd ^ Í l+-) +. l+-)_+. (zz\...,uä = sAt (cil' ' (-k) + cü' ' (k) ) cü'-' (0) j

+ (sAsB)% (NB/NA)% {(No/xrl% 
"ß'") 

(0) + (NB/NA)% cÍi'")(0)}

rff = (sAsB)% {{no/nr)% .S'-)c-il + (NB/NA)% c{f'-)tili

r*i = (sAsB)% { {no/r,ir)% .$'-) <Ìl + (NB/NA)' .ÍT' r-Èl I

+ {sosu)%(NA/NB)% i{r.r¡/nr)% 4Ã'"' (0) + (NB/NA)% cjfi")tolt

Eere we have defÍned the expressioo" c$'u) tr

c$'u).rÈl = 
Ë* 

oÍl'') "*ciÈ'Èor

Y->
where the sr:m,Xa is.over all vecËors 6* originatíng on a siËe on the X-,x

sublattice (X = A or B) and teruinaÈing on Èhe Y-sublatËiee, and the

efu'u) are as defined in Equatioa 19 with È = *rj

The H¡míltonían in Equatíon 23 is still noË diagonal since it con-

tains Lerrns coupling Ëhe operators ak and bO . To bring the llamiltonian

into normal-mode form, the Èransformation to.normal-mode operat,ors ok ,

ßU is made.

(24)

(2s)



The transfornaËíon coefficíents \r vk are chosen Ëo bring the HamiLtonian

into diagonal decoupled form. The llamiltonian then Ëakes the forn

J!Q)

L7

bt=.l.ot-"f.9[

%=-"nol+'LBr.

[rk,.l] = [ßr, uï] = 1, all others zero-

-+-L= . I (tir¡ c. c.. + at:U ßiß¡)
i_-(l KK

(26)

(27)

which is the desired result.

4.3 The ferrimagnon dispersion rel-ation

The normal-mode energies in Equation 27 are given by

22åro = ussç. (u* + use).\.tt + ueetl

')-zârg = ussrí (u* + use)rr.r, + uee\ (28)

= äto (uru - u*) ),.. ,,

:..-.:.'-:.:

The transformation coefficients are deternined from the equations of motioo :''. ..
.,., 

. 
'..

of the ûragnon operaÈors ok , Êk ' ak , bk, i.e.,

dou r 4 It¡¡5 = þn'fJ = ,ook {J9)

zz.i.'i'
and since, from Equation ,6, ú- y; = 1, we obt,ain the equaÈion ;:1:''

fr, - - û) ì r-- ì
luns- 

., -usAl l1-l
I I | =o (30)

L u* -uAA r,.r J t "tJ
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= (voluo){r - (.,n/uo)2}-4

,l 
To obtain the dÍspersion relation (Equation 29) in terms of re- ,,,,,,,,

:-::::--:-
,l .ognízabLe quanËiËies \¡re must substi-tute for the Uts from Equations 2l

ar.d 24. First røe consider the ratio of the transformatÍon coefficients.

(vnluo) =
lBB-r_ â(NA/NB)% (sA/sB)%

and the coeffi-cients may be

.L ={1 - tuu/uo)z}'%

defÍned by the relations

(u* + u¡e).Lrt

(ul, + uio)'o'r.

,vk

uge = n(so/Su)%

This equation ís used to define a parameter r¡ whích, since Í-È depends on

NA ' NB , ZA , ZU , describes the nonequivalence of the two sublat.tices.

For smal1 k, rt = (NA/NB)% . Then, we find rhar

t, trr(NB/NA)z tl * ZA(NA/NB)'" ,1,

2u-=k

To put

we rewrite

ät¡
ct

Now, from

ö.t¡o
ct

2
SU - n-SO

Èhe o-mode

it as

sg n(totrì% 
,,2 = it" (3r)' "k'k = 

%:;% ' 'i = ffit^ |

dispersÍon relatÍon i.n a more understandable form

= -ua^ + (u*+uru){

EquaËÍons 2L ar'd 24,

= - uin + (ufu + uiu){ '-

= guBH + zrJseff {n2{nu/No)
(32)

lo-ith zt = {r,ir/ç% e , seff =

For small- k, n' = (NA/NB){r + | "ln', , for a cubic larrice, where êr.r.r

is the nearest neighbor disÈance. In this approxímation the dÍspersion

relation assumes the fan','liar ferromagfieËic forn given by

1]

Nef slss ì
Ç[ u:;5,1


