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PREFACE

The 55Mn nuclear magnetic resonance of the A-site ions in mangan-—
ese ferrites provides an opportunity to study many of the features char-
acteristic of magnetic materials. The strong signal and the cubic Syﬁr
metry of the A-sites make this a relatively easy system to study although
the presence of two strongly overlapping signal components and the fair-
ly complex structure of the spinel lattiqé result in some difficulty in
the interpretation'of the spectra.

Nuclear magnetic resonance in ordered magnétic materials has many
distinctive features and some special problems,.these are discussed in
Chapter I, as an introduction, with particular reference to the proper-
ties of manganese ferrites. “The strong magnetic hyperfine interaction,
the spin-wave interactions, and the existence of domain-walls lead fo
most of the interesting properties of this system, including the Suhl-
Nakamura or indirect nuclear spin-spin interaction, spin-wave relaxation
processes, and the contrast in the behaviour of the two components of the
signal (due to nuciei in domains and in domain walls).

Chapter II gives a detailed discussion of the Suhl-Ngkamura inter-
action with particular referenée to its role in'the formation of multi-
ple echoes following a two pulse rf excitation of the spin system.

Chapter III is a general discussion of relaxation proéesses in mag-
petic materials, including dipole-dipole and spin-wave relaxation as well
as the dominant Suhl-Nakamura relaxation. The frequency dependent relax-
ation due to the Suhl-Nakamura interaction is compared to the experimental
data for the first three echoes, followed by a discussion of the two—coﬁpon—

ent nature of the spectrum in low external fields.
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Chapter IV discusses and compares the temperature and field depend-
ences of the two components of the spectrum. The technique of fitting a
set of partially relaxed spectra to a fqnction (made up of two independ-
ently relaxing components) of two independent variables, frequency and rf
pulse separation, allows the effective separation of the spectrum into
its domain and domain-wall components.

Finally, Chapter V gives a brief discussion and conclusion, pointing
out some areas where the techniques used here may be usefully applied.

I would like to thank my supervisorlDr. C. W. Searle for his help and
encouragement during the course of'this work, and Dr. Akira Hirai of Kyoto
University, Kyoto, Japan, who assembled much of the equipment and pointed
out the existence of multiple echoes in manganese ferrite. The practical
advice and éssistance in many areas given by Dr. Iman Maartense has been

especially helpful. Finally, I would like to thank my wife for her patience

and for her help in drawing the figures.



iii

TABLE OF CONTENTS

Preface

Table of Contents

Abstract

I. Introduction to NMR in Magnetic Materials
1. Manganese Ferrite
2. The Magnetic Field at the Nucleus

2.1 The dlpolar contributions--the Lorentz and

demagnetizing fields
2.2 The electronic hyperfine field
3. Magnetic Ordering
3.1 The exchange interaction
3.2 Molecular field theory
4. Spin Waves
4.1 Holstein-Primakoff diagonaliéation
4.2 The diagonalized Hamiltonian
4.3 The ferrimagnon dispersion relation
4.4 Higher order terms

4.4.a Three-magnon dipolar Hamiltonian

4.4.b Four-magnon exchange Hamiltonian
5. Magnetocrystalline Anisotropy

6. Domain Walls

6.1 Equation of motion of a domain wall

7. The Coupled Equations of Motion of the Magnetlc
Sublattices

7.1 Single domain enhancement

7.2 Frequency .pulling

page

11

13

17

21

21

22

23

25

27

29

31

31




iv

8. Free Precession of Nuclear Moments
8.1 Free induction decay and spin echoes

8.2 Relaxation processes——longitudinal and

transverse
9. Inhomogeneous Broadening--Instrumental Considerations

II. The Suhl-Nakamura Interactioﬁ and the Formation of Mult-

iple Echoes
1. The Hyperfine Interaction Spin-Wave Expansion

2. Second-Order Effective Nuclear Spin-Spin

Interaction
2.1 Perturbation expansion’
2.2 Asymptotic‘form of the range function
3. Density Matrix Treatmgnt of Pulsed Resonance
3.1 Form of the time development operators
3.2 The free-induction~decay and spin-echoes
4. Multiple Echoes

4.1 Observation of multiple echoes in manganese

ferrites
4.2 Stimulation by nuclear spin-spin interaction

4.3 Density matrix calculation for the effective

pulse
III. Relaxation Processes in Magnetically Ordered Systems
1.1 The approach to equilibrium
- 1.2 Line broadeniﬁg
1.3 The method-of moments
2. -Longitudinal Dipole-Dipole Relaxatiomn

3. Suhl-Nakamura and Transverse Dipole-Dipole Relaxation

33

33

34

38

45

45

48
48
49
51
55
59

62

62

64

70
75
75
76
77
78

81



4. Spin-Wave Scattering Processes
4.1 Three-magnon relaxation

4.2 Exchange enhancement of the three-magnon

process

4.3 Dipolar induced two-magnon process

5. Frequency-Dependent Relaxation--Comparison with Data——

Relaxation of Multiple Echoes
6. The Multi-~Domain Spectra
IV. Spectra from Domain Walis and Doﬁains
1. Separation of thé Two Signal Components
2. Spectraat T = 1.45 °x |
. 2.1 Lineshapes of the two cdmponents
2.2 Field dependence of the spectra
3. Temperature Dependence~-~1.45 » 4.2 %k
3.1 The shape of the spectra
3.2_ Temperature dependent background relaxation

4, Effects of Crystal Orieﬁtation on the Spectrum at
T = 4.2 K

5. Three—-Pulse Expériments——The Stimulated Echo
V. Conclusion
Appendix I: The Method of Moments

References

88

90

93

99

- 104

115

122

122

126

127

132

144

145

. 161

173

183

192

196

203



vi

ABSTRACT

The A-site 55Mn nuclear magnetic resonance at low temperatures con-
sists of two overlapping signal components, one due to nuclei within the
domain walls, the other due to nuclei within the bulk domains. The reson—
~ ance is inhomogeneously broadened and characterized by strongly frequency
dependent relaxation. Two-pulse spin-echo measurements show that tﬁe Suhl-
Nakamura or indirect spin-spin interaction is responsible for most of thé
low temperature relaxation near resonance, and provides a mechanism for the
formation of multiple echoes. By studying a series of partially relaxed
spettra it is possible to separate the two'signal components leading to
the observation of the different temperaturé dependences of the frequency-
independent part of the relaxation of the two components. This difference
is felt to be dqe to the narrowing of the longitudinal dipole-dipole inter-
action's contribution to the homogeneous linewidth of the domain-wall com-
ponent but not of the domain component. Spin-wave scattering, in particu-
lar the dipolar-induced two-magnon process, provides the strongly tempera-

ture dependent contribution to.the total relaxation rate.



CHAPTER I

Introduction to NMR in Magnetic Materials

The features that distinguish the nuclear magnetic resonance in
magnetic materials from that in other solids are: i) the presence, in

S 106 Oe),

the ordered state, of strong magneﬁic hyperfine fields ( &10
ii) the distribution of these hyperfine fields and the subsequent sev-
ere Eroadening of thé resonance lines, iii) the existence of domain walls
in non-saturated samples and the complicated enhancement mechanisms as—
$ociated with these domain walls, iv) the possibility of the existence

of two signal components—-one from domain walls, the other from the bulk
domains--which strongly overlap each other, and v) the interaction of

the nuclear spins with unpaired electronic spins or, in the ordered
state, with spin waves. These strictly magnetic effects profbundly

alter the nature of the nuclear resonance and, therefore, must be éare-

fully considered and understood before any analysis of the spectra can

be attempted.
1. Manganese Ferrite

Manganese ferrite (MnFe204) is a magnetic insulator and has the
spinel (MgA1204) Structure.with the magnetic (Mn, Fe) ions located on
two crystallographically inequivalent sites, the tetrahedral A-sites
and the octahedral B-sites. The ionic distribution has been studied
in some de_taill'—4 and can be described by the formula unit Mn2+

| , 0.87%0.2
[Mn3+2Fel 8 04 , where the cations outside the brackets occupy the




tetrahedral sites and the cations inside the brackets occupy the octa-

hedral sites. The nuclear resonance of the 55Mn nuclei on the two dif-
ferent sites have been reported and identified4 as being from Mn2+ ions
on the A-sites and Mn3+ ions on the B-sites. The B-site resonance will
be quadrupolar split into 2I = 5 components due to the non—cﬁbic sym—

metry of the octahedral sites (the octahedral symmetry does not extend

beyond the 02_ ions forming the octahedron), while the A-site, due to

its tetrahedral symmetry, has a single resonance line. The work report-—

. . 5 . .
ed here is concerned only with the -SMn resonance from ions on the A-sites.:

The spinel A-site, illustrated
in Figure 1, is at the center of a
tetrahedron formed by four 02_ ions.
Each of the oxygen ions is conne;ted .
to three B-site cations (Mh3+, Fe3+)
in such a way as to preserve the tet-
rahedral symmetry of the A-site. Be- : ({3/8)0
cause of this symmetry, the dipolar

field at the A-site is expected to be

zero, as is the quadrupole splitting.

Some small contribution to the local
field may exist due to the presence

of different ions on.the B-sites,

...........

however, there is no indication of - Figure 1. The spinel A-site. Large -
circles are oxygen ions and the dark

this in the nuclear resonance data. circles are B-sites. a = 8.5 A.

2. The Magnetic Field at the Nucleus

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



the externally applied field, the magnetic field due to the distribution
of the magnetic dipoles surrounding the ion containing the nucleus, and

the electronic hyperfine field.
2.1 The dipolar contributions--~the Lorentz and demagnetizing fields

The total dipolar contribution to the microscopic magnetic field

at nucleus i in a single domain sample is
> - l_ 5 2 - > >
hag = giy L4 (r.ij) (§jrij -3, BT ) (1)

where Zj is over all spins 33 located at position ?ij with respect to
spin i, g is the electronic spectroscopic splitting factor and Hp is the
Bohr magneton. (The field due to nuclear dipoles may be neglected.)
This sum may be evaluated by breaking it up into the sums over spins

in two regions separafed by a surface, called the Lorentz sphere, such
that the volume enclosed by the sphere is large by atomic dimensions but
small on a macroscopic scale. Then, the sum is evaluated explicitly for
spins inside the sphere and the contribution from spins outside the sphere
can be evaluated as an integral over the volume enclosed by the sample's

surface and the Lorentz sphere. If we define, after Keffer5

IJ IJ IJ _ IJ 2.13, -5
DV = DL + DV—L = z£(3r£r2 - rzﬁ )rl

. IJ . . .
for cartesian components I,J of oo where DL is the sum over the interior

of the Lorentz sphere, then,

ol 5 s [ aarhy (lieHaE = - o JatiedH1edd, - &)
V- 1 2
. V=L :
where 61J= 0 unless I = J, and S1 is the surface of the sample, and S2 is




the Lorentz sphere. Then, assuming an ellipsoidal sample,

¥ - 4n

I,.1J
v-r. = &3 ~ NS

The factor 47w/3 is due to the uncompensated poles at the surface of

. . .
the Lorentz sphere, while the factor N, called the demagnetizing fac-
tor, is due to uncompensated magnetic poles on the surface of the sam-

ple. For a spherical sample, NI = 4ﬂ/3vand-D$iL = 0.

The contribution to the field from spins inside the Lorentz sphere
is called the dipolar field and can be readily evaluated by direct sum-
mation over lattice sites. TFor sites (of the spin i) of cubic symmetry

the dipolar field wvanishes.
2.2 The electronic hyperfine field

By far the largest contribution to the magnetic field at the nucleus
is the field produced by it's ion's own electrons~~the electronic hyper-

. . . . . . . 6
fine field. The magnetic hyperfine interaction can be written as

@ -3)-T 3@.-F)AL)
— - .r .r 3
A - 8m 3 2 17 5% Si°Ty 1
hf geyighly Lyl 3 881+ 3 + I |- (2
i i

where By is the nuclear spectroscopic splitting factor, Lo is the nuclear
> > 2> . . .

magneton; L, S, I are the electronic orbital angular momentum, electronic
spin, and nuclear spin, respectively; r, is the distance of the ith elec-
tron from the nucleus, and the sum is over.all of the ion's electroms.

-> "

The term in Li will be neglected here since in many iron-group com—
pounds (as in this case) the orbital angular momentum is almost completely
: >

quenched by the crystal field6. The last two terms involving Si are the

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




first term, called the Fermi contact term, involves, through the delta
function, the density of electrons at the nucleus. This is non-zero
only for s-electrons and thus should vanish here since all s-electrons
are paired. However, the presence of unpaired d-electrons causes a
polarization6 of the s-electrons through the exchange interaction and
a substantial hyperfine field resulté. In fact, the largest contribu-
tion to the field at the nucleus is due to s~electron polarization.

The details of the polarization of the s-electrons are very com—
plicated and include contributions from the unpaired d-electrons of
neighboring ions thfough polarization by them oﬁ the oxygen anions which
in turn polarize the original cation's s-electrons (super-transferred
hyperfine interaction)7}

The dipolar part of Equation 2 éives rise to an anisotropic hyper—
fine field. For.ﬁn3+ ions on the B-sites considerable anisotropy is |
observed4 but for Mn2+ ions on the A~sites, since Mn2+ is an S-—state
ion (five 3-d electrons > half-filled sﬁell), the hyperfine field is
isotropic.

Writing the interaction in Equation 2 in terms of the effective

hyperfine field yieldé

ﬂ o > >
ne - " E¢ntHy T ALS

3

where, A

- g d 5/ (3-3)

2+, S = 5/2). For the iso-

and S is the total spin of the ion (for Mn
tropic case A is simply a comstant while in the anisotropic case A
would be a second rank tensor.

Finally, in manganese ferrite, as in many other magnetié materials,




the hyperfine field at an A- or B-site is anti-parallel to the sublat-
tice magnetization at that site. The A-site hyperfine field has been
found to be proportional to the sublattice magnetization at low temp—
eraturess, and at T = 4.2 °K has a magnitude of Hﬁf = 560 kOe, while

at the same temperature, the B-site hyperfine field is Hgf = 360 kOe.

3. Magnetic Ordering

Below a temperature T_, = 600 °k the unpaired spins of the magnetic

F
ions in manganese ferrite are spontaneously ordered in such a way that
all of the A-site moments are parallel to each other and anti-parallel
‘to the B-site moments. This type of order is called ferrimagnetic and
TF is the ferrimagnetic Neel point. The A and B sites can be considered
to form sublattices whose magnetizations are oppositely directed but

do not have the same magnitudeg. This results in a net moment of 4.6 My
per formula unit along the‘B-site magnetization, since there are twice
as many occupied B-sites as there are A-sites. Because of this net mom-

ent many of the properties of ferromagnets are present in ferrimagnets;

e.g., the existence of domains, magnetic hysteresis, etc.
3.1 The exchange interaction

The interaction responsible for the spontaneous ordering of the
- magnetic ions' spins is the exchange interaction, which can be described

in insulators by the Heisenberg exchange Hamiltonian
: . > >
# = -] 38,8 | (4)

->
where Si is the spin of the ith iomn, and Jij is the exchange constant

representing the strength of the interaction between ions i and j. Imn



these materials, as mentioned earlier in connection with the hyperfine

interaction, the orbital contribution to the magnetic moment is quenched
and therefore the contribution of the orbital angular momentum to the
exchange interaction will be neglected. The exchange interaction is very
short ranged and only very near neighbors in the sums over i and j in
Equation 4 need to be considered.

As shown in Figure 1 there is an oxygen anion between an A-site ion
and each of its nearest B-site neighbors{ The exchange interaction must
proceed via a polarization of the anion's electronic p-orbitalslo. Such
an interaction is called superexchange (analagous to the super-transferred
hyperfine fields mentibngd earlier) and is found to be very common in iron-
group saltsll.‘ Superexchange allows‘the exchange interaction to be ef-
fective over quite large distances when compared with direct exchangelo
which would require significant overlap of the magnetic ions' d-orbitals.
Even so, the strength of the superexchange is strongly dependent on dis-
tance between cations and on the angle formed by the cation-anion-cation
systemll. Table 1 gives a list of the possible exchange couplings bet-
ween cations in a spinel together with the distances and angles between

the cations.12

Table 1: Superexchange in Spinels

Interaction Angle Distance Sign
A-0-B 125° 9" Y11a/8 -
A-0-B 154° 34"  3/3a/8 -
A-O-A 79° 38'  V3a/4 +
B-0-B 90° V2a/4 +
B-0-B 125° 2° /6a/4 +




The minus sign corresponds to antiparallel or antiferromagnetic exchange
and the plus sign to parallel or ferromagﬁetic exchange.

The superexch;nge interaction is strongest for short distances and
for angles closest to 1800‘11, thus the A-B exchange (especially the first
type shown in Table 1) is the strongest in these materials12 and is re-
sponsible for the antiparallel alignment of the two sublattices. The

other contributions (of which the 125° B-B is the largest) can be safely

neglected12 in many instances.
3.2 Molecular field theory

As postulated by Wei5313 the exchange interaction in a ferromagnetic
material can be represented by an effective magnetic field Hexé AM,

where M is the sample magnetization and A is the molecular field comstant.

Extending this conéept to the ferrimagnetic case”’

one obtains an ex-
change field acting on A-site spins due to the B-sublattice magnetization
and a similar field on the B-site spins due to the A-~sublattice magnet-

ization (neglecting intrasublattice interactions).

- e B
Héx I AMB > Hex K AMA

where the molecular field constant A represents the same quantity in

both cases and is given by

A= 3kBTF/_Ng2u§(sA(sA + 1)8,(5, + 1))% (5)

where S, = 5/2 is the A-site spin (both Mm2+ and Fe3+ have spin 5/2)

A

and SB = 2.40 is the average B-site spin. N is the total number of

is the ferrimagnetic

magnetic ions, is the Boltzmann constant, and T
g F

ordering temperature.




. - _2 . .
Since Mj = NBguBSB an@ NB =3 N, the exchange field acting on the

A-site ions is

3Ty

: |
g (5, (5, +1) S, (S+1)) 2

- 2
Hex T3 SB

(6)

Then, for g = 2 and TF = 600 0K, the exchange field is

. 6
Hi‘x (228, /gu)d = 2.6 x 10° Ce

where z = 12 is the number of magnetic nearest neighbors of the A-site

ion and J is the A-B exchange constant as used in Equation 4.
4. Spin Waves

The Hamiltonian of a ferromagnet including only an isotropic ex-
change interaction and the electronic Zeeman intéraction with an exter-
nal field Ho is

H - (‘igj')"ijgi'gj " augHy Esi )
where Z(i,j) is the sum over all "distinct" pairs of spins. The ground
state of a ferromagnet, denoted by I+> , 1s the state with all spins

aligned parallel. Introducing the spin raising-and lowering operators

+
s- = 8% = iSy the Hamiltonian can be written as
H - - Y a,.8%%+ ysTsT+ 587sT) - gum Vs
: (i,9) ij i3 i] i j : Bo i ;

Then, the ground state energy is given by

H > = - N(gugh s + 15 52 ) Jij)|'+> . . . (#)
_ | '
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since S: 4> =8, SI|+> = 0. The factor of 1/2 preceding Zj is to in-
sure that the contribution from each pair of spins is counted only once.
Then, taking the commutator of j4 and the spin lowering operator

S; and applying it to l+> yields

[#. s;]i+

(enpH s, + § 3,5 (8:85- sisj))|+>

(9

(ngHos;'+ S gqij(s; - sg))|+>

This forms a new state which is a linear combination of states where a
. spin i has been flipped, (S;]+>), Then, replacing S; by its Fourier
forn I.e3 (ik-T.)s” '
transform iexp i ri i
> > -
Lj* . gexp(1k°ri)si] |+> A

(10)
= (gngH, +‘S§Jij(1 - exp(ii‘(;i - ?5)))}§exp(ii-¥i>s;|+>

it can be seen that the states

-

R -
. Zexp(1k°ri)Si|+> (11)

are the normalized eigenstates of the Hamiltonian:}‘ with eigenvalues -

given by

k

: D> -
E, =E_+gull +5 gJij{l - exp (ik- (r; rj))} _(12)
where E0 is the ground state energy. These new states |k> are called
. : 15,16 . . >
Bloch spin~-wave states and the excitations of wavevector k are cal-
led spin waves.
The minimum energy required to excite a spin wave (E - E0 =‘guBHo)

is much lower than that required to flip a single spin since, for a

spin-wave excitation, neighboring spins are still very nearly parallel
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~(on the average) and their exchange energy is only slightly increased.
The interactién of the 55Mh nuclear moments with these spin waves
via the hyperfine (AII§) interaction and the effective nuclear spin-spin
interaction--the Suhl-Nakamura interaction--which is a result of the
virtual excitation, by the hyperfine interaction, of electronic spin
waves as intermediate states, require a detailed understanding of these

excitations.
4.1 Holstein-Primakoff diagonalization

The eigenstates of the Hamiltonian are expanded in terms of the

eigenstates In£> of the spin-deviation operator n, defined by
n ln > = (8 - Sz)ln > =n In >
L8 v PR A A )

In this notation, the ferromagnetic ground state is l0> , the state of
zero spin deviation. Then the raising and lowering operators acting on

these states give17

Z
%

+ : oz L i
Sglng> = {(s - 5)(8 + 8, + DI* [n, - 1>

(13)

Z

1
ot 1)}? Inz + 1>

Splng> = {(s +8)(s - s

The spin-deviation operator n, is actually the boson occupation number

operator defined by

. A o B
n, .— a,a , with [az, am] = Gz’m , all others zero

+ . . 1. .
where the al-and a, are the spin-deviation creation and annihilation op-

erators. Then, since

+y L
o gglng> = (n£+1)2in2+.1>..
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and, . (14)

we may express the spin operators in the Hamiltonian in terms of these

operators as

+ _ L + Y
Sz = (25) (1 a£a2/23) a,

“ - (28)% (1 - ata /28)%

Sz (28) al,( - azaZ/ S) A (15)
z +
Sl = .S - aa,

Expanding these expressions for Sz , S; in powers of (1/S) yields
+

a+a a+a a,a

+ ook 22 HF P
s, = (29)% (1. - - - ) a
3 4S 3752 %

a,a a+a a,a
- L+ A A
S, = (28)% a, (1.- - -
L 2 48 3252

where for many applications only the terms linear in the spin-deviation

operators need to be retainedS’ls’19

. When spin wave scattering becomes
important, as in the derivation of spin-wave relaxation processes, higher
order terms may be mnecessary.

For a two sublattice system, with the B-sublattice aligned along

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

by20

+ _ % o+ %

SB.— (ZSB) Q1 » bjbj/ZSB) bj
J ,(plus complex conjugates)
+ L + + % -

SAi— (ZSA) ai_(1>— aiai/ZSA) (16)
z _ _ .t z _ _ +

SB = SB bjbj s SA. SA + a.;a,

i i
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: . +
where SA and SB are the A- and B-site spin and the operators a; b;
create a spin-deviation on their respective sublattices.
The next step in diagonalizing the Hamiltonian is to Fourier trans-

form the spin-deviation operators, which become

[\
I

o) s Eexp(ii'?i) a

o
|

(N ) Zexp(—lk-r )b

4.2 The diagonalized Hamiltonian

The Hamiltonian we wish to consider is

H =j—{z +j—{§ +j~lZ’_‘B + H4d

. 4 z 2 z 1 . 5
= reugh ESA.- ghgh 253. +t3 J.zgi.sj (17)
1 i 3 1,]
22
+—21— I —= B w233 -3&..3)&.-3))
Lo i7j
i3 Rij

This Hamiltonian consists of Zeeman, exchange, and dipole-dipole terms.
The sum Zi is over all spins on the A~sublattice, Z? is over all spins

on the B-sublattice, ;?? is over all pairs (i,j) of nearest neighbor
b

spins, and Zi jis over all spins (i # j). When the spin has a sub-
b

script it refers to a particular sublattice and when no subscript is

present, S can refer to either sublattice. Thus, for example,

B B A
3 %3 £ 7.7 % *]
i+ A; B +6 Bj Aj+5

H
O
=
e

-+
[ec]

e

where § is the vector joining nearest neighbors. Similarly, the dipole-
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dipole part of the Hamiltonian can be written as

The factor of‘%-pn bo;h sides bf these equations is to insure that
the interaction between any two spins is included only once.

Ey breaking up the Hamiltonian in this manner we can more easily
carry out the steps in diagonalization of the total Hamiltonian. The

. . ) . +
dipole~dipole Hamiltonian can be written in terms of spin operators S ,

S_, and S° as

:Hdd ) [Ai(zzz)sis? + A(+ )(s 5 + 535 )
ERCEO PR RERD! | -
< s%s+ 5.8%) - s%s +ss 18)
'1,3(313) ,J(J P (18)
_ ,J 5153 i,j "i7j
gzuz _
where, (Z z) . 2B (R%. - 3(R?.)2)
i,j R? ij ij
ij
22 .
W) o L BB 23 ok -
i,j 2 5 _(Rij 2 Rinij) (19)_
ij
2 2
(z ) _- §_<Eijj§, z %
1,3 2 .93 ij 13
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g2u2
+ + <
JASTRNI i Se S
i, 4 _5 ij
R..
1]

anh of the four parts (A-A, A-B, B-A, B-B) of the dipole-dipole Hamilt-
onian will be written in this fashion, where the sums involved will be
over a particular sublattice.

Applying the Holstein-Primakoff transformation to the Zeeman and

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

]
:}{(2) = 2 (UZA?:ak + uo a;b; + u;Aakbk + uo b+b ) + const.
k

AB BBk k
where,
o _ _ 5 L
Mep = gugH + ZIS (N./N,)
o _ 1 3 B B A
Mg T 3 T(5,Sp) 7 LZg (/N T+ 2, (N /N Y
. (21)
o _ 1 oo L B L A
Hoa = 5 J(8,80) .{ZB(NB/NA) Y tZ,(N,/N) yk}
o _ SEP 5
Mpp = gHH + _zJSA(NA/NB)
ith 2’——14{(N/N)1/Zz + M /N)E 7}
withs T2 YR 4 A'"B) ‘A
A,B
and YA’B = Z 1 i exp(iﬁ;g)
_ k A,B 5
where g'is the vector joining nearest neighbors and N,, N_, 'Z,, Z_  are the

A’ "B’ A’ "B

numbers of Ay B-site ions and the number of A-, B-site nearest neighbors.
The dipole-dipole Hamiltonian can be transformed in the same fashion

to obtain the total Hamiltonian to second-order in magnon operators

(2) _ + + + +
H ‘*12{ Gaa®eic ¥ Map®Pe T oMea®Pr T MEEPKPK (23)
. . + o+
In this equation we have neglected terms such as aa > akb-k R bkb—k’

(20)
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ottt amem
etc., which arise from terms in S S , S S and are expected to be small

compared to the remaining termss’zo. The coefficiénts in this Hamiltonian
are
_ .0 dd. _ .0 dd
Map = uAA + uAA R uAB = uAB + uAB , etc., and
dd ’ (+,_) _+ (+,_) > (Z’Z)
Haa §,0(Cyp” " (-k) + ¢, (k) Coy (0]

+ (5,8 )2(N /N)z{(N /1\1)2 (z z)(0)+(N /N) c(Z z)(0)}

dd _ 5 (+,-) % (+ =) >
W = (5,857 LN, /N) Cyn (k)+(N /mo*c (k)}

(24)
wdd o s s taymp® eI @+ a7
dd — E (+"") e (+,'—) 7 (Z Z)
Mpp = ‘SB{ (Cgg® "(k) + Cpp (-k)) - (0)}

+ (5,578, /) F L, /% {52 (0) + (/w6350 (0))

(u,v)

Here we have defined the expressions CXY by
(1,v) F o, >
carl@m. = ) A exp(ik‘g ) : (25)
XY . F .6X X :
X

Y
where the sum,ZG'is.over all vectors gX originating on a site on the X-
X

sublattice (X = A or B) and terminating on the Y-sublattice, and the

Aéu’v) are as defined in Equation 19 with 3 = R.. .

1]
The Hamiltonian in Equation 23 is still not diagonal since it con-

tains terms coupling the operators and b To bring the Hamiltonian
P a4 g

k. °-
into normal-mode form, the transformation to normal-mode operators ak R

Bk is made.
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(26)

I
1
<
Q
-+
oF
™w
o

e Kk

[uk, a—k*-_] = [Bk"B;] = 1, all others zero.

The transformation coefficients u ., Vv, are chosen to bring the Hamiltonian

into diagonal decoupled form. The Hamiltonian then takes the form

(2) _ + +
FH = 12( (i, opoy + Tw, BB, 27)
which is the desired result.

4.3 The ferrimagnon dispersion relation

The normal-mode energies in Equation 27 are given by

_ 2 2
fw, = Mgl (upp Uy v+ MV
hw, = U v2 - (U, + M, )V + 1 2 ' (28)
8 BB k AB + MBA/Vik AAYK
= ho, - (uBB -1 AA) ,

The transformation coefficients are determined from the equations of motion

of the magnon operators o Bk-, a s bk’ i.e.,

do '
.k _ =

fie T ["‘k’:Hk] = 0% (29).

. : . 2 2 . .

and since, from Equation 26, L 1, we obtain the equation
| ¥eB T © “¥eal |k |
: = 0 (30)

LN THaa 7@ Vi '
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and the coefficients may be defined by the relations

: 2,4 - 2.-%
w = {1 - (vk/uk) } > V. = (vk/uk){l - (vk/uk) }
To obtain the dispersion relation (Equation 29) in terms of re-
cognizable quantities we must substitute for the p's from Equations 21

and 24. First we consider the ratio of the transformation coefficients.

1 1

L - w 2(N,/N)* (S8,/8,)° L

v /o) = 53 S 1, — %-ABB ' LA, - N(5,/5)°
BA 7 g Mp/ND™ vy + 2, (N, /N2 v

This equation is used to define a parameter n which, since it depends on

NA s NB R ZA s ZB » describes the nonequivalence of the two sublattices.
1
For small k, n = (NA/NB)/2 . Then, we find that
S n(s.5.)2 n%s
2 _ B Ly = A’B vE e — A (31)
i T A T " s -1 koo 2
B~ M " B~ " °aA B~ " °a

To put the a~-mode dispersion relation in a more understandable form

we rewrite it as

2
By = ~Haa TGy, tugdu - (gt o v

Now, from Equations 21 and 24,

o o o o 2. o o
Boy = g G Fugpdy - G g ey
(32)
e 2
= 1 -
= gugh + Z'JS .. {n (NB/NA) 1}
' . N S,S
1 LI 32 3 = _é. _é._g___. .
with z' = (N/NpZ?z o, S.¢f NB[S - 25]
A~ ""B
For small k n2 = (N,/N.)(1 +v-}--a2 k2) for a cubic lattice, where a
> A"TB” 3 "mn ? ’ nn

is the nearest neighbor distance. In this approximation the dispersion

relation assumes the familiar ferromagnetic form given by
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o _ .l[ 2.2 .
ﬁwa —__guBH + 3 Z Jseffannk

with, for a spinel, Z' = Z, = 12 and a . = (/II/B)a s where a is the lattice

A
constant ( a = 8.5 X).

The dipole-dipole terms can be treated analagously yielding

N
DI e (G5 RSP ® - el @ + x4 @)
+n7(s,/8pK TV B - 7 (/5085 0) - n &P ) L9
K22 ) + n’(s,/s k) <o>}}
where

kY@ = a/mp? }((‘; M@+ /N )2 c(u V) ()

These dipole-wave sums can be directly evaluated for k' = 0, and can be
approximately evaluated for k # 0 , assuming kR > 10 , where R is the

sample radiués. For example,

) Y
(z,2) -2 2 -2 z2  2,.,.5
Cea?®/(0) = g Y RS - 3(RZ )R
XY B 5y 8y 8y 8y

_ 2 = (z,2) | = _
= T eig ND . Ny = NY/.Nu

where ﬁé is the number of Y-sublattice ions per unit cell and Nu is the

number of unit cells, and

p D@ = WY Grr) - 226 ekt
g9 A 2

are the dipole-wave sums discussed by Kéffers. For k = 0 , these sums

give the Lorentz and demagnetizing fields

My = 11 il
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1J 4T (LT

~ 1T
where L = 3 + {D (O)}L

is the Lorentz factor With‘{DIJ(O)}L the.sum over all points on the int-
. r .
erior of the Lorentz sphere. N  is the demagnetizing factor along the

Ith direction.

—)
For k# 0 , kR > 10 , the sum may be approximated by an integral5

-
which for k not too large gives, with I, J = x,y,2

U@ = Y - amdeIpd
An example of this is S
+,-) 1 22 4. + ~.,5
Ky’ (&) = 7 &g )} {2Ry - 3R Re }/RS | (34)
§ A A A A
A
X {exp(ik*R, ) + exp(-ik-R, )}
§ 8
A A
= - %—gzuéyﬁi{LXX + LYY---AﬂsinZGE} _

. >
where GE is the angle k makes with the z-axis.

Using these expressions we obtain the dipole-dipole part of the dis—

persion relation

d 1 - . 2 A zZ ..
ho, = 384y (47M°) sin"6r - gu, N° M7 (35)
with
-~ — A - 2 N
M = g /N (SN S,N /S, N SN Jues o N, (36)

as the effective magnetization per unit volume.
Finally, then, the ferrimagnetic dispersion relation can be writ-

ten as

_ - ' c 2 _ 1 s 2
hma = guB(H N°M7) + 2 JSeff{n (NB/NA) - 1} +'2 guB(4ﬂM )81n-6K , (37)
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The B-mode dispersion relation can be written down by inspection,

ignoring dipole-dipole effects, giving

o (o] o} (o]
ﬁmB - f-lwa - (uBB - UAA)
= 1 — - 1 —-
2'3(Sy - (N,/Np)S,) gupgh + 2'35_. {n"(Ny/N,) - 1}

The first term, proportional to J, provides a large energy gap between
the o~ and B-modes. Thus, at low tempefatures there will not be any ap-

préciable number of B-mode magﬁons.

4.4 Higher order terms

There are two terms arising from higher ordér in the expansion of
the total Hamiltomnian iﬁ spin-wave operators which are of considerable
importance in spin-wave relaxation processes at low temperatures. These
higher order terms give rise to the second-order dipolar—inducgd two-

magnon and the exchange-enhanced three-magnon processes.
4.4.a Three-magnon dipolar Hamiltonian

The first of. these, the dipolar—igduced process, arises from the

+
s%s™ terms of the dipolar Hamiltonian of Equation 18. When expanded

in terms of the spin-deviation operators a > b these terms give a

k

three-magnon contribution to the Hamiltonian

py S N TC A A [(s JoN)F > c{%7) (g)
ki ko ks ‘

VRS JCRERIENENEES SR OEENENCN

»(38)

b (2) gt ot
(2SN Ky (‘k's)a.kla_'kZbk?» B
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L (z.- 1 -
- s, 1D @y b e~ sy oY ©

BB
- A Lo( 2y
*xrE @) - 7 Gu/sp) (/™ K27 ()3 bll‘?l?_bka }

+ (complex conjugate)

4.4.b Four-magnon exchange Hamiltonian

The second of these processes, the exchange-enhanced three-magnon .
process, results from the expansion of the exchange Hamiltonian to fourth

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

H @ e I 6 + %k - K - Ky)
ex 8 - .
kl’k-Z
k3, ky

+

. A + + B +
X [4(ZA/NB)Y_3_4 akla—kzbksb—kq + 4(ZB/NA)Y_3_4 bklb—kzaksa—kq

L A+ + + +
3
OB G NN T Y, (B a8 P, tag e b)) 2 (39)

+ Z_(S,/S.N.N.)E(® bt b b 4+ D ot bt e )
B CABYABY MY -243+4%K) Pko ks ky ¢ Y2-3-42K; P-ko Pk3 —ky,

A + A oF oty of

3%
+ ZA(SANA/SBNB) (Yl+2—3b—k1bk2b-k3akq + Y_1-2+3 ki ko kgakq)

3,%, B + B.+ + + :
+ ZB(SBNB/SANA) (Yl bklakzakgakq % Y1 b—klakza—kgakq))

In addition, some four-magnon terms will arise from the six-magnon terms

s . . + + ‘
on commutating all creation operators to the left (since, aa = a a + 1).

These terms are ';:_(l/S)2 however, and will be neglected herelg.
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A more detailed discussion of these terms will be made in Chapter

3 in connection with the spin-lattice relaxation via spin-wave scattering.
5. Magnetocrystalline Anisotropy

The preceding discussion has introduced the concept of an anisotropy
field due to dipolar interactions. The magnetic anisotropy describes the
preference of the sample magnetization for a certain set of crystéllo—
graphic directions (e.g., the [ilﬂ directions of MnFe204), and its re-~
luctance to lie along other directions. This can be effectively described

by an anisotropy energy which for cubic symmetry has the form21

F = Kl(azcx2 + 202 +4a2a%) + K a%a o

K 4108y Tog0g F.og 2 +oee (40)

2,2
273

- >
where the a, are the direction cosines locating the magnetization Mg
with respect to the principal cubic axes. The energy of a magnetization
> >

i ield is <
M_in a fi He (6 << m)

EK = - ﬁs.ﬁK = %MSH_KGZ (+ constant) (41)

where 6 is the angle between M.S and ﬁK' In spherical polar coordinates

the expression in Equation 40 becomes,  approximately, (8 << =)

F, = K {6%sin®pcos’s + (1 - + 62 o2}
k= K ) @2

+ K£{64cosz¢sin2¢(1 - %—62)2} = Klez

Comparing these last two equations, where 6 is the same angle in both,

we find,

HK = 2K1/Ms

Thus the effective anisotropy field HK can be uséd to describe the crystalf




24

line anisotropy (from Eqn. 41 HK is seen Fq"be an effec;ive field dir-
ected along the magnetically preferred direction).

Table 2 lists the preferred directions for the possible ranges of
Kl and K.2 in cubic crystals as well as values of FK and HK along these
12

directions (from Smit and Wijn ~7).

Table 2: Magnetocrystalline anisotropy in cubic crystals-

Direction 100 110 ’ 111
1 1
1 — —r
Fe 0 Ky 3K T35 K
_ .
> 0 < - —K
Preferred : 4 - 9 2
direction if K1{>_;K‘ 0 >k >-39% K1{<_1_K
9 ™2 9 2

(100) : —2.K1/M.S

(110): (K1+K2)/MS

From ferromagnetic resonance measurem.ents22 at T=4.2% on a
single crystal of MhFeZO4 the anisotropy constants were determined to

be K, = - 2.02 x 105 ergs/cc and K, = 0.34 x 105 ergs/cec , in good a-

1 2

- greement with values reported elsewhere23. This corresponds to an ef-
fective anisotropy field

2K1 K

= _ 21 2 72} -
H = 3’[1»1 + 3M} = 520 Oe. (44)
s s :
where M_ = 560 emu/cc is the saturation magnetization at T = 0 k.
While the dipolar field as givem in Equatidn 1 vanishes classic- -

24,25

ally for sites of cubic symmetry, it has been shown that the

dipole-dipole interaction contributes to the anisotropy. In partic-
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ular the off-diagonal terms in the dipole-dipole Hamiltonian of Equation
18 give a small contribution to the cubic anisotropyZS. The main cbn—
tribution to the magnetic anisotropy,however, in manganese ferrites ap-—
pears to be from the interaction of the cations' ground state electron
distribution with the crystal field, including the effects of the spin-
orbit coupling, as discussed by Yosida and Tachikizs. In particular,
the octahedral site Fe3+ and Mn3+ ions (especially for Mn-rich com-
positiéns) provide the largest contributions to ﬁhe anisotropy26.

The anisotropyi.constants’Kl and K2 may exhibit very strong tempera-
ture dependences for some compositions and, at very low temperatures K2

may become comparable to'K123.

6. Domain Walls

In the absence of an external magnetic field a ferromagnetic (or
ferrimagnetic).matérial can exist in an unﬁagnetized state (i.e., no
'net magnetization). This is accomplished by the division of the sam-
ple volume into small magnetically saturated regions called domains
whose moments are randomly distributed among the various preferred axes.
The existence of domains was postulated by Weiss13 in 1907 and has be-
come an accepted and fundamental part of the physics of magnetic mat-
eria1527.

The domains are formed to minimize the total free energy of the
system,consisting essentially of magnetostatic energy, due to uncom-
pensated magnetic poles at the sample surface, and exchange energy.
The individual domains are separated by narrow regions called domain
walls in which the direction of the spin, as a function of positioﬁ

in the wall, rotates smoothly between the easy directions of the domains
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on either side of the wall. The width of these walls is determined by

. . e s , 2
competition between exchange, anisotropy, and magnetostriction energies 7.
For the simple case of a 180° wall, neglecting magnetostriction, the exch-

ange and anisotropy energies can be written as

1
~ 1 o~ —
O s kBTF/a Gw and O 5 KGW

where a' is the distance between nearest magnetic neighbors, K is the

anisotropy constant, and 6W is the domain wall width. Then,

5 = (ZkBTF/a'K)I/Z (45)

8

For manganese ferrite with T_ = 600 0K, K=2zx 105 ergfce , a' = 3 x 10°

F

cm , this gives

o
§ = 530 A = 180 x a'
w

When an eXternal magne;iC‘figla is applied to the multidomain sam-
ple, those domains whose magnetizationé lie most nearly parallel to the
field will increase in size at the expense of those whose moments lie
more antiparallel to the field. The domain walls then will move under
the influence of the field until the increase in the sample magnetization
is sufficient to set up a demagnetizing field HD = - N M large enough
to cancel the effects of the applied field Ho' Thus, for external fields

smaller than that required to effectively saturate the sample (remove all

domain walls), the net internal magnetic field is HO - HD = 0 (except, as

. noted earlier, for microscopic fields such as the Lorentz and dipolar

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

Above the field HS required for saturation the net intermnal field is

Ho - HS . The demagnetizing field determined by the demagnetization fac-
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tor N is due to uncompensated surface poles, as discussed in Section 2.1.
A magnetically saturated sample in an external field Ho > HS is equivalent

to a single-domain sample in an external field Ho - HS.
6.1 Equation of motion of a domain-wall

If we consider the example of a spherical sample of volume V which
is divided into two domains by a single 180° wall, we see from the pre-
ceeding discussion that if a magnetic field HX is applied pafallel to
the wall, it responds by moving a distance z perpendiculaf to the wall
such that the change in the net magnetizatiop is AM = ZMSAZ/V , where

A is the wall area. The equation of motion of the wall i528’29

w(d?z/dt?) + B(dz/dt) + az = MH - 80 (46)

where u, the effective mass per unit area, 8, the wall damping constant,

and o, the stiffness conétan:,afeAgiven by29

_ 2 = = '
" 1/8my2s_, o 4mi/xoz . B 2(8H M /S (Y E )

> (47)

Here, Ye is the electronic gyromagnetic ratio , Xo is the initial sus-
ceptibility, (AHfmI) is the ferromagnetic resonance linewidth, (YeHres)
is the ferromagnetic resonance frequency, and £ is the wall length.

The expression on the right-hand side of Equation 46 is the pres-
sure exerted on the wall; the first term is due to the applied field Hx

and the second to the hyperfine interaction.

Neglecting the term in &U, the solution to Equation 46 is

z = zMH[@—““’z)*iﬁw J
S X]

The rf field acting on the nucleus is
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de inf \
H = Heggr 2 ° HN(Sﬁn ) z , for a 180° wall.

Thus, there is an enhancement of the applied field Hvay a factor

ZHNMssine

H

1
n, = |—| = — - (48)
1 Bl usfl - ud? + (e/u>2w§}12 o

i
where W (ofu)? is the domain-wall resonance frequency and Wy is the

nuclear 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-
tronic magnetization). In this case the second term on the right in

Equation 46 becomes important. The energy demsity can be written as
U o= - (@MW J@-m) dz'

where M is the sublattice electronic magnetization and m is the nuclear

magnetization. Then there will be an effective pressure on the domain

wall given by

8 () e - [ e o e
(49)

su = B J(E) mzaz’

where 2 is a unit vector in the z-direction. The solution to Equation 46

is now

(o0 - uwz) - iBw
(o - an)Z + B2w2

oz = ‘HN<ml?

. - 1 1y i '
with <m,> = 3 fml(z )sin® dz‘ .
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The oscillatory part of the total magnetization is
M' = ZMSAz/V

and there is an enhancement of the nuclear magnetization by the factor

- M AS:
T ap = )

1
2,2

w2 - 0 + (87w 2lY?

N (50)

Thus, when observing the nuclear resonance of nuclei within domain'
walls the signal will be doubly enhanced, once on application of the
rf pulse, and again when the nuclear magnetization refocuses in the plane
perpendicular to the hyperfine field.

For manganese ferrite, with X, = .1 emu/cm30e s Mg = 560 em.u/cm3 s

2 = .1 cm , the constants in Equation 46 are

a = 2.5x 107 gm/cm.zsec2

B = 0.4 gm/cmzsec

H = 2.6 x 10—'ll gm/cm2
then, W

v_= —— = 50 MHz

w 2w

Using values of 2AH = 150 Qe and H = 2.3 kOe,
fmr res

- 5 _ rAS- ' ,
n, = 2x100 n, = (&, (51)

The ratio (AS/V) is simply the ratio of domain wall volume to sample

volume.
7. The Coupled Equations of Motion of the Magnetic Sublattices

To obtain thé nuclear resonance condition for 55Mh ions on the A~

. . . . 30
sites we solve the coupled sublattice equations of motion
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(@M, /dr) = v (M, x @ - N + 8, - om)}
(@ /ae) = y b x @ - A, +H)) (52)
(am/at) = vy lm = @ - oM}

>
where M.A p are the A,B sublattice electronic magnetizations, A is the
b4 .

molecular field constant describing the A-B exchange interaction, Ye

and YN are the electronic and nuclear gyromagnetic ratios, a = IHN/MZI s
-> : > “
HA p are the A,B sublattice effective anisotropy fields, and H is the

b

->

effective applied field (including demagnetizing effects). m is the
A-sublattice nuclear magnetization. The effect of the B-site nuclei

on the A-site resonance condition will be very -small and can be neglected.

, + - + - .
Transforming the M's and mto M , M , andm , m , these equations

become
+ o] Oy, F o, + + 0 _
(Q/Ye)Mﬁ._ (" —_AMB - HA - am )MA - )\MBMA - am MA = 0
+ o + o+ _ .
(m/Ye)Mé - (H + AMA + HB)ME + AMBMA = 0 (53)
-+ o, + o+ _
(w/yN)m - (H+ aMA)m + om MA =0
assuming M(t) = M.Oe_imt . The solution for low frequencies (neglecting
terms like w/ye ) is
- _ : 1 (O 1O :
Wy YW, - H) o+ oy E {l - '@ /M)} (54)
where A o '
| IR - -
n By/{@, - B)(B - 1) + (8H, + H,) + on®} (55)

B = MB/MA)' Here H has been replaced by Ho - HD , the difference bet-

ween the applied field and the demagnetizing field.




31

7.1 Single domain enhancement

The factor n' in Equations 54 and 55 is a result of the coupling

of the electronic and nuclear magnetizations and is, in fact, the en-

hancement factor for nuclei not in domain walls. 1In general the rf field

felt by the nucleus will be, with HX applied perpendicular to HN’

= H /)
where HK,'acts as an effective anisotropy field acting to prevent the
11 - n ‘ . O - - ~
rocking" of HN by thg applied field Hx' For HK' HK BHB + HA 1 kOe,
o

H ~H =0,8=1.9, with (at T=1.5%) n° =1 0Oe, H

o D = 560 kOe,

N
n' = 560
This enhancement occurs both as a response to an external rf field and

as a response to an internally generated field, i.e., to the refocused

nuclear magnetization.
7.2 Frequency pulling
' Since the net nuclear magnetization varies with temperature as

n° = N(YNhI)

J

i

while M° is nearly constant (for T g 4.2 oK) the resonance frequency w

A N

will be pulled to lower values as thé temperature is lowered. This ef-
fect, known as frequency pulling3l, is very strong in some materials due
to the 10& anisotropy. In manganese ferrites the effect is small but
still visible8’30. Another effect of frequency pulling is illustrated

in Figure 2-a where the resonance frequency for Ssmn in a'single crystal

sample of N1.03Mn'62Fe2.3604 is plotted versus external field at T = 1.5

-0
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Figure 2. Frequency pulling, a) T = 1.5'°K, b) T = 4.2 °K.
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The dashed line has a slope of YMn = 1.055 x 103>(sec Oe)_1 and an'
Ho - HD = 0 value of Vi ¥ 559.5 kOe. The solid curve is the resonance
frequency calculated from Equations 54 and 55 using HK = 0.7 kOe. Fig-
ure 2.b is for the spectrum at 4.2 °k. The solid curve in this case

is the calculated resonance frequehcy using the same hyperfine field

as in part (a) of the figure but with HK = 1.0 kOe.

When the enhancement factor n' is very large, an external rf field
can become so strong that it destroys the resonance.condition31. This
is especially true in pulsed NMR where the rf fields are already very
strong, and it may be impossible to observe the resonance unless an
external static field large enough to significantly weaken the enhance-

ment factor is applied.
8. Free Precession of Nuclear Moments

The free precessionB? techniques in magnetic resonance, since they -
involve the response of the magnetic system to a number of rfvpulses,
allow the observation of the precessing magnetization‘(aﬁout tﬁe static
»magnetic field) in the absence of continuous extérnal driving fields,
ani,therefore, are ideally suitéd for the study of relaxation effects

and the interactions which cause them.

8.1 Free induction decay and spin echoes

32,33

In the vector model of pulsed resonance , viewed in a reference

frame rotating at the Larmor precessional frequency w;, an rf field of

X
1

magnetic field H® (and the net equilibrium nuclear magnetization), will

frequency w, = and strength H. applied perpendicular to the static

L
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exert a torque on the nuclear magnetization (H, x m) and will rotate it

1

x If the rf field is left on for a

1
time 6t such that YNHTGt = 1/2 , the nuclear magnetization will lie

in the plane perpendicular to H

along the y-direction when the pulse is removed. In fhe laboratory
frame this will produce a rotating field in the plane perpendicular to
the static field. This rotating field can be detected by a coil or
cavity and gives the familiar free induction decay (fid). If the in-
dividual nuclear spins héve slightly different Larmor frequencies
(wi - e << wL) this free induction signal will decrease in intensity
due to the gradual loss of phase.coherence in the total spin system.

If at a time T later a secon& rf pulse is applied albng the same
direction in the rotating frame the compqnents of the individual nuclear
X

moments perpendicular to H2

rotated out of the plane. If this second pulse has a length &t such

will again experience a torque and will be

ﬁhat YNH§6t = T , these components will have been effectively reflected
through the x-axis. Then, due to the spread in Larmor frequencies, the
individual moments will_fegain tﬁeir phase coherence temporarily at a
time T-following the application of the second pulse. This resul;s in
a net moment along the -y direction in the rotating frame, which can

again be detected as a rotating field in the laboratory frame. This is
32

the two-pulse spin~echo experiment described by Hahn ( 7/2 - /2 sequence)

and by Carr—Purcell33 ( /2 - T sequence) , and has been the primary

tool in this study of the nuclear magnetic resonance in manganese ferrites.
8.2 Relaxation processes--longitudinal and transverse

Due to interactions between nuclear spins and between the spins and

their surroundings the free precession signals (fid and spin echo) do not




35.

Figure 3. Free induction decay and spin echo in MhFe204. T = 4.2 k.

persist indefinitely. Thére are two basic types of relaxation possible:
thé longitudinal processes which bring the magnetization out of the x-y
plane and back along the z-axis, and transverse processes which involve
the destruction of phase coherence of the momeﬁts rotating in the x-y
plane. The longitudinal and transverse felaxation rates are usually
described in terms of characteristic relaxation times T1 and T2 respect-
ively.

If the time between the two rf pulses is varied the spin-echo amp-

-litude will vary due to relaxation processes, as shown in Figure 4-a.

The data for this figure were taken at 1.45 °K in an external field of
Ho = 8.0 kOe. The clearly exponential behaviour of the spin-echo decay

implies that the relaxation can be well described by a single relaxation

time. This relaxation time can, however, represent the sum of several
relaxation processes--of both longitudinal and transverse type. The spin-

echo amplitude for this simple two-pulse experiment can be written as

A(ZT) = A(1t = 0)exp(~ 21/T) : (56)
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where T includes effects from all different relaxation processes.

To separate T. processes from T2 processes various techniques have

1

32,33,34

been devised using larger numbers of pulses. A simple tech-

nique to determine Tl independent of T2 , consists in épplying a third

rf pulse (length corresponding to a rotation of 1—) at a time T, after

2 2

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

shown in Figure 5. The echo occurring at a time t = T + Tz-is of

Figure 5. Response to three rf pulses showing stimulated echo
and secondary echoes.

particular interest since it's amplitude as a function of Ty and T, is

given (in the absence of diffusion effects) by

AGr, + 1) = A el T %1 + %2)} x exp(- 1,/T)  ,(57)

Then, if 1. is held constant while Ty is varied the plot of echo

1

amplitude versus T, gives the longitudinal relaxation time T1 , as il-

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

from (1/T2) = (1/T) _‘(1/T1) .
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9. Inhomogeneous Broadening--Instrumental Considerations

In a case where spin diffusion (Whether actual particlé diffusion or
spectral diffusion) and relaxation effects cén be neglected during the rf
pulses and during the fid or spin-echo, if the resonance line is narrower
than the bandwidth of the rf pulse the free induction and spin-echo can
be viewed as the Fourier transform of the resonance 1ine35. In ordered
magnetic materials, however, the resonance is strongly broadened by sam-
ple inhomogeneities and is usually much broader than the rf pulse band-
width. Thus, the echo a;d fid will reflect the frequency spectrum of the
pulse rather than that of the actual nuclear resonance spectrum. To ob-
tain information about the entire spectrum then we must sample it as a
function of frequency in a step by step fashion. Figure 6 shows a spec-
trum obtained in this manner. The pulse bandwidth is n 1/8t = 0.5 Miz,
while the resonance line's half-width at half-maximum is § = 3 MHaz.

Such strong inhomogeneous broadening creates some special instru-
mental problems. First, the pulse spectrometer must be a variable fre-
quency type (sometimes over a very broad range) and one must insuré that
the rf pulse amplitude and receiver sensitivity remain constant over the
entire spectrum. Second, because of the large hyperfine fields and‘sub—
sequent high resonant frequencieé, the rf wavelengths are of the order
of meters and uhf techniques should be used. Third, since the enhance-
ment factdr for nuclei in domain walls is a function of the nucleus'
position in the wall, the tuning conditions (for}a 7/2 or m pulse) will
change with the positions in the wall being sampled at a given ffequency.

In.the case of 55Mn resonance at the A-sites in M’nFeéO4 these prob-

. 55
lems are not so severe asthey are in other cases (e.g., ~ Mn resonance
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for nuclei at the B-sites), since the linewidth is n 3 MHz while the res-
onance frequency is = 600 MHz (£/Af = 200). RF pulse power eutput is as-
sumed constant over this range while receiver sensitivity is easily cal-
ibrated using an rf pulse of known amplitude (obtained from an rf signal
generator). To minimize cable reflections, and since maximum power trans-—
fer ﬁas not a consideration, the rf cables were made long ( > 10 meters)
to approximate an infinite transmission line. For more criticalvapplic—
ations, variable stub stretchers should be utilized.
The‘enhaﬁcement.mechanisms discussed earlier depend both on the
amount of nuclear magnetization at the particular frequency being sam-
pled and on the applied magnetic field. Thus, the condition for optimum
pulse widths will be a function of frequency and field. For each new
frequency and field the pulse width must be readjusted. This should help

to cancel any frequency variation of pulse amplitude since, in the vector

X
1

Because of the strong enhancement of the applied rf field it is

model, a change in H_ may be compensated for by a change in pulse width.
never clear that the pulses form a true (n/2, m) pair. Very large turning
angles are pos_sible36 for strong pulses, particularly for nuclei within
domain walls., The very large enhancement factors for nuclei in domain
walls (compared to the enhancement for nuclei in domains) introduces a
severe exﬁerimental difficulty since it is imposéible to satisfy the

(n/2, m) condition for both nuclei within domain walls and domains simult-
aneously. Thus, as the prbportion of domain wall nuclei contributing to
the signal changes with frequency, coupled with the changing enhancement
factor, the tuning conditions (pulse widths) sometimes change drastieally
introducing considerable experimental uncertainty. At higher.values of

external field the situation is considerably simplified since then the
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domain walls have been almost entirely removed and the sample is a single
domain. At low fields, however, several experimental runs were necessary
before reproducible results were obtained, and it was found that the sit-
‘vation was much improved at low rf pulse powers. For this reason, and to
insure a well-shaped pulse from the puléed oscillator, a rather low pulse
amplitude was used throughout, being only large enough to allow good sig-
nal to noise ratio throughout the freqﬁency, field, and temperature ranges
of interest. Even so, it is expected that a large part of the diffiéulty
in the interpretation of the spectra at low fields is due to this problem
(seé the discussion in Chapter IV).

Two types of resonant cavities were used in these experiments, one
which was inserted into the cryostat and allowed the sample to be rotated
about an axis perpendicular to the external field, and the other which

was outside the dewar. Both are coaxial cavities whose resonant frequencies

- N ,(b)'

Figure 7. The cavities used in the pulsed NMR experiments.
a) side view of cavity placed inside cryostat, b) front view
of external cavity showing cryostat tip inserted. S is sample.
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are varied by adjusting a capacitance at one end. The in-dewar cavity

is illustrated in Figure 7-a where the capacitor at the bottom is a 15 pf
trimmer. The external cavity, illustrated in Figure 7-b, uses a brass
disc fastened to the top of the central post, and the cavity fromnt, which
screws into the cavity on very fine thréads, to form the variable capac-
itance. This latter configuration was very successful because there is
no rf current fiowing across the points where the cavity front makes con-
tact with the body of the cavity. The tip of the dewar contaiﬁing tﬁe
sample was inserted into the cavity as shown in the figure.

In both of these cavities the rf magnetic field is in a mode cylin-
drically symmetric with respect to the axis of the cavity. The rf pulse
is applied to a single loop of wire as shown in the figure, and the‘signal
is detected by a similar loop on the opposite side of the cavity.

Figure 8 is a block diagram‘of the system for measuring the spectra
when the echo decay envelope is nearly exponential (used for spectra taken

on the Ni.03Mn.62F§2-36?4 $%mp}e).:;T@ehexppnentlal generator uses agv

REP. RATE
TIMING
PULSE PROG. BOXCAR INT.| .DVM
IRANSMITTER ;;' RECEIVER EXP.GEN.
1

SIG. GEN. ' S [LE 0sC.

' AI;________‘COUNTER

 Figure 8. Block diagram of spectrometer system for comparing
echo decay envelope to an exponential of known time constant.
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R-C circuit to generate an exponential of known time constant to which

the echo amplitude is compared while varying the time between rf pulses.
The receiver is calibrated using the pulse modulated rf signal generator
whose output is applied at the transmitter side of the cavity. The signal
generator's output voltage is selected and fixed throughout the experiment
so that its output pulse will not saturate the receiver even at those parts
of the spectrum where the receiver gain is the highest (i.e., far from
reéonance). The gate of the boxcar integrator is placed at the position
(t #21) of the echo maximum and has a width (= 20 nanoseconds) which is
much less than the width of the echo. The signal generator output pulse
is timed to occur at the same position és the echo so that the boxcar
integrator and the digital voltmeter can be used to measure the receiver
gain as well as the echo amplitude, depending on the position of the
switch to the cavity. By measuring the decay time, echo ampiitude, and
receiver gain as a function of frequenéy the resonance spectrum is ob-
tained. The spectrum shown in Figure 6 was obtained in this manner.

. As discussed earlier, for low values of-exﬁernal field, domain walls
exist in sufficient quantity that the echo will consist of two componeﬁts
with different amplitudes and relaxation times. In this case the echo
decay envelope will not appear exponential. For this condition the system
described by the block diagram in Figure 9 was used. Here the triggefs
for the two rf pulses as well as the box-car's gate positioning pulse
are derived from a square wave whose frequency is varied by applying a
ramp voltage to the VCG input of the square wave generator. In this way
the separation between pulses can be continuously varied over a range
of > 100 psec, and the boxcar gate position automatically tracks the echo

position (at 2t). The area of the square wave is proportional to the
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Figure 9. Block diagram of spectrometer system ﬁsed in the
- case of non-exponential decay.

period of the square wave, thus, the output of the square-wave integrator
is applied in analog form to the x-axis of an x-y rgcorder and in digital
form to the digital printer. The boxcar output is similarly applied to
the output units and a continuous record of echo amplitude versus time
between pulses is obtained. This, together with receiver gain, is suf-
ficient to obtain the complete spectrum when repeated over the entire
frequency range. The spectra taken on the MnFe,O single crystal sphere

274

were done in this way.
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CHAPTER II
The Suhl-Nakamura Interaction

and the Formation of Multiple Echoes

When there is a high density of nuclear spins in a material, whether

40,41

1iquid37, solid38, metal39, or magneticaliy ordered s, there exists an

effective nuclear spin-spin interaction which may be of either pseudo-
. 38,42 . .
dipolar or pseudo-exchange form . This interaction proceeds through
a partial polarization of the electronic states by the electron-nucleus
interaction, and its form may be obtained through a second-order perturb-
ation treatment of the electronic energy levels with the electron-nucleus
interaction as the perturbing Hamiltonian. In liquids the interaction is
restricted to a single molecule while in insulating solids near neighbors

may interact. In metals the perturbation sets up a localized spin-density

wave which extends over many atomic distances (j{eff ~n cos(2kFR)/R3), and

in magnetic materials, due to the strong exchange and hyperfine interactionms,

the effective spin—sﬁin interaction (j4eff N Rflexp(—aR)) can have a very

long range and, therefore, a strong effect.
1. The Hyperfine Interaction--Spin-Wave Expansion

At low temperatures, where the spin-wave theory outlined in Chapter i
can be effectively applied, the hyperfine interaction (Equation I.3) for
the isotropic case (applicable to the A-site ions ) can be written as

A

;f{ 1 +.- -t 4 Z,2 :
e EAE (18, +I18)+ AE ;nsn , ¢))
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> > > >
with A= - gNuNth'S/(S'S) » where S is the A-site electronic

spin. Then, the Holstein-Primakoff transformations allow the hyperfine

interaction to be written in terms of the spin-wave operators defined in

Chapter I. Up to third order in spin-wave operators the hyperfine int-

eraction may be written as
- (0) (1) (2) (3)

where,

(0) ) . ) B - .
H P = - s, I | ©)

is the zero-magnon term representing an energy shift due to the net z-

polarization of the nuclear spin system. The one-magnon term,
1 1 PR .
HWD o Laesy” ] (T + T @)

gives rise to the effective spin-spin interaction when treated as a
+

perturbation. Here the nuclear spin operators In have been transformed
to

+ + > >

= . +ike

L= QIR ) remp(ather)

The two-~magnon term is
(2) Z__r s _ T y.T ot
:H = @ )] Cempl-i(k -E)F Yal a (5)
rlkrkz 172

while the three-magnon term is written as

HD --saesp sy 1 ] (et - &, - £y
n kl’kZ’kB
(6)
+ - - R -> -> - + <+
X + I exp{-i(k, + k, - k. )r }
%%, T T 1Ry ke o e o)

These higher order terms (Equations 5 and 6) will be of considerable
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importance in relation to the spin-wave relaxation processes to be dis-
cussed in Chapter III.

The one, two, and three-magnon expressions in Equations 4, 5, and 6

when written in terms of the magnon normal-mode operators ak ’ Bk become
£ (1) _ 1 1 - + + +
Ao =g aes E (Cemc +ub + Leve +ubp) .
(2) - T2 e T NG
oy = (AN D) 17 expli(k;~ k) r_}
n kl,kz
+ + +
X (v- v, 0 O - v, B, a
ki 'k, k; k, ukl ky k; k, »(8)
.
- a B+ B B )
ey ey Ky kg TRy k) K,
5 2 > > >
:H k(“f_) = - (zsA) 2(A/8NZ/ SA) Z : ‘2 { exp{—i(k1+ ko= k3)'rn}In
n‘kl,kz,k3
+ +  + + + _
X (mvpvyv e 0,00 + u vyvaBie,o 4 viuyvae Byo + v vyue o 8,

+ + ot + +o+
- Vlu2u3013233 - ulV2u3Bla263 - ulu2v33132a3 + u1u2u3313263)_ +

(9

- - e
exp{l(k1+ k- k3)

2 V.VAG. 0. 0. + u B a+d + v.u a+6 o

+
2Y3%1%2%3 1V2V3"1%2%3 1"2V3%1P2%3

> .+ +
rn} In (—v 2%3

1

ot gt - wv.ug a+s§ -

V1¥2¥3%1%2"3 T Y1V2"3 1% V3P 1Pp®

+ ot -
V1Vau3%1%9P3 U1%2V3P 1P

+
+ ujuyu B B, 6y )}

In these expressions, ai = ak ’ vi = vk , etc., and
i i

+
G = -y toub
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as given in Equation I.26. The transformation coefficients are

2

2___ 5 2o oA
Yk 2 ’ k 2

Sp = 1S, Sp = NS,

: (10)

n = ZNA

LN Z v2 + Nz}

A“ATk T Y4k

Equations 8 and 9 will be discussed further in Chapter III.
2. Second—ordef Effective Nuclear Spin-Spin Interaction
2.1 Perturbation expansion

The second-order shift in the energy levels, using the usual per-
turbation expansion with the one-magnon term of Equation 7 as the per-

turbing Hamiltonian, is given by

0| H D o< H D o>
k k o :

where the state |k> is the state with one spin-~wave (either @ or B ) of

>
wave vector k and-|0> is the state with no spin-waves. Since the magnon

dispersion relation has two branches (Equation I.28) the one-magnon hyper-

fine interaction is written

1 _ (1) (1)
hf H7 o+ Hy

v _ 1 Lo 4+ -

.j{ o =-3 A(ZSA)? E {Ikykak + Ikvkak} (12)
(1) L1 L o +

H P ROV E (T u b + Luybl

and the energy shift becomes
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o[ HP oxH Vo
AR = - z [ hw
k o (13)
<o H) [ro<x K ED o>
th }
= AEOL + AEB
Then, since ak|0> =0, B;l0> = |k> , etc., the energy shifts can be
written as
- _+
(I I
_ 1,2 k k| .2
AEa ) A SA' E how ) Yk
o
.rI+ I e
. 1,2 k ki 2
AE, =->AS, . ) )
B 2 A x \ th

Since the gap between the o and B branches of the spin-wave spectrum is

quite large for ferrimagnets, the energy denominator fw, is large and

_ B
AEB may be neglected, giving AE = AEa . Thus, the form of the Suhl-
Nakamura effective spin-spin interaction for ferfimagnets is the same

as ﬁhat for ferromagnets40.
2.2 Asymptotic form of the range function

Transforming the expression in Equation 14 for AEa back to the
+
nuclear spin operators I; » the effective nuclear spin-spin interaction

takes the form
2

= 1,2 ' Yk iDL 2 -+
:HS-N ST2A8, izj{ (AN E [E":) §Xp{1k (r - rj)} LI I

» (15)
omitting from the summation self-energy terms where a magnon is emitted

and then reabsorbed by the same nucleus. The expression

_ 2 : vk P > ) |
Bij._ (A SA/NA) E E;;:) exp{1k°(ri— rj)} . - (16) .
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is called the Suhl-Nakamura range function. The a-mode dispersion rela-

tion is, for MnFeZO4 s

. 2.2
fw, gupH' + 4JS . .a'k (11/64) (17
where S = —--NA [_—-———SASB ] = l[——————SASB ]
eff N 2 2{c _ 1
BS,- n'S, Sp= By

+
The sum over k in Equation 16 can be replaced by an integral in the long

wavelength approximation. Then, with

ikrcosf..
e i ]

V. > -
k] iker,. . i
) iy = (8_,./8)) 2(
k['ﬁ“’a | eff "B ¥ l. ¢+ a?

since vi = i SA/ (SB— L SA) , (which amounts to neglecting a term like
guBH'k2 compared to guBHexkz), the range function, on transforming to

an integral, becomes

2 3 21 1 (0 2 éikrcosG
B.. = A“S (S S )(a /2 d¢ | dcos8 | dk k 18
- PG @ i [ [ [0 ()
’ R 4 12
= A% (s _./s y(a3/¢2m %) (1/2dr) In dz 28— |
AVeff B { 2
-o c¢fd + z

825, (S oIS ) (a3 /4md) (1/1) expl-(c/d) *r}

Then, as a function of the effective internal field H' (including ext-
ernally applied fields, anisotropy and demagnetizing fields) and the

exchange energy ﬁme , where 53 is the volume per A-site iom,
L,
2A7S (S .
- TAl 1 Teff} L
][ }.(-I/NA) f(rij)

A
ij zhwe SB

where z is the number of A-site nearest magnetic neighbors and -ﬁA is the
number of A-site ions per umit cell, ﬁwe = Z&Jseff(lllﬁl&) . and the function

£ (rij) 1ss given by
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B = g T eml-(aug e)* (o/a)) (19)

with the constant a = (2/z) = 1/6 .

In Figures l-a,b the asymptotic range function is plotted as a

function of distance (r/ann) and as a function of the effective field

H'. The effective range of the interaction , R, is defined as the dis-
15

1
e

tance where (r/fa ) =R = (guBH'/ﬁwe) . For the wvalues hme =1.29 x 10~

; 0
ergs and H'= 1.0 kOe, the range is R = 21.4 x a = 76 A .

Even though the interaction would appear to be quité weak due to
its second order nature, its very long range makes it the strongesﬁ inter—
nuclear interaction in these materials and it provides the most effective
nuclear magnetic relaxation channel at low temperatures.

The Suhl-Nakamura Hamiltonian of Equation 15 describes an interaction
between the transverse (I+, I-) components of the nuclear spin; therefore,
when there‘are a large number of nuclear spins in the x~y plane, as is the
case ip the usual pulsed NMR experiments, the spiqs will interact strongiy.
The result of this interaction, other than the transverse relaxation to be-
discussed in Chapter III, is an effective magnetic field at oné nuéieus due

to the x, y components of the spin of énotherrnucleus. This effect will be

discussed in connection with the formation of multiple echoes after a brief

discussion of the density matrix treatment of pulsed nuclear resonance.

3. Density Matrix Treatment of Pulsed Resonance

The density matrix formalism provides a straightforward and powerful

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

ernal excitationé3’44. Given a general state of the system ¢ which is a

linear superposition of the orthonormal eigenstates u of the Hamiltonian
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the expectation value of an operator M.z in the state ¥ is

W> o= (Y, M) = 'nzmaiam<unlelum> = n2m<mlP|n><nle[m>
L] 3

»(20)

where <m|P|n> = am§§ defines an operator P. From Equation 20 we have

that the average value of Mé is

<MZ> = z <ml PMZ l m>
m

The density operator p is defined as the ensemble average43 of matrix

elements of P

<m|p|n> = a a* = <m[P|n>

Then, in general, the expectation value of any operator T is

<T> = Tr(eT) = | <m|pT|m> - (21)
L ,

From the Schrodinger equation for the state ¥
(B/1)(ap/or) = H v = (-b/1) | (2a /ot)|u >
n

with Hamiltonianf}{, the density matrix p can be seen to satisfy the

equation

wrac = amfp , H] @

with solution, if $ is not a function of t,

p(t) = exp(-iHt/8) p(0) exp( iHt/n) (23)

where the t = 0 matrix elements can be defined by the Boltzmann factor and

therefore,

0(0) = exp(-H /1T /(] exp(~iE_fiT) ) (24)
n .
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whereﬂ |n> = Enln> . For the equilibrium density matrix in the absence

of external rf fields
2
p(0) o expl h(wolz + aIz)/k_-ET }

in the presence of Zeeman (ﬁmolz) and quadrupole (aIi) Hamiltonians. 1In
the high temperature approximation kBT >> h(molz + aIi) , valid for all

but the very lowest temperatures (’Q 10_3 OK) s
p(0) v 1 + (hmoIz/kBT) (25)

if halz << /hwolz . The constant term in this expression can be neglected
since it will not affect any of the calculated properties.
1f ﬂ = 5“0 + :Hl , where 341 is a function of time, then the equatibn

of motion becomes

dwor/at = () [ox,Fhyo)] @

where p(t) exp(—ij'(ot_/ﬁ) p*(t) exp(i's{ot/h)

exp (i H_t/f) H 1(8) exp(-if{_t/n)

and :ﬂ;*(t)

Thén the time development of p*(t) can be solved by iteration42 yielding,

to second order in H ’l‘(t) ,

. : .
) s . 2 -
() [de = (W/R) [ox@,#x0)] + @m L[[o*w),j&;(t)] Axm] ae?
| (28)
This appfoach is very useful in cases where there is a fluctuating internal

field, etc. 42

3.1 Form of the time development operators

In the case where j{ is time-independent the time development operators

can be evaluated from the knowledge of the Hamiltonian. In the case of a
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Figure 2. Division of time axis in a two pulse experiment.

two pulse NMR experiment, time can be divided as. shown in.FigureAZ. Before
t = 0 the spin system is in equilibrium described by the density matrix
p(0). In region I in the figure, during the first pulse (of length th
and strength Hl = wl/y ), the Hamiltonian, in the frame rotating.about

the z-axis at a frequency w' equal to the frequency of the applied rf

pulse, is given by

. 2
= -— '
j{I Bo, -0, + fa I, + %o I

if the pulse is applied along the y-axis in the rotating frame. Then,

with Aw = w - w' , the time development operator in the first region is

[
it

: X 2
exp{-i(Aw I +w Iy + a Iz) t } (29)

1 1

1

and, Py Up ey Ug

is the density matrix immediately following the first rf pulse, whereA

Py = HAw IZ is the t = 0 density matrix in the rotating frame.

From the expansion
| = 14 - (—i)n n.n
LU(t) = exp(-iHt/h) = z ——;F—-j£ t
n=0 -

" and since <m|H [m'> = (-1)m?m'<m'lj{|m> and <‘mlj{|fm'>'= <m'lj{lm>
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whenever j{ Vv any of the spin angular momentum operators, by induction,. if

<ml,‘Hklm,> = (_1)m-m'<m'lj“klm>

<m'|3{ﬁnp
BHEH + R4

and <-mlj{kl—m'>

then for k + 1, j{k'+ 1
<mlj~[k+l|m'> - ("1)m_m'<m',1/2(j"ﬂk + _Slkﬂ)lnp
<u 3w o [ - R [

Thus, in general the operators have the form (shown here for I = 5/2)

[ A B C D E F )
-B G H 1 J E
c -H K L I D
U = (30)
-D I -L K H C
E -J I -H G B
A\ -F E -D C -B A |

and they have only 12 distinct elements.
In region I, during the first pulse, for nuclei With Larmor frequencies
wo such that wo - o' << wl » and assuming that the quadrupole coupling con-

stant a is small, the first time development operator is given by

UI = gxp(—iwltwlly) - (31)

which represents a rotation17 about the y-axis through an angle w If

| ltwl'
the quadrupole coupling constant a is not small compared to ml » the op-

erators can be evaluated iteratively using the identity44

exp(BA) exp(-B(A+B)) .= 1 - {B_dl exp(AA) B exp(~A(A+B))
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for the two cases a < wl , and a > W The matrices will still have

1
the form of Equation 30. For the nuclei at the tetrahedral sites in
MnFezo4 » there should be no quadrupole splitting and the quadrupole

coupling constant a may be neglected. The expressions for the observed

signal to be evaluated in this section will be valid in the presence of
quadrupole splitting since these expressions only require that the op-
erators have the form of Equation 30.

At a time t > tW , i.e., in region II in Figﬁre 2, the density
1 ' :

matrix is given by

230 = Tgeye, Wy - v P02 WD)y LDy ,(32)
= S)pz (U(l))
where,
Uy = o PP - expldsu(e - £ )T} expl-ta(e - £ T2} ,(33)

1 1
since [Iz, Ii] =0 , and the matrix elements of this operator may
be immediately evaluated.

During the time interval immediately following the first pulée the

spin system is not in equilibrium and the Hamiltonian used in the time-

development operator in Equation 33 should contain the terms describing
the relaxation of the spin system towards equilibrium. These terms include

the Suhl-Nakamura and dipole-dipole interactions, but if their main effect

is to cause relaxation, they may be described by a relaxation time T such
that the transverse magnetization at a time t following a single rf pulse

is given by

c e_t/T Tr(I p

) 5 (34

s3(t)
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where Py is given by Equation 32, and c, is a normalization constant.
3.2 The free induction decay and spin echoes

From the form of the time development operator given in Equation 33
the transverse magnetization, in the rotating frame, following a single

rf pulse can be rewritten as

s§0) = o e /T exp(;aB) 1r(1*p}) (35)

where ag = Ao(t - tW ) . The trace in this equation can be easily eval-
1
uated once the matrix elements of U. have been determined.

I

To obtain an expression for the free induction decay we must average
Equation 35 over -the distribution g(ws) of spiﬁs excited by thevrf pulse..
The function g(ws) will be the product of theblineshape function f(mo)
of the inhomogeneously broadened resomance and the rf pulse shape func-
tion h(ws). The observed spectrum will then be the convolutioné5 of the
two functions f(wé) and h(ws) while the free induction decay and spin
echoes at a given spectrometer frequency W will have a shape determined
by the produet~function’g(ms). Taking the average over g'(m;) = g(ws+w;)
and transforming back to thé,laboratory frame, the free induction decay
will be proportiomnal to

S3(t) = exp{ims(t‘;-—tW )} J’dwg g'(wé)exp{iwé(t—tw )1

M V1 (36)

X Tr(I+p2) exp(~-t/T) e

Since the functions f(wo) and h(ms) ,» while they may both be sym-
metric about their central frequencies, have in general &ifferenq shapes

and different central frequencies, the free induction and spin-echo shape
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function will, in the case of strong inhomogeneous broadening (when the
spread in Larmor frequencies in the sample is much greater than the pulse
bandwidth, 6wo >> Gws), change on varying the spectrometer frequency ws
through the spectrum described by f(wo)-
Defining the shape function by
= 1 | + ! v
G(t) deo exp(in t) glo_ +ovl) (37)
the signal follo%ing one pulse is
o + _ B _ :
S3(t) = exp{lws(t th)} Tr(I pz) G(t twl) exp ( t/I) c (38)
The signal will thus have a frequency W and, for a symmetric g(ws)
(i.e., at w_ = w_ ), will have a maximum at t-t = 0.
s 00 Wy
If, after allowing the spin system to develop according to Equation
32 until a time t = Tl » a second rf pulse, of strength wZ/Y and length

tw—, is applied, the operator U

describing this pulse will be of the
2 11T : ‘
same form as UI in Equation 31, namely,
UIII = exp(-—1m2tW Iz) (39)

2
assuming that both pulses are applied along the same direction in the
rotating frame (for the case'of an incoherént.pulse_spectrometer with
all pulses applied at the same. point in the cavity‘this is always true,
however, for coherent pulse spectrometers if tﬁe phase of the two rf
pulses is shifted,a transformation such as that applied in the discussion
of Section 453 to the case of the effective refocusing pulse due to the
first echo must be employed). Again, the more general form given for

U, in Equation 29 may be used for U

1 The matrix elements of the den-

IIT"

sity operator during the second pulse are
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—l = 1 .
Cli; = WrprPslrrdsy = E % Orrp) 13 Oprp §1(Pp) g e G k-1 ay)
» (40)

Then, |

(@) = LI D60 = L emp(riay L (41)

nm =0
(r=k-1)
where
3 2 )
M= 121 o E Orrp) 141,k P10 e e kor L)
+

with o, = (I )i,i+1 , and the sum Z; is over k such that k-r 2 1 , k 5 2I+1

Following the second pulse,

_ -1
Ps = Uppp,Ury
o ceires 20, _ (1) (2) |
with Uy = exp{ 1(Aw1Z +aI)(t Tt )l = [ U (43)

2

and the response of the spin system will be given by

Tr(Iﬂb ) = exp(ia.) Tr(I+p') ' (44)
5 5 4
where a. = Aw(t-T.,~t_) and p! = U(z)p U(z) similar to the defini-
5 1w 4 Iv."4°1Iv. > 70 4

2 _
tion of pé . The transverse magnetization and the signal in the lab-

oratory frame are then given by

: 21 h a. + ra,
; (3) 5 3y -t/T 2
N - ' A ————————————
S(5)<F) “a -rZO exp(lms(a5 + ra3)) M G( T Aw ) € n (Hext)
with M(3) given by Equation 42 and G(t) defined in Equation 37. The

r

factor-nz(Hext) is included to give the field dependence of echo amp-
litude due to thé enhancement mechanisms46 discussed in Chapter I,

Sections 6 and 7. In the case where the quadrupole constant a#0,

iat
)

the Tr(I+pA) will contain térms which depend on time (like e
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These modulation terms44 do not change the form of G(t) since they do not

enter the averaging process.

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

erved, occurring at times (a5 + ra3)/Aw . These echoes may occur as a
result of a quadrupole interaction by the introduction into the_operators
UI and UIII of non-zero elements more than one position off the diagonal4
or by a generalized excitation condition wherein the rf pulées do not re- -
piesentpure rotations.

For pﬁre rotations in the absence of a quadfupolé interaction, the

expression in Equation 45 is non-zero only for times near

and ' (46)

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

echo following the second pulse.
4. Multiple Echoes

Multiple spin echoes have been observed in various materials and
- ; Cffe 44 ,47-51
several explanations have been applled to the different cases .
As shown above for nuclei with I>% quadrupole effects can cause as
. . . 44, 47,49
many as 21 echoes following a two pulse excitation . Also, ex-
ternal processes48 requiring the active participation.of the resonant

cavity can cause a refocusing of the spin and consequently, multiple

~ echoes.
4.1 Observation of multiple echoes in manganese férrites50

In manganese ferrites, as illustrated in Figure 3, the application
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Figuré 3. Response of spin system to two rf pulses at T = 1.6 OK,

H, = 0.0 kOe, and v

587 MHz. .a) minimum receiver gain, b) vary-

ing gain to exhibit the echoes clearly, c) maximum gain.
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50,51. The

of two rf pulses results in a very large number of spin echoes
number of echoes observed increases rapidly on lowering the temperature
of the sample from 4.2 to 1.5 °K due to the increase in relaxation times
at lower temperatures. At 1.5 °K more than 20 spin echoes are observed,
while from Equation 45 above, for generalized excitation conditions or
with quadrupole interactions, only 2I = 5 echoes are expected. from
Figure 3-a it can be seen that the envelope of the multiple echoes is
exponential with a decay time of ~ 4 jsec at v = 587 MHZSO.

In Figure 4 this decay rate is plotted as a function of frequency,
showing that the refocusing mechanism, whatever its origin, is most ef-
ficient at the resonance frequency (voo= 587 MHz) of the nuclear sﬁin
system.' This characteristic frequency dependence suggests that a trans-

verse spin—-spin interaction, such as the Suhl-Nakamura interaction, is

responsible for the refocusing.
4.2 Stimulation by nuclear spin-spin interaction

The  formation of.multiple echoes in therpresent case can be éasily
visualized if ‘one considers the reaction of a singlé spin j' to the part-
ial polarization of the rest of the spin system. During the formation
of the first echo, spin j' will feel the net nucleaf magnetization in the
“rotating frame. Since this magnetization represents an internal field,
nucleus j' will respond to this field in much the same way that it would
 respond to the application of an rf pulse along the direction of echo
formation. The reaction of the spin system will be to refocus again at
a time At = 1 after the first echo. This proéeés then continues with
ever decreasing amplitude resulting in the multiple refocusing of the

spin system,
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What is necessary in this process is an interaction between nuclei
of sufficient strength to allow repetitive refocusing. The dipole-
dipole interaction with its r“3 dependence is too weak, but the long-

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

multiple echo formation when there is a large abundance of identical
spins.

From Equations 14 and 19 the interaction between the transverse

components of a spin j' and the rest of the spin system can be written

as

j‘ - - +_ -+ ‘v '
Asn=-¢ § Frygn) Bylye + IyT50 47)

where the sum Zg is over j # j' . This interaction can be visualized

{ as ‘an interaction between a magnetic field H and a magnetic moment

S-N

hylj, . The Hamiltonian can be written as
=~-C|. f(r.. I, JI.,-+ ) £(x.. I, JI. 48
Hsy ( (§ SHDEM Y (§ ASTTIRIE LT B

: +
and, when the spin system is in equilibrium, Zj f(rjj')15 =0 . Fol-

llowing the application of a 7/2 pulse and a w pulse at a time 1. later,

1

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

zero and, therefore, the sums above do not vanish and there will be an

interaction between the spins. At a time t = 211 + tW - tW the com- .
2 1

ponents of spin in the x-y plane will refocus along the negative x-axis.

At this time, neglecting relaxation, I; = I? = I; , and
' -2 () £Cr,.) T5) @7, + 1I0) : (49)
S-N FR < R B R &

or, writing the effective field HS—N as

Hy o = (“s—N/Y)' = -4(C/h) zj f(rjj.)1§
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the interaction takes the form

ﬂ S-N He n (hy Ij,) th-N Ij'

In general, if ge(t) is the function describing the x-component of nuclear
magnetization, i.e., the echo shape function,

_ max _Xx
A s-y = B g (6) wg g T4,

and the time development operator following the second bulse will be of

.the form
_ - v. ‘ : 2 . max X
UIV = exp{ 1(Aw Iz + a IZ)(t Ty th) ~1ge(t)wS—N’Ij'}
,(51)
The function g (t) has a maximum at t = 27+ t - t and ‘is éero for
e 4 1 W, Wy

times far from this value. Thus, the spin system sees an effective pulse
along the direction of formation of the first echo, in this case, the nég—.
ative x-axis. This pulse is due to the Suhl-Nakamura interaction and
céuses the refocusing of the spin-system to form a second echo and is
partl& responsible for the formation of a third echo.

An upper bound on the strength of this pulse can be estimated from
the observed transverse relaxation time assuming that the Suhl-Nakamura

interaction is the primary relaxation channel. Then,

ES—N TS-N N A or T

l .

Us.y ‘s-N "V

= 25 usec at T = 4.2 oK, w = 4 x 104 (sec)‘—l . If the

and, for T SN

S-N

echo shape function ge(t)-is-assumed to be a Gaussian with amplitude h,
-replacing it by a rectangular pulse of height h with the same area as

ge(t) giveé'for the turning angle of the effective pulse at t = 2t +

1

t - tw WichGe-= 2.8 x~10—7 sec (the half-width at half-maximum of the
2 1 : ‘ -




echo) w?fﬁ h §_/(n/21n2) n ~ nh-2.4 x 1072 radians (52)

The factor n is the enhancement factor as discussed in Sections I.6 and

I.7 , which for the single-domain or saturated sample case is n 500 .

The "height of the echo, h, depends on the absolute magnitude of the re-

focused magnetization and is difficult to estimate directly. However,

the data shown in Figure 5 éhow—
ing the t = 0 amplitudes of the
first four echoes suggest that

the effective pulse must be strong
enough to provide a rotation of
nearly m radians about the x-axis,
since each echo is ~ 2/3 the amp-

litude of the preceding echo.

Recall that while the second echo.

is due solely to the refocusing
by the first echo, the third and
fourth (and higher) echoes have
céntributions from more than oﬁe'

source. Thus,

nh+2.4 x 1072 « 12n £ m

giving'a value of h ¢ 1 as expected since the value for w

In(A,)

{ i | 1

| 2 3 4
ECHO NUMBER

Figure 5. Logarithm of echo ampli-
tude versus echo number at T=1.5 YK,

" H= 0.0 kOe, and v=587 MHz.

S-N determined

from the relaxation time should provide a good estimate of the strength

t h

of thg'interaction (with b =.1). The data in Table 1 , taken in Hex = Q

at T = 1.5 oK..show*quite.clearly the frequency dependence expécted for a

refocusing mechanism depending on the number of spins in the x-y plane,

‘i.e., a transverse spin~spin interaction, as the first echo is far less
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Table 1. Frequency dependence of multiple echoes at T = 1.5 °% in H = 0.
Ah and Tn are the amplitudes and relaxation times of the nth echo.

v(MHz) Te(usec) Echo # Tn(usec) Aﬁ(i;?és) h+1/Ah-
581.0 2.65 1 140. 0.257 0.25
2 70.0 0.064 0.22
3 57.5 0.014 0.21
4 57.5 0.003
583.0 3.20 1 100, 0.440  0.35
2 45.0  0.153  0.32
3 40.0 0.049 0.37
4 32.5 0.018
585.0 4.00 1 40.0 0.816 0.50
2 24,0 0.405 0.46
3 22.0 0.187 0.58
4 ~_17.0 0.108
587.0  4.20 . 1 26.0 . 1.000 0.67
2 14.0  0.668  0.62
3 - 12.0 0.415 0.75
4 10.0 0.312
589.0 3.20 1 26.0 0.552 0.53
2 ' 13.0 0.292 0.49
3 11.0 0.143 0.81
4 8.0 0.116
591.0  2.40 1 45.0 0.210 = 0.26 -
2 24.0 0.054 ', 0.31
3 ~16.0  0.017 -~ 0.35

4 12.0 0.006
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effective in refocusing the spins at frequencies far from the central
frequency of v = 587 MHz. (The frequency dependence of the relaxation
time will be discussed in Chapters III and IV.)

In this connection it should be noted that near 587 MHz the pulsg
tuning conditions (pulse widths) required to maximizevthe first echo
are different from those required to maximize'the second echo and
that for some-tuniﬁg conditions the third echo is larger fhan the .
second echo. These effects are due to the extreme strength of the
fefocusing mechanism, i.e., thé first echo when maximized is apparent-
ly equivalent to a pulse whose width is greater thaﬁ T radians, thus

the decrease in second echo amplitude on increasing the first echo.
4.3 Demsity matrix calculation for the effective pulse51

Continuing the discussion of Section II.3 by treating the first

echo as an rf pulse occurring along the x-axis at a time t = 271+ tw‘—

_ : -1
t =1, + 1, , of strength w_and length t = § v(m/21n2) . Neglecting
vy 1 2 e v, e
Aw and a during the first echo, the operator describing this effective
pulse is
. ’ "y _
Uv = Dz(n/2) eXP(-lwetWéIy) Dz( w/2) = Dz(n/Z) e Dz( w/2)

representing a rotation through an angle wetw about the negative x-axis,
’ e
where the DZ(iH/Z) are rotations of xmw/2 radians about the z-axis.  The

density matrix during this pulse is

_ -1
Pg = Uypsly

with (Uv)jk = ekp(ji(kjj)) ij

Then the response of the spin system to this effective pulse is given by
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. o,
Tr(Ip, ) = Z : z M exp(sia.) exp(ria.) ,(54)
6 - - T,s 5 3
=27 S,——ZI
where as before ag = Aw(t—twl) > a5 = Aw(l_:—rl—tWZ) » also,
21+1-| x| : :
(4) - * -
Milel,s 'p=1 6p,p+|r[ g (UIII)p+|r|,2+s (UIII)p,2(°2)2+s,z
5(55)
and
21+1-|r| '
= . . Y%
Milrl,s .le 6p+|rl,p E '(UIII)p,£+s(UIII)p+|r',2<p2)2+s,£
- | » (56)
21
i = X
with 815 ) O %t1,5 Ok, 1
k=1
and, as before, o, = (I+) '
> » % k,k+l °
Then following the first echo, at time t, with T, = T1+ t -t - %tw s
‘ V200 Y1 Ve
the time development operator is
= anf s o et (bt 2
Uy = exp{ iAw(t T T2‘twe)lz} exp{-ia(t 7T, tWe)Iz}_ »(57)
= g <2 (2)
VI VI exp (- 1a I ) U
i R ¢) NP ¢ I
and, defining Pe = VI p6(U )
- (1) (1)~
then, Py = 6(U )
+ ) +
and Tr(Ip,) = exp(1a7) Tr(I pg) > (58)

Finally, the observed signal folloWi_ng two external pulses and the first
echo will be. proportional to.

21.

x¢) (4) | o a7+*°"3‘5+’““} ~t/T 2
S (t) =¢c' . z M exp{lw (a +sa +ra )} G(—————————— e
T op=21 5—221 r,s 3. Aw

(59)

The factor'n (H ) is again 1nc1uded to give the field. dependence of echo
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amplitudes due to enhancement mechanisms. However, due to the dependence
of the effective strength of this pulse (given by me), on the amplituﬁe
of the first echo, and to the inclusion of the enhancement factor n in

Equation 52 for the turning angle of the effective pulse, the second echo

amplitude should decrease more strongly with field than the first echo.
Figure 6 shows the amplitude of the first two echoes as a function of the
effective internal magnetic field H' = 1/n for the two temperatures

T = 1.5 and 4.2 K. As expectéd the first echo's amplitude goes roughly

as-(l/H')2 vhile the second echo's amplitude varies more nearly like
(1/H')3 . The higher echoes (echoes 3, 4, etc.) will have more ébmplic—
ated behaviour with field, all falling off more rapidly than (1/H')2 .

The expression in Equation 59 for the signal following the first
echo can also be applied to the case of a third ex;ernal pulse applied
at a time Ty following the second pulse. This method can be appliéd to
-:the calculation<of:the'spin—system'é response to an arbitrary number of
rf pulses applied along any axes if transformations suéhbés.that used
with UV above are applied.

In general the expression in Equation 59 allows the formation of

a large number of echoes, however, the assumption of pure rotations and

no quadrupole interaction reduces these allowed echoes to only two, oc-

curring for times

211 + 12 f tw + tW

rt
i

and

ot
"

=. 27, +2¢; -t -t +t
17 4%° Wy Wy W

These are the second and third echoes, respectively. As mentioned earlier,

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

- tem by the first echo,.will“also receive a contribution due to the refocus- g
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ing effect of fhe second echo, and in general all higher numbéréd echoes
will have such multiple contributors. This should explain why the ratios
of echo amplitudes (An+1/An) shown in Table 1 do not appear to decrease
for higher numbered echoes.

In conclusion it should be mentioned that any material with a large
concentration of identical nuclear moments which undergo a strong spin-
spin coupling can eghibit the multiple echo phenomenon, for example 59Co
resonance in cobalt powders exhibits a similar sequence of echoes in
both the fce and_hexagonal cobalt phases. The relaxation processes dés—

cribed in the next chapter will provide further verification of this

model of multiple echo formatiom.
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CHAPTER III

Relaxation Processes in Magnetically Ordered Systems

One of the most intereéting and informative aspects of magnetic
resonance is the process of relaxation. The free precession or pulse
techniques discussed in Chapter I are ideally suited to the study of
relaxation since they éllow, after the initial pulse excitation, the
direct observationvof the spiﬁ systém‘s approach to equiiibrium. The
form and strength of the‘various interactions responsible for the re-
laxation of the spin system can be determined by measuring the relaxa—
tion rate over a suitable range of the experimentélly controlled var-

iables, such as temperature, frequency, and external magnetic field.
1.1 - The approach to equilibrium

The~relaxati§n processes allowing the spin-system to come fé equil-
ibrium éan be conveniently classified as_either spin-lattice or spin—'
spin procésses. In magnetic insulators at.low_temperaturés électronic
spin—wéve scéttering'processes frovidé the most effeétive épin—latticé
mechanism while the nuclear spin-spin relaxation is a reéult of the
nuclear dipole-dipole and the Suhl-Nakamura interactions. The dipole~
dipole interaction must be further separated into its transverse (mutual
spin flip) and longitudinal parts, while the Suhl-Nakamura interaction
-is basically transverseA(for high density of iden;ical nuciei).
Basically, the experimental measurement, as discussed in Chapter 1,
A of the relaxétion times consists of a measurement of echo ampii£ude as

a function of rf pulse separation in a two pulse experiment. The echo
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decay envelope if exponential, as it is for the Mh2+ resonance in
M’nFeZO4 at high fields, can be described by a single relaxatibn rate
(l/Ttot) which is the sum of the relaxation rates due to each of the
different spin interactions. The temperature, frequency, and field
dependences of the various interactions make it possible to séparate
and identify the individual contributions to the total decay rate.

The spin system's approach to equilibrium can be most easily vis?
ualized byvconsidéring a simple pulse experiment in wﬁich a 7/2 pulse
is épblied perpendicular~to the z—axis.(tﬁe axis of quantization);'.
This pulse rotétes‘a significant part of the nucleaf ﬁagnetization intd
the x-y plane. Transvers; relaxation then corresponds to a loss of
phase coherence of the precessing spins in the plane while longitud-
inal relaxation corresponds to the return of the nuclear magnetization
to the z—axis. The energy absorbed 5y the spins during the rf pulée

must eventually be absorbed bybthe lattice-~in the present case via

spin-wave relaxation processes.
1.2 Line broadening

The width of a nuclear resonance line can be due either to homo-

geneous broadening by interactions between spins or to inhomogeneous

V broadening by sample inhomogeneities, such as the broad distribution

of hyperfine fields common to magnetic materials, or inhomogeneous

" external fields. Homogeneous broadening is a result of the interactions
‘responsible for the spin relaxation, and the relaxation rate character-

istic of a given interaction is a measure of its contribution to the

total linewidth. Thus, in the absence of inhomogeneous broadening;

the resonance linewidth is given by dw n 1/Ttot . In the presenceA
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of inhomogeneous broadeningsz, however, the linewidth does not reflect
the relaxation effects and-other methods, such as the free precession
techniques, must be used to measure the relaxation rate. The extreme
inhomogeneous broadening in magnetic materials permits the measurement
of the frequency dependence of the relaxation rate and, therefore, sim-
plifies the identification of the interactions responsible.

The contributions of -the various interactions to the homogeneous
linewidth and‘the relaxation rate can-oe”calcolated, a; least in prin-
ciple; by the;method.ofﬁmomgntsssfss, as outlined in Appendix I, and

in the next section.:
1.3 The method of moments

The ﬁoments of the spectral distribution function in principle
give all the information ﬁecessary for complete determination of the
resonance lineshape. However, higher order moments become increasingly
difficult to evaluate and, in practioe, one must be satisfied in most
cases with fhe first two even moments, M2 and MZ (altoough the éixth

cnrz-moment  for theudipoleﬁdipole interaction has been calculated56’57).
The second moment of the homogeneously broadened resonance line, where

H' is the Hamiltonian describing the interaction responsible for the

line broadening, is giveh by
M, = - Tr{[j{ , zx] } /[ Tr(Il} _ 1
~and the fourth moment is
. 1 ' 2 ‘ . 2
M, = Tr{ [j.\ s [-_H R Ix]] })/ Tr{IX} | (2).

-where Ix is the x~component-of the nﬁclear spin. If thé‘lineshape fune-
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tion f(w) is a Gaussian, the half-width at half-maximum is given by

§ = V2In2 Mzi (3)
while for a cut-off Lorentzian

§ = —'m/_ (MZ/M)2 1; ()

Thus, the ratio (MZ/ ) will indicate which lineshape is more nearly
correct (see Appendix I for a more detailed discussion of the moment -
method). In the next section the moments of the longitudinal pqrt of
the dipole-dipole interaction will be discussed, while the treatment

of the Suhl-Nakamura and the transverse dipole-dipole interactions will

be presented in Section 3.
2. Longitudinal Dipole-Dipole Relaxation

The total dipole-dipole Hamiltonian for the interaction between

two nucledi labeled 1 and 2 (from Equations I.18, 19) can be written in

the form.s8 59 (using the notation of reference 58)
YiYoh : :
.'j-(dd=———-——{A+B+c+D+E+F} | (5)
12
with
A = Ii 1% (1 - 3cos20)
B =-——{1+1'+11 }(l-3cos 8)
4 172
- _ 3tz z 4., -i¢
cC = 3 {;112 + IIIZ} sinOcosbe

(6)
121

D = - %:{III; 1 } sinbcosbe™ ¢

E = - %- I+f+ sinzee-21¢
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3 - - .2
F = - Z-Illz sin e

2i¢

where Tio > 8, ¢ are the usual spherical polar coordinates, Iy, joining
nuclei 1 and 2.

The term A represents the lqngitudina; interaction between the two
nuclei (not necessarily identical), while the B term is the transverse
or spin-flip part of the dipole-dipole interaction Which is effective
only for nuclei‘whose Larmor frequencies are close together (within an
energy A~ the dipole-dipole interaction»enérgy). Thus, the B term is an
interaction between what can be called identical nuclei, much like the
Suhl-Nakamura interaction, and will be qonsidered in the next section.
The remaining terms, C — F , do not conserve energy in zerdth order and
will not be considered in the moment analysis. These‘ferms however can
be of importance when considgring higher order processes, in particular,_
spin-wave scattering, and will be discussed in this connection'in Section
4, (Seé reference 59 for a discussion of the physical significance of
these terms.)

The second moment of the longitudinal part ofjthiis the sum of two
contributions, from like nuclei and from unlike nuclei. In tﬁe present
case tﬁis means first a contribution from the Mn2+ nuclei on the A-sites
and secondly, contributions from 57Fe3+.- ions on the A- and B-sites as
well as Mh3+ nuclei on the B-sites. Since we are dealing only with term
A in this section, all of these contributions to the second moment have

the same form. The commutator [J{', Ix] in Equation 1 is, summing over j,k

- 1 2
[j{:’ IxJ = Ylyzﬁ. z —3—-(1 - 3cos ij) [I;I;, g If ]

j<k r;
k
) 2 | ¢
= iy.y A ) (1 ~ 200% O] (z%1y +-Izi?)

I'j k
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and the second moment for nuclei of type 1 4 interacting with nuclei

of type 2 is given by

M2(1,2) = l\(ZY I

3 1Y% 2(12+1)4a y

(8)

where the sum Zé is over nuclei of type 2 . Then, the total longitudinal

second moment can be written

_ A A A _ A A . B, A _ B, _
MZ—MZ(Mn,Mn)+M2(Mn,Fe)-,I-Mz(Mn,Mn)+M2(Mn,Fe)—Mg +M]23

the superscripts A, B signifying the sublattice the nuclei belong to.

The separate sublattice contributions are

| _— |
- 1 2 .2 2 - 2 3 .2
=12 g2 Mn'yMn(35/4) + chy2 (3/4) ] (@1 - scos”0 ) /ey )
A . ' »(9)
B . -
1.2 42 B 2 B 2 < 2 3 .2
i = 3 Yy B (Cy vy (35/4) + G2 y2_(3/4)) 12{ {01 - 3cos”0 ) /x )

where now the sums are over all nuclei on the individual sublattices and
S S fce while cAoB &
is the manganese concentration on the A, B sublattice while Fe 18
the 57Fe concentration on the respective sublattices. These sums may : be
, . : . 32, . .
easily carried out on a computer since, because of the .(1/r fzbehav1our,

they converge quite rapidly. The results for M’nFeZO4 are

M‘z‘ = 2.31 x 107 (sec)—z, Mg = 0.57 x 10’ (s;_ac)“2

7

M, = 2.88 x 10 (sec)”

This total second moment, assuming a Gaussian lineshape, corresponds to a

relaxation rate

. 1. -1 :
Ty = /22 M2 % 6.32 3 10 (sec)™ (10)
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or sz = 158 usec

For a more nearly Lorentziam lineshape, the fourth moment must be cél—
culated and used as in Equation 4, and the resonance linewidth will ap-
pear narrower than that estimated from the second moment alone. Thus,
the result in Equation 10 is an upper limit on the linewidth due to the
longitudinal dipole-dipole interaction and the value of sz given is the
lower bound for the relaxation time. Since this time is already much
longer than the total relaxation time observed hear resonance, over the
entire field and temperature range, it will be sufficient to neglect the
contribution of this intéfaction to the total relaxation rate except in
including it as a frequency independent background relaxation process
whose magnitude can be obtained from the experimental data. Because of
this the fourth moment need not be calculated.

A proper treatment of the dipole-dipole relaxation processes‘féquires )
the calculation of the second and‘fourth moménts of the total dipole- |
dipqle,Hamiltonian including the frequency dependent‘behaviourlof_the
transverse part of the interactionﬁo. In fact, the Suhl-Nakampra and.
dipole-dipole interactioné should also be treated at the same time to

avoid dropping the cross terms since, e.g.,
el [H,_» L[, ]!

e s % (11)
Tr{Ix} ’

These points will be discussed further in the next sectiom.
3. Suhl-Nakamura and Transverse Dipole-Dipole Relaxation ‘
The Suhl-Nakamura interaction

H 1.2 + - -+ o
= - = A"S B,.,(1.I., + 1.1, 12
2 Aj;j' 530 @I ¥ I i) - (12)
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and the transverse dipole-dipole interaction

Heg = v2 DL ¢
have the same general form and can be treated in the same manner,
except as outlined at the end of the last section. The second and
fourth momentsvof this "spin-flip" form of interaction have been cal-
culated, for the case of a strictly homogeneously broadened line, bj

3 2

Van Vleck5 . The second moment, where Vij' can be either - % A SAB..,

33

2 .
or ya d, ., is
Y JJI

Mg = %1(1+1) z: V§j, | (14)
i .

where the sum is over spins j' # j and the superscript h identifies
this as the second moment of the homogeneously broadened 1ine.' The prime
on the summation symbol is to indicate that for sbin—flip terms the sums
are over identical nﬁclei only. 1In the case of an inhomogeneously broad-
ened line the definition of "identical" spins must be modifiea61vto in- -
clude all those identiéai nuclei whose Larmor frequencies; mi and wj for
nuclei i and j , a;e such that I(wi - wj)|‘< Ivijl . For strong in—.
homogeneous broadening, § >> (Mi-N 2 , where 8 is the half—width of the
resonance line, the probability that spin j has a Larmor frequency within
lvijl of w, is g(wi)lVijl . »Figure,l illustrates the essential featurés
of this model. Here, the fraction of spins within *A of wj is approx-
imately g(wj)-A . Thus, if the homogeneous Suhl-Nakamura 1inewidfh5 A
is much less than the inhomogeneous'linewidth, s , IBjkIA A~ 1 and only
’spinsvwith Larmor frequencies such that'[wj - mk[ s‘lBjkl can interaéﬁ,
Then in sums of the form »

-2 -2
B, =N B®
jgk jk IZ{ jk.
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the final sum, over k, should be
weighted by the probability that
nuclei j and k can interact. Thus,

in calculating the second moment in

Equation 14, one makes the replace-
ment .
z V?. > z V2 v g(wi)

. 13 . d1j 4]
i J i J J

For the Suhl-Nakamura inter-

AMPLITUDE (arb. units)

I
T
action b
(!
' Lt R
i_ 1. 1x20 13§ o3 - Ob—
M§—31(1+1_>g(w)(zAsA)-JZBij | a W, W
» (15) Figure 1. TInhomogeneously broadened

resonance line with half-width § com-

since Bij 18 non-negative pared to S-N interaction strength A .

s here .

the i superscfipt’indicates that fhis’%?“A -
is for an inhomogeneously broadenéd line.
The dipole-dipole interaction can be treated similarly, however, be-

cause it is composed of two parts which behave differently,‘the Hamilton-

ian is written as

Haa= Hyg + :th

(16)

2

yth' Z&jk1§1§+lyzh2 ¥ 4 (IJI
j#Fk T j#k

> >
kT Lt

where dgk has the same form as djk s the prime indicating that the inter-

action is between like nuclei. Then, since

r{[H,,, IX] Tr{[.ﬂm, X] }+ Tr{[.‘ﬂtd, X] b+ 2Tr{[j~l2’d,1 ][:}«ltd,

the second moment of the dipole~dipole interaction can be written as
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My = 1 I(TH) E ajk + 0 I(1+1) E dJ:f{ + 3 1) 1{( 43,5 ,(17)
where the sums_are over all k # j , while dgk indicates that for nu-
-cleuS j only those k nuclei within the range le - mkl < ldjkl will
interact. In the limiting cases of unlike spin broadening (strictly
longitudinal coupling) and strictly homogeneous broadening, Equation 17
gives the expected resultsS4. Again, since the probability that spin k
has Larmor frequency W, within this rangé is Iéjklg(wj) , the total

second moment is given by

i_ 1 2 1 2
M = 3 I 12{ df + T3 TED) @) 12( gl ]

(18)

' ' 1 2
+ 3 I(I+) gw) 12{ dip | gy

5 o
= M, + 7 I(H) g L ajil agl

where Mg is the longitudinal second momenf discussed in the previous
section.

As mentioned earlier, the Suhl-Nakamura and dipole-dipole coﬁ—:
tributions to the total second moment should not be treated separately.
However, in the present case the Suhl~Nakamura relaxation is far strong-
er near resonance than the dipole-dipole relaxation is, while far from
resonance, only the longitudinal dipole-dipole term needs to be re-
tained. - |

The treatment of the fourth moment is considérably.more inv&lved.

For an interaction of the form Bjk(I;-Ik +;I;IZ) the nprmal fourth moment,

in the absence of inhomogeneous broadening is 61,62
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' = {1 2 o, 7702 2 52
MZ = {3 1@ {5¢ E Biy) 2 kgz B iPraBay
(19)
/4 1
+ 31850 - o5y

where I/ is the sum over k #3j, and £

X is a double sum with j # k, .

/”
' k,%
and k # £ . The fourth moment for the total dipole-dipole interaction

(jddz + j4dt) 1503294 , in the absence of inhomogenéous broadening

1 2 .. v'2.2 1 o”.2 2
M% = {3 I(I+1)} 7{3( E djk) - 3»k§£ dkzgdjk - dj%)
(20)

1 3 /4
- g-(8.+ Effilija' E djk}

where there is assumed to be only one spin species (for the case of two
spin species, see Van Vleck53 and Abragam§4).' In the presence of strong
inhomogeneous broadening, the expression for the fourth moment given

in Equation 19 must be modified to include only those nuclei Withiﬁ'the

bandwidth ilBjkl - Since

: B.,B., + B, ‘ 21
ke K3 g 1

transforming to the-inhomogeneous m.odel61

l

185 » 8@ )8

(22)
k x Ik
4 2 2 | ) 2. V/4 3 3
) BLBY, »  (g).) B B
jk 3% - ik §%
k,2 g ) 2 3
i e vi3.2 ol6 )
= (g) u%nﬁ) E%g
_yieids | |
/ 2 2 2 3 / } l‘. X '
( E’Bjk) > (8(w))"( E B?k)2 + g(w) E B?k - (g(m))z'E:ng’ s




86

Similarly,

2 44'222' ’
Z B jKkPkeBey T (8(9)) ‘kzz B51BraBes (25)

Thus, the fourth moment is now given by

M) = L 1)} {5(g(w) X/B? )2 = 2 2w ) 823232
4 3 . s K/ g ki,:l j

kKL "R
> (26)
2 /06 —3 |
- 5 g“(w) E By ‘g(w),(8" 21(1+1)} E Bjk}
The ratio MZ/MEZ is
/4 !
; 17 52 52 g2 . y B>
=, = 5.9 %% ~ + 8 -
= 5 72 .2 (w) 21(1+1) ‘83 )2
adh) ¢ 1’83 e ¢ 1850
2 L El
, .
) B | - (2
] () (- gdy) =7
g(w): 2L(T+D)° Z' 3,2
Jk.
61

where -1 % ' <5 . Then, negiecting r iﬁ the limit of strong in-
homogeneous broadehing (Mi'>>(M§)?),Athe'Suhl—Nakamura relaxation rate
is | '

C z k)3/2
1/2

L
-

{8 - e}

m/'"',c;(m){—-I(I+'1)}"j 21 (1+1)

(k By

1

(@ s ,(28)
The transverse part of the dipole-dipole interaction will give an ident-
ical expression with Bjk representing :H . Home, et al.61 included
the total dipole-dipole 1nteract10n under the assumptlon of 1nteract10ns
only between nuclei with ]wJ - w I < ldjkl . finding an expression,

analagouSito the above, giving
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3,3/2
¢1 a1

y _ 1 ) R : 0.3
(f)dd = < 3 g(w) {3 I(+D)} 3 1a |5)1/2 {1.4 - —_—I(I+l)} ,(29)

This equation is at best useful only as an order of magnitude estimate
of the strength of the dipole-dipole relaxation rate. A more useful ex-
pression, derived by Barak, et al.60-is obtained if one writes an ef-

fective dipole-dipole interaction as

eff _ 2. .z.z 1 4+~ 1 -+ |
dd = Z 9 o5 LT CE L s Lyl »(30)

where C is the average fraction of spins which interact via the spin-

flip terms. This gives

C _ (2+0C° .ad
MZ-(3.)142 | (31)

where Mgd is the normal dipple—dipole second moment, and, for the fourth

moment,
2
C o an©2 _ [ G (h=Cy (24C - 2 82
o= et - {5 55 RPN Y
2
122 1420, - 8 - 4C + 5¢°
+ £ (59 + ZI(I+1) 5 )} (32)

X ) d }{—1(I+1)}
jsk
where the constant C depends on frequency. . In the limit as C +'l'this
reduces to the usual expression for M? « When C = 0 , this expression
gives the fourth moment for.longitudinal dipole coupling only. ‘In the

57Fe and SSMnA’B

presence of more than one nuclear spin species, as with
in MnFeZO4 , this expression must again‘be modified53. 'This, unfortunat-

ely, has not been carried out. For manganese ferrites, however, the .
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eétimateS-for the strengths of the dipolefdipole and Suhl-Nakamura
relaxation rates suggest that such a detailed calculation is not nec-
essary. Section 5 discusses the agreement of these relaxation rate
calculations with the relaxation time data showing that the model of
a frequency dependentvSuhl-Nakamura relaxation raté superimposed on

a frequency independent background rate is sufficient to explain the

observations.
4. Spin-Wave Scattering Processes

The énergy absorbed by the nuclear spin system in a nuclear magF-
netic resonance experiment must eventually be chamneled to the lattice
via spin-lattiée relaxation processes. In ordered magnetic materials
the most efficient spiﬁ-lattice relaxation mechanism is the scattering
of electronic spin-waves via the hyperfine interaction. 1In Chaptér 11
the hyperfine interaction for Mh2+ nuclei on fhe Arsites’was_expanded

‘to third order im spin-~deviation creation and annihilation operators
T z 1 3 =
Hpe = ASAEIn * Z'A(ZSA>"1§ oy + Tpay)

+
1

P

A k.,k &

A z .. > >
+ ﬁ".z ) I expli(k; - k) r }
0 Ky .

2 .
(33)

L : - : -
-2 A (=) Y ) {1 empli@, 4L -T2}
2 A 372 T 1 TRy T Ryt
7N U R A ‘ ‘

» + _ . - > > -> + 4+ '
X aklakzak3 ¥ In exp{-1(ky t Ik _‘k3).rn}lak1ak2ak3}

where A is the isotropic hyperfine coupling constant and

1
-3

1 = (NA) ) 2 I exp(iif()‘-{‘n)
n

=+
-
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From the form of this expansion one expects, for the nth order term in
the expansion, relaxation processes involving the scattering of n epin-
waves, subject to the restrictions of conservation of energy and spin
angular momentum.
The'zero—magnon term can be ignored in a discussion of relaxation
processes, while the one-magnon term corresponds to the processes il-
lustrated in Figure 2, where a nu-
clear épiﬁ—flip, designated by the fu B = S
- symbol 69 » 1s accompanied by the : - Qg}f‘“;““"
absorbtion, or emission, of an elec-

tronic spin wave. This "direct" f |

process can be neglected because of : : ‘ ""”"’*"QED
the large difference between the

energy required to create 'a spin L : L . :
‘Figure 2. The direct spin-wave pro-

wave and that necessary to flip a ‘cess. ) represents a nuclear spin-
flip, while the arrows represent the
nuclear spin (hwi >> th > W the magnons.

nuclear Larmor frequency).

The two-magnon term in the expansion correspon&s to e scattering
process in which a épin-&ave of wave vector Kl is annihildted, a ﬁuclear
spin is flipped, and a spin-wave of wave vector K 'is created. This
Raman scatterlng process:is energetically allowed, (hmi hm% H )
however, since spin angular momentum cannot be conserved in a system
Where the electronic and nuclear spin quantization axes are colinear.
(for the case of an isotropic hyperfine interaction)64t o for the
A-site 5?M’n-resonancie in MhFe204 this process is forbidden and may‘be'

neglected.

t
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The three-magnon term in the ex-
‘Pansion of the hyperfine interaction,
correspondlng to a process of the type
illustrated in Figure 4, describes a

process where both energy and angular  Figure 3. Raman scattering process.

momentum can be conserved, Huw> - Ay : -
- hmE = ﬁmL . This is the lowest order '
term which can contribute to the spin-~

lattice relaxation in this system.

4.1 Three-magnon relaxation

The three-magnon term in the ex~

: . _ Figure 4. Threeemagnon scattering.
pansion of the hyperfine interaction.;_ . ' '

is given in terms of the spln-wave normal mode operators ak s ak ’ Bk s Bk

where
= v + + b

| “x ¥k T %k
and +
| Be = A Toviby
as given in EQuationllI-Q. This Hamiltonian includes many processes of
the type shown in Figure 4 , several of which are not allowed? for exam-
ple, the terms requlrlng the 81multaneous creatlon (or annlhllatlon) of
all three magnons. The different allowed processes are 1llustrated in
Flgure 5 where the w1ggly arrows correspond to B-mode magnons and the
stralght arrows to a—mode magnons, while at the vertex of each: process
there occurs a nuclear spin flip. Thus, there are only four three-magnon
' ' 65

processes which conserve both energy and angular momentum - .

With these restrictions the three-magnon Hamiltonianlreduces to




~®< —e
S e

T - I - . o~

Figure 5. The allowed three-magnon proéesses .

HP o @il 1 emli@ + T, -T2
ox 3/2 L Ky T Kg TRy
Ny Sy o kysky kg
X I {-vl 2v3a1a2a3 + wv 2v361a2a3 + v,u v3u182a3
ViUt 1‘32B -y 331“ By + ujuyugf B233 b
(35)
= (23)2( —>=—) ) ) explitk, + k, - k)T }
3/2 kR 1 2 37 "n
8Ny S, mkpuk) kg
x1F |- olata. + 2 uwvov.p.oala, - 2 Te,83
a 17V1V2V3% 2“3 U1 V3P 1%%3 ViUaU3®%1Py

+
* uuyugBiBBy |

This perturbing Hamiltonian induces transitions between nuclear spin
states causing the relaxation of the nuclear magnetization towards'its
equilibrium valuef The probability of inducing a transition from a
state with nucleé% azimuthal -quantum number m té gne with quantum‘num—l

ber mtl is

()21<fm<3>|1>1 ‘@ -E) . G6)
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and the relaxation rate for this process is

1
[f] 3m = 2W/ (I-m) (I-+m+1) | (37)

yielding finally as the total three-magnon relaxation rate

2 )
& =@9P—5—J I {evv)?ed + D@ + o
T'3m ‘4 16N§SA kpokyoky 172737 Mt T T P

+ 4(u,v,vy) znil(n§2+ l)n10i3 + 4(v1u2u3)2(n;i+ -1):{2({; 1)
' (38)

| 28 B , 8 , |
+ (u;u,uy) nklnkz(nk3+ D} S(hoy - fw, - fu,)

where, 1 . 8 1'

exp (Bho$)- 1 exp(BﬁwE)- 1

At low temperatures, since the ferrimagnetic ‘optical or B-mode spin-

Waive branch of the spectrum is at much higher energy‘ than. i:he o-~mode

braﬁch, it mé,y be as's»um_ed that nlB( = ,'0 | . Thisblieaves' the firsil:. term in
Equation 38, which is ‘identical to. the result obtained for a ferroma..gnetw*’66

- Thus, the relaxation rate is given by

n o em(_a2)
’(T 3m (h)(16N38] k 1§

. (V1V2V3)2 (n{tl+ 1 (nﬁ2+ ].)n.z3 _
ATA 1 :

2°73 (39)
X G(hwk - hw, - Aw, )

3 Ky Tk

The triple sum in this expression can be transformed into a triple irnt-

egral, yielding in the small-k approximation with“vi' 2 I/ZSA—&/(SB - %5 A)’

(-1—) ,-= gl)[ ‘AZJ[ 1/25Av)3 X
. -Tk. 3m 4 » 16st s




93

< JJJ v(E1)dE; | [ \)(Ez)dEz] v(E3)dE3 eB(E1+_E2)

S(E3~ Ez2- E1)
eBEl -1 eBE2 -1 eBE3 -1

(40)

where V(E) is the density of states at energy E. Then, using the

transformations
= 2 2
x, = (Ei/kT) = X + (hw /kT)k
= ' ' -
x, = (gugH'/KT) s ho 238 £(11/32)

the relaxation time is given, in the small-k and low temperature ap-

proximation, by

S 1 .
(}J _ 20 A? ZSA 3 1 3 1 3 KT 7/2 L , @D
T/ 3m A |16S %0 IS - LS 2 —= Aw 3m °
A e B A

The integral in this expression

1 1 1 '
(Xl- x0) 2(x2- xq) 2(x1+ xp- x9) % ¥1T X2
Jm dx dx » p—— ) » (42)
(€1 - 1) (72 - 1) (M1 *2 5 o

is, for guBH'.<< kT, independent of temperaturevand field and has a
value of v 7.6 64’66.
Thus, the three-magnon scattering process provides a relaxation

7/2

mechanism with a T temperature dependence. The only difference bet-
ween this result for a ferrimagnet and that for a ferromagnet64 is in

: 3
the factor (%SA/(SB - %SA)) .
4.2 Exchange enhancement of the three—magnon process

The presence of the four-magnon scattering terms in the spln—wave
expan31on of the exchange Hamiltonian, as discussed in Chapter I, Sec-
64,65,67

tion 4.4—b leads to ‘a second order relaxation process

illustrated in Flgure 6, where, for those processes on the left 1n
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‘Figure 6. The four-magnon exchange-scattering‘processes.‘k‘
represents a virtual magnon emitted or absorbed by the nu-

cleus.
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the figure, a virtual magnon is created by a nuclear spin~-flip which
then interacts,with the electronic magnons via ;his four-magnon term,
or, for the processes on the right side of the figure, the electronic
magnons interact with each other producing, in the final state, one
or two magnons plus a virtual magnon which is then absorbed by a nu—.
cleus, producing a nuclear spin flip. The initial and final electronic
states can be seén to be identical to those for the three-magnon scat-
tering processes illustrated in Figure 5. Thus, these terms must be
included in.an evaluation of the total three-magnon reléxation process.
The four-magnon terms in the exchange Hamlltonlan are given in
Equatlon I.39 (to order 1/S) . These terms, together ﬁith the one-
magnon. term in the expansion of the hyperfine interaction, given in
Equation II.7 , combine to give, in a second order perturbation treat-

ment, an effective three-magnon term such that 64,68

- v .<f|j-("(4) IV;<VI 4 (D 1> :
<E| M 5> = = LS (43)

vhere |f> is the final state, |i> the initial state, and |v> is the
intermediate state involving the virtual magnon, and Ev+!S is the ‘energy

of the virtual magnon (hwﬁ ) *AS (the spin-flip energy) . AS<:<hwE due
: 4 . 4

to the large energy gap in the spin wave spectrum, and may be neglectéd
"To obtain the form of this effectlve interaction explicitly, recal-

- ling that only those terms 1nvolv1ng only the ak 's need to be retained

B

since o = 0 , the one-magnon term in the hyperfine interaction is writ-

ten

W _ 1 1 + | )
H e _—ZA(zsA)z,lzc(Iék4 K, + I v o ) . s (44)
4

4 74 4
where ﬁ; is taken to be the Wave-vectOr.of‘theivirtual'magnon.' Similarly,
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in transforming the four-magnon exchange Hamiltonian in terms of its

, Bk only the terms in the ak's need to be

+
retained. Then, substituting a = -vo and bk =y, into Equation

normal mode operators ak
1.39, the four-magnon exchange scattering Hamiltonian becomes

HW - Ly ¥ 8k, +k, - k, - £)
ex ] k. k. k. .k 1 2 3 4
- 1’2’ 3’4

A + + o B o+ +
X ANy vyvyugngegalyata, + /N YG gy uyvay,ataga

-7, (s /é N NA)%#AH{V vov.u,o.0f ofa |+ V.V v'ﬁ a & atat}
A*B"TATAB =4°717273%4717-2"3" -4 1273747172734

_ % B ++ B + 4+
Zp 5 0/ SpNANE) T 04344 V1 09 U5, %0 5%, * Yoy 4 vyupugn 0 el 0Ta )
3%, A + + \
2y SNy /8N ¥ 4o _guyupugv el o sa | (43
A + +
e 0,0 a

Y 12438 UpUgV, 300040,y

3% B + + + + o1
- ZB(SBNB/SANA)ZYI {u1v2v3v4alq2a3a4 + ulv2v3v4a_1a2a_3a4} }

- are short for Vi a , and v, =

s O v, s u, = .
1°9% 1 kg -k 'k k- %k

By interchanging indices on a particular term this expression can be

where v

- ‘reduced to thevfollowing, where for small k, u =u, V=V,

(1,2)
2(3,4)

2vz) Z, | S(Kl + KZ —,ﬁé - ﬁg)aTaZasaa
K sky, K,k . :

b _ Ly (u
' 277374

JVlex . 8
,(46)
e (1,2) L
. where the k-dependent function ®(3 &) is given by
. ’

. L
QE;:Z; = 47f1+4(ZA/NB) B 72 ZA(SANA/SBN3>2 (w/v) -
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B L B _ A 3%
= Y32 (S, /SpN,Ng) “(u/v)  + Yy (Zp/N) = vD,Z, (SN, /SpNp) F(u/v)
_yB g (S_N_/S .N3)1/2(v/'u) - YA z (s,/S,N,N )l/z(v/u)
Y_148'°BYB/°A"A —1°A'PB/PA A s
1 . (47)
B 3.5 _ B B
Y AZB(SBNB/SANA) (v/u) Y_-—lzB(SA_/SBN'ANB) (u/v)

YA 2 (8.8 /5.8 % (u/v)
4 “pOpNA SNy

Then, to include those processes which are indistinguishable from the

| 69 . .. : (2,1)  .(1,2) 5(2:1)
above ~, i.e., those described by ¢(3’4) s ¢(4’3) , and ¢(4,3) ,vthg
Hamiltonian is written as ‘
4 _ _ 1 22 , -> > > R
Iﬂex =~ 35 J v ) (k) + &, - kg - kajo,0q0,
kl,kz,k3,k4 ,
| ‘ (48)
(1,2) (2,1) (1,2) (2,1),
® + @ + + @
X200 ¥ 0G0 0w * 0]
or, .
4 _ 1 . 22 > ¥ P > o+ + (1,2)
N =-mmay . z_k Sy Ry kg = k) aqayaq0, RegTy
1*72273°74 ‘
» (49)
. ) Y . .
where, since v/u = n(SA/SB) 4and.y_k = Yy
(1,2) _ ,, A A A A ‘
Kaoay = A0 s ¥ Yo 14 F Y040 + ¥ 054) (2, /Np)
B B B B
t oAl g T oy T Y3 F Y ) (Zp/NY) |
(50)

(A A A Ay, 3.3 3
- n.((wl LR ST CR FREN R CIVE O VAV

B B B B\, ; . 4
s 4y s e Bz amp® ¢ ey }]

o . ~ ~ A__B‘. :.' .
“ In the case where ZA = ZB ’ NA = Nﬁ , and Y T Vg o thlg expre331qn‘:e,

duces to the usual form given for the ferromagnetic éésé,'fof small k; by
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(4)'_ 2 ++ +.+ ->.+ > —>_-+_+
He = @am ] 1%%3% (TR Flgti) Gt k= kg k)

»(51)
By inserting the one-magnon hyperfine Hamiltonian of Equation 44,
and the four-magnon exchange scattering Hamiltonian given in Equation 49,

into Equation 43 one obtains the effective three-magnon Hamiltonian

j4ég%' = SSN (2s/N ) ) ) I exp{l(k + kz— k3) r } ai Z 3
n k kz,k3 .
2.3 ¢ (1,2) , 52)
. (1/8)SJu‘v NAK(S 3-1- 2)1 .
ﬁ(wi% A )

1 2
where the conservation of linear momentum, represented by the §-function
* in-Equation 49 has been used, and-the spin-flip.energy (AS) has been ne-

glected. This may be combined with the direct three~magnon process

Hamiltonian to give

I N 3 + 4+
I exp{l(k1+ k- k3) rn} v© o.q,.0

(3) 5
(25/8,) Z ) ‘
:Heff 8SNA . £ 1%2%3

1°72°73 (53) .

The relaxation rate due to this total three-magnon process is then cal-
culated by the same method as used in obtaining Equation 41. The factor
> > o : : : s ‘ :
"M{kl;kz,ks)‘, when-reduced to -a form--such as that corresponding to the
special case of identical sublattices given in Equation 51—-inVolving
- the scalar products of the wave-vectors, can  be replaced by a sultable
angular average 1eav1ng what amounts to an effective enhancement of the .
three-magnon process. In the case of ferromagnets64 this enhancement to
| 64,68

the ‘relaxation rate is ~ 8 while in antiferromagnets '’ an enhancement

of v.2 - 4’is4expected. Thus, in the present fefrimagnétlc-case,.an
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enhancement of a similar magnitude is expected.. The calculation has not
been carried out due to the complexity of the angular function involved,
and also because the three-magnon process is not expected to be the most
effective spin-wave relaxation process at very low témperatures.

The presence of the spin—wave energies in the denominator of the
expression in Equation 52 introduce a field-dependence into the ex-
change enhancement process. Thus, there is expected to be a'décrease
in the effective three-magnon relaxation rate as the applied field is
increased. Comparison with the-data is left for Section 5 following the

discussion of the dipolar induced two-magnon process in the next section.
4.3 Dipolar induced two-magnon process

As discussed in Section 4.1 the Raman or two-magnon scattering pro-
cess is forbiddeﬁ in colinear, isotropic‘spin systems by conservation
6f angular momentum. However, the terms such as SZSi in the dipolar
Hamiltonian?‘since_they do not comhute.with Sf need not conserve ang-
ular momentum and, therefore; in second order, alloWAa relaxation pro-
~ cess wherein a nuclear spin emits or absorbs a virtual magnon which is
scattered by two real magnons via the three—magnon terms in 8% S glven
in Equation I1.38. These terms (S S ) connect states whose é—component
of angular momentum differ by onme unit, thus, the scéttering'pfoceééeé
which are.allowed in a two sublattice system are those shown in Figure 7.

The virtual spin-wave involved in each of these dlagrams is elther
created or destroyed accompanylng a nuclear spin—-f1ip,” by 'the one-magnon
term in the hyperfine interaction just as in the case-qf the exchange—
enhanCed’process.discussed in the preceding section. ,As befofe,_because

of the large énergy gap separating the two branches of,the»magndh spectrﬁm
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Figure 7. The dipolar-induced two-magnon processes. The num-
bers above each diagram refer to the z—component of angular -
momentum of each. conflguratlon.
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in a ferrimagnet, we need to consider only the process described by the
first diagram in Figure 7, that involving only o-mode magnons.
On transforming the Hamiltonian of Equation I.38 to normal mode oper-
. +
ators ¢ , B with ‘ak = —vkak and bk = ukak » the three-magnon term

in the dipolar Hamiltonian becomes

6(k+k— £ (s, /2N) 4 (Z +)(0) +K(z +?(k)
3

(3 _ _ 3
dd k

1°72°

- (55 M ® K5 O vvyeg + (s/2m)% 1 37 rygep

L (54)
+ s/ (z kP vy - 6 oY o

P Ep - wesssp aump® K%Y ) g

| +
1% 3)} ¥%%3

+ (complex conjugate)

C > o+
- k3) F(kl) a0, 4+ c.c.

. >
1{{ 8(k,+ k 503

2
1°Kg0ky
In this expression theffactor—F(Ei) is a function only of'Kl » since for

small ki s U = u V=V, =3 . Since this interaction arises

1”27 Y30
aZat s . s . . > z t, 2

from the 8”S™ terms in the dipole-dipole Hamiltomianm, F(k) o k"k™/k" ,

‘as-discussed in Section I.4.3 - A term which is independent of k,

due to:fhe Kéz’+)(0)'terms, which is'% 26 6 6/R , vanishes in the

case of a4 spinel lattice due to the cubic A-site symmetry and the tri—

gonal axis symmetry of the B-sites.

Then, following the same procedure as used for the exchange-enhance~

ment process, with
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<€ I D [vrer | H D25

ff )

)., =
<] f gl ~ huy
: v
the effective two-magnon Hamiltonian is given by, (with S' = (N /N, )S
2) __ 1,22 ' ' + T L
Hogr = - 787 aume/wys, /s ] 1 ] expli(k! - ©)+r }
n k,k
. : (55)
. [k+kz L & -ptar - k)z] [ 1 J &+
L}
K2 & -0-@ -0 J g - k) Kk
where M = 8l s'K {(NBSB ) /NAsANBSB} R as derlved in Chapter I,

and E(k) is the spin-wave energy. The case where magnons kl and k2 s in
Equation 54, have been 1nterchanged, has been explicitly included.

The relaxation rate is given by

'(1/T1)2m = i% (v2)2>{AguB(4ﬂM'/V)}2. % [<£] [ )

k',k
| . (56)

+ z + zy O O

k k (k'-k)(k'-—k)) koK' } 2. :
X { + [i>]° 6(E, - E,)

12 -0 ®-b/e@-n)  F 1

+ 2z
= L v {Agn Gem' /M2 Y [“?f o+
k',k LK

b P - _.+ S il z 2 ) . L ’:2. -
k' - k)" (k' - k) ) [ 1 ) o, a

. —_— (n ,+ 1) 6(E_. - E.)
@ -Be@ oD G@op) R T
. The sums may be repiaced_by3in;egrals in the usual ménner‘giving, for

the.angular paft, the integral ¢

(. +. A 1 -+ ' z 2 2 ) : ) .
Q) = J J J J -. ]&__]"2C ) -+ EE___ }i) (__k). 7— _li) ) . { . l e ) dCOSe d¢ dcose' d¢"
ok (k' - K) (k' - k) ' | |

R ey
eugtf ) ) R AR ST N
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2 2

x {1- } dcos® d$ dcos6' d¢! (57

>, > ,
since E(K'— i) = guBH + az(k'— k)2 = guBH + 2a2k2(l - cosY) , where
- o
Y , the angle between wavevectors k and i' » 1s small. With this ap-

proximation, to second order in y ,

2
32w 4
¢ = - (+00)

Then, the relaxation is given by

/e, = 18 <‘2’,,) Cagug') 2 (1/gu) 2 (1/W )

X J J K’ dk k' 2ak’ n (ap,+ 1) S(E - E,) (58)
2 exp (gu H/KT)

2,2 VR 120202 2 (kT “XP8Hy |

= G/Aw) (gupgM' /N )" (v)© 1= (gu H g{ exp (gupH/kT) - 1 ]

This approximate expression exhibits explicitly the roughly n (T/H)2
. behaviour obrained graphicallyvby.Beeman and Pincus64.
_The dipolar-induced two;magnon process and the exchange enhanced-

: ~three*magn6n¥process~are-the~fwo~most effective spin-wave relaxation
mechanisms when the direct ehd Raman processes are forbiddeﬁ. The char-
acteristic temperature dependences of these two processes suggest that

—at-very low temperatures the two-magnon process will be the stronger of
the two, while at higher temperatures, the three-magnon process should
dominate. 'The comparisdn of the calculated relaXarion rates to the‘expeb
erimental values is deferred till Chapter IV since these background re-

laxatlon rates could not be measured until a method’ for the separatlon

of domain and domain-wall components of the signal was devised.
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5. Frequency Dependent Relaxation—-Comparison with Data--Relaxation of

Multiple Echoes

As shown.in Section 3, the Suhl-Nakamura relaxation rate shows a strong
frequency depeudence such that_(l/Tz)S_N a g(v) , Where‘g(v) is the inhomo-
" geneously broadened lineshape function. The very strong inhomogeneous broad-
ening in mauganese ferrite, resulting in a half-width at half-maximum of
n 1 MHz, allows the direct measurement of this frequency dependent.relaxa—
tion. Figure 8 gives an illuStration‘of tﬁis effect'in a single crystal

sam.ple70 of roughly ellipsoidal shape, of Ni These relax-

.03™ 6277 360 -
ation times were measured by comparing the echo decay envelope'to'an expon-
ential of known time constant. The open circles are for data taken at

= 4.2 °K in an external field of Hext = 3 kOe, sufficient to effectively
saturate this sample, while the solid circles ere from. data taken at 77 oK

in the same external field. The error bars for the lower temperature data,

‘ and the size of the c1rc1es for the 77 K data represent an estlmated error

of * 10%.

The straightforward calculation of the Suhl-Nakamura relaxation time
using Equetioan& gives a value which is considerablytlarger than that meas-
ured, suggesting that the asymptetic range function has underestimeted the
true range fuuction by a factor of ~ 2 -3 . The asymptetic rauge;function‘
is good for r/ann>> 1. Thus, the short—wavelength‘(1arge”k5‘contribution
may be underestimatedGO; particularly in ceées.such as thls with a large

number of near neighbor ldentical nuclei (a spinel‘Aesite has 12 next-nearest
neighbor‘Arsites). Then, using the value of exchange energy?khmeui 6 x 10"16
ergs, obtained from the'spiu—wave relaxation time calculation for the two-.

magnon process ( for a MhFez 4 crystal, dlscussed in Chapter IV, Section 3. 2)

‘and, at T = 4 2 K HK = 1.0 kOe, HN .359. 5 kOe, and Wlth a frequency in-
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Figure 8. Frequency dependent relaxation in Ni0 03Mh0 62Fe2 3604‘
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dependent background relaxation time of n 155 usec, the asymptotic range
functidn, when multiplied by a factor of "~ 2.06, gives a reasonably good fit
to the data, as shown by the upper solidrcurve in the figure. The fit to

the T = 77 °K data uses He = 1.5 KOe, Hy = 555.4 kOe, and a background relax-

ation time of “ 17 usec, all other parameters remaining the same, and is shown
by the lower curve~in the figure. (The necessity of ineluding this numer-
ical factor in the range function points out an error in the calculation of
the Suhl-Nakamura relexation'times in reference_Sl.) A more precise cal-

culation of the range function should yield results more in agreement with

experiment, however, the relatively complex lattice structure makes this?
difficult. The procedure used here is felt to be justifiable since the ex~
pression, Eéuation 28, for the SuﬁléNakamura reiaxation time, shows a.char-
acteristic field dependence due to the form of the range function, while:
_;he transverse part of the dipole-dipole relaxation, wﬁich exhibits a fre-
;queneyrdepeﬁdeneewmuch.like»that>of the Sﬁhl—Nakamura relaxetion, is inde-
pendent of field. VEigure 9 shows the‘total relaxation timelat the central
(or resonance) frequeney as a function of external magnetic field, for the
same sample as discussed above, at-T = 1.5 and 4.2 °K. The solid curves

are the calculated relaxation times at resonance using the same parameters

as used in fitting the data in Figure 8 except that at T = 1.5 QK the back~
- ground- rélaxdtion time "and the anisotr0py field were taken to be @ 250 usec

and 0.7 kOe, respectively. This field dependence completes the identifica-

tion of the spinQSPin felaxation as being primarily due to the Suhl-Nakamura
interaction. The'transverse dipole-dipole interaction, sinee it:is»field
independent, éhould beeome more important at higher fiel&e, since ﬁﬁe Suhl—-
Nakamura interacﬁion is becoming less effective, and:the total relaxation

time at resonance is expected to increase less'rapidly,with'field than cal-

culated assuming SuhléNakamura relaxation alone.
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The multiple echoes observed in manganese ferrites, and discussed
in Chapter II, exhibit the same frequency and field dependences as the
first echo does. The open circles in Figure 10 are the relaxation times

for the Ni 03Mn 62Fe2 3604 sample at T = 1.5 OK, corresponding to the

decay envelope of the first echo. The solid curve for this case again
is the calculated relaxation time, assuming a background relaxation time

of v~ 250 pusec. The solid circlés in this figure are the decay times of

the second echo's decay envelope, at the same temperature. The calcul-

ated curve in this case was obtained by a computer calculation based

on the density matrix method discussed in Chapter II, where the first
echo (i.e., the effective third pulse) was allowed to decrease in amp-
litude,with pulse separation T , as exp(-ZT/Tz).‘ This naturaliy leads
to the more rapid decay with 1 of the higher order echoes. There are
no adjustable parémeters in calcuiating the second echo relaxation time,
the observed first echo minimum T2 = 33 usec predicts stréightforwardly
a second echo minimum T2 = ZO.usec, as shown in the figure.

Figure 11 shows the frequencyldepéndence of the amplitudes aﬁd re-
laxation times for the first four echoes in a field Hext = 0.0 kOe at

T = 1.5 °K. The echo amplitudes show the same lineshape and linewidth

for each of the echoes, and the relaxation times show the same behaviour,
as expected. It is interestihg to note, however, that echoes 2-4 have

‘maxima at v = 588 MHz while echo 1 has its maximum at v = 586.5 MHz..

This seems to suggest that the first echo has some domain-wall compohent
(since the domain-wall signal occurs at a frequency slightly below that
of the domain component), while the higher echoes do not. -In Figure 12,

which is similar to Figure 11 but for H ¢ = 4-0 kOe, sufficient to

t

effectively saturate the sample, all of the echoes have maxima at
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Figure 11. Echo amplitude extrapolated to'T = 0 and relaxation time
versus frequency for the first four echoes at T = 1.5 %K in Hy = 0 kOe.
a) first echo, b) second echo, ‘¢) third echo, d) fourth echo.
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= 590 MHz. Thus, it appears that either the domain-wall component
does not contribute to the formation of multiple echoes, or that the
relaxation time of the domain-wall component's contribution to higher
echoes is so much shorter than that of the domain signal's contribution
that it is effectively unobservable. ;t will be seen in Chapter IV
that the domain-wall component of the first echo does have a consider-
ably shorter relaxation time.

The Higher numbered echoesAWili also exhibit a field dependence
like that of the first echo. The measured values of-the second echo
relaxation time as a functioq of Hext are compared with the values
calculated,'iﬁ the same mannér as the frequency dependence of the sec-
ond echo relaxation time, at T = 1.5 oK, in Figure 13-a, and at T = 4.2
OK, in Figure 13-b. The calculated values do not quite follow the meas—
ured times, particularly at the lower temperatufe. The third echo re-
--laxation time at these same'temperatures are plotted against external
field in Figures l4-a,b. Thé solid curves are the relaxation times
calcuiated neglecting the refocusing effects of the second echo, thus
the agreement is'ndt expected to be very good. |

The generation and relaxation of multiple échoes, as well as the-
more basic'resonance and relaxation data for the first echo, particu-
larly the frequency and field dependences of thé relaxation time,‘ap—
pear to be:well explained by the Suhl-Nakamura spin-spin interaction?‘
at least in the single-domain or saturated region. The backgroundAre~
laxation process, which is strongly temperature dependentbandvtheré—
fore llkely due to spin-wave scattering, requires a more detailed study
to identify the particular mechanism, and will be discussed in the

next chapter. In the multi-~domain region, however, the nuclei within
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‘Field dependence of total relaxation time at re-
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domain walls are expected to give a large contribution to the signal,
due to the large enhancement factor (see Chapter I), and the spectrum

should consist of two overlapping resonance lines.
6. The Multi-Domain Spectra

The spectrum in Figure 15-a was taken at 4.2 oK in zero field on
the Nio.03Mho.6ZFé1.3604.cryStal’ and shows some indication of the pre-~
sence of two components to the signal for this sample.‘ The sPectfa in
Figure 15-b,c , taken at the same temperature and field as that in
part a of the figure, are for polycrystalline samples of M'anes_XQ4
with x = 0.8 and 1.0 respectively. These spectra show more clearly
the two component nature of the signal. In particular, the x = 1.0
spectrum in Figuye 15-c shows two clear maxima while the relaxation
time data gives an indication of the presence of two minima (the echo
decay envelopes are quite non—exponenfial for some frequencies).

Figure 16-a, on the other haﬁd,'shows the echo decay envelope va
the x = 1.0 sample in zero field at 586 MHz and T = 1.47 °K. The solid
curve is the best fit assuming a single relaxation time, and the decay -
is quite obviously non—exponéntial. An obvious explanation for a non-
exponential echo degay, in this case, is the presence of two indépend—
entiy relaxiné'resonance lines. Figure 16-b shows the data of Figure
16-a replotted and fit to the function-Alexp(-ZT/Tl) + Azexp(~2T/T2),
where the subscripts on the A's and T's refer to the two signal com-
‘ponents. The fit to this function is quite good, suggesting that the
echo does consist of two independently relaxing components. However,

32,71-73

spectral diffusion™ can also lead to non-exponential decay, in

particular, the echo is expected to decay as exp(fKtz) or eXp(-KT3)
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- Figure 16. Echo amplltude and ln(echo amplltude) versus  at

T = 1.47 %K, v = 586 MHz, and H, = 0.0 kOe. a) fit to-a 81ngle..>

exponentlal b) f1t to the sum of two exponentlals




