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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>
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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
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"rl = guBE * + z'JS 
efraz nkz

with, for a spinel, ,' = ,A= 12 and 
"or, = (JltA¡a , where a is the lattj-ce

constant(a=8.5t)

The dipole-dipoJ-e terms can be treated analagously yieldíng

n2lso/sr),.ff'-'aÈ, t

ç'z) <ol) + n'(,A/sB)*,") col I ]

*'v) tÈ) = (N*/N")% .S'u, tfil + (Ny/Nx)% .{p,u) c-Èl

These dipole-wave sums ca., be directly evaluated for k = 0, and can be

approxirnately evaluated for k + O, assr:uing kR > 10, where R is the
5

sample radius-. For example,

cS") {o) = "'uî Ï t4 3(RÍ )'tl*!Dôxuxtxux

= 't'r|\ot"'z)ço¡ , rç= \/N,,

where 
_\ 

t" the nuuber of Y-sublattice ions per r:nit cell- and N is the

nurnber of unit cells, and

o(r'J) 1È¡ = Ft I'(3'l'í 'lutt>'ut"* ciÈ.?ul
L"ktukx,

are the dipole-wave sums díscussed. by Keffers. For k = 0 , these sums

give Ëhe Lorentz and denagnetizing fields

o,Í = tr"rr[ rrrurro){;'-)d) -n(4ï,-)cÈr *4,-,,È,,

- ! t(sB/sA)41,=) {o) - n({i,ù @) ,(33)

where

orJ (o) = r.rJ NrôrJ
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where LrJ = + ôrJ + {rrJ(o) }l

is the Lorentz factor i¿íth {OIJ(O) }, ttre sum over all- points on Ëhe int-

erior of the Lorertz sphere. NI is Ëhe dgmegnetizíng factor along the

Ith dírection.

for È + O , kR ì 10 , the sum may be approxj.maÈed by an integraL5

which for Ê not too large gives, wiËh I, J = xry¡z

DrJ(Ê) = LrJ 4ruTtJ lt2

An exanple of this is

,fi'-',È, = l"'u| f tr*3o- snfglrnlo G4)
"A

x {exp<iÈ-iool + exn{-iÊ.Èoo) }

= -T"'r3ñA{r)o(+LYY - 4rrsio2oÈ}

¡vhere eÈ is the angle È nates with Èhe z-axís.

UsÍng these expressiorls r^re obtaín the dipole-dipole part of the dis-

persíon relaÈion

urÍ = å ruu (4nru-¡ "inze¿ Buu Nz M' (35)

wiÈh

M- = g(Nu/Ç{(ssNs- sANA)2/sottosuxs}uss"rr\ (36)

as the effective magnetization per unit volume.

Fi-nal-l-y, then, the ferrimagnetic dispersion relation can be writ-

ten as

too = guB(H. - n"lt-) + ztJseff{n2(rqn/V - 1} + t rurCont')sinzo¿ ,(37) .,,
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The ß-node dispersion rel-aLion can be written down by inspection,

ignoríng dipole-dÍpole effecÈs, giving

"'å = ã(,): (ui, uL)

= z'J(sB - (NA/NB)SA) guBII + zrJS"rr{nt(*r/*o) - 1}

The first term, proportional to J, provides a large energ'y gap between

Ëhe a- and Ê-modes. Thus, at low ÈemperaËures there will noÈ be any ap-

preciable number of ß-mode magnons.

4.4 Higher order terms

There are t$ro Ëerms arising frora higher order in the expansion of

the total H¡miltonian in spin-wave operators r¿hich are of consÍderable

importance in spin-r¡rave relaxaÈi-on processes at 1ow Ëenperatures. These

higher order terms give rise to the second-order dipolar-induced two-

m¡goorr and the exchange-enha¡rced three-magnon processes.

4.4.a Three-magnon dipolar IIemÍltonian

The first of, these, the dipolar-induced process, arises from Ëhe

S'St t"tr. of the dipolar tlamiltonian of Equation 18. I^Ihen expanded

in Ëerms of the spin-deviation operators "t , bt Ëhese t,erms give a

three-mâgnon contribution to the llamilËoni-an

fl fl) = - I o(Èr - È, - È.) [crolr"ol' tl.fi'-'..,-' dd 
k1 ,k2rk3 

- \ ¿r

(z--\'> I r¿ (2.^-\ .- ++ Kìl'-',t (kù - ä (sB/sA)(NB/NA)-' rq;' '(o)] %.r"r.r"r,

, (38)
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- (zsA/NBr':l.fi'-) (Ës)bkroir%, - (sB/zNB)% ,+ 
"Íi,-)(o)

* 4í'-) (Èrl - T rto,sB) (NA/NB )" *ÍÅ'-' tol r ufrrloo, 
J

jj) = -|r I o1ir+Èr-Ìr-È+lexð - kt 
'kzks,k4

+ (cornpl-ex conjugate)

4.4.b Four-magnon exchange Ë.amíltonian

': ,',':., ,::': , , ¡
: .. :-,:....:.. :--.The second of these processes, the exchange-enhanced. Ëhree-rnrgnon 
,,,;,.,;,i,,.,;.;,

process, resulËs from the expansi-on of the exchange HanilÈonian t,o fourth 
',':,',".';.';:,:

order in spin-deviation operatoïs. Then, to order (1/S),

(n
x 

[+tzolnp)t1r-o 1tr"-nrol.o-ou + 4 (2"/No)vlg_+ olro_nr{r"_ku

+ zo(sr/sottoqra r!+ ("1r"-orfuro-nu *.lr{r"nroÏu) ,(3e)

+ zu ( so/ srtlott, )k k!r*r*r*%, blrbr.ronu * tl-r- o4.ro]urol.o-ou )

+ zA(sA\/sr*fl%ctf*z-sb]kibrro-o."ou + vlr-z+soïroirour{u)

+ zB(sBNB/so*þt,rT oor{r%r"ku * t? olnr{r{nr"o-r] 
:,:,::,,

In addition, sone four-magnon terms will arise from the síx-magnon ËelÍ1s'

on coÍ¡mutatí-ng all creation operators to the left (since, 
""* = a+a + r).

ïhese Ëerns are n, (1/s)2 hor"rr"=, and r¡il-l be neglected h"r.19
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A more detailed discussi-on of these Lerms will be made in ChapLer

3 in connection wi-th the spÍn-l-attice relaxation via spin-wave scattering.

5. Magnetocrystalline AnisoËropy 
, .,.., ,.

I.:!;r:,:..i.-:

The preceding discussion has inÈroduced the concept of an anisoÈropy

fíeld due to dipolar interactions. The magnetic anisotropy descrÍbes the

preference of the s¡mFle magnetizaËion for a certain set of crystallo- 
.,. , ..graphic dÍrectíons (e.g., rhe tiril dÍrecËj-ons of MnFe zo4), and iËs re- , .'

IucËance to l-ie along other directions. This can be effectively described. ,r. ,: '

by an anisotropy ener.gy which for cubic slrmmetry has the forr2l

Fr = KL(o,ïaï +o;7a1 +a!"zr) + Kza?o;lo;ï + (40)

where Ëhe c¿- are the direcËion cosines locating the magnetÍzatíon ü-l- -------- --S

wÍth respect to the principal cubic axes. The energy of a magnetizat,Íon l

+->M" in a field \. i" (O << n)

++1?
k = - M".\. = ã M"t 0- (* constanr) (4f¡

r,¡here 0 is the angl-e between 4 *u 4. In spherical polar coordinates ,,,1:ll,l::','
.-:' .: ' :

the expressÍon in Equatíon 40 becomes, approximately, (0 << n) ,..1,;.,t,,1,,'.';

Eu = r<'{04sin2g"o"2E + (r - I u'rz 02} 
''.' ::

Kr-zGz¡
.. l! t t 1 t t t+ Kr{0-cos'gsÍn'Q Q - ; g')'} = K10' 

:,.:..:. j
',.,i .' '

couparÍ-ng these lasË two equations, where 0 ís the sane âlgle in both,

we find,
k = zKtlMs

Thus the effective anÍsoÈropy field. k "* be useá to describe the crysËa1-- , , ;.: :
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line ¡nÍsotropy (frorn Eqn. 41 H,. i" seen to be an effectíve field dir-

ecËed along the magnetically preferred directÍ-on).

Tabl-e 2 lists the preferred direcËions for the possible ranges of

..,,, K, aod K, in cubic crystals as well as values of F* rrrd k along these
.-i.'::_:-: --:-

.:,:_-.:_,.:.: a,.;'' directi.ons (from Smit and wi¡n 12¡

Table 2z Magnetocrystalline anisotropy in cubic crystals

24

Direction 100 110 111

'ß, å*, +þx,
.-4

o 'Kr,-l*, *r{'-ur*'
t - gKz

r:l::l ' -'..f i: -(s, +þ-,>ru.
(110): (Kr-firr)/M" J L ¿

Fr< o

Preferred v ft 
o

directionif ^'1 t, _å*,

t( 2Kll's

From ferromagnetic reson¿mce measuremenxsz2 at T = 4.2 oK on a

i íngl-e crystal of ìfuFerOO the anisotropy constâf'ts were determíned to 
i

55b" Kl = - 2.O2 x 10- ergs/cc and K, = O.34 x 10" ergs/cc , in good a-

--23greement w'ith values reported elsewhere--. This corresponds to an ef-
. fecÈive anisoËropy field

t( = -+t+ + åúl = 520 oe'

where M- = 560 enu/cc is the saËurat.j-on m4gnetizaËÍon at T = 0 oK.
S,

Ithi]-e the dipolar field as given in EquatÍon I vanishes classic-
tt t<

ally for sites of cubic s)rmetry, it has been shown'-'çJ thaÈ the

dipole-dipole ínteraction contributes to the anisoËropy. In partic-
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,:.:

ular the off-díagonal- terms in Ëhe dipole-dipole llaniltonian of Equation

18 give a smal1 contribut,j-on to the cubÍc "rri"ottopy25. The maín con-

tribution Ëo Ëhe magnetic anisotropyrhowever, in manganese ferrites ap-

pears t,o be from the interaction of the cationst ground st.ate electron 
::,.,r._,.:;,,:::,:

disËribuËíon with Ëhe crystal field, including the effects of the spin- i:"'!:':1"::

orbÍt coupling, as discussed by Yosida and Tachiklzs. In particul-ar,

the ocËahedral site Fe3t aod l4n3t i.orrs (especial-ly for l'In-rich com-

positions) provide the largest contributíons Ëo the aoi"ottopy26. ',;"';" 
". ' .:'.:'

The anÍsotropy:.constanLs K, and K, may extríbít very sLrong tempera- .,,,.j ,,,,

Ëure dependences for some compositíons and, at very l-or,'r tetperatures K,

may become comparable to *r".

6. Dompin l{a1ls

Ln Ëhe absence of an external magnetic fíeld a ferromagneËic (or

ferrímagnetic) m¡terial- can exÍst in an unmagnetized sxaxe (í.e., no

net maFtetizaËion). This is accomplished by the dívision of the sam-

p1e volume into srnall nagneËical1-y saturated regíons called domains

whose moments are randonly distributed among the varÍous preferred axes.

The exístence of domains \üas postulaËed by lüeissl3 :-rr tgOZ and has be-

come an accepted and fundamenËal parË of Èhe physÍcs of magnetic mat-

27err-ars

The domains are formed Ëo minimize Et^e total free energy of the

systenrconsisting essenËial1y of magneËostaÈic energy, due to uncom-

pensated magnetic poles aË the sample surface, and exchange energy.

The índivi-dual domains are separafed by narrow regions ca1led domain

walls in which the dj-rection of the spin, as a funcËion of position

in the wal1, rotaËes smoothly between the easy dírections of Èhe domains
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on eiËher side of the w¿11. The width of these walls Ís determined by

competition beÈween exchange, anísotropy, and magneËostïÍction energi 
"t27 

.

For Ëhe símple case of a 1800 wal1, neglecting nagnetostrj-ction, the exch-

ange and anisoËropy energies can be r¡ritten as

o.* = \Tr/arô,o and oK = å *0,

where ar is the distance between nearesË magnetic neighbors, K is the

anÍsotropy constant, and ô* Ís the domaÍn wall wi.dËh. Then,

ô* = (2hTr /^'r)h (4s)

For rnanganese ferrite wi-th T, = 600 oK, K = 2 x 105 erg/cc , ât = 3 x 10-8

cm , this gives

o$ c 530Ã = lB0xal
TìT

I{hen an exËernal magoetic field is applied to the multidomain sam-

ple, Ëhose domains r'rhose magneËízations 1ie most. nearly parallel to the

field wil-l increase in síze ax the e:rpense of those whose moments l-ie

more anËiparallel to the field. The donain wa1ls then will- move under

the influence of the fiel-d until the increase ín the sample magoetizaxíon

ís sufficient to set up ¿ dsm¡gnetizing field HD = - N M large enough

to cancel the effects of the applied field IIo. Thus, for external fíe1ds

smaller than that required to effect,ively saturate the sample (remove all

domaÍn walls), the net ínËernal magnetic field is IIo - Ho = 0 (excepË, as

noËed earlier, for microscopic fiel-ds such as the LorenXz arrd dipol-ar

fields as well- as the electronic hyperfine fÍeld, which are always present).

Above the field E" reqùired for saturation the net j-nternal- field is-

H - H- . The demagnetizing fiel-d determined by the denagnetizaËion fac-OS
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tor N is due to uncompensated surface pol-es, as dÍscussed in Sectíon 2.L.

A magneËi-cally sat,urated sampl-e in an external field Ho t H" ís equivalenË

to a síngle-domain sample in an exËernal- fíeld Ii - H .
OS

6.L EquaËion of motion of a domsin-wal-l

If we consider Ëhe example of a spherical sample of voh:me V whích

is divided ínto two domaÍns by a singl-e 1800 wall, rnre see from the pre-

ceedÍng discussion that if a magnetic fiel-d II* is applied parallel to

the wa1l, it responds by moving a dísLance z perpendicular to Ëhe wal1

such that the change in Ëhe neË magnetj-zation is ÂM = ZNI'AZ/V , where

A is the wa1l area. The equaËion of motion of the ,^LL í"28'29

t')
v(d'z/dx") + ß(dzldr) + s,z = 2t""* ôU (46)

where U, the effecËive nass per unit area, 9, Ëhe wall- danpÍng consÈanË,

and c, the st.iffness constanËr "r" giv"o by29

u = 1/8ny2ô,r 0 = +ftlxon, Ê = 2 (aHtr.) M" / ô, (t.H="")

, (47)

,: Here, y_ is Ëhe electronic gyronagoetic ratio, X- is the initial sus- :-'.;.";..,

ì,i -- ' 'e - "o 
.|,:.rt,l:

:: ceptibility, (A"trr) Ís the ferronagnetÍc resonance linewidth, (Y.H="") ,.;:,;,:,,,

' 
.),.'),

' is the ferromagnetíc resonânce frequency, and.Q, is the wall length.

The ex¡rression on Ëhe right-hand side of Equation 46 is the PTes-

sure exerted. on the wall; the first term is due Ëo the applied field II*

and the second Ëo the hyperfine i-nteraction.

Neglecti¡g the term ín ôU, the soluËion to EquaÈíon 46 is

t
z = 2MH l&æ^l

" *[(o - u'¿)t + g"^t)

The rf field actj-ng on the nucleus is
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Hl = u*#,2 z \i#) z ,rora 18oowa1L.

Thus, Èhere ís an enhancement of the applied field H* by a factor

nl = ltl =

',ô(,i ,fr12 * (ß/u)','*r'
2\M"sinO

where 
^_- 

= (ollù4 is the domain-wall resonance frequency and rrl* is Ëhe
!t7

ouclear resonance frequencY.

In pulsed spin-echo experiments, after the rf field has been re-

moved there will- be a comPonent of nuclear magnetization in the plane

perpendicular to the nuclear hyperfine field (and therefore the elec-

Ëronic magnetization). In thís case the second term on the right io

Equation 46 becomes j-mportant. The energy density can be written as28

u = - (\/M) /tü'f,t ¿"'

where M is the sublattice electronÍc magoetizaËion and m is the nuclear

i magnetÍzation. Ihen there wÍ-ll be an effective Pressure on the domain

(48)

wall gi-ven by

_du =dz hbl /$;,<ü.ãr a,, = [þ] Æ,(ü x â)-Ã a,,

(4e)

ôu = \i(|;,) mr(z')dz'

where 2 is a unit vector j-n the z-direction. The solution Ëo Equation 46

is now

(o-ur2)-Íßr¡z=Hr.t<mfffi
(c - utl-)- * ß-t¡-

r,rirh .rrt = f /r.t"r)sin0 dzr
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The oscj-11aËory parË of the total magnetÍ-zatÍon is

Mr = 2ln"Az/y

and there is an enhaácement of the nuclear magneËízal.íon by the factor

tlz = .4rr, = ,W" (PJ
uo{{d - ,lr' * (s/r)',k' (so)

Thus, when observing the nuclear resonance of nucl-ei withÍn domain

walls ttre signal wí11- be doubly enhanced, once on applÍ-catíon of the

rf pulse, and again when the nuclear magnetízation refgcuses in the plane

perpendÍ-cular to the hyperfíne fiel-d.

For manganese ferrite, with Xo = .1 ernu/cm3oe r M" = 560 "r,r/.r3 ,

t, - .1 cm , the consËánts in Equation 46 axe

then,

c! = 2.5 x Lo7 g*/"-2t""2

ß = 0.4 en/c#sec

u = 2.6 x 1O-11 g/em2

ü)

v = + =50MIIzl'ü ¿1r

Using values of 2AHrr, = 150 Oe and Hr"" = 2.3 koe,

(s r¡

The raËio (Aô/V) is sirnply the ratio of domain wall voh:me to sample

volume.

7. The Coupled Equations of Motion of the Magneti.c Sublattices

To obtaí¡. the nuclear reson¿mce condition for 55* ,oo" on Ëhe A-

nl = 2x105 , \2 =($)n,

sites we solve the coupled sublattice equaËions of motion3o



' lì:':::::
l::: ì.

{aüo/ar) = ye{üA * (fi 
^4 

* Èo - ofil}

<aürla.l = t"{4"(È-r,fio+fru)} $z)

-+++(añl¿r) = r*{ã * (È - "ü^lt 
.,r,.

where üOrU "t" Ëhe ArB sublatËice elecËronic magnetÍzationsr, À is the

molecuLar field constant describíng the A-B exchange inËeractÍon, y"

urld Ìn are the electronic and nuclear gyromagnetic ratios, o, = lSluil , ,..
+ ! sublattice effr y fields, and fi is' tt" 

'j'r r"
HA,B.=" the A'B sublattice effective anisoËropy fields, ""u*" ís the 

.,,:..,
effecËi.ve applied field (inc1-uding demagnetizing effecËs). ã is ttre :'.,:.r';,

A-sublatËice nuclear magnet izatíon. The effect of the B-síte nucleí

ontheA-siËereSonanceconditionwí]-1beverysma11andcanbeneg1ected

TransformingtheMlsend.mtoM+,f,and**,m-,Èheseequatíons

become 
l

(u,/v")uf, - {u - mÇ - HA - o'o)uf, - ^{tl - "JM; = o

!

(,/v")d-(H+ÀMi*"r)4+r,{uf = 0 (s3)'
i

+a-Ln.L(r/y*)r+- (H+a*l)r++o*ouf, =e 
i:;:,ì,r

assuning M(t) = yo"-itrlt . The soluËion for 1ow frequencies (neglecting 
.,,, 

.

terns lÍ-ke trr/y" ) is

,N = y¡¡(Ho - b) + yN\ {1 - n'{no/uf,)} (s4)

where
nt = \/{(uo - 

"o)(ß 
- r) + (ÊHB + HA) + clrol (ss¡

(ß = MB/%). llere H has been replaeed by Ho - IfD , the difference bet-

30

ween the applied field and the demagneËÍzing field.
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7.L Single domaÍn enhancement

The factor nr in EquatÍons 54 arrd 55 is a result of the coupling
' of the electronic and nuclear magnetízaËions and is, ín facË, the en-

hancement factor for nuclei not in domain walls. In general- Ëhe rf .fíe1d .,:.,1:. 
1.,.

_-i "'i:1

felt by the nucleus will be, with H appl-íed perpendicular to \r

Hr = Hx(\/Ik,)

where \¡r acts as an effective anisoËropy field actíng to prevent Ëhe

"rocking" "f \ by the applied field H*. For l\ar = k = ßHB + HO= 1 kOer

Eo - HD = 0, ß = 1.9, with (at T = 1.5 oK) mo = 1 Oe, II* = 560 kOe,

r¡r = 560

This er¡hancement occuïs boËh as a response to an external rf field and

as a respoose to an internally generaËed fÍe1d, i.e., to the refocused

nuclear magneXi zation.

7.2 Frequency pulling

Since the net nuclear magnetization varies with temperature as

,o - rq(vrer) (L#) 
t1f\_, l

while uf, is nearly constant (for T ( 4.2 oK) Ëhe resonance frequency oN

will be pulled to lower values as Ëhe temperature ís lowered. This ef-

fect, ktroyo as frequency pu11iog31, is very sÈïong in some materials due

to the low anisotropy. In manganese ferriËes the effect is smrll but

sEil1 .rÍsib1e8'30. Another effect of frequency puliing is il-lustrated

Ín Figure 2-a r¡here the resonance frequency fo= 5514o in a single crystal

sample of Ní.Orìfu.6ZEeZ.,6o4 is plotted veïsus exterhal field at T = 1.5 oi<. 
","'1,r,'
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Figure 2.. Frequency pullÍng, a) T = 1.5 oK, b) T = 4.2 oK.
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?-l
The dashed line has a slope of y'n 1.055 x 10' (sec 0e) - and an

Ho - HD = 0 val-ue o¡ yMn x 559.5 kOe. The solid curve is the resonance

frequency calculated from EquaËíons 54 and 55 using k = 0.7 kOe. Fig-

trxe 2.b ís for the spectrum ax 4.2 oK. The sol-id curve in thj-s case

is the calculated resonance frequency using the sane hyperfine field

as in part (a) of the fígure but r^riËh k = 1.0 kOe.

I^Ihen the enhancement facÈor nt is very large, an external- rf field

can become so strong that it destroys the resonance condition3l. ThÍs

is especially true ín pul-sed NMR where the rf fíelds are a\ready very

strong, and it nay be impossible to observe the resonance unless an

external static field large enough Ëo sÍ-gnifícanËly weaken the enhance-

ment facËor is applied.

8. Free Precession of Nuclear Moments

the free precessioo32 t."hrrÍques in maqnetic resonance, since Lhey

involve the response of the mãgnetic sysËem to a number of rf pulses,

al.lors the observation of the precessÍng ma.g¡retization (about the static

mrgnetic field) in the absence of continuous external drivÍ-ng fÍelds,

and, therefore, are ideally suited. for the study of relaxation effecËs

and the ínteractions which cause Ëhem.

8.1 Free inducËion decay and spin echoes

In the vector

frane rotating at

frequency t¡ = ü)oL
magoetÍc field Hz

model of pulsed resonance3z'33, viewed in a reference

Èhe Larmor precessional frequency otr r ên rf field of

and strength HT applied perpendicular Ëo the static
I

(and Èhe net equilj-brium nuclear magnetízation), will

r::il
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exert a torgue on the ouclear nagnetization (È, x È) and will rot,ate Ít
j-n the plane perpendicular to II| If the rf field is left on fcir al-

time ôt such Ëhat f*iffOt = t/2 , rhe nuclear magnetization wíl1 lie

along the y-direction when the pulse is removed. rn the laboraÈory

frame this t¡i1l produce a rotating field ín the plane perpendicular to

the static field. This roLating field can be deÈected by a coil or

cavity and gives Ëhe faniliar free induction decay (fid). If the in-

dividual nuclear spins have slightly different Larmor frequencies

(r, trl" << ur") thís free ind.uction sÍgna1 r^¡il1 decrease in intensÍty

due to the gradual l-oss of phase coherence in the total spÍ-n sysËem.

rf aË a Ëime 'r later a second rf pulse Ís applied along the same

direcËion ín the rotat,ing frame Ëhe componenËs of the individual nuclear

moments perpendicular Ëo fff will again experi-ence a torque and will be

rotated out of the plane. rf this second pulse has a length ôt such

--x^that YNHtöt = 1T , these components will- have been effectively refJ-ected

through Ëhe x-axis. Then, due to the spread in Larmor frequencies, the

i.ndivid.ual moments will regain Ëheir phase coherence temporarÍly at a

time t followÍng the application of the second pulse. This results Ín

a net momenË along the -y direction Ín the rotating frame, r¿hich can

again be detected as a rotaÈÍng field in the laboratory frame. This is

the two-pulse spin-echo experiment descríbed by H"1-32 ( tr/2 - r¡/2 sequence)

and by Carr-Purc.U33 ( n/2 - n sequence) , and has been the prinary

tool i-n Ëhi-s study of the nuclear magnetic resonance in manganese ferrites.

8.2 Rela:ratioF. processes--longitudinal and transverse

Due to 'inte.ractions between nuclear spins and between the spíns and

their 5s¡¡srrndfngs Ëhe free precession signals (fid and spin echo) do not
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Figure 3. Free inductíon decay and spin echo in lhFerOO. T = 4.2 oK.

persist Índefínitel-y. There are Lwo basic types of relaxatÍon possible:

the longitudÍnal processes which bring the magnetízation out of Ëhe x-y

plane and back along Ëhe z-axis, and transverse processes which involve

Ëhe destrucËion of phase coherence of the moments rotating in the x'y

plane. The longitudinal and traasverse relaxatíon rates are usual-1y

described in terms of characËeristíc relaxation Ëimes T, and To respect-

ively.

If the ti-me between the two rf pulses is varied the spín-echo amF-

litud.e w-il1 vary due to rel-¡xation processes, as shown ín Figure 4-a.

The data for this fígure were taken at 1.45 of in a¡r external fiel-d of

H_ = 8.0 koe. The clearly exponential behaviour of the spín-echo decay
o

Ínplies that the relaxation c¿m be well- described by a single relaxation

time. This relaxation time can, however, represent the sum of several-

relaxaËion processes-:of both longítudinal and transverse Ëype. The spin-

echo amplitude for this sinple two-puIse experimenË can be written as

A(2t) = A(t = 0) e>ç (- 2r /T)

i.::l

(s6)
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rnrhere T includes effects from all differenÈ relaxaËion Processes.

To separate Tl processes from T, processes varÍous techniques have

. .32.32 2¿
been devised--'-J¡J't using Laxger numbers of pulses. A sinple tech-

níque Ëo deternine T, independenx of. TZ, consisËs in appl-ying a third

rf pul-se (length corresponding to a rotaËion of \ ) aË a time t, after

the second pulse. Under these condítions several- spin-echoes appear, as

shoçn in Figure 5. The echo occurring at a time a = .1 t tr'is of

i, :I-

Figure 5. Response to three rf pulses showing stimul-ated echo
¡nd secon-dary echoes.

particular interesË since itts ampl-itude as

given (in the absence of diffusion effecËs)

functíon of t, and 12 ísa

by

, (s7)

Then, if t, is held constant whíle r, is varied the pLot of echo

amplitude versgs T2 gives the longitudinal relaxation tj-me TI , as il-

lustrated in Figure 4-b. The transverse relaxaLion rate can be obtained

from (LlTz) = (1/r) - (1/rl)

6'(11 + rr) = oo "*t- .r( å, * ?r), * exP(- rr/rr)



o Inhomo geneous Bro adenin g--Iris trumenËal Cons iderations

In a case where spÍn diffusion (whether actual particl-e diffusion or

spectral diffusion) and relaxatÍon effects can be neglected during the rf

pulses and during the fid or spin-echo, if the resonarlce line is narrol¡Ier

than Èhe bandwidth of the rf pulse the free inductÍon and spin-echo can

be viewed as the Fourier transform of Lhe resonan.ce 1io"35. In ordered

magnetic materÍa1s, however, the resonance is sËrongly broadened by sam-

pl-e ínhomogeneities and is usually much broader than the rf pulse band-

width. Thus, the echo and fid wÍll reflect the frequency spectrum of the

pulse rather Èhan that of the actual- nucl-ear resonance sPectru.m. To ob-

tain ínformation about the entire spectrum then we must, satple it as a

fuacËion of frequency in a steP by step fashíon. Figure 6 shows a sPec-

trr:m obËained in this nanner. The pulse bandwÍdth ís n, l/ôt = 0.5 MIIzr

¡shi-le the resonance linets half-width at half-naxímun is ô = 3 MIIz.

Such strong inhonogeneous broadening creates some special j-nstru-

mental probJ-cms. FÍrst, Ëhe puJ-se spectromeËer must be a variabl-e fre-

queucy type (sometímes over a very broad range) and. one must ínsure thaË

Ëhe rf pulse amplitude and receÍver sensitivity remain constarit over the

entire spectrum. Second, because of the large hyperfíne fields and sub-

sequent hÍ-gh resonant frequencies, the rf wavelengths are of the order

of meters and uhf techniques should bè used. Third, sÍnce the enhance-

ment factor for nuclei j.n dom¡in walls is a function of the nucleusr

posítion Ín the wall, the tr:nÍng condiËions (for a r/2 or n pulse) wÍ1l

change ¡v-Íth the positions in the wa1l being sampled aË a given frequency.

In Ëhe case of 55Mo t""on¿mce at Ëhe A-sites in lfnFerOO these prob-

r.-.. t'.: I :::.
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lems are not so severe as they are in other cases (e.g., tt* resonance



39

.^,2o
=g
=a

.cr
S

e

(r,
tt
5È

a-

-c¡,
E

o

fo o2 6 fo
(ltlH¡) +

Figure 6. Spectrum extrapolated to t = 0.0 at T = 1.5 oK io
Eo = 3.0 kOe for a single crysral of NiO.OghO. 

6ZE"Z.SøO+ .

62
Ey

I

i
)



40

for nuclei at the B-sites), since Ëhe línewidth is ry 3 I&Tz while the res-

onance frequency is = 600 MIIz (f/Af. = 200). RF pulse por4rer output is as-

sumed constanE, over this range while receiver sensiÈivity is easily caL-

ibrated using an rf pulse of known ampliËude (obtaíned from an rf signal

generator). To minimíze cabLe reflections, and since maximun poürer Ërans-

fer was noË a consideraËion, the rf cables were made long ( > 10 meters)

to approximaËe an infj-níte transmission line. For more criti.cal applÍc-

ations, variable stub stretchers should be utilized.

The enhancement mechanisms dÍscussed earlíer depend boÈh on Lhe

amount of nuclear rnagnetization at the parËicular frequency being sam-

pled and on the applied m¿gnetic field. Thus, the conditÍon for optímum

pulse widths will be a functÍon of frequency and fie1d. For each new

frequency and fÍe1d the pulse width must be readjusted. This should help

t,o cnacel any frequency variatÍon of pulse amplitude si-nce, in the vector

model, a change in iff may be conpensated for by a change in pulse wídth.

Because of the strong enhancemenË of Lhe applied rf field it is

oever clear that the puLses form a xrre (n/2, n) pai-r. Very large Ëurning
?,^

angles are possible-- for sËrong pulses, partícular1-y for nuclei ¡uithín

domain walls. The very large enhancement factors for nuclei Ín domain

walls (compared to the enhancement for nuclei in domains) Íntroduces a

severe experimental difficuLty since it is impossible to satísfy the

(r/2, r) condition for both nucleÍ wiËhin do¡aain wa1ls and domains simult-

aneously. Thus, as the proporÈion of d.omain wall nuclei contributing to

the signal changes with frequency, coupled with the changing enhancement

facÈor, Ëhe tuning conditions (pulse wÍdths) sometimes change drasticall-y

introduci¡.g coasiderable experimental uncertainty. At hÍgher values of

exte:m¡'l field the situation is considerabl-y sinplifÍed since then the



domain walls have been aLmosË enËirely removed and the sample is a single

domaín. At 1ow fields, however, several experimental runs \¡rere necessary

before reproducible results ürere obËained, and it was found Ëhat the sit-

uaËion was much improved aË 1or,r rf pulse por¡rers. For this reason, and to

insure a r¿ell-shaped pulse from the pulsed oscillator, a raËher low pulse

amplitude was used throughouË, beíng only large enough to a1low good sig-

na1 to noíse ratio Ëhroughout the frequeney, fíeld, and teuperature ranges

of interesË. EveÊ so, it Ís expected that a large part of the difficul-ty

in the interpretation of the spectra at low fields is due Ëo this problem

(see the dÍscussion in Ghapter IV).

Two types of reson¡¡t cavj-tÍes r¡rere used in these experimenËs, one

r¿hj-ch was inserted into the cryostaË and allowed the sampl-e Ëo be roËated,

abouË an axis perpendi-cular to Èhe exËernal fiel-d, and Ëhe other whích

was outside the dewar. Both are coaxÍal cavities whose resonarit frequencÍes

(o)

Figure 7. The cavities used in the pulsed NMR experiments.
a) sÍde view of cavity placed inside cryostat, b) froot view
of external cavÍty showing cryosËat tip inserted. S is sample.

4L

't- -
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are varied by adjusting a capaciËance at one end. The in-der¿ar caviËy

Ís i-llustraËed in Figure 7-a where the capacitor aË the botÈom is a 15 pf

trinmer. The exËernal cavity, íllusËrated in Figure. 7-b, uses a brass

dísc fastened to the Èop of the central post, and the cavity fronË, which

screrrrs into the cavÍty on very fine threads, to form the varíabl-e caPac-

iËa¡1ce. This latter confÍ-guratiori r'ras very successful because there is

no rf current flowing acïoss the points where the cavity front makes con-

Ëact r¡1th the body of the cavity. The tÍp of the dewar conËaining the

sample was inserted ínto the cavíty as shown in the figure.

In both of these cavj-ties the rf magnetic field is in a mode cylÍn-

driealLy syrmetric with respect to the axis of the cavÍty. The rf pulse

ís applied to a single loop of wire as shown in the figure, and the signal

is detected by a simi1ar loop on the opposiËe side of the cavity.

Figure 8 is a block dÍagram of the sysËem for measuring the sPectra

when the echo decay envelope is nearly exponential- (used for spectra taken

set"Fle). The exponentiaL geaerator usgs arion the Ni.ogh.of "z.gootr

FÍgure 8. Block diagram
ècho decay envel-ope to an

of spectrometer
exponential of

system for comparing
known Ëime constanË.
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R-C circuit to generate ¿m exponenËial of known time constant to which

the echo emFliËude is compared while varying the time between rf pulses.

The receiver is calibrated usíng the pulse modulated rf sígna1 generatoï

whose ouËput is applied at the transmitter side of the cavity. The signal-

generatorrs output voltage is selected and fj-xed throughouË the experÍment

so Èhat its output pul-se will not saturate Èhe receiver even at those païts

of rhe spectrun r¿here the receiver gain is the highest (i.e., far from

resonânce). The gate of the boxcar integraËor ís placed at the positÍ-on

(t = 2t) of the echo maximum and has a width (= 20 n¿moseconds) which is

much l-ess than the width of the echo. The signal generator ouËput, pul-se

is tÍmed to occur at the same posi-tion as the echo so that the boxcar

inËegraËor and the digital voltmeter cân be used to measuïe Ëhe receiver

gain as well- as the echo amplitude, dependÍng on the position of the

switch Ëo the cavity. By measurí¡g the decay time, 
".1ro "-Fiitude, and.

receiver gaín as a functi-on of frequency the resonance spectrum is ob-

Ëained. The spectrr:n shown Ín Figure 6 was obtained in this naffÌer.

As discussed earlier, for low values of external field, domnin waLl-s

orisË in sufficient qu¡ntity that the echo will consist of two components

I^rith different amplitudes and reLaxation Ëimes. In ËhÍs case Ëhe echo

decay envelope wiLL not appear exponenti-al-. For this condit,Íon the system

described by the block diagram in Figure 9 was used. ilere the triggers

for the two rf pulses as well as the box-carrs gate positioning pulse

are deríved from a square wave whose frequency is varied by applying a

ramP voltage to the VCG input of the square r¡rave generator. In thÍs way

the separation betr¿een pulses can be continuousl-y varied over a rarrge

of > 100 Usec, and the boxcar gate posiËion autonaÈicalLy Ëracks the echo

posítion (at 2r). rhe area of the square r,Íave is proportional to Èhe
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Figure 9. Block diagram of spectrometeï system used in the
case of non-exponential- decay.

period of the square vrave, Ëhus, the ouÈpuË of the square-tlave integrator

is appJ-ied j.n analog form to the x-axis of an x-y recorder and in digital

form to Ëhe dígítal prínËer. The boxcar output is sj-¡nilarly appJ-ied to

the output units and a continuous record of echo amplifude versus tíme

between pulses ís obtained. Ihís, together wfÈh receiver gain, is suf-

fícíent Ëo obtai-u the cornplete spectn¡m when repeaÈed over the entire

frequency rânge. The sPectra taken on the MnFerOO single crystal sphere

were done ín this way.

RECEI\TER
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CHAPTER II

The Suhl--Nakamura Interaction

and the Formation of Mu1-tip1e Echoes

tr'ltren there is a high density of nuclear spins in a materíal-, r,,7hether ,; .. .

1-iquid37, soJ-id38, meta139, or magnetical-ly ordered4O '4L, x,,ute exÍsts an 
' 
" '

effective nuclear spín-spin inËeraction which nay be of either pseudo- :'.;';1';,,,',,,¡;,;;

dipolar or pseudo-exchange fot^38r42. This inÈeraction proceeds through

apartia1poLarizationofËhee1ectronícStatesbythee1ect'ron-nuc].eus

inËeracËion, and its fo:m may be obtai-ned through a second-order perturb-

aËion treatment of the eLectronÍc energy 1eve1s rrrith Èhe electron-nucleus

int'eractionaStheperturbingHami1tonia¡r.In1iquÍdstheÍnteracËionis

restrÍcted to a single molecule whÍle in insulating solids near neighbors i

may ínteract. In metal-s Ëhe perËurbation sets up a Lacalized spin-density 
l

wave which extends over nany atomic distances (A"tt tu cos(2k'R)/n3), 
"rrd

1:-.r:.a:.-ain magneËic materials, due Ëo the strong exchange and hyperfine ÍnteracÈions, i,.,¡..,,'..'r.

the effective spin-spin interactior (fl.ft r n-l"*p(-oR)) can have a very

long range ândrthereforet a sËrong effect..

1. The Eyperfine InteracËion--SpÍn-trüave Expansion

At low temPeraËures, where Ëhe spin-wave Ëheory outlined in Chapter I
can be effectively appJ-ied, the hyperfi-ne i.nteraction (EquatÍon r.3) for
the isotropic case (applícable Ëo the A:siLe ions ) ca¡r be wrítten as

,AA
= å o 

_I 
(tþ; + r;sï) + e I rfsf

. n ¡1 --- (1)Jl hr
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.,; 

,;..-t,t ri 
..1t,: 

,t1,

with [ = - t*uno4r'Èlt3'Èl , where s is Èhe A-sire elecËroníc

spin. Then, the HolsteÍn-Primakoff transformatíons allow the hyperfine

interacËior¡. to be written in terms of the spin-wave operators defined in

chapter r. up to thi-rd order in spin-wave operators the hyperfÍne int- 
,,,;.,;,¡,¡,,:,1;;:;,:.,.

eraction may be written as

Ao, =flÍ?'.9Íl'*J.lf?).flÍ?' e)

where' flf?'=-*ol'Í (3)

is the zero-magnon. tem representing an energ:y shift due to the net z-

polarízat-ion of the nuclear spin sysËem. The one-magnon Ëerm,

fl' = L, e<zso>a I ,tï* + {{)
gives rise to the effective spin-spin interaction when t,reated as a

(4)

(s)

t+

' 
perturbat,i.on. Here the nucl-ear spin operators I- have been Ëransformed

Ëo 
rl = (t/a\) I ,l.*(tiÈ.?-)-kÃuIt

n

,. fre ttro-magnon term ís

f?' = (A/NA) I. I, rl.,.pt-i(È, - Èrl.?-14 ,.,'
o kl:k2" ¡ ¿ rr *1 *2

while Ëhe three-magnon tem ís written as

f fP=-+A(2sA)%(v+r.il/2sol[. I (rþ"nr-i(Èr-È.2-Èrl.l',r 
,,u *1r*2r*3

+ à à.+. + + ., 
tu'

" {r'tr"n, * ri"*Pt-i(È, + È, - Èr)'ì"t {r{ ,%r)

These higher order te:ms (EquaËi-ons 5 and 6) liill be of consíderable
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importance in relation to the spin-wave relaxation processes to be dis-

cussed in Chapter III.

The one, Ëwo, and three-magaon expressions in Equations 4, 5, and 6

when wrítten in terrs of the magnon normal-mode operators aO , ß¡ become

' 
(8)

- tort'nrooruo, * ttrttrruilruorJ

[ .*nt-i<Ër+ Èr- Èrl.Ìotr-

* (tnrtor"nr"l, - %,"torulr"i,

s' = - lzso)4{alsnf;/2so) I . .In krrkrrk,

., ( ^ + + + ^++X [-vrvrvgotoZoå * urvrvrß i"r"S * vrurvrcr tg)"ä * vrvrurc f ZB 3

- vrururcr ruTu, - urvrurßþru, - ururvrßiti"å * urururÊlefer) + 
,:,,,,i,',.,',;",.,

- + + +. +. -+ r ** + +^ '(9) '. '. 
"''-,exp{i(t<r+ k2- k3).ro} ri [-vrvrvroioä"g * urvrvrßrozo' * vrurvrct9z"Z ,

J- -L J- -L -L -L J-* vrvrutc i"àßä - vrurur* igzgà - urvrurß :fàgz - ururvrÊ L9zo3 
: :

* urururßtß2ßä lJ

In these ex¡lressions, c. = ok. , ti = vk., etc., and
l_ l_

%=-"n"Ï + .1.Êr.
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as given in Equation T.26. The Ëransformation coeffícíents are

2sszn"o"k=%-;q ' vk=4-q
(10)

âN
rl = --- 

-,:ê

%{rt¡ovf * *rrrvf,}

Equat,ions 8 and 9 will be discussed further in Chapter III.

2. Second-order Effect,ive Nuclear Spin-Spin Interaction

2.L Perturbat,ion expansion

, The second-order shíft in the energy levels, using the usual per-

' turbaËion expansion with the one-nagnon Ëerm of EquatÍ-on 7 as Ëhe per-

I turbÍng EamiltonÍ-an, is given by

* .oHfl, lr,.r.lftÍ1, to,
^E=_I_ (tt)

þ Ek-Eo

r¡here Ëhe state ltt is the state with one spin-wave (either o or ß ) of
+

wave vector É and lOt i" the state wÍth no spin-waves. Since the magnon 
i:.,::,.,,.

dispersíon relation has two bra¡rches (EquatÍon I.28) Èhe one-magnoa hyper- tll,""'

fine interaction is rrrritten '1,""',':.'

fúfl' = *tj" *fá"
jt' =-ra,es.)%Itro*ç + rovocoÌ

+J(l) =++Aes)'í[rrf"nen + rk.1ßl]t, g Z:-,-"N L

and the energ:y shift becomes
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.olJ{$) lr.'.r.lJ{ Ít) lo'
AE =-

=AE

I
k

c[

Then. since o. lot =- t<''

rrritten as

âro

+E

orß = -+o'ro 
å t--53 4

^E þ̂

0, of,lot = ltt , eËc., the energy shifËs can be

I rr)

(14)

Since the gap between the o and ß branches of the spin-wave spectrum ís

quite Large for ferrimagaets, the energy d.enominator {lar' is large and

ÂEU nal be neglected, gíving 
^E 

= AEo . Thus, the form of the SuhI-

Nakamura effective spin-spín interaction for ferÉinagoets ís the same

as that for ferromagnets40.

2.2 Asynptotíc form of the range function

Transforuiog the ex¡rression in Equation 14 for ÂEo back Èo Ëhe

nuclear spín operators It , the effecÈive nuclear spin-spin interactíon

takes the form

lr-" = - ,o'ro .).{ crnrol i exp{iÈ. c?r- Ìrl t 'il
, (15)

emiËtedomitting from the sumation self-energ:y telîs

and then reabsorbed by the same nucleus. The

2

urj = 1e2so/no) 
¿ tÐ .*piiÈ. (îi-

ÀEo = -+o',o I t{f] "¿

2

f'r I
l.4j

i: ..;-' .:.

rl
J

iswhere a rurgnon

expressíon

?.> I
J

( 16)
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is call-ed the Suhl--Nakanura 7:arlge funcËion. The o-mode dispersion rela-

tíon j.s , fox MnFetOO r

( 17)äro = guBH' + 4ss"rrazkz(tt/o+)

where s 
NAf totu_l 

= +[__UL-]eff = qÇFrl - zl.sB_ æAi

The sum o.r", I Ín Equation 16 can be replaced by an inËegral in the long

wavel-ength approximation. Then, wiÈh

',r2, ++ r ikrcos0..r

ItãLl 'ík''íj = (s""/s')

, sio." d = %S*/(SB- % SA), (wh:ich åmounts to neglecting a tern like
c ,2-

gUUHtkz compared to gUrH.*kt), the ra'ge functÍon, on transforming to
:

¿m integral, becomes

¡2r rL t@ ^ r_ikrcosO ì
urj e2so(s.rrlsB) (â t2n)3 f* j_ru"."t jo dk É tf;rJ ' ctal

2 .c.. ? . .- - ( f^-r"í' I= A'sA(seff lsy) (à'l(2tr)') (Llzdr) t' I J_:, ;æ )

) -4.
= A-sA(sef f lsB) (à3l4nd) (1/r)e>ç{-(c/d)%r}

Then, as a fr:nctíon of the effective internaL field llr (includÍng 
,ext-

ernallyappliedfieldsranisotropyanddemagnetizingfields)andthe

exchange enqrgy jhor" , where â3 i" the vol-ume per A-site íon'

"j #f Hl ('r*o) r('ij)

r,¡here z is the number of A-site nearest magnetic neighbors and ÑO is the

number of A-site ions per unit cell-, ãt" = 4JS.rr(Lll6t4) , and the fuficËÍon

f(rrr) is. given by
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t(tij) = h å'*n{-(*urn'/ål'")4 (t/u)} I re)

wíth the consLanË a = (2lz) = l/6

In Fígures l_arb the asynpËotíc Tange funct,ion Ís plotted as a 
,,.,;..,,,,

fnncËion of dÍstance (r/aorr) and as a functíon of the effectÍve fie1d ,,':,',,,'.'

Hr. The effecÈive range of Ëhe interaction , R, j-s defined as the dis-

Ëance where (r/a ) = R = (gUuHt /41uu) For the values ,ih{De = L.Z9 x 10-15

ergs and Er= 1.0 kQe, the range is R = 2L.4 x "r_ = 76 i . ::,.

Even though the interactíon woul-d appear to be quÍte weak due to

its second order nature, íts very 1-ong range makes it the strongesË inter-
nuclear i-nteracËion in these maÈerÍals and it provides the most effective

nuclear magnetic relaxation channel aÈ low tenperatures.

The Suhl-Nakamura llamiltonian of Equation 15 describes ¡n interacËion

between Èhe transverse (t+, f-) components of the nuclear spín; therefore,

when Ëhere are a large number of nucl-ear spÍns in the x-y p1ane, as is Ëhe

case in Èhe usual- pulsed NMR experiments, the spins will interacË sËrongly.

The resul-t of this interaction, other than the tr¿msverse relaxation to be

discussed in Chapter III, is a¡r effect,ive magnetic fÍeld aË one nucleus due

to the x' y component.s of the spin of another nucleus. This effect will be ,.:,:t,..¡,,..,,.,,,
'. -. : I

discussed ín connection with the fornation of nultiple echoes afler a bríef

discussion of Èhe density maËrix tïeaËmenÈ of pulsed nuclear resonance.

3. Density Matrix Treatment of Pulsed R.esonance

The density matrix formali-sm provides a straightfoniard and powerful

method of calculating the response of the nuclear spin system to an ext-

ernal excitation43'44. Given a general state of the systemrp which is a

linear superposition of the orthonormal eigenstates um of the Hamiltonian ..:.-:,:,-_
1.t_i:..-...:
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Èhe expecËaËion value of an operaËor NI" in the state ü Ís

trr'= ({,*,Mzû) = [af;a*<uolt"t"l,tt = I.rlPln><nlurln>
DrE rrn

, (20)

where .rlpln> = ar{ defines an operator P. From EquaËion 20 we have

thaË the average val-ue of M' is

<M-> = I .rlPM-lm>

The density operator p is defÍned as Ëhe ensemble 
^u"t^g"43 

of matrix

elements of P

.rlolo' = æ = ãI-flnr

Then, in general, the expectation value of any operator T j-s

4f>= Tr(pT) = I.rlpTln>
m

From Ë,he SchrödÍnger eguation for the sËate {i

(21)

( -íti) (aú/at) = t{ ,p = (-äli) I {a"rrlat) l'rr'
II

¡sith H¡míltoai"ofl, the density matrix p can be seen to satisfy the
'.. -..'-:

equation '¡''."-

dp/dt = (i/ï,)[p , J{J eÐ ' ,

wiÈh solution, íf tl Ís noË a ftmction of t,

p(t) = exp(-ifit/ñ) p(0) exp( if tÆr) (23) i.:1.,.
-.1.'::, .

¡rhere the t = 0 matrix elements can be defined by Èhe Boltzmann factor and

therefore,

p(0) = "*p(-folhtll(I"r.p(-iEn/hr)) (24)
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where Jll", = U,'lot . For the equilibrium density roatrix in the absence

of externaL rf fíe1ds

p (0) cl exp{ ñ(urot, + arl> t$x t

Ín Èhe presence of Zeema¡r (harolr) and quadrupole urt]) Hamiltonians. In 't'.''
t

the high temperature approxÍmation kBT >> h(uofz + atf,) , va1Íd for all

but the very lowest temperaËures (tu 10-3 oK),

p(0) tu I + (åororzlhr) (25)

2Lf âall << frto-I_ . The consÈanÈ Ëerm in this expression can be neglectedz oz
since it wil-l- noË affect any of the calculated properties.

tt tJ = ll + fl, , where fl, i" a function of tíme, then the equation

of motíon becomes

dp:t/d¡ = (i/h) [p.,f{i,rù (27)

where p(t) = exp(-ifot/n) p*(t) exp(itlotlrr)

and I{*(t) = exp(iflot lrù J4 ,<x> exp(-iflotÆr)J"' - -'o - r 

,.4 :j:.::ri

Ihen the ti.me development of p*(t) can be solved by iteraL íoo42 yíeldiog, '"':::-,i

Ëo second order i.n $l f(t) , ..,' ..,

'dp*(t) /dt = (i/ä) [o*(o),flic.l] + c.ia)' 
ft[o*(o),Jti(r):] 

,f[1<.)] a.'

(29) 
..:: : .

This approach ís very useful in cases r'rhere there ís a fluctuati:lg internal ,,. ,:

field, exc.42

3.1 Forn of the time development operaËors

In the case where J[ i" tine-independent the tine development operators 
:,,,.,,:.,
'.:- 1

can be evaluated from the knowledge of the H¡miltonian. In the case of a
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Figure 2. DivÍsÍoa of time axis Ín a Êwo puJ-se erqperimenË.

I

l=o
I

t",

two pulse NMR experiment,

t = 0 the spin system is

p(0). In region I in the

and streneth H, = url^t ),

the z-æris at a frequency

pulse, Í-s given by

if Ëhe pulse is

wÍth Ao = ü) - ûJr
o

ut=

,nd, p2

Ir*L,

Ëime can be divided as shown Ín FÍgure 2. Before

Ín equilibrium described by the densiËy maËrix

figure, during the first pul-se (of J-ength t--*1
the Hamiltoni-an, in Lhe frame rotating about

or equal t,o Èhe frequency of the appJ-ied rf

Jlr = ä(0o - ,¡')rz + ha T2 + or, ,,

Ís

p1

the densj.ty matrix irrmediately follow'ing

= ihÂo I, i-s the t = 0 density matrix inz

From the expansi-on

u(r) exp(-ift/ä) = l^*Ë ft"
n=0

sínce .rlf lr't = (-l¡t-t'.r'lfl l.t

appJ-ied along the y-axis i.n the rotating

, the tj.me deveJ-opment operator in the

exp{-i(¡o r" * rl_ Ty + a T2) .rrt

-1U, o, Ur-

frame.' Then,

first regíon is

(2e)

the first rf pul-se, where

the rotating frame.

to

and <-nlJ{ l-r't = <m'lf lrt
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whenever Jl tu any of the spin angular uomentum operators, by induction, Íf

.*lJ1kl*', = (_l¡m-n'.r, lf klr,

and .-rlÍlk¡-r,' = .r'l1l1,¡,

Èherrfork+l-, J{n*1=%(Í{kt + Jtl$

.rlSlk+1¡r'' = (-1¡'-''.r'l%($}tk * Íkltl lr,
and .-'lIk*l¡-r,' = .r'l%($$o * Jtkfll lr,

Thus, in general the operators have the for-m (shown here for T = 512)

U=

ABCÐEF

-BGHJE

C-HKLID

-DI-LKHC

E-JI-HGB

-FE-DC-BA

(30)

and they have oaly 12 distinct eleuents.
¡,,f 'r.f .1,,:,..r;
.' ' :.:t:..In region I, during the fi.rst puLse, for nuclei with Larmor frequencies ,,:,i1..,:..,,,,'

j :: .::..:.,:.r
oro such that oo - rrrt .. rl , and asstrmíng that the quadrupoJ-e coupling eon- i'1"''':', "'

stânt a is small, Èhe fÍrst tine developuent operator is gíven by

ut = eræ(-i'rt 
rrr) 

(31) 'i..,;.,,r, ,,,,i
.i:.-:...- .._,.:...:

¡shich represeots a rotaËiooI7 about, the y-axis through an angle o,t__ . rf: ITû,
the quadrupole couplíng constant a is not small compared to tol , the op-

erators c¡n be evaluated iterati-vely usÍng the Ídeatity44

i. : ,... .:... .:.. 
...

Ðe(ÊA) exp(-ß(A+B)) = r - fß.¿^ exp(M) B e:<p(-À(A+B)) ::';.,;"'.;|'.,,,),

D.
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for the Ëwo cases " ' ,1 , and " 
t ,1 . The matrices will still- have

the for¡o of EquaËion 30. For the nucleÍ at Ëhe tetrahedral- sites in

lhFeroo , there should be no quadrupole splitting aad Lhe quadrupole

coupling constant a may be neglecËed. The expressions for the observed .'..
sígnal to be evaluated Ín this section will be valid in the presence of :'.'::'

quadrupole splitting since these expressíons only require that the op-

erators have the forn of Equation 30.

At a time t t t. , Í.e., in region rr in Figure 2, E},e density '1.'
11 ':

maËrix is given by :' ::

p3(r) = urror(t*r)ur-l = uf|)uff)r ,@Í?))-1(uÍ1))-1 , (32)

= uÍi,oå (uÍ1))-'

where,

l1ì (r\ tUrr = Uì;'Uì;' = exp{-ilur(t - r )r } exp{-ia(t - t,_)ti },(33)tl z - r^71'

. )-since llr, T|) = 0 , and the maËrix elements of this operator may
l

be ímediateJ-y evaluated.

Duri-ng the time interval lrrmediately folJ-owÍng the first pu1-se the 
,,tril

spin system Ís not in equÍlibrium and the HamilËonÍan used Ín the time- ,,,

development operator in Equation 33 should conËain Ëhe terms describing ':

the relaxation of the spin system towards equilibrium. These ter:ns include

the Suhl-Nakamura and dipoJ-e-dipole inÈeractions, but if their maín effect 
;..,,;,tis to cause relaxation, Ëhey nay be descrÍbed by a relaxation ti.ne T such .', ,,'

that the t,ransvetse nagoetizaxion at a t,ine t follor¿ing a single rf pulse

is giveo by

sä(r) = cn e-tlT rr(r+pr) (34)
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(36)

where P, ís given by EquatÍon 32, and c, is a normalizat,ion constarit.

3.2 The free inductíon decay and spin echoes

From the form of Ëhe tine development operaËor given in EquaÈion 33

Lhe transverse rnagnetÍzaËion, in the rotating fr¡mer following a síngle

rf pulse can be rewrítten as

sä(Ê) = c' e-tlT exp(Íar) rr(r+oi) (3s)

r¡here a, = aro(t - t ) the trace in ËhÍs equation can be easÍ.ly eval-*r
uaËed once the matrix elements of U, have been determined.

To obtain ân expression for Èhe free i-nduction decay Ìre musË average

Equati-on 35 over the distributÍon g(t") of spÍas excited by the rf pulse.

The fr:nction g(o") will be the product of Ëhe lineshape function f (trro)

of the Í.ahomogeneously broadened resonÉmce and the rf pulse shape fr:nc-

tíon h(o"). The observed spectrum wiLl- then be the convolutiorrÍs o¡ a¡"

two fuuctions f (oo) and h(rrr") while the free induction decay and spío

echoes at a given spectrometer frequency o" will have a shape deterrined

by the produeÈ funetion g({ds) . TakÍng the average over gt (rå) = g(r,:"+t^rf)

:nd transforning back to the laboratoly fraue, the free ÍnducÈÍon decay

wiLJ. be proportional to

s3(r) = exp{ío.(r-t,- )} |. är: s'(rå)"*p{irå(t-t-- )}s' *1 ) o - o' o- r{1'-

* it,r*or) exp(-tlr) .o

Since the frmctions f (trro) and tr(ur") , whiJ-e Ëhey nay both be syn-

metric about theÍr central frequencies, have Ín general different shapes

and different,.central frequencies, the free inducËÍ.on and spio-echo shape
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functíon wí11, in the case of strong inhomogeneous broadening (when the

spread in Larmor frequencies ia the sample is much great.er than the pul-se

bandwidth, ôto >> ôo"), change on varying the spectrometer frequency os

through the spectrum described by f(oo).

Defining the shape functÍon by

c(t) = f *; exp(ioj t) g(t,l, + û,i)

the signal foll-oiring one pulse is

s3(t) = exp{iur. (Ë-r- ) } rr(r+pr¡ c(r-rril- ) e:qp (-tlt) "o (sa¡o *1 t *L

The signal r*i1l thus have a frequency o" and, for a synmetric g(os)

(Í.e., at os = roo), will have a maximt¡m at t-tr = Q.oI

If , aft,er allowing the spin system to devel-op according

32 untíl a time a = 11 , a second rf pulse, of strength ûr2/y

Ë,.,-, Ís applied, the operator UI,, descríbing thÍ.s pul-se wiI-1*2¡
same form as U, in Equation 31, namel-y,

to

and

be

(37)

Equation

length

of the

uttt = "*P(-it2torrr) (3e)

assumiog that both pulses are appl-ied al-ong the sane direct,ion in the

rotating frame (for the case of an iacoherent pulse spect.ïometer with

all pulses applíed at the same. point in the cawity this is always true,

however, for coherent pulse spectrometers if the phase of the two rf

pulses j-s shifted, a transformation such as that applied in the díscussíon

of Section 4.3 Ëo the case of the effective refocusÍng puLse due Ëo Ëhe

firsË echo must be ernployed). Again, Ëhe more general fo:m given for

U, in Equation 29 may be used for UIII. The maËrix elements of the den-

sity operaLor durÍng the second pulse are



.. :1::i I 
:ì:i::j.-:ì_

6L

.,t.t., :.

(o+)ij = (u*rosuiir)r¡ = I |,urrr)*(urrr)f1(oå)r.r"xp(i(k-l-)ar)-k

, (40)

Then,

1¡1r+oo) = I å,fr"r(oo)o, 
= 

rlo 
rÍ" exp (riar)

(r=k-L)
' 
(41) ':-i.:,'1,',

,(42)

¡¡here
/ô\ 2L .tl" = 

,1, 
or I (urrrlr+1,r(u'r)f 

,n-r(oi)k,n-=

+
wiËh o. = (r')í,r*L r â4d the sun xf, is over k such that k-r ) 1, k s 2r+1

FolJ-owing an. 
"."o.rd 

puLse,

P5 = urrr+uiT

¡sith urv = exp{-i(aor, * a tl> <t-rr-.rrr t = uÍi)uÍl' (43)

and the response of the spin system will- be given by

tr(t+pr¡ = exp(iar) rr(I+pi) (44)

, (45)
l1,l

w:itn U)'/ given by EquaËion 42 and c(r) defined in EquaËion 37. The
2factor n-(E"*t) is íncl-uded to give the field dependence of echo amp-

litude due to thê enhancement mechanísms46 di"",r"sed in chapter r,

sections 6 and 7. rn tbe case where the quadrupol-e constant a # 0 ,

the Tr(I+e¿) wÍll contain ré:ms which depend on rj.me (Like 
"Í"t)

where a, = Âur(t-rr-to, ) a¡rd oå = uÍl)oOuÍl) , siuiJ-ar ro rhe defÍni-
': . .'. -1.' . ..r *2 + rv + rv 
.........-:.

Ëíon of ol . lhe transverse magpetizatÍon and the sÍgnal- in the lab- :'' ''-:
',,, ;..,t;, ,'oratory frame are then given by .. i: 

:

s{s¡ (.¡ = c' jl "*,t,"("s + rar)) r'r(3) .ë}3l e-x/r n2(H.*r)
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These modulation terms44 do not change the forn of G(t) since they do noË

enter Ëhe averaging process.

From Equation 45 iË can be seen that in general 2I echoes can be obs-

erved, occurring at times ("5 + rar) /au . These echoes may occur as a

result of a quadrupoLe interaction by the introduction Ínto Ëhe operators

U, and Ullt of rton-zero el-ements more than one posiËion off the diagon^I44

or by a generalized excitation conditíon wherein the rf pulses do not re-

pr€sent pure rotatíoos.

For pure rotat,i-ons in the absence of a quadrupole lnteraction, the

ex¡rression in Equation 45 ís non-zero onl_y for Ëimes near

and

t=T,+t *2

(46)
t=2't"+Ë-tr12rl

These mark the occurrence of the free induction decay and first epin-

echo following the secoo.d pulse.

4. Mul-tiple Echoes

MultÍple spin echoes have been observed in various material-s and

several explanations have been appried to the different cases44'47-5L.

As shown above for nuclei with I > % quadrupol_e effects can cause as

meny ês 2I echoes following a tr¡o pulse excítatíon44r47r49. Also, ex-

ternal processes4S t"qlrÍting the active participation of the resonant

cavity can cause a refocusing of Ëhe spin nnd consequently, multiple

echoes.

4-L observat,ioa of multiple echoes in manganese ferria."S0

In manganese ferrites, as illustrated i-n Figure 3, the applÍcation
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of two

nurnber

pulses resul-ts in a very large number of spin ""ho""50,51. The

echoes observed increases rapidly on lowerÍng the temperaËure

of the sauple fron 4.2 xo 1.5 ot< due t,o the increase ín rel-axaËíon times

at lower temperatures. At 1.5 oK tor. than 20 spin echoes are observed.,

r.¡hile from Equati-on 45 above, for generalízed excitation conditions or

with quadrupole interacÈíons, onJ-y 2T = 5 echoes are expected. From

Fígure 3-a it can be seen that the envelope of the multipJ-e echoes is

exponenËiaL with a decay tÍme of ,t 4 Usec at v = S87 ¡m250

' In Figure 4 this decay rate is plotted as a function of frequency,

showíng that the refocusing mechani-sm, whatever Íts ori-gÍn, ís most ef-

fícient at Ëhe ïesonance frequency (roo= 587 lffiz) of the nuclear spin

sysËem. Ttris charact,eristíc frequency dependenee suggests that a Êrans-

verse spin-spín interaction, such as the Suhl-Nakamura ÍnteractÍon, is

responsible for the refocusing.

4.2 Stinulation by nuclear spín-spin interaction

ïhe format,j-on of nultipJ-e echoes in the present case can be easíl-y

visualízed if'one consÍders the reactioa of a singl-e spin jr Ëo the part-

ial poJ-arization of the rest of the spin system. DurÍng the fornation

of the first echo, spin jt wil-1 feel the neË nuclear oagnetfzat,ion ín the

roËaÈj-ng frame. Since this magnetization represents a¡r inÈernal- fíeJ-d,

nucleus j t wÍll respond to this field in much the same r^ray that, it would

respond to the application of an rf pulse along the directíon of echo

fo:mation. The reaction of the spin system wil-1 be to refocus again at

a time 
^t 

= T afËer the first echo. This process Ëhen continues wÍËh

ever decre.asÍng a.nplitude result,ing in the multÍple refocusing of the

sPin sys¡.t.

rf

of
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lühat Ís ûecessary in this process is an interact,ion betr,reen nucleí

of sufficienË strength to a11ow repetitive refocusing. The dipole-

dipole interacÈion with its r-3 dependence is too weak, but the long-

range nature of the Suhl-Nakamura interaction makes it sufficient for

nultiple echo formation when Ëhere is a large abundance of identicaL

spíns

From Equations 14 and 19 the interaction between the trarisverse

components of a spin j I and the rest of the spin system can be writ,ten

as

66

f 3:- = - Ç I-t('::,)(rtl, + r;rl,)
J

(47)

where the sr:m Ií is over j I j I . This interactíon can be visualized

as ân Ínteraction beËween a uagneËic field HS-N *d a uagneËic moment

llyl, r . The Eami.lËonÍan can be ¡sriËËen as
J

g ¿:- = - Ç [ q-r,'rj,) ,T )r;, + ()'t{rrr,) rJ ){, ]
(48)

and, when Ëhe spÍn system Ís Ín equilibri.um, tj t(rjj,)tj= = Fo1-

lowing the applicaÈÍon of a ¡/2 pulse and a n prrt"L at a time t, laterr

both along the y-axis, the magnetization ín the x-y plane is no longer

zero ¡nd, therefore, the sums above do noË vanish and there ¡.2Í11- be an

interactionbetweenthespins. AÈ ati-me E=2t, lx - Ë the corr12*1
Ponents of spin ín the x-y plane wil-l refocus al-ong Èhe negaÈive x-axis.

AL this time, neglectÍng relaxation, 11 = tT = tJ , and

il

J{ l-* = - r. ( I r('::,) tT J(t;, * f,) Gs)
j

or, writing the effective field HS_N ""

HS-N= (or-*/v) =-\(c/.rr) I. t(rrr,)r|
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Ëhe Ínteractíon takes the form

J{ r-* = Hs-N (TIY rT,) = ñtr-^, rf,

In general-, if ge(t) is the functíon describing the x-componenË of nucl-ear 
,,.,,,,

magnexízation, i.e., the echo shape function, ,'.'','

f ,-* = ä e"(t) ,Ëi ti,

and the time development operaËor followíng the second pulse wÍll be of

the form

Urv = exp{-i(Ao T" * a ,l> <t - 11 - .ror) - ig"(t)ffi ri, f

' 
(51)

Ttrefunctiong (t) hasamaximumatt= Zt-*t -t a¡rdis zetof.or-e- - J_ ,Z ,1
Ëimes far from this value. thus, the spin system sees an effecËive puLse

along the dírection of formati-on of the firsr echo, in this case, the neg-

ative x-axis. This pulse is due t,o the Suhl-Nakarnura interacËion and

causes the refocusÍng of the spin-system to form a second echo and is

partly responsÍble for the fomation of a thírd echo.

Ab. upper.bound oa the s,Èrength of this pulse ca¡r be esÈimated from

the observed transverse relaxaËion time assr¡mÍng that the Suhl-Nakamura

ÍnLeractÍon is the prímary relaxation channel. Then,

Es-t{ Ts-N * á or û)s-¡t Ts-tt * 1

and, forTS-N=25¡rsecatT= 4.2oK, rS-N= 4xLO4 (sec)-l . If the .i

echo shape frmctÍon ge(t) is assr¡ned to be a Gaussian wi.th amplitude h,

replac'ing it by a rectangular pulse of height h wiËh the same area as

ge(t) gives for the turníng angle of Èhe effective puJ-se at t = 2'rr*

t - t with'ô- = 2.8 x 10-7 sec (the half-width at half-maxj.mr:m of the :...*z *l e. j-'',
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max -ecno, ,s_N n o"{G/?^Ð ¡ = ¡h.2.4 x L0-2 radians (52)

The facËor ¡ is'Ëhe enhancement factor as discussed ia Sectj.ons I.6 and

T.7 , which for Èhe single-domain or saturat.ed sample case is ¡, 500 .

The heighÈ of the echo, h, depends on Ëhe absoluËe magnitude of the re-

focused magnetízaË,ion and is diffÍcu1t to estímate directJ-y. However,

the daËa shown ín Figure 5 show- . .j

iog the t = 0 amplitudes of the

first four echoes suggest that

the effectíve pù1se must be strong

enough to provide a roËation of z
nearl! n radiaos about the x-axis, 

^
sínce each echo ís t, 213 the amp-

litude of the preceding echo.

Recall that while the second echo

is due soIe1y to the refocusing

by the first echo, the third and

fourth (and hÍgher) echoes have
.

contributions from more than one

source. Thus,

a
nh.2.4x10-c12hSn

t234
ECHO NUMBER

Figure 5. Logarithm of ectro anpli-
tude versus echo nuober at T=1.5 %, :' H= 0.0 k0e¡ and v=587 l"fH.z.

giving a value of h g 1 as expect,ed síoce the value for rS_N determined ; . ..:,

from the relaxatÍon Èíme should provide a good estimate of the strength

of the. interaction (¡,ritb- h = 1). Tlle daÈ,a in Table 1 , Ëaken in H"*a= 0

aË T = 1.5 otr show quite clearly tlre frequency dependence ex[¡ected for a

re.focusing menh¡nism depending on the number of spius in the x-y plane,
.. .... I 

. .. .. .i.e,-, a trânsverse spin-spin ínteractÍon, as the first echo is far less ,,,,1 .

o

o

o

I
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Table 1. Frequency dependence of multipl-e echoes at T = 1.5 oK in H = 0.
A_ and T are Ëhe amplitudes and rel-axatíon times of the nth echo.nn

v(MIz) r"(usec) Echo /l rrr(usec) eitfrl;"t Ar,+1/Ao

581.0 2.65 I

2

3

4

140.

70.0

57.5

s7.5

0.257

0.064

0.014

0.003

0.25

o.22

0.2L

583.0 3.20 I

2

3

4

100.

45.0

40,0

32.5

o.440

0.153

0.o49

0.018

0.35

0.32

0.37

ljl:-;.:i.r:.:..' ì

585.0 4.00 40.0

24.O

22.O

L7.0

0.816

0.40s

0.187

0.108

0.50

o.46

0.58

I

2

3

4

587.0 4.20 I

2

3

4

26.O

t 4.0

L2.O

10.0

1.000

0.668

0. 415

0.312

0.67

o.62

0.75

589.0 3.20 I

2

3

4

26.0

13.0

11.0

8.0

0.552

0.292

0.143

0. 116

0.53

0.49

0. 81

45.0

24.O

16.0

L2.0

0. 210

0.0s4

0.01-7

0.006

0.26

0.31

0.35

I

2

3

4

591.0 2.40
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effecËÍve in refocusing the spins at frequencíes far from the central

frequency of u = 587 lfrlz. (The frequency dependence of the relaxation

time will be di-scussed in ChapËers III and IV.)

In this connection it should be noted Ëhat near 587 lffiz the pulse

tuning conditions (pu1se widths) required to maximÍze x\te first echo

are different from those required to maxiníze the second echo and

that for some tuning conditions the third echo is larger than Ëhe

second echo. Ihese effects are due to the exËreme sËrength of the

refocusing mechan:ism, i.e., Ëhe firsL echo when maximized is appareot-

J-y equivalent to a puJ-se whose ruidth i-s greater than n radíans, thus

the decrease in second echo am¡rlítude on increasíng the first echo.

4.3 Deosity matrix calculation for the effectíve pu1se51

r Coatinui.ng the discussion of Section II.3 by ÈreatÍng the fírst

I echo as an rf pulse occurring along the x-axís at a time È = 2tr* tr. -

, t-- = T,, * r, , of sËrength trl^ and length tr= 6"GTM. N.gr""rtg11 I ¿- - e 
e

Âo and a during the first echo, the operator describing this effectÍve

pulse is

uv

representing a rotation through an angle o.t, about the negative x-axís,
e

where Ëhe D (xnlz) are roÈatÍons of !¡12 radians about the z-a:r:is. Ihez

density matrÍx duriag this pulse is

w1th

P 6 = urPruut

(uy)3r = exp(-i(k-j)) tjn

Then the response of the spin system to this effective pul-se is given by ; .;,,,,
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,2T27rr(I-pu) = I I. r=-2T s=-27

I
t

"Í11 ""n(siar) exp(riar)

a, = Ârrl(t-tr-t*r), a1so,

(uru)p+l rl,*+s (urrr)$,u (P2).r,+",ø

,n | 
(uur)p,r+s(urrr)$*l rl,sb 2)e*s,ß

, (s4)

, (5s)

where as before a, = Âo(t-t_ ) ,"1

,,(4)'?lrl ,s

and

Mrr=-lrl ,s

wíth

2r+1-lrl

nl, 
ôp,p+l 

'l

2r+l--lrl

'nÈr 
ôp+l'l

2T
9.. = tr-J tlr

okok+l,5 o*,,i

,.d, as before, oU =

Then folJ_owing

the t,ime deveJ_opment

, (s6)

, (57)

, (s8)

and the first

-r,o )r
e

and, defÍning

then,

and

s(7)1t¡ = .; í ^f"f""s*t"sl _-t/T z't-^r -Je n

, (59)

fiel-d depeadence of echo

2T 3t ,.(o)C;L¿
- T=:2T S=-2II"."lll exP{iu¡" (ar*sar*rar) }

.L(r' )t ,t *t '

the first echo, at tiue t, w-ith rr= rr* arr- a*r- ,\"
operator is

Uur= exp{-íÂar (r-t r-t, "Ì 
exp{-i a(t-rr-tr-\ )r2}

e

= n(t) rr(2) (2-)= ,VI- uVf- = exp(-iarlr) Uù;

o¿ = u,tí)oucúfr2)l-1

o, = ufi)o¿<u$l)r-1

tt(r1pr) = exn gar) Tr(I+pi)

Final1y, the observed signal

echo r.cill be proportional to

follor¡i¡g two externaL pulses

,lhe factor n-(I xt) is again Íncluded to give rhe
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ampl-itudes due to entrancemerit 1¡ssþanismc. However, due t,o the dependence

of the effective strength of this pulse (given by ur"), on the ¡mplitude

of the fÍrst echo, :nd to the inclusion of the enhancement factor ¡ in

Equatíon 52 for the turning angle of the effectíve pulse, the second echo

anplitude should decrease more st,rongly with field than Ëhe first echo.

Fígure 6 shows the amplitude of the first two echoes as a funcËion of the

effective internal- magnetic field Hr = Un for the two tenrperatures

T = 1.5 and 4.2 oK. As extrrected the first ecåots amplÍtude goes roughly
tas (UHt)- while the second echors ¡mFl-ítude varies more nearly líke

?(UEt)- the higher echoes (echoes 3, 4, etc.) will- have more coupJ-Í.c-

ated behavi-our with field, all faLlÍ-ng off more rapídly rhan (L!H,)Z .

Ihe expression in Equation 59 for the sigoal fol-lowÍng the firsË

echo cen also be appl-ied to the case of a thÍrd exËernal- pulse applied

at a time t, folLowing the second pulse. ThÍs method ca¡r be applied to

the calculation-of .the'spÍn-systemrs response to an arbftrary nunber of

rf pulses applied al-ong Émy axes if transforoations such as that used

with UU above are applÍed.

In general the expression in Equation 59 allows the fo:mation of

a Large number of echoes, however, the assumption of pure rotaËíons and

no quadrupole Ínteraction reduces Ëhese aLlowed echoes to only ttro, oc-

curring for times

and

t = 2r. 4.t^-t +tL¿*1*"

E '- 2t, t2r^- t - È + tI Z *2, *l ..I{Íe

Íhese are the second and third echoes, respectively. As menËÍoned earlier,

the third echo, which appears here due to Ëhe refocusing of the spÍn sys-

ten by the first'echor-rri11''a1so receive a conÈri-bution duê to the refocus-
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ing effect of the second echo, aod ín generaL all- hÍgher numbered echoes

r,rill have such multiple contributors. This should expl-ain why the ratios

of echo amplitude" (Ao+1/Ao) shown in Tab1l 1 do not aPpear Ëo decrease

for higher numbered echoes 
,,.i.,

In conclusion it shoul-d be mentioned rhat any material wÍth a large ,"'

concent,ration of identical nucLear moments wtrich undergo a strong spin-

spin coupl-ing can extribit the nultipLe echo phenomenon, for "*"tpl" 
59Ço

J:.

resonânce io cobaLt powders e:<tribíts a sirnilar sequeoce of echoes in ' ,,.

both the fcc a¡rd hexagonal cobalt phases. The relaxation Processes des- 
,,.,,.,

cribed in the next chapter will provide further verificatÍon of this

model of nutr-típle echo formaËion

F--

I



CITAPTER III

Relaxation Processes Ín Magnetícally Ordered Systens

One of the most interesËing arld informative aspects of magnetic

reson¿mce is the Process of rel-axation. The free precessÍ.on or pulse

technÍques dÍscussed in chapter r are ideal-ly suited to the study of

relaxation since they aJ-low, after the initial pulse excitatÍon, the

direct observation of Ëhe spin systemts approach to equilÍbriun. The

forn and strength of the various interactÍons responsible for the re-

laxation of the spi-n system cân be deteruined by measurÍ-ng the rel-axa-

tion rate over a suiËable range of the experi.mental-ly controlled var-

iables, such as tenperature, frequency, and externar magneËíc field.

1.1 The approach to equilibrium

the rela¡atÍon processes allor,r1ng the spin-system t,o come to equil--

ibrir¡m c¡n be convenienËly cJ-asslfied as eÍther spÍn-lattfce or spin-

spin processes. In magnetic íasulators at Low temperatures electronic

spin-wave scatterÍ¡g processes provide the most, effective spin-lattice
mechenism while the nuclear spin-spin relaxation ís a result of the

nuelear dipole-dipole and the Suhl--Nakamura interactions. The dipole-

dipole interaction must be further separated into its transverse (mutual

spin flip) and longitudinal parts, whÍle the Suhl-Nakamura interaction

is basically Èransverse (for high density of identical nuclei).

Basically, tlre experimental measurement, as di-scussed ín Chapter I,
of the relaxation tÍmes consists of a measurement of echo ampJ-Ítude as

a fr:nction of rf pulse separation ín a two pulse experinent. The echo

75
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deeay envelope if exponentíaL, as it is fpr the ltn2* resonance in

lúrFe.O,_ at high fields, c¿ur be descríbed by a sí-ngl-e relaxatíon raËe
¿4

(l/TtoË) which ís the sum of the reLaxation rat,es due t,o each of the

dÍfferenË spin interactions. The temperaËure, frequency, and field

dependences of the varíous interactions make it possible to separate

and identify the individual contríbutíons to the total decay rate.

The spÍ-n systemrs approach to equilibriun can be nost easily vis-

uaLÍzed by considerÍng a siuple puJ-se e:rperimenÈ ín which a nl2 pu1-se

ís appl-ied perpendÍcular to the z-axis (the axis of quantizaËÍ-on);

This puJ-se rotaËes a sÍgnifÍcant parË of the nuclear magnetÍzation into

the x-y plane. Transvers'a t.lt*"tion then corresponds to a loss of

phase coherence of the precessíng spins in the plane while J-ongitud-

ína1 relaxation corresponds to the return of the nuelear magoeËization

to the z-.arts. The enerry absorbed by the spins during the rf pulse

musL eventuaLly be absorbed by the Lattice--in the present case via

spin-wave relaxatíon processes.

1.2 Liae broadeoíng

The width of a nucl-ear lesonance lÍne can be due either to homo-

geneous broadening by interacti.ons between spins or to inhomogeneous

broadening by sampl-e inhomogeneities, such as the broad distributÍon

of hyperfÍne fields coÍrmor¡ to magnetic materiaLs, or ínhomogeneous

exteroal fields. Homogeneous broadening is a result of the interactions

responsible for the spin relaxation, and the relaxati-on rate character-

Ístic of a given interactÍon i-s a measure of its contríbutíon to the

total. linewidth. Thus, in the absence of inhomogeÊeous broadenÍng,

the resonance Linewidth is given by 6ul n, l/T"oa . In the presence
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': :: :":
.::

of inhomogeneous broadeniags2, horuver, Ëhe l-j-newidth does not reflect

the relaxaËion effects and other methods, such as the free precessÍon

techniques' musË be used to aeasure the.relaxation r.ate. The extreme

ÍnhomogeneousbroadeninginEagnet'icmatería1-spe:mitsthemeasurement
. ..,,,,,.,

of the frequency dependence of the relaxation rate andrtherefore, sim- 
:j'"::::

pJ-ífies the i-dentification of the ÍnËeracËions responsibLe.

the contributions of the various ÍnteracËioos to the homogeneous 
:.

,-. .'.
., fÍner¿idth a¡rd the reLa¡ration rate can be calculated, at least in prin- :,',.:.

q?-qç
::':,:- cipJ-e, by the,method. of,.noments"." ", as outlined in Appendíx I, and 

,,,.:r,,.

ín the next section.

t.3 The nethod of moments

The moments of the spectraL distributÍon function in prÍnciple

give all the i.afo:mation necessary for complete determÍnation of the

resoorìr.rce lineshape. Eo¡vever, higher order mornents become íncreasingly

diffÍcuLt to evaLuate nndr ln pracËi.ce, one must be satÍsfied in most

cases ¡¡ith the first trüo eveB moments, þ and Mo (al-though the sixth
'- 4^- &.L^ J:-^1 ^ )2-^a^ r-!^-- - L! ^ - a ,- a '56.57.r:: :i .::::.îEomerlË f,or the dipole*dípole interactíon has been calcuraEec - ):.

The second moment of the homogeneousJ-y broadened resooarrce line, where

Jlt lt ¡þg flemiltoniao describi.ng the interacËion responsible for the

line broadeníng, is given by

(1)

and the fourth moment Ís

M4 r=t [il', [fl', r*]]'l I rrft?*t (2)

i1.:'i. ::
,.. :'1l\ = - r.rffl ', tJ', I xr{}*}

where I Ís the x-componerrt of the nuclear spÍo. If the liaeshape frrns-x
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tíon f(o) is a Gaussian, the half-wj.dth at haLf-maximum is given by

g=,ñrq(3)

while for a cuË-off Lorentzian

g = f, rfz ,#r,"or, ú (4)

Thus, the rati-o ,ú.rto, r¡i1l- indicate which J-i.neshape is more nearly

correct (see Appendix I for a more detaiied díscussíon of the aomenË

meLhod). In the next section the moments of the J-ongitudinal part of

the dipole-dipole i¡.teracËion r¡ill- be dj-scussed, while the treatment

of the Suhl--Nakanura and the t.ransverse dipole-dipole interactions will
be presenËed j-n Section 3.

2. Longitudioal DÍpole-DipoJ-e Relaxation

The toËal- dipoJ-e-dipole llemiltonian for the interact,íon beËween

two nuclei labe]-ed 1 a¡rd 2 (fron Equatj-ons ï.18, 19) can be wrítten in

th" fotr58'59 (using Èhe notation of reference 58)
i: 

"':

¿t rtr:y' . ';;:';i'i'

J{¿¿= -?{¡,+¡+c+D+E+F} (5)
.i.r,'.i,'Lz:: |::i

r¿ith

A = tî ri (t - 3cos2o)

'..-:¡:..,B =-Ttrlrr+r;rl](r-3cos2o) .,:,,

? l q o J 
-;Äc = -+t+;+ rir|\ sinecosee-io

?. - , .:Á 
(6)

D = -T{T.;r;+ ril-rt. sinecosoeio

3 ++ .Z^-2íöE =-i I'I'sin-Oe--'
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? ___ . 2^ 2LöF =_iIrIrsÍn-Oe--Y

r'rhere t1z r 0, S are the usual- spherical polar coordinat"tr rLz joining

nuclei L and 2.

The term A represents Ëhe longitudinal interaction between the two r..n,.

nucLei.(not, necessariLy identj-cal-), whíle Èhe B term i-s Ëhe transverse

or spin-flÍp parË of the dipole-dipole interaction which is effectj-ve

only for nucLei whose Lamor frequencíes.are cLose togeÈheï (withín an ,:,,:,i

energy a, the dipole-dípoLe Ínteraction energy) . Thus, the B Ëerm is an 
''i,,,,,::Ínteraction between what can be called identÍcal- aucLeÍ, much lÍke the : r'

Strhl-Nakanura interactíon, and wÍll be considered in Ëhe next section.

The remaining tems, c - F , do not conserve eneïgy ín zeroth order and

r¿i1l not be consÍdered in the mrcment anal-ysis. These terms however can

be of importance r*hen consideríng hÍgher order processes, in parËicuLar, 
i

spin-wave scatteri¡g, and wÍ1l be discussed Ín thi.s con¡¡ection in Sect,ion ì

4. (See reference 59 for a discussion of the physicaL significance of
:

these te:rns. )

The second moment, of the longíÈudÍna1- parÈ of f¿d Ís the sr:m of tr¡o 
i.:;,,,,

'' lcoatributions, from like nuclei a¡rd from r:nlike nucl-ei. In the presenÈ 
1.,.,,,:

case Èhis meaî'ìs first a contribution from Èhe Mn2* nucleÍ on the A-sites "

¡nd secondly, contri-butÍons fror 57F"31 iorr" on Ëhe A- and B-sítes as
?.!well as lfn"' nucleí on the B-síËes. Since lre are deallng onJ-y with Ëerm

A Ín this section, al-l of these contributions to Ëhe second mornent have :,',..',.

the same form. The conmutator [$t, r*] io Equation f- is, sun¡ming over irk

= YrYzñ 
,l- + 

(1 - 3cos2oro) lriti, I ,i l

¡r - 3cos2u., .,

= \{rf ,l_l.;-J ('í'il + {rT)

F{ ', t*J
(7)
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and the second. moment for nucl-ei of type I 54 i.rt.racting with nucl-ei

of type 2 is given by

þr.z(L,z) ; + r?', r2(rz + L) â2 I'ft 
- 

l;'""tul ' ,r,k. ,Jo r

where the sr:m Ef, Ís over nuclei of type 2. Then, the toËal longitudinal

second moment can be r,qritten

Mz= ur{laA,urrA) +M2(}tnA,t"ol *t"tr{ltA,loB) +M'(mA,F"B) =o+. +{

Ëhe superscripts A, B sÍgnÍfying the sublattice the nucleÍ" belong to.

ïhe separate su-blattice contributÍons are

t4 = + rfu a'rd*tfu<zst+> * 4"r1.< 3/4)) f ,a, - 3"o"2e. o> tfi¿'

I ,,, - 3.o"2e.nll':nr'('J
and 

d = å rfu n't.fur.^<sst+> + cf"vfr"( 3/h),

I r.¡trere now the sturs are over all nucLei on the individual subl-attícès and

é,8îdn is the rlanganese concenËration on the A, B sublaËtice while 4:t tt!'e 
;"; 'a:t, th" 57tr'" concerxtratíon on the respective sublattices. These stms may be ,,i,:Ì;

. easily carríed out on a couputer sínce, because of the <ttt3fbehaviour, ,,.,1.i:

they converge quite rapídly. The resul-ts for l{nFe^O, are
+

4 = Z.3L x L07 (sec)-2, rü = o.s7 x io7 (sec)-2

MZ = 2.gg x LO7 (sec)-2

This tot.al second moment, assumin.g a Gaussian Lineshape, corresponds to a

relaxaËion rate

,lrug = ñ o+ " 6.32 x ro3 (sec)-l (to)
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or T¿¿ = 158 usec

";o" = 4-**"iu

For a moïe nearly LorentzLan Liteshape, the fourth moment must be cal-

culated and used as Ín Equation 4, and the resonance linewídth wil1- ap-

pear narrower than that estimated from lhe second moment alone. Thust

the result in Equation 10 is an upper lÍuit on the l-inewídth due to the

longÍËudinal dipole-dípole interaction and the value of TUU given is the

lower bor:nd for Ëhe reLaxatíon time. Slnce thÍs time ís already muc-h

longer than the total rel-axatioû tÍme obse:r¡ed 'iear reson¿mee, over the

entíre field and Èemperature range, it r,ril-l be suffi.cient to neglect the

contribution of Ëhj-s interaction to the total- relaxation rate except in

i-ncluding ít as a frequency independent background rela:<atioo Process

whose magoitude can be obtained from the experimental data. Because of

this Ëhe fourth momeot need noL be calculated.

A proper treatment of Ëhe dipole-dipole relaxaËíon Processes requires

the calculatioo of the seconö and fourth uoments of the total dÍ-pol-e-

I dipoLe f,gmittsni¿a including the frequency dependent behaviour of the

trânsverse part of the iûteïacËíoo60. In fact, the Sutrl-Nakamura and

dipole-dipoJ-e Ínteractions should also be treated.at Ëhe sane time to

avoid droppíng the cross terIrc sioce, e-g. '

^ rr{ [f ,-*, r*l [J{uu, r*1t
_L

T rt:r?\
( 11)

'i *ese poÍ-nts will be discussed further in the next section.

, 3. Suhl-Nakamura and Transverse Dipole-Dipole Relaxatíon

The Sutrl-Nakamura interacËion

ir-* = - +^"or}r, 'jj,(+J, * t;{,) (12)
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and the transverse dipole-dipole Ínteractj_on

ltu = (tTt;, + r:rT,)

have the same general forn and can be t.reated in the same ¡narurer,

excepË as ouËlined at the end of the last section. The second and

fourth moments of this rrspin-flíptt form of iateraction have been cal_-

culated, for the case of a sËrÍcËly homogeneously broadened 1Íne, by

van vtect53. The second momenË, where Vrrr cen be eÍther - % e2soorr,
)

or y-ll d,=, Í.s
JJ

,', "í,'

'ln

"o ,Ir' 
dj j'

,4 = f r<r*rl

( 13)

(14)

where the sr¡n Ís over spins i' + j and the superscript h idenËifies

this as the second moment of the homogeneously broadened line. The prÍme

on the sr¡.nrmation symbol Ís to indicaÈe that for spin-fJ-ip Ëerns the sums

are over identícal nucleÍ on1y. In the case of an inhomogeneously broad-

ened l-ine the defi.nition of rridentical" spins must be modj-fied61 ao ,o-
clude all- those identÍcal nuclei rvhose Larmor frequencies, o, and o. for
nuclei i and j , are such rhar l(r. - r.ll . lur:l For sËrong Ín- :

homogeneous broadeníng, ô tt (fz-N)L , *h.r. ô is the half-r¿idth of the

ïesonârrce line, the probability that spin j has a Larmor frequency wiÈhÍn

lv.,rl of o- is g(trr-)lv-.,1 Figure 1Íllustrates the essenriaL features' r-J' l- -'r-'' ij'
of this model. Eere, Ëhe fraction of spins r¿ÍthÍn tÂ of r¡¡. j-s approx-

imatery g(o.).4 . Thus, if the homogeneous suhl-Nakamura linew-idth, Â ,J

Ís nuch less than the inhomogeneous linewidth, ô , lBStlÂ.ì, l and only

spins ¡¡ith La:mor frequencies such rhat lur. - r.o¡l s lB:tl can interact.

Then in suns of tbe forn

-- 2 -')Bl"=NLj'k k
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the fÍnal- sum, over k, should be

weighted by Ëhe probabiliry thar 
I

nucl-ei j and k can ínteract. Thus, 
A

in calcul-atiog the second momenË in Ëã
Equatíon J-4, one makes the replace- d¡-

tr'

UJ

meriË

act,ion

T.'r?, * L'u?, vi3 e(rr) .3j ., j 'J r_r -- r_- 
É.

For Ëhe Suhl-Nakamura ÍnÈer- d

í1
Ë = + r(r + r)e(o) (t,Azso)t i ui, o

J
uo 'J

' 
(15) Figure 1.. Inhomogeneously broadened . i

since B-. is non-nesative , here ;:::äî:i:iï"î:::"i*1Í51ålrlo'iî ,

r_J

the i superscript indicates that this'_

is for an inhomogeneousl-y broadened line.

The dÍpol-e-dÍpole interacti.on can be treated sÍmilarJ-y, however, be-

cause it is composed of two parts which behave differently, the Hamilton-
. ,-..: . 

... 
i...

ian is writt,eo as i:"'.1":."'

Jl¿¿ = JJ uu + fl.u
( 16)

= f" I 
# å 

uio'î'i * i r'o 
Ì - I ajo<rlri- Ìr -Èu

"ï: ï,:.:;î":"*r. '#'":,::"" 
indicating thar rhe inËer- '...':

rr{[fl¿¿, r*Jz] = rr{[lru, r*J2i + rr{[$.¿, r*12] + zrr{[$.c,¿,r*J[fl.u,r*l1

the second moment of the dipoLe-dipole ÍnËeraction can be wrÍtten as ,,.,.¡.,.-,
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oü = | r<r+rt
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,1a:i +; r(r+1)
JA J

r (r+1) u:ouín , (17)I
k

I
k

where the su.ms are over alL k * L while dj¡ indicates that for nu-

cleus j only those k nuclei wirhin rhe range lo. - r,r¡l s ld.nl wil

interact. rn the líniting cases of unlike spin broadening (strictLy

longitudínal coupli.ng) and strictly honogeneous broadening, EquatÍon L7

gives the expected resul-a"54. Again, since the probabílÍty that spin k

has Larmor frequency ok wÍrhín r,his range ís I artlg(rj) , the total-

second ror.lt is given by

i1
M;= {rcr+rl I ulo *år(r+1) e(,) I ulnlusol

k k Jn JÁ 
(rB)

' *|rcr*rl er,) I afolarrl"k

= ,{, I(I+1) e(o) I
k

ar2nlarrl

l'i- +$

+å

0

where lt] Ís the J-ongÍtudinal second moment discussed in the previous¿-
secËÍon.

As mentioned earlÍer, the suhl--Nakamura and dipole-dipole con-

Ëributions to the total second moment should not be treated separaËely.

Ilowever, in the prese¡tt case the Suhl-Nakamura relaxation is far strong-

er Dear resonârrce than the dipole-dÍpole relaxatíon is, whÍ1e far from

resonânce, only the longitudinal dipol-e-dipole term aeeds to be re-

tai-ned.

The treaÈment of the fourth moment, is considerabl-y moïe ínvolved.

Èor an interaction of the fonn Bjk(rT{ + r:rl) rhe normal fourrh momenr,

in Èhe absence of inhomogene.ous broadening Ís 61162
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,+ = {å r(r+1) t2 {s* L'r\o), - , 
ol,í"!o+.sBrj

nl ¿, ¡ 1 \- 
(19)

+ aI'u,o¡[r_ffi¡,)r

whereriis thesumoverkIj , and. rll,rtt adoublesumwirh J+k,
ar.d k { !' . The fourth momenL for the total- dipoJ-e-dipoJ-e interaction

(fluu * fl¿a) 's63'54 , in the absence of inhomogeneous broadeníng

t{ = {} r{r+Ð}2 {r{ ['a?o',2 - 1 \// ^2 '2
k rK) ã nlu ts(d:t - djß)-

(20)

å r' * ã-åÐ-) I:Í-t
where there is assuned to be only one spin specÍ.es (for the case of two :

spin species, see van v1eck53 
",,d 

abragar54¡. rn the presence of strong

inhomogeneous broadeniag, the oçressÍon for the fourth moment given

in Equation 19 must be modified to ÍncLude only those nuclei within the

bandr¿idÈh tlg., I Since. 
JI(-

< L'"?u)' = lt'"?rt? o * L'u!, eL) ,',;.,,;,.;,,,.:.-,,',,,:',,';:t,':;

k JÀ krg JÁ J& È Jll ' :,t',',,.',', 
,

transforclng to the ínhomogeneous rod"161 ';;¡-;;::;,;:; , ;

\'u1, + e(.u) I'u?,. ez)
kJKkJR

n//2?
,:.:.:. r.:.:.:.r:i:; ;' - :-r

I- nfun.zu * (e(o) r' ¿:rioui* 
: :: : ::r; :

i-_: : ::, --::-_l: :-; : t.

k,9 J

= (e(.u) )z t( I'r?,.1 
, - 1,u2,-j 

(23)

KJKËJK

y.ields

-nt2-22nt?,r-lq
C I'níu)z * (e(r))'( I'81,.)- + e(r,r) I Bi'. - (e(û,))z L'r2,, ,(24) ::' ,;

k JÀ k JÁ k Jr( - 
Ë JK .:..i1::
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nlj'uÍnuuutu: 
+ (e(,))2 I

krL
uî¿lou"îi

Thus, Ëhe fourth moment is now given by

dt,l = {å r(r+1) }2 {s,(e(,} å"in)' - z e2(,)

s e2(,) I,rÍn 
+

úrt*i' is

Sirnilarly,

The ratio

1
Mî
j.1

(M;)_

(25)

I
krL

ulo"f,u"î,

, (26)

e(,,) (a - 7fr¡¡¡) ¡'ufnÌ

=r+ (fo1 ¡a_7ft¡)
, ¡'ujnl2

where-1<r.561 Then, neglecting f in the línit of strong in-
homogeneous broadening (Mä tr(4)'), ah"'suhl-Nakamura relaxari.on raËe

The transverse Part of the dÍpo1e-dipole Ínteraction r¿í11 give an Ídent-

ical expressíon with B5k representtrt flua . H,one, et a1.61 Ín.lrrded

the total dipole-dipoLe ínteraction r¡nder the assumptioa of interactions
only beËween nuclei wirh lur. - o¡l s lar¡l ,.finding an,expression,

aoalagous,to the above, givíng

l'uín
c 

l'rr3tl2

, (27)

I'uío

, (28)
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This equation is at best usefur only as an order of magniËude estímaËe 
.,,:,,,of the sÊrength of the dipoJ-e-dipole relaxaËion raxe. A more useful ex- t':ììl:

pression, derived by Barak, et a1.60 ," obt,aÍned íf one wriËes an ef-
fective dÍpoJ-e-dÍpoJ-e Í.nteraction as

11 eff - \ .,1 -+-- .' 1 ---+. .,,]t a¿ = in 
urorå fri -.,å *; + | r.rþ r , (30)

ja 
,,,,-,,.

where c ís the ¿rverage fracÈion of spins whích Ínteract vÍa the spin-

flip Lerms. This gives

Mt = (=9' tur-u (31)

.711
where Mf- is the normal- dípo1e-dipole second moment, and, for the fourth

moment,

Ml= ,@r)' - {& (+l(+)'
j,l',-ruln(%u - die)z

+ Å fZrclz' +^(L+\ * 3 fA -_qc_t_ScztÌ ,,:.'.'..'+ I t-s J töt-3 J + 2niÐ tfflt (32) 
lt.',tt,,:a

x I u1"l tf r<r+rl t2 
'"'

: ltt JK'

where the constant c depends on frequency- rn Ëhe linít as c + r- thÍs 
,:,,.r.i:

reduces to the usuaL expressior. ror r{ . when c = 0 , this expression

gives Èhe fourth moment for longitudinal dípole coupling oaly- rn the

presence of more than one nuclear spin species, as wittr 57Fe d 55MnA'B

in l'fnIero4 , this expression must again be modÍfi"d53. ThÍs, unfortunat- 
,,,

elyr has noÈ been carrÍed out. For manganese ferrites, however, the :,'-:::,
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estimates for the sÈrengËhs of the dipole-dipole and suhl-Nakamura

rel-axatÍoD. rates suggesË thaË such a det,ailed calculatioo is not nec-

essary. Section 5 discusses the agreement of Èhese relaxatiori raËe

calculaÈÍons with the relaxat,ion time data showing that the model of

a frequency dependent Suhl-Nakamura relaxat.iori rate superimposed on

a frequency independent background rat,e ís suffícient to explain the

observations.

4. Spin-Wave ScatËeríng Processes

The enerry absorbed by the nuclear spin system in a nuclear mag-

netic reson,nce e<¡reriment must eventually be channeled to the lattÍce
vÍa spin-latËice rel-axation proeesses. In ord.ered magnetic materÍals

the most efficient spin-lattice relaxation mechanísm is the scattering
of el-ectronic spin-lraves vía the hyperfíne interaction. In Chapter II
the hyperfÍ¡.e interacLÍon for Mn2* nuclei. on the A-sÍtes was expand.ed

to third order in spín-deviation creatÍon and annihi.l-ation operators

Jln, =-*oltí + fo<zto>ul .rï"n+r;{)

+ *. I . I rl exp{icÈ, - Èrt'î-l ql q."A otrrtr" - r ¿' n *l*2

I xzso>u tryd I o'l'ol ri exp{i(È, * i, - Èr)'î'"}

" fur%rt + ti "*{-t(Èi + È2 - Ê¿'Ì,,t {r{r"nr}

where A is the ísotropic hyperfine coupling constant and.

(33)
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From the form of this ex¡ransion one expects, for the nth order Ëerm in
the expansion, relaxation processes Ínvolving the scaËtering of n spin-

waves, subject to the restrictions of conservaËion of energy and spin

angular momentum.

The zero-magnon term cân be i-gnored in a dj-scussion of relaxatÍon
processes, whiJ-e Lhe one-magnon term corresponds to Ëhe processes i1_-

lustrated ín Figure 2, where a nu-

clear spin-flip, designated by the ' 
:

syubol @ , Ís accompanied by the

absorbtÍon, or em'íssion, of an elec-

troníc spÍn wave. This ttdirectt'

process can be neglected because of

the large dÍfference between the

energ:y requíred to create a spin

r¡ave end that necessary-to f1Íp a

nuclear spin (11ç tt är" r to, the

nuclear La¡mor frequency).

The two-magnon t-erm in thê

process in which a spín-wave of

spin is flipped, and a spin-wave of ¡¡ave vector l, i" created. ïhÍs
Raman scattering pïocess.-is energetrcally allowed, (tT{,rÈ - tr.È = ful)
however, since spÍn angur-ar momenrum cannor be cons.rr:å ,.o lt"r"r",
¡sh'ere the electronic and nuclear spín quantizatÍon a:res are colinear
(for the case of an isotropic hyperfine Ínteraction)64n for the

A-siÈe 551ó, r""onance in I'fnFerOO this process is forbidden and may be

neglecËed

I 
_ 

. : ,.

:Fi-gure L The dírect spín-wave pro-
cess. @ reprgsents a ouclear spÍn-
flip, whÍle the arrows represeo.t the
magÊoos.

':
expansíon corresponds to a scattering

->
wave vect,or k, is anníhÍlated, a nucl_earI
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The three-magflon Èerm in the. ex-

pansion of the hyperfine ÍnËeraction,

corresponding to a process of the type

j-ll-ustrated in Fígure 4, describes a

process where both energy and angular

V
Fígure 3. Ranan scatteríng process.

lowest order

to the spin-

systeD.

!

three-magnon ter:m. ín the ex-

of the hyperfÍne iateraction : 
Fígure 4' Three:magnon scaËËerÍng'

ín terms of the spin-wave norm¿1 mode operators oi , on , _pi , Un

momenÈr¡m can be conserved, O,€r- O,ç.,

- ¿it¡¡> = .llo-K3L ThÍs is the

te:m which can contribute

lattice rélaxaËion i.n th'Ís

4.L Three-rnagnon reLaxation

The

pansion

is given

where

and

as given' ín Equation II-9. fþis f,emiltonian j.ncludes m¿rny processes of

the type shown in Figure 4 , several of r¿hích are not alJ-o-lued; for exam-

ple, the te:ms requÍring the sÍmultarieor¡s creaËion (or anníhílatíon) of

all three magnons. The different allowed processes are ill-ustrated in
FÍgure 5 r¡here the wiggly arïorrs corresporrd to ß -node magnons a¡rd the

straíght arror{s to, q:-node magnons, while at the vertex of each process

theqe occurs a nuclear spin flip. Thus, Èhere are only four three-magnon

pïocesses whích conserve both ene.rgy and angular moment,*65.

Wíth these restrictÍons the three-magnon Eaqil-tonÍan.reduces to
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I "*p{i{È' * È, - Èrl.iot
kr.,k2,k3 r

FÍgure 5. The aLlowed three-4apon processes

Jl(3) = çzso)?ffi1 
¡

rl {-"r"r"r"I"þ, + 'r'z'sßroþ¡ + 'roz's{Êzos

.'r"r"r{eroj "rrz.gÊr"þI + 
'r'2r3ßrß ,gI I

(3s)

çzs o)b'qbJ Ì n*l'nr'*n{i{Ê, 
* È, - Èrr'?ot

x { {-*,r.,r.rroþ, + 2urvrvr-r{o, 2vrurureTuruT

+ ot'2r3otÊrgT l

Ïhis perturbing Haniltonian Índuces tr¡nsitj-ons between nucl-ear spin

states causing the relaxation of the nuclear magnetization tor¿ards Íts
equilibrir¡m value. The probabilíty of inducÍng a_ transiËion from a

state with nuclea'r azÍmut-ha1.-quanturn numher m to one with quantum nun-

ber u*l is

w = (þ I l'tlj{(3)¡i'12 o(rr - ui) (ro¡



and the rel-axation raËe for thÍs process ís

Itì
L-d ,' = 2w/ (r-n) (r+0+1)

yielding fÍnal-ly as the total three-nagnon relaxation rate
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(37)

(å)" = 
'[flt* l n'l'rr{('r'z"r)2{{r+ '¡c{z

+ 4(urvrvrr'"flrfdr* tld, i 4(vrwru.l2t{ +

+ (ururur)'.l,r4rt4r* 1)l ô(äog rir, - ãurr)

* tld,

r,4rr"flr+ rr
(sa¡

g

"k= exp(ßnof)- r

At Lotr tenperaËures, since the ferrÍmagnetíc

r'rave branch of the spectrum is at much higher
Rbranch, it nay be assnoed that ol = O . This

(åJr, =

where,

ïtle trÍ.ple sum in

egral-, yÍeJ-dÍng in

Ê

'nk P,

exp(gñurã)- 1

optÍcal or ß-mode spÍn-

eneïgy than the o-mod.e

leaves the fÍrst Èe:m in
EquaÈÍon 38, which Ís ídenticaL to the result obtaÍned for a ferromagrret64r66.

Thus, the reLaxation rate i-s given by

,.oJ t# n'l*or('r.'2'3)t ,{r* r) (r{r+ ,r"is

* o({irkg oror- uror, 
(3s¡

thÍs expression can be Ëransfor-med into a trÍ_ple int-
the snall-k approximarion r¿ÍÈh v. = % SO/{SB - % SA),

x(å)r, = êo) r- ^tlf 
%%_ìt

[roufsoJ [s, - %so
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(( v(81)dE1 fv(Ez)dEzì v(Bq)dEex Ill-f ^=-' -l ==:'-" "Ê(E1+82)ô(Eg_Ez_Er)) JJ "ÊEt-1 1.. ß8" lJ Jtr-,
(40¡

where v(E) is the density of states at energy E. Then, using Ëhe

tra¡rsformaËions
.:

*i = (EilkT) = *o + Øu"lkÐkl a2

*o=(BurHt/kT),är.=zJseff(LLl3l)

: the rel-axation time is given, Ín the snaLl;k and low temperature ap-

proxÍmation, by

'

rå ^ = T f-d:: r- %t^ 

-13 
rl-lt f'r I 

t (* l"'ttl3n - {i t1-qj læ [**1 1..-,,= t3, ,(41)

I The integral in this expressÍon

r3,= 
ffi"r*r[,

is, for guBHt aç kÎ, independent of temperaËure and field and has a

value of ¡, 7.6 64'66.

È1- -^ ^Thus,.the three-magnon scaÊtering process provides a relaxation 'r'il,..i:.., ,,,,
':-. t. :.:..:.:

meclranism with a t7l2 ,"weratuïe dependence. The only d.ifference bet- :.,.,. .-.,,..,:-,

¡geenthisresu1tforaferrÍmagnetandthatforaferromag,"t64ísin

the factor (%so/(s¡ %SA))3 .

4.2 Exchange enhaneement of the Lhree-magnon process ..,,.,,,,.,r,.,.:,',,,.,,.

lhe presence of the four-magnon scattering tel:ms ia the spin-wave

ex¡ransion of the exchange Eemiltonian, as discussed in Chapter i[,, Sec-

tion 4-4-b , lead,s to'a second order relaxation process64r65r67 
""

illustrated Ín Fígure 6, where, for those pr'ocesses on the left in 'l '. -



Figure 6. Ihe four-magnon exctrange scattering processes. kr.
represeJxts a virtual- magnon emÍtted or absorbed by the nu- -
cleus.

i.4

+
kz

kz

+
kzÈr

È.4

+kt

+
k,

+
k

Ĵ

kz

->
k+

+
kz

.:.:.:.::,
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' the figure, a vi.rtual magnon is created by a nucl-ear spin-flip which

then inËeracLs wíth Ëhe electroníc ,nagnons vía Ëhís four-magnon term,

. or, for Èhe Processes on the right side of the figure, the electronic
nagnons i-nËeract wiËh each oËher producÍ-ng, in the final state, one

. :..t'i or Èwo magnons plus a vÍrËual magnon which is then absorbed by a nu- ". '

cleusr produciag a nuclear spin fJ-ip. The initial and fínal- electronic

, 
states can be seen to be identical to those for the three-rnagnon scat- 

l

,'' teriag Processes illustrated Ín Figure 5. Ttrus, these terms ûrst be :,..

, incl-uded ín an evaluat,íon of the toËa1 three-magnon relaxaËioa process. ,,, ,'
...fhefour-mâoflrìflfAffieinf}ra^-^L^-^^---,:._=

rhe four-magnon tel:ms Ín the exchange Haniltonian are given in
r Equation I-39 (to order 1/S) . These terms, together w-ith the one-

imagnon'Ëer.mÍntheexpansíooofthehyperfineínt'eractíon,givenÍ.n

i EquaËion TT.7 , combine to give, i-n a second order perturbaÈion treat-

i 
ruÊt, en effective three-magnon term such that 64168

---t {t (1) r .

(43) 
l

:r 
= 

.rlÍjÍ) l",."lJtÍP li,
:

r¡here lrt i" the final state, lit trre inirial- sraËe, and lv> is the

: intemediate stat,e ínvolving the virtual magnon, ¡nd EvtAS is Ëhe errergy i:,,,.
of rhe vÍrr,ual magnon (aç ) tAS (the spin_flip energy) . A,S < <{irr¿ due ;,4 __k4 -: ',,..to the large eûergy gap in the spin rlrave speetrun, and may be negl_ected.

To obtalo the forn of this effectÍve interactíon enpLÍcítly, recal-
1Íng that only those te:ms iavolvÍ.ng only the crots need to be ïetained 

,,,.j.,,.,
..:.:t-. .

',. 
"i-n'ce 4 = o , Ëhe one-magnon term Ín the typ"rrio. ínteract,ioa is r¡rÍt- ::::-:

ten

{ (1) 
= - 1 

^(zsa,)'4 .I ati,r,. oI + rf v,- c* ) ,(4+¡-t hf 2' *4 + *4 K4 K4 k4 k4'

where ÈO it take¡ to be the wave-vector of the vÍrtual magnon. sinilarly,



96

in transforming the four-magnon exchange Hemil_tonian in Ëerrs of its
normal mode operators ok , Êk only thê Ëerms in the anrs need to be

reËainsd. Then, substíËuting % = -rO{ and bk.= .1.ok ínto Equation

r.39, the four-magnon exchange scatÈering Haniltonian becomes

ii' = -f t 
r.r,rrÌr.r,noo,È, 

*Èr-tr-Èol

x { + {z of nt) v!s-+ tr,t2'3t4or"]r"þ-o + 4 (zB/ N 
A) 

yä*¿'r'ztgr+olrozo-soT

- zA ( sB / sor,roql 
u1!a 

{ r rt2r3r4" r"]r"þ- 4 * u 
Lu zurr4o 1 

o2old}

- zB ( sA/ s rltot'iu ) 
% 

{ v lz*s*+u tu zt g"+oT4o 3o 4 * rl- s-,ru tu z. go4o r 
olz tþ-o }

- - zA (sA\lsrr.ifl %{vt*z-gorrz'gr4o1roz"_r"T (4s)

- zB(sBNBlto*þEi {urvrvrv +ofzo![r+ urv2v3v +o!fzo-s{t t

where rl , o3 are short tor rnr, on, , and v_n = rk , ,_k = .1, .

By interchanging indíces on a partÍcular tem this expression can be

red.uced to the following, where for smal-l k, rt = u , ,k = ,

X iX' $ 'r 1"2"2, I,. u 
u(È, *Èr - È, - Èolofoioroo t[å:i]

kt,trìt't* L -

+ v1r-z+sor'zt¡t¿oToþ¡o+ ]

where rhe k-d.ependenr funcrion rtå:Íì is given by

t[å:Î] = o,1r*4(zAlNB)

,(46)
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- rZrr(sA/sBNANB)1(u/u) + +tl-r<zutlp rlrrotto"o/suxf)%{,r/rrl

- rf rru ttr*u/to"þ 4 
@ ll u)

,fru {ru*ulro*þ %c.,l,rl

tf ,ottoq/rr*fl %{,,1.,1

t! r, o{t u 
lsonou, ) 

% 
{., /,')

(47)

t -!, 
"<t 

otsur{¡, ) 
% {,r/-r)

Thea, to include those processes which are indístírrguÍshable f,rom the

"bo.,"6e, 
í.e;, rhose described r" r[3:lì , r[:3] , and .[î:1ì , rhe

Hamíltonian is r¡riÈten as

f :x' = - + r u2o2 
r'r,rrlr'ooot*' 

*È'- Èt - Èol"î"þg"¿

(44¡

,. t'[å:i] . '[3:l] . .[i:3ì . 
'[Í:åìt

oïr

jX'= -Stu2u2. .I. o(È, *Èr-Èr-Èol froþso,r-[å:|ì
kr kr; kyko

, (49)

where, sínce vlt¡ = n(SA/SB)% *d y-k = yk

.[å:iì = 
"Q!*+* ,1r*, * t!z*+* ,12*¡) (zAlNB)

ì + a(tBz-t + yl,,r* ,Ï-, + ^rÏ-ù (zBlNA)

"[,tt + rt * rf + rþroy*or*fr% * 171ryr,zt
(s0)

. ,B B B R !+ (tî + fi + v! + ,f,>r"t{*u/*o)% + tlt*o*ul%tJ

rn the casewher"zA= ZB , NA= NB , ",ru rt- tl, this expression re-

duces to the usual form given for the ferromagnetic case, for smal1 k, by ,,,., ,,,,': .:,,



fl:|',', = (Ja * Èr.Èo) o {ir+ Èr- Êr- Èol

, (51)

By inserting the one-mag¡ron hyperfÍne Hemiltonian of EquatLon 44,

and Ëhe four-magnon exchange scatterÍng Hamiltonian given in EquaËÍ.on 49, ..,,

i-nto Equation 43 one obt:ias the effective three-magnon Hemiltónian

:

l

l

I

l

l

i

where the conservation of linear momeotun, represerited by the ô-funetíon

in-EquatÍ.on 49 has been used¡ and the spin-fJ-íp energy (as) has been ne-

gJ-ected. ThÍs may be combíned r,sith the direct three-magnon process

Hamiltooi-an to gíve

(3)' 
= - A .zslr,ro)% I I _ 

r+ exp{i{Èr+ Èr- Èrl.?r,l ofoþ,eff SSNA '-"'^'A' ¿ 
UrrlrrU,

,. 1 1 l,?""1"i.^. I ii3l' -' I roa% - %1 - ,,rÈr) r

J{ $} = uù c*/Nìu n'l'nrtÏ "*P{i{Èr+ Èr- Èrl'?o} "3 "i"þ,

x {r u{Èr,Èr,Èr) }

the relaxation rate due to this tot.al_

culated by the same method as used in

(s2)

(s3)

I
n

three-magnon process is then cal-

obtaining Equation 41. The factor

utÈr;Èr,Èr) , rvhen-reduced to'a form--such as that corresponding Ëo the

special case of id^entícal sublattices given in Equation 5l--involving
the scalar products of the wave-vectors, cån be reptraced by a suitable

'ngglar average leawiLg r,¡trat amounts Ëo an effectíve enhancement of the

three-mâ8p.on Process. In the case of ferromagn.t"64 this enha:¡cement to

the relaxation rate is n, I while in antiferromagnets64r6S an enhancement

of ¡, 2 - 4 is ex¡rected. Thus, ín the present ferrimagneËic.caser ¡n
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enhancement of a sinil-ar magnitude is e:çected. The calculaËion has nqË

been carrÍed out due to the cornplexity of the angul-ar fr¡nction invol-ved,

and also because.the three-magnon process is oot expected to be the nost

effective spin-wave relaxatÍor¡. process at very low Ëemperatures.

The presence of the spin-wave energies i.n the denoninator of the

expression in Equation 52 íntroduce a field-dependence ÍnËo the ex-

change er¡hancement Process. Thus, there ís expected Ëo be a d.ecrease

in the effective three-magnon relaxation rate as the appJ-ied fieLd is
- íncreased. CoryarÍson wiËh the data Ís left for Section 5 following the

discussion of the dípoJ-ar induced trùo-magnoq process in the next sectíon.

4.3 Dipolar induced two-magnori process

As discussed in Section 4.1 the Ranan or tr^ro-rraguon scatteríng pro-

cess is forbÍddeo ín colioear, isotropíc spÍn sysËens by conservatíon

of angular momenLum. Ilowever, the terms such as s'St ir1 thë dipoLar

HarnÍLtonían, since they do not corîmute l¡iËh Sl need. not conset:rre ang-

u].armomentrrmand,therefore,1nsecond'order,a11oware1axationpro-

cess whe^rein a nuclear spÍn eni.ts or absorbs a virtual magoon l¡hich is :,iì,::,it,,..,:'
:: . : . .:. : . ...

scaÈtered by two real magnons via the three-qagnon terms i-n SzSt given i',1 
,'.,,¡,.,,.,,:,

' 
.l ..,

)se z-conponent 
: :j ' :r'

of angular mo entum differ by one unit, thus, the scâÈterÍng proceóses

which are allowed in a two sublattice system are those shown Ín Figure 7. . :j. :,.:,
The virtual spin-wave ínvolved in each of these diagrams is eÍther l:l';;'t:..'':'1.".

created or destroyedr'accoupanyÍng a nuclear spin-fliþr- bÍ thè' one-magnoa

term in the hSperfíne interactÍon just as in the case of the exchange-

enhanced'Process discussed ío the preceding sectíon. As before, because

of the large energy gap separating the two branches of the rnagnon spectr Tn :,,,',,,
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.:.1::..:-i

Figure 7. The di-polar-induced two-magnon processes. The bum-
bers above eaeh diagram refer,to the ,-corçroaeot of angular
DomenËun of each configuration.



ín a ferrÍmagnet, we need to consider only Ëhe process descríbed by the

first diagram in Figure 7, i-tlaL involving only o-mode magnons.

on Èransforming ¡þs llemÍftonian of Equation r.38 to normal mod.e oper-

ators d , ß with .k = -"oal and bo = .l.ot , the three-magnon tenn

Ín the dipolar llamil¡snian becomes

101

otÈr+ Êr- Èrl {{so/zr.ro), t, 4:,P (o) * *f";*)<Èrlxáå'=-n,.,I'n,

- tlE'tsA) lnr/r.ro)% -Í:;.'(0) ](-vrv zus) + (sB/2NA)% d];., {Èr) (.,rrvr.,r)

, (54)
+ (sAtzNB)k.Í:;., r-Ìrl (ururvr) SB/2NB)% tz .j";*) tol

+ (conplex conjugate)

= - n'l'orot*'* È'- Ètl F(È1) oroz4 + c'c'

rn this expression Èhe,factor-F(Êi) Ís a function only or È, , sÍnce for

smallki, oL =u2= o3 r 11=t2 =13. Since thís ioteractíon arises

from the S"St te:ms in the dípole-dipole Eemiltonian, F(Ê) o k"k!lk2 ,

as"discussed'in sectioa r.4.3 . A term ¡shi-ch ís independent of k,
(z *\

d.ue to tn. d"'rl(o) Ëer:ms, whÍch is n, xo nfnoln! , v¡nishes in Èhe'rJ0
case of a spinel lattice due to the cubie A-site symetry and the trj.-
gonal axÍs syrnmetry of the B-sites.

Then, foJ.lowing the s¡me procedure as used for the exchange-enha¡ree-

ment process, with



"a::,:: f

#i.

.tlflj?),|" =
- ¿1tÈ

v

l_s

L
n

where 
"' = Bu's'Ño{{ttusu - N¿,se)2/r,rosolrrsr} , as derived in chapter

an¿ u(È) Ís the spÍn-wave energy. The case where magnons Ë, ana È¿

EquaËion 54, have been Ínterchanged, has been expJ.icitly included.

The relaxation rate is giveo by

(L/rL) 2m= i ,"r2 {¿eur(+nr"t,/v) }2 I l.rl I If tkr rk

I,

,ín

+
?)¡)

Èr

I

I

(s6)

ô (Ef - Eí)
k)

Èr

:
I

E
.>
k

&
->
k

(
(

The

the

I t l2 e.,t#6J "i(1i'* tr ô(Er - Ei)

in the usual mâñner giví-ng_, for

(t' - t)+(t' - t)" l2I
(È' - Ê). (È' - È) )

sums may be repLaced by iategral-s

angular part, the integral Q

.r|fláå) I",."lJtÍP Ii,

the effective Èwo-magnon H¡miltonian

fl :?ì = - + Au2u2 Buu(4nn'lv) (sA/s')

v f:,*v"¡\ tIF T (
(

given by, (with

+r-+I- ¿ exp{i(ti'
^' k,¡t

+

H' ,l 
r,'12

l-[+ +

5t = (Nu/Ne)Seff

- È).?oÌ

(ss)
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x U - oi?,4t dcoso dô dcosg, do,' 8TBH' (57)

since u(fi'- È) = gurit + o21fi'-Èl'= guBH * 2o2k2(L - cosy) , where

'( r Ëhe angl-e between T¡ravevectot" Ê rrr¿ Èt , is smal-l. ttrith this ap-

proximatíon, to second order in y ,

(þ = + (+o(y4))

Then, the rel-axation is gÍ_ven by

(LlrL) zm= # # (AertrM,)2{r/surn )2(t/¡t,)z

x | | "'u"k,2dk, dt"i,* r.) ô(Ek,- Ek) (s8)

= lez /n2r")(suri"r, /uf!r,r") '(u'), #hil*r',,o"t :ffi-l
T'hÍs appro:rimate expression exhi-bíts expJ-icitly the roughly , (t/n)z
behavi-our obtaioed graphically by gssmen aad pÍncus64.

The dipolar-i-nduced two-magnon pïocess and the exchange enhanced

:' ' --three-magnot'Proeess-'are-the-'tr¡o -most effective spÍn-wave reLaxatíon:.

mechanisus when the direct a¡rd Rana¡r processes are forbÍdden. ïhe char-

acterístÍc teryerature dependences of tr¡'ese two processes suggest that
-at-very low temperatures the two-qagÍron process wÍll be the stronger of
the two, while at higher terperatures, the three-magnon process should

'i dominate. The coqlarison of the cal-culated relaxation raËes to the exp-

erimental values is deferred tilÏ Ghapter IV sinee these backgror:nd re-
Laxation rates could not be measured until a nethod'for the separation

of dona:in ¿ad dsp¡in-wall components of the signal was devised.
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5. Frequency Dependent RelaxatÍon--Comparison with Data--Re1axat,íon of

Multiple Echoes

As shor^¡n in Seetion 3, the Suhl-Nakanura relaxatÍon rate shows a strong

frequency dependence such that (L/Tù'_N o g(u) , where g(v) is rhe inhomo-

geneously broadened lineshape fr:nction. The very strong inhomogeneous broad-

enÍng in ma+gaûese ferrite, reduJ-ting in a half-width at half-naximum of

n, I MEz, al-lolvs the dírect oeasurement of this frequency dependeoË relaxa-

tion. Figure 8 gives an ilLustratíon of this effect Ín a single crystal

"r.F1"70
of roughly elJ.ipsoídal shape, of Ni.03¡h. 6zEez.goo4 . These relax- ':''',.,..

ation times were ueasured by comparÍng the echo decay envel,ope to ari expon-

ential of koown time constânt. The open eircles are for dat.a taken at

T = 4.2 oK io an extem.al field of H"*t = 3 kOe, sufficient to effectively

saturate this sam¡rle, while the solíd circies are from data taken at 77 oK

Íothesaaeexte¡:oa].fíe1d.lheerrorbars.forthe1oÏ{erteEPeraturedata,

and the síze of tUå.it.f"" fot xlre 77 oK d"t" r"or"""n.t' an'estimated error

ot + L07t

The straÍghtfonvard cal-culatÍon of the Suhl--Nakamura relaxation tÍme
;_.--:.:.:.;. :_._..:t

using Equation 28 gíves a value whÍch ís considerably larger than that Eeqs- i:i,::,u.,.,',,.'.

ured, suggestíng that tu-e as¡rmptotic rapge function has r¡nderestimated the l,:1,;,r:,1., 
¡,

true raÐ.ge function by a factor of ,r, 2 - 3 . The asynptotic range frmctÍon 
: j

is good for r/ao,,>> 1 . Tttus, the shorË-waveJ-ength (J-arge k) contribution

nay be r:nderestimat"d60, partÍcuJ-arly in cases such as this wÍth a J.arge 
i.:;;;:11,.,:....;

number of near neighbor idenËical nucleÍ (a spinel A-síte has L2 next-¡.earest "':"'ì"'i'''':

neighbor A-sites). Then, using the varue of exctr¡nge energy, ürt)^ = 6 x 10-16e

ergs' obtained from the spin-wave relaxaËíon time caLcuLatioo for the tlso-

nagnon Process ( for a l4nFerOO crystal, discussed in Ctrapter.IV, Seç,tlon 3.2)
-lìand, at T=4.2 "K, k = 1.0 koer \= 559.5 kOe, andwith a frequency in- ,1,,...1.,1,',1,,..1
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dependent background relaxatíon tÍme of ,v 155 Usec, the asynptotic range

funcËion, when multipJ-ied by a factor of \,2.06, gives a reasonably good fit
to the daxa, as shown by Ëhe upper solid.curve Ín the figure. The fít to

the T = 77 oK daËa uses k = 1.5 kOe, \ = 555.4 kOe, and a backgrorrnil reLax-

atíon time of ¡' 17 usec, all oËher para.meters remaÍnlng the sane, a¡1d Ís shown

by the lower curve ín the figure. (The necessity of i:reLuding this puner-

Ícal factor in Ëhe range fr¡¡rctÍon poÍnts ou¡ an error in the caLeulatíon of
the Suhl--Nakamura reLaxation tfmes 1n reference 51.) A more precÍ-se cal-
cul-ation of the raPge frnctíoa should yÍeJ-d resul-ts more in agreenent T,rith

erqreriment', howeverr the reLatively corylex Lattíce sËrucËure makes this r

difficult. The procedure used here is feLt to be justifÍable since Ëhe ex-

pression, Equation 28, for the Sr¡hl-Nakamura relaxation time, shows a char-

acteristíc field dependence due to the form of the range fturction, while

.the transverse part of the dipole-dipoJ-e reLaxati-oa, whích e:<ÏribíËs a fre-
queney dependence--nuch l-Éke that -of the Suhl-Nakanrrra relaxatÍon, ís Índe-

pendent of fíeld. FÍgure 9 shows the total- rel-axation time at the central
(or resonance) frequency as a fr¡ncÈion of exter:nal magnetÍc fiel-d, for the

s¿rme sa¡trple a,s discussed above, at-T = r.5 and 4.2 otr. The solid curves

are the calculated relaxation times aË resonânce usíng the same païaneters

as used in fltËíng the data Ín Figure I except that at I = 1.5 oK th" back-

ground-rélaxdtí-on tíme and the anisotropy fieJ-d rüere takêri to be ,r, 250 usec

and 0.7 koe, respectÍvely. ïhis fiel-d dependence conrpletes the identifica-
tion of Èhe spin-spin rela:ration as being prinaril-y due to the Sr¡frl-Nakamura

interactioa- The transverse dípole-dípole interaction, since it ls field
independent, should become rcre importarit at higþer fíeLds, siuce the Suhl_

Nakamura interacti.on is beconi-ng less effective, and the totaL relaxation
tÍme at reson¿mce is e:rpected to increase less rapid,ly with fiej-d than cal-
culated assuuing Suhl-Nakamura relaxation a1oae.
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The nultiple echoes observed in manganese ferrites, and. discussed

Ín Chapter II, extribit the same frequency and fíeld depend.ences as the

first echo does. The open circles in Figure 10 are the relaxation times

for the Ni.o:h.6zFez.g6o+ samFle at T = 1.5 oK, correspondíng to the

decay envelope of the first echo. The solid curve for this case again

Ís Ëhe calculated reLaxation tÍme, assuming a background rel-axation tjme

of n, 259 usec. the solid cÍrcles in this fÍ-gure are the decay times of
the second echots decay enveJ-ope, at the same terperaËure. The calcu1-

ated curve. ín this case,rü¿ls obtained by a conputer calculaËion based

on the density matrix method discussed in Chapter II, where the first
echo (í.e.' the effective third pulse) was allowed to decrease in amp-

lituderwÍth puJ-se separatÍon.r , as expÇ2r/Tr). rhis naturally l_eads

to the more rapid decay with t of,Ëhe higher order echoes. There are

no adjustabl-e parameters i¡t calculati¡g the^ second, echo reLaxatÍon tÍme,

the observed first echo mÍnÍmun T, = 33 psec predicts straightforwardly

a second echo minimr:m T, = 20 Usec, as shown in the figure.

Figure 11 shor¡s Ëhe frequency depend.ence of the anpli.tudes and re-
l-axation tÍnes for the first four echoes ín a fi_el_d He*t = 0.0 koe at

I = 1-5 oK. The echo auplítudes show the same lineshape and línewi-dth

for each of the echoes¡ ând the relaxaËÍon times show the same behaviour,

as expecËed. rt is Ínteresting t,o noÈe, however, that echoes 2-4 have

rna-íma at v = 588 MHz ¡¡hile echo l has its maximum at v = 5g6.5 1fr.2.

thÍs seens to suggest that the fÍrst echo has some domaio-waLL corponent

(since the domain-wall signal occurs at a fïequency slightJ-y below that

of the dornain corponent)r r¡hile the higher echoes do not. rn Figure Lz,

¡vhich is símílar Ëo Figure 11 but for H"*t = 4.0 kOe, sufficient to

effectively saturate the sample, all of the echoes have mexima at
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v = 590 MIIZ. ïhus, it appears that either the domain-wall component

does not conËribute to the fomation of mulËiple echoes, or Ëhat the

relaxation time of the domain-wall componenËts ôontrÍbution to higher

echoes Ís so much shorter Ëhan Ëhat of the domain signalts contribu¡ion
thaË it is effectively unobservable. rt will be seen in chapter rv
that the domain-wa11 conponent of the first echo does have a consider-
ably shorÈer relaxation tj_me.

fhe higher numbered echoes ¡ví1L also extribit a field dependence

like that of the first echo. Ihe measured values of the second echo

relaxation Èime as a function of H.*t "r" compared wíth the values

calculated, in the same 'ln''er as the frequency dependence of Ëhe sec-

ond echo rel-axation time, at T ='1.5 oK, ín Figure r3-a, and at T = 4.2
oK, io Figure. 13-b. The calculated values do not quiËe follow the meas-

ured times, partíeularly at the lower t,emperature. The thÍrd. echo re-
-laxation time at these same teüperatures are pJ-otted against external
fiel-d in FÍgures 14-arb. The sol-id curves are the relaxat,ion times

calculated neglecting the refocusing effects of the second echo, thus

the agreenent is not expected to be very good.

The generatioa and relaxatíon of multiple echoes, as well as the

more basic resonance and relaxation data for the first echo, particu-
larly the frequency-and fieLd dependences of the relaxatíon Ëime, ap-

pear to be welL explained by the Sutrl-Nakamura spia-spín interaction,
at least ín the singl-e-domain or saËurated region. The backgrouod. re-
l-axatíon process, which is strongly temperature dependent and there-

fore Likely due to spin-wave scatËering, requires a more, detailed sÈudy

to identify the particular rnechanÍsm, and wÍl_l be dÍscussed io the

next. chapter. rn the multi-domain region, however, tie nuclei withla

l-;-:.::.
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domain walls are expected Ëo give a J-arge conËribution to the signal,

due Lci the large enhancement factor (see chapter r), and the spectrum

should consist of tr¡o overlapping resonance lines.

6. The MultÍ-Domain SpecÈra

The specËrun in Figure 15-a r¡as Èaken ax 4.2 oK in zero fi.eld on

the NiO.O¡hO .6ZEeL.,6O4 "T"tal, and shows some indicaËion of the pre-

sence of two ¿6mFonents to the signal- for this samFJ-e. the specËr:a in

Figure 15-brc , taken at the same temperature and fiel_d as that in
parË a of the fi.gure, are for polycrystalline samples of h*F"3-*04

r¡ith x = 0.8 and 1.0 respectively. These spectra show more cJ-early

the two component. ¡taËure of the signal. In particular, tbe x = 1.0

spectrun in Figure l5-c shows two clear maxÍma whiLe the relaxatíon

time data gíves an Ín*ication of the presence of two uinima (the echo

decay envelopes are quite non-exporì.ential- for some frequencies).

Figure L6-a, on ttre other hand, shor¡s the echo decay envelope of

the x = 1.0 s¡ÍtP]-e in zero fj.eld at 586 MHz aad T = 1.47 ol<. The solid

cur:\ze is the best fit assr:ning ¿ s'íngl-e rel-axation tÍme, and the decay

is quÍte obviously non-exponentiaL. An obvioi¡s explanation for a non-

oçonentÍal echo decay, in thÍs case, Ís the presence of two independ-

ently relaxing resonance lines. Figure 16-b shows the data of Figure

16-a reploËted and fir ro rhe fr¡ncrj.on 41"*p (-2r/Tì * Are:ç (-2rlTr) ,
where the subscripts on the Ats and Trs refer to Ëhe tno signal com-

ponenËs. the fit to thís fr:nctíon is quite good, suggestiog that the

echo does consist of two índependenÈly relaxÍng componenÈs. However,

spectraL diffusion3z'7L-73 can al-so lead to non-exponentiaL d.ecay, in

particular, the echo i.s e:qpected to decay as exp(-*r2¡ or exp(-*r3¡
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