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_CHAPTER I

-

GENERAL INTRODUCTION

;‘_Magnetlsm has fascxnated manklnd from the tlme of the
-dlscovery of loadstone. Since then, we haVe come a long way

in puttlng magnetlsm to man 5. beneflt as well as_ 1n‘under—'

'-‘standlng the phenomenon ltSelf “While the early attempts to

(=]

'understand magnetlsm were conflned to the study of macroscoptc

-prope ies, today, one can discuss the orlqlna of this property

on an atomlc scale in the language of quantum mechanlcs.'

Q

1.1 Typesyof Magnetism and Its Origin . ., e

B T

-

To- start, however, it 13 worthwhlle to dlscuss

=magnetlsm from a macroscoplc p01nt of v1ew.| The ba51c

°

'quantlty characterlzlng a system macroscoplcally 1s uts' .

A susceptlblllty x. Deflnlng magnetrzathp M as the average j:'=

magnetlc moment per unlt volume resultlng from.awresponse to

'an external magnetlc fleld Hy x is _the ratlo M/H. Whlle

F

paramagnets have a p031tive value of susceptlblllty whlch )

_'varles 1nverse1y w1th temperature accordlng to Curle s law,

. &
dlamagnets have a negatlve Value of susceptlblllty that 1s e

nearly temperature 1ndependent Ferromagnets are paramagnetic




substances which, when cooled below. a critlcal tomperature

: called the Curie temperature, T show 5pontaneous

a

magnetlzation, i a., a maqnetization even’ in ﬁhe abeence of .

a magnetic field. . This amounts to an 1nfinitely large value

A b -

. of Susceptlblllty Even antiferromagnets are paramagnetq'as
judged by'the small positlve value of euseeptibility, however,\_
they behave differently in that their SUSCCptlblllty increa e"

_thh 1nd&ea51ng temperature, reaches a certain maximum at a

rtemperature TN, the Néel temperature, and starts ‘to decreaqe
thercafter approtimately accordlng to the’ Curle-Weiss 1aw .

'(see Fiq I-1). Simllarly, the spec1f1c heat - show an anoma—*
.lous dependence en temperature (a 1oqarithmic infinity)
arpund the transitlon temperature.

| In nature, one finds a Very wmde variety of different

- 3

types of'magnetic materials w1thin the-above broad classifi—a:

N N

cation. Macroscoplcally, they differ from one another: in.

haV1ng different magnitude and 91gn of the susceptiblllty. “*w.lirﬁ
.On an atomlc scale, this is due to ordering, disordering or '

1

i‘ different types of ordering of the magnetic moment of the

o / . . . . ‘ . -
.Vatoms ef a substance. L "Jﬁ o o
Since thi's orderlng of the magnetie moment is opposed

rr‘by the thermal energy, ij is only’ below a certain temperature,
Loe, g., Néel temperature for an. antlferromagnet, that an ordered

array of the magnetic moments wmll exist. Whlle in o .
ferromagnets the ordering ig Smele as all the magnetic
d mements are ordered 1n the same direction, ferrimagnets and -

re




Fig.

I;l:

-
)

-The temperature dependence of the

“susceptlblllty of varlous types of

magnetlc substances.- It 1s to be

'noted that in an antlferromagnet |
below TN' xl and xll behave dlffer--'-

- ently Xl and Xl| stand for the

applied field as belng respectlvely
perpendlcular to and parallel to

thF dlrectlon of magnetlzatlon

\
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‘ .

antlferromagnets present,cases of sllghtly more complex

i

orderlng Hellcal, canted and modulated structures have Stlll

»

more gomplex orderlng. In paramagnets “Iohg range orderlng of

Ve o

~

‘the magnetxc moments 1s not present at all. In Flg. I-2,

c
some dlfferent types of magnetlc orderlng ére shown.

f.

.o T
duantum mechanlcally, magnetlsm has its or1g1n in the

-anpgular momentum of the electrons of an atom. -The magnetlc

moment H of an atom 1s ¢closely related to itks total angular

momentum, slnce _ . S S -

9N
T RE el e - PRt EE

P
-

. . - . . +
. . . / . . [ 4 . . B ¥l
: . . .

re g is Lande's g-factor anu has the. value 2. 002 for a free'

-
s =

electron, UB is the Bohr magneton. - .

L Q, the total‘angular'momentum of an atom, is a
e o : : e : o
vector}al sum of L and S, the total orbital angular momentum
,andtthl‘spin'angular'momentum of the atom, i;e.;;:

g=f+s . T gy

o

Apart-from.these‘two.orbital and'spin angular

momentum contrlbutlons to the magnetlc moment of an atOm

. -

which can be looked ‘upon as an 1ntr1n51c angular momentum,

‘) o

change can. be 1nduced in the orb1ta1 momentum

L4

‘an applled

magnetlc fleld Whlle thlS 1ntr1n51c a_gu ar ™ entum gives

- rise to paramagnetlsm, the 1nduced one glves a dlamagnetlc

.
v - '
Fl
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o

-are shown by correspondlng c1rcular

. . -

. Ea

Different types of ordering ih-magnetie

a) ferromagnetlc, . o

-

b) antlferroma netlc, c) ferrimagnetic}

~d) triangulaf} e) weakly ferromagnetlc,

f) umbrella and q) mult1ax1al (arrows

'perpendlcular to the plane of the sketch

-

currents).
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-

' may have their orbltal momentum Zero and 51m11ar1y fllled

E

.-o ) ' L] ' | - .. 0

. contrlbutlon to magnetlzatlon. 'Atoms in the ground State

o .4.}. .

~electron shells have 2Zero : spln angular momentum. In MnO,

the magnetlc atom Mn -2 is in a ground state with L =_0 and

wt

hence all its magnetlc moment is due to the spin angular
momentum of 1ts 1ncompletely (half) fllled d shell.

In thlS the51a some propertles of - smmple antlferro-
magnets are studled The treatment is essentlally conflned -
to materlals with zef%‘orbltal angular momentum. Attentlon
is mainly focussed on the dynamlc propertles of antlferro-
magnets., At low temperatures it will be seen that the natural

. Way to describe these propertles is 1n terms of what 1s known

. as’" Spln.waves“.

- f




y

= e g pr———

.large number of materlals.‘

[ . 3 . . . . R . B
. - »
P P -

 The concept of antlferromagnetlsm was first put
forward by Neel (1932) in connection wlth the study of the
paramagnetlc susceptlblllty of metals and alloys of the "“

tran51t10n elements. He notlced that metals such as. Pt, Pd,

".Mn or alloys such as Pt r}qh.Pt co show an- almost temperatuze

1ndependent Susceptlblllty which is tco large to be’ expllca—-

ble 1n terms oﬁnPaull s free electron paramagnetlsm AIn oxder -

-

cons;st of two or more 1nterpenetrat1ng sublattlces. These .

h:sublattlces, though hlghly ordered magnetlcally llke a

: ferromagnet, have dlrecthhs of spontaneOus magnetlzatlon.

i'alternatlng in such a manner that the resultant magnetlzatlon

. is zero. Today, thlS hypothe51s about the structure of"

R

-antlferromagnets is well establlshed because of 1t\\\§\

exper1menta1 verlflcatlon by neutron dlffractlon on a very

fat

In Table I-l, is glven a representatlve 11st of known

'antlferromagnets and thelr magnetlc propertles., Although

many of ‘the materlals such as RanF3 have 51mp1e structure,

. -

there is.a growxng llSt of 1ess 51mple ones. Méqijpf the

tran51t10n metals such as Chromlum and’ Y lron, thelr alloys.

and salts have antlferromagnetlc structures. Most of the

rare earth metals have rather complex antlferromagnetlc

+

orderlng. UO2 and nany actlnldes, and.a few unexpected

;to explaln the observatlons Neel guessed that these materlals o




t

jmaterlels like crystals of molecular oxygen are also known ' K

Y
-to be antlferromagnetlc. T : 'l’ ; T |
ThlS the51s ls restrlcted to two’ sublattlce
antifer;Bmagnets contaxnlng only ‘one- type of magnetic lon. B
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1.3 The Exchange  Interaction: . Direct and Su?erexdhange

Both antiferromagnegésm'and ferromagnetism are

i cooperative phenomenon, and hence the assembly of the

’1nteract10n 1s the most 1mportant.. The exchange enerqgy H s

-

' magg tic moments, giving rise to 1t must be ‘coupled through

some sort: of 1nteraat10n._ The most important 1nteract10ns

are the 1sotrop1c ones,ralthough, 1nteract10n;¢$h1ch are

]anlsotroplc in nature do have a 51gn1f1cant role to play in

many magnetlc compounds.

51\ Among the 1sotrop1c 1nteractlons, the exchange'

ex
of a magnetlc crystal depends upon.the,orlentatlon of_the
spins of its atoms and is written as.
H = - T-° J.(E- - ]‘.')QS | . (1-3}

ij =i —g

where §.'is the spin operator_for an atom 1ying‘at the point-

i and r. is the p051t10n vector of..the p01nt 1, and '

RN ¢ r ) is the s0= called exchange 1ntegra1 or the exchange'-'

constant between the atoms i and j. 'Thlsu;ntegfal‘depends
upon the distance between atoms i ahd j, nsually falling off

rapidly with increasing difftance so that in many cases it is

~sufficient to consider only nearest neighbour exchange

'intetactions,:for calculating the'enchange energy (I-3).

The concept of exchange energy, which was ﬁ%rst put

. forward by Héisenberg, is a' quantum efféct arising from
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indistinguishibility of identical particles. The Eq. . (I—3)l

. 1s commonly known as Helsenberg s exchange Hamlltonlan.

g

Although S and §j are quantum operators, taking a_51mple
mlnded approach one‘can regard them as classigglﬁvectors;r
Then, assumlng a coupllng between nearest nelghbours only,
-a parallel and antlparallel arrangement of splns ‘can be seenjl

to correspond toenergy mlnlmum dependlng upon whether J > Or
(ferromagnetlc) or . J <0 (antlferromagnetlc) |
Exchange as env1saged by Helsenberg is the so—called

dlrect exchange due to the overlap of wavefunctlons of the

1
Q

. . . .
electrons of the tWO nelghboyélng.magnetlc atoms. However,~'

it is only for a few magnetlc materlals that dlrect eXChange

+ is belleved to be‘the dominant mechanlsm giving rlse to the -

magﬁetic-ordering. For‘transition'metals‘and.alloys the
concept of locallzed moment 1tself is not valld and one uses
. L

an entlrely dlfferent approach (1t1nerant model). for the

R

. ‘case of rare earth metals, 1nd1rect exchange through condue;

L ]
tlon electrons 1s known to be thé’mechanlsm.
F

“In’ 1on1c salts llke Mno, an 1nd1rect exchange of yet

[

- another type, the so-called superexchange, is “the -source 'of

magnetlc orderlng.a Due to the rapld fall of - the exchange

&—"‘"

T

N 1ntegra1 with, drstanceﬂ one. expects the effect of dlrect

".

@. g;change to be rather 1nslgn1f1cant beyond nearest nerghbour

-

_.lseparatlon. Kramer {1934) observed that, however, in order

to explaln certaln adlabatlc demagnetlzatlon resultsr there

~

'should exlst exchange 1nteractlon between ions separated by

k)
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‘one Or more dlamagnetlc groups such'as O “,or ¥ . This

superexchange 1nteraction was flrst recognlzed by.Blzette
(1946) and Negl (1948) The best known examples of

superexchange are prov1ded by monoxldes of the. 1ron group
2 +2

*_1ons such ‘as Mn and Nl - In these’ cases the 1nteract1ng

'Sfunctlon of a magnettc 1on surrounded by varlous daamagnetlc )

.ions - are Y A° apart and the overlap of. thelr actual d shell

wavefunctlons 1s negllglble._ The modern p01nt of v1ew

}explalnlng superexchange was put forward by Anderson (1959),

~in whlch one attempts to make an exp11c1t separatlon between

-

two dlfferent aspects of the problem-‘ a) flndlng the wave—"

-

-

groups exclu51ve of the exchange~effect of the other magnetlc

. ion. One might call thlS the llgand fleld theory aspect.

*Then *b) finding out how twé magnetlc ions deflned in the

abave way 1nteract when they come close together. ThlS

approach has the advantage of good convergence 51nce an

-

1nterven1ng (dlamagnetlc) ion 1s lnvolved only 1n the

™

solutlon of (a). Theﬁactualgmathematlcs calls for solutlons

S~

A

- .of Hartree;Fock equatlons. It turns out that the effect of _g‘

non*magnetlc ions amounts to taklng an admlxture of~glgand

'waveftnctlon and the magnet;c wavefunctlon {say of p and d

~ -

wavefunctlons for MnO) and the reason that superexchange can

a

‘be felt over 1arge dlstances is due to the 31mple fact that ;'°

A

‘actual*magnetlc wavefunctlons themselves spread over rather'

.

long dlstances because‘of covalent blndlng effects with the

‘core" electrons of the 11gand (Rado and Suhl 1963)

.o®
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There exlst two brozé\approaches to the study of

a

excrtatxons of ordered magnetic sysgems, one is the
. phenomenolog1ca1 approach, in which- the magnetic system is

characterized by a magnetization densrty, which is a contln-'

uous functron of posxtion, -and-an-‘energy density which includes
all the relevant parts of the magnetic lnteractlon (exchange
:_energy, anlsotroplc 1nteract10ns, etc ) , Startlng wlth-some ‘

‘ reasonable'form of the equatlon-of motlon, small oscillations“
.cf the magnetizatlon about ltS equlllbrium value are studled

This approach 1s not necessarlly a ClaSSlcal one though lt is

s

often used in a classical’ context.

P

The other approach 1s a mlCIOSCOplC one, and here one’
deals w1th locallzed spins_ at the lattlce sites and starts

';wlth a quantum mechanlcal Hamiltonian to descrlbe the magnetlc

o

'fsystem. In order to study the excltatlons we need to solve -

:this Hamlltonlan. h-
| In thls work, our 1ntarest\w111 be llmlted to

Thlnsulators (1on1c salts) for whlch‘the appllcabllltY'Of the
::latter approach, whlch has spin locallzed at a site as lts

" basic. assumptlon, is well accepted.; One must mentlon,

. L4

' however, that mrcroscoplc thcorles, whlch do not assume

] - . ‘\‘

.locallzed-moments, do exist for spin waves in metals.

rs




In a calculatlon of the low lylng exc1tat10ns of an .

; ordered magnetlc system, the natural descrlption 1s in terms

at
I

; of a collectlve motlon called spln waves»or magnons.‘ The
concept of spin waves was flrst lntroduced by Bloch (1930)
In an elastlc solid we know that-if any of its atom is .
displaced from the equlllbrlum pos;tlon, it osc1llates.w1th the
: normal modes of the crystal, and phonons are the quantlzatlon .
-of these\\ormal modes of v1brat10n. SplP waves are the " -l;
'analogous normal nodes for a. magnetlc materlal, and thelr_
quant;zatlon-leads to magnons. - L -;i
Let us try to gain some more phy51ca1 1n51ght as to

“what 3*5p1n wave is 11ke by cons;derlng a ferromagnet at the
absolute zero of temperature. \%ssume that an axis of
*quantlzatlon lS establlshed, say by a small magnetlc fleld along
_the z directlon. : The system belng in the ground state, all
' the_splns-must be parallel to one another. “Let the spin of,."'
each atomJbe S, and-lts'z'component‘be'S‘ 'Let n= s-; 9
vbe a spin dev1atlon'quantum operator, whlch measures the
dev1at10n of‘S from its maximum allowed value S. Since sz
can take (25+1) values s, S-1, ..., -S+1, -§i n has '
"eigenvalues D, 1, 2, cony 28 cornespondlng ‘to a range from a -
.state of no spln dev1at10n to a state w1th the maxlmum
allowed dev1atlon of ‘25 on. an atom. . . In the perfectly allgned'

-

ground state all the spin dEVLatIOnS vanrsh.,~Next,|suppose

e
1

e . - - . ’ . L] . h
-- . [ N : . . . - - . 3
- - B - N . ] . -



that the temperature of the system is sllghtly ralsed so
that the spin of one of the atoms dev1%tes by one. unlt, i. e.;
S, becomes S-1 1nstead of S Now each of the N atoms of the

jsystem has an equal probablllty of belng the one whose Spln

- is deV1ated - This suggests that tﬁ@;SPin dev1at10n would not

-remaln localrzed at a partlcular atom, but because of the
exchange 1nteract10n ‘With the surroundlng atoms it will kS
‘propagate 1tse1f through the 1att1ce, constltutlng a spln
wave._ Because of the boundary condltlons, only’ Spln waves _
of certaln wave numbers can propagate.' Thus, a spln wave
: corresponds to the propagatlon of a 591n dev1atlon w1th “a i

: defln}te wave vector,. Sem1c1a551ca11y splns are con31dereu

as vectbrs‘oleength [S( 1)] 1/2 prece551ng about the axis of

quantization z. In the grou d state all the splns haVe a.

2—component Ms'e S and are prece551ng in phase.  In: the fr}st‘
excited. state the Spln dev1atlon is averaged OVer all the N
&

'spins, that is, the z- component of each spin is MS = S - I/N,;

-’.

further now tHEre would be a phase dlfference between the

LR

precessxng splns.' A plctor1a1 representatlon of spin waves .

in a linear chaln of atoms is glven 1n Flg._I er

If the temperature of the system is 1ncneased still
'further, there would occur more than just one spln deV1atlon.
.In general,rthese spln dev1atlons or spln'waves may geg
scattered or may even‘be-bound together as a complexj rAsrthe
temperature rlses, compllcatlons arise because of the. |

5 rncreaSLng'lnteractlon-of the spin waves. The lowest order

a




" Fig.

I

I-3

/

'cones, w1th successmve splns advanced in i

@
A pictorial representation of spin waves

in a linear chain of‘atoms.. The ends of Sy
Spin vectors precess on. the surface of _”
. ‘ !

phase by a constant angle.

5 .
a) The splns v1ewed 1n perspectlve.

"b) Spins v1ewed from above, show1ng one’

wavelength. The wave’ is drawn through

L

the ends of the spln vectors.
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« oOf approx1matlon 1n sPin wave theory is to neglect these S

comﬁllcatlons and to asshme that the spin waves are -
independent of each other. Then the total energy of a number .

of Spln Waves is’ just the sum' of the energy of ind1v1dual

* .
.

spin waves. Thls is the so—called spln wave approxlmatlon'

If the. total number of - $pin waves present 1n a system is

sr

relatlvely small and thlS lS so at’ temperatures well below
_the tran51t10n temperatures, then this approxlmatlon iz jood
- At finite temperatures, because of the spin wave
ﬂ,interactions; the approxlnatlon starts loolng its vallqlty. T
| ;_HoweVer, provided one takes 1nto account the effect of spln'i
fwave interactfons on the energy of the magnons, it is Stlll.

useful to talk in terms of the spln waves.‘ In Chapter VII,

~_th18 toplc is dlscussed '-g
. Perhaps, this 15 the proper place to mentlon some of .

:the excellent rev1ews and books avallable on. spln waves. The ’1
‘most: recent revmew is by Hennlon (1972}, whlle there are .
molderrones ﬁy Keﬁfer (1966) and by Kranendonk and Van Vleck
(1958) ' Among the books, “Magnetlc neutron dlffractlon" by"
{gyumov (1970), “The theory of magnetlsm" by Mattis (1965),
and "Elements of theoretlcal magnetlsm by Kruplcka (1968), -
Tshould be mentloned. Bloch (1970} rev1ews spin wave )
1nteract10n theory and 1ts appllcatlons to magnetlc salts in

-

two recent’ artlcles.
_ The deflnlte relationship, ‘that exists between the

'genergy'Eglof a spin wave of a system and its wave vector.q

Il



* A

_-of the propagatlon, is called a- 'dlsper51on relatlon For -

”example, at small wave vectors g, the ferromagnetlc magnons -
)
obey quadratlc dlsper51on law (Eqwq ) and antlferromagnetlc

ones obey a linear dlsper31on 1aw (E mq}. .
q Ji |
‘l\\order to calculate the thermodynamlc propertles S e
-.___V “ L ﬂ’- 'A”
‘of a magnetlc system such as spoﬁtaneous magnetlzatlon,

s

magnetlc contrlbutlon to spec1f1c heat and the tran51t10n

- - d

-temperature One: needs to know the ]

nltude and the 519n of

!
"the exchange 1ntegrals. At presept the§ cannot be calculated'

from first pr1nc1ples. The mosurlmportant experlmental way -
. "\a

to get accurate values for thls inﬁggral is via measquments
of the magnon dlsper51on curves In Chapter VI, we shall
take wp the ¢ expeylmental mélsurements of the dlSpEISlOn

1'

curves/in MnO | . 3

o
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' prov1des us a very 1mportant probe for studylng the

20

1.5 ;Heasurements with Thermal Neutrons

b

1

Thermal neutrons (neutron of energy v 0.02 eVL:

* -

propertles of condensed matter because of thelr many

favourable propertles. The wavelength of a, thermal neutron

r(w 2 A ) is comparable to the mean separatlon of nuclei in

condensed atomic systems, and. also 1ts energy is comparable

to that of some of the elementary excltatlons of condensed systems

In addltlon, it has a magnetlc moment and is a neutral -

.partlcle that can penetrate deeply 1nto matter..

e

The two 1mportant lnteractlons of the neutron w1th
matter are the nucleal and the - magnetlc lnteractlon. The

nuclear 1nteractlon 13 due to the nuclear force that acts

‘between the neutron_and the nuc1e1 of matter, and the g

magnetlc one is due to the lnteractlon of the magnetlc ‘moment.

of unpalred electrons w1th that of the neutron. Apart from

o

theseftwo, there are other 1nteractlons that are smaller in .
magnrtude, and become 1mportantoonly 1n especlally de51gned

experlments-“

' The scattering of neutrons from*matter'canlbeleither"

. . . O L0 . i
. . i . - . - + - C .. :
coherent or 1ncoherent in nature.- In the coherent scatterlng

- there is a strong lnterference between the waves scattered

from each atom because of the deflnlte phase relatlonshlp

,that ex1StS between them. In the lncoherent scatterlng there .

_lS no 1nterference at all and hence it is lSOtrOplC. The

S Ty
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coherent scatterlng of thermal neutrons, character;zed by a-

[

glven momentum and energy, can elther-be elastlc - the subject

[

‘_-of neutron dlffraction or 1nelast1c, with gain or. loss of

, energy the subject ‘of neutron spectroscopyt ‘The last
‘section of Chapter IX deals with the formal scatterlng theory
' ™~

- . on

of ‘heutrons from a spln system.
Neutron dlffractron 1s a technlque analogous to X-ray

.dlffractlon but can, in addition éo determlnlng a crystal
structure, aLso determlne magnetlc structures. Althoughrln
51mple cases the Spln arrangement present in dlfferent magnetlc
compounds can be inferred: from macroscoplc measurements such as
~of susceptlblllty. the eV1dence can hardly be called direct
srnce use is made of a chaln of arquments to arrive at it.
Neutron dlffractlon prov1des a dlrect method of studylng the |
“dlfferent types of magnetic’ order., Over the past two and a

) half decades this technlque has establlshed the magnetlc

i
L ‘

,
structure .of a series of metals, alloys and compounds (Bacon,

. ‘a

.1962). | |

When a paramagnetlc crystal is’ cooled through its
Crltlcal temperature, one notices an lncrease 1n the inten51ty
of Bragg {elastlc) peaks id cases where the magnetic unlt cell "
15 of the same 51ze as the chemlcal unit-cell, or there appear
add1t10nal peaks - superlattice peaks - 1f the magnetlc unit
cell is dlfﬁerent from the chemlcal unit cell.; Mno, whose

magnetlc structure we shall dlscuss in Chapter V falls into

the latter class.. By -a measurement of the intensitles of the -

LN
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// magneblc peaks, 1t lS possible to get the- magnltude of the

~ magnetlc moment at the dlfferent lattice 51tes. The effects Y -
of bondlng in magnetlcally ordered salts can be expected to 'é 7
alter the spatial dlstrlbutlon of the unparred electrons from

that of the free lon case._ It is possibleﬂto deduce: the so- = ©
called covalency parameters of an 1on1c compound (Fender'et‘
Valf,_1968) u51ng thls-technlque.f , ‘ | 7

: | Neutron spectroscopy 1s a technlque in whlch the o | |
energy - dlstrlbutlon of a beam of monoenergetlc neutrons, after
lbelng scattered from a specrmen, is studled . The scattered .

_neutrons show dlscrete neutron groupS'-ln the- energy

dlstrlbutlon at low temperatures correspondlng to creatlon or 1f¢r
annlhllatlon of an energx,quantum of an elementary excrtatlon,
such as a phonon or a magnon.' ThlS lS the standard techn;que 6 _
for measurlng phonon and magnon dlsper51on curves. In |
.Chapter VI the basrc prthrples of the method and the 3

descrlptlon of one of the 1nstruments used for this purpose

i

-~

is glven. '
". Although the above method is the one- whlch ylelds most
detarled knowledge about the exchange constants, ‘there exlst
other methods su¢h as the-susceptlblllty measurements,
susceptlblllty at the Neel temperature belng closely related
'to the exchange 1nteractlons, and in pr1nc1ple any quantltatlve f
experlments related to the magnetrc propertles at the 1ow . T

‘]-temperature such as low temperature specrflc heat,

magnetization, study of the'spin wave resonances would provide

. e . . :
. P - 3 - - N . . >
7 ‘ ’ ’ !
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informatlon about the exchange forces operating in a crystal

\

Rado and Suhl,_1963)._ These methods have the 11m1tat10n

that they can usually glve on1y°a value for a llnear

t

' comblnatlon of exchange constants, whlle neutq?n data can be-

-
'analyzed to yleld the sign and magn1 tude of many dlfferent
"exchange 1nteractions in a magnetlc systégﬂ Typlcal energy

accurac1es obtalned with neutrons are about 13, ana‘lf only
one exchange 1nteractlon rs 31gn1f1cant the measurements
can also_determlne 1t to the same accuracy.. Heasurements
with neutrons are ‘the only known method for gettlng complete
magnon dlsper51on curves, although Optlcal and 1nfrared
technlques are more: accurate in certaln restrlcted reglons,
e. g., for the. measurements of the qg=20- mode.,

' Be31des the 1sotropré 1nteract10ns dlscussed

- earller, there may be anlsotroplc 1nteract10ns present‘ln a:

: magnetlc crystal. For materlals such as Mno where the

,magnetlc moments arlse from electronlc spln -and there is no

' +

net orb1tal angular momentum, the largest term 1n ‘the _
Hamlltonlan after the 1sotrop1c ones is tﬂe\dlpolar term

Hy_ d glven by o S C L i- . .

- - = o ' .... - . ' . I_
Ha-q = I Dy50(8;°85¥-3(S; x; ) (8, )/r . (1-4)
:])]_ . - o ™ - . ‘
.
. For true magnetic spin-spin interaCtions,-the

cons_tant‘-Dij haS‘the-classical yalue



gzuz/r with g =2 ./ C . (X-5) .\'

at

¢+ can result from 1nd1rect spln—orblt coupllng
(Van Vleckf 1937) Such non—c1a551cal values of D.:J are
often desrgnated as pseudo dlpolar or anlsotroplc exchange _ o
'coupllng. The most 1mportant effects of dlpolar coupllngs.

ey
are long range. Hence when the value (- 5) is used'ln (I 4y,
Alt 15 esaentlal that the summat*on be unrestrlcted rather. ‘ ; .
than conflned to nearest nelghbours. Terms that 1nvolve N
 .summat1on over snall g as well as the long range nature ofl 7\\
ldlpole sums create problems 1n.eva1uat10n. -Onrthe—other”’%+ffff_#;
‘hand, the pseudo-dipolar part of D, ij is of comparatlvely
'1ishort range, 11ke J. ;. For splns greater than 1/2, therel-‘
may also 'be present in the Hamlltonlan terns corre5pond1ng
.‘to quadrupolar coupllng. Whlle for non Cublc materlals the
;contrlbutlon of anlsotroplc 1nteract&ons (X- 4) could be the
next most 1mportant term of the Hamlltonlan, in cubic
umaterlals, as a consequence of symmetry requlrements, it
cannot play a 51gn1frcant role.

‘The presence of anlsotropy results in remov1ng a - o~

’ degeneracy of the magnon branches 1n an. antlferromagnet._
| In Chapters ITI and-IV, we ‘étudy the effect on-
varlous propertles of antlferromagnets dueuto the fact that

a completely ordered state (Neel state) 1s not the ground N

state of an antlferromagnetlc system.
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: CHAPTER II
SPIN WAVE THEQRY AT ZERO TEMPERATURE

APPLIED TO AN ANTIFERROMAGNET

€

.'f” - The ground state of a. system of magnetlc 1ons,
rnteractlng with p051t1ve (ferromagnetlc) exchange forces, is-

.a complete parallel allgnment of sprns of ali ‘the - magnetlc _

: 10ns. The ground state is less 51mp1e when the 1nteract10n

.-.‘-‘,.

is negatlve, as is the case w1th antlferromagnets, In the
next chapter we w1ll dlscuss the problem of the ground state

of an antlferromagnet In thlS chapter, however, we are.

”‘concerned with only Spln-wave-llke exc1ted states of the

'.antlferromagnetlc system. These are the lowest 1y1ng'states

,‘above the ground state, and are the only states Whlch can be

apprec1ably populated when the system ‘is malntalned at a

temperature close to zero. For ionic crystals, these low

<

lylng exc1ted states con31st of spln devratlons of many

: dlfferent .wave vectors.

. ) [ 9,
< T -
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The Isotropice Exchaﬁoorunﬁiltoninn

e L

Lot un consider a magnctic Bravais 1aLLice which. can
ba qubdividod inLo two BublaLLices Q and m, and let f dnd m
bo the vectorns to’an atom on tho k) and m nublatticc, fxomr
thn onnoin. “The spins ih ono sublattice are all parallol to
, one auothcr and antiparallel to tha upins in _the othor R s ﬁji
'sublnttiqo Let'ﬁ be a VQctor joining atomn on the samn;
_‘ ruhlatt{u: nnd ]et d be a vector joining at.omn on differ ont
qublalttcoJ; also 1et J and J1 be tho oolxospondinqlbxchango. /;“_:
CﬂnkLantJ (nogativo in maqnitudo for antiforromaqnotb). "- -‘,

To sLaxL, wa consider the exghangb forces as the only

V'iulOLnLtlon coupling maqnetic fonsg. " The Hoisonberg oxchange

' Hamlltonian .can be written as ‘ B S IR &
SRR " T SN e
Hox ™= 7 P T4y 8408y | ToE1-1)

-

; 4
!

'whoro 83 and Sj arc tho apina of atoms at lnttico ﬂiLos i and
' S LI

~

j xoqpectlvoly._ _ ‘31'.. Lo ‘ 3 o *
'.,_'. Bafore proceeding furthor, it ia impartant that wo

dorcrlbo some of tho basic proportioa of the nngular momentum'

‘_{\,

opclator S, '; ' ‘Af' S | - u_g

3

AN
- Defining S Sy and S as tho thlGQ componontu of Lho
- spin oporntor s for some paﬁticular atom along orthogonal .
‘ dlrcctions X, y gﬁd z with z as tho;equilibrium diroction of N

B

" the .pin, one can writc
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2 .2 12 2 ; o
S = B [ -—
(8.)% + (807 + (5,07 . - . (11-2)
o - T ' _l [ ( . - R
: The ralslng and lowerlng operators st and. § are
. ' . N al
deflned as
st =s_+is. ; .8 =5 - 4s. T (11-3)
T L T S
The representatlon ln Whlch 52 and Sz_are : ot

51multaneously dlagonal has a basis veqtof set {|sm>} which

‘satisfies (h = 1) '

' . : - N . & ) . z‘ o :
-} . oy : ‘ ' . .', ﬂ.

hY

-~ . T T ol
S-]sm>;=as(s+l)[sm> '
o ' (II-4)"
i Sz[%m?'; ?Ism>- f \

JThe'eigenvalﬁes of S_ for a given value of s are -

Sy

RUN m = '—s' —S+l' Y 5—1' S . -.

™

These provlde a (2s+l) dlmen81onal basis for the representa—.

tlon of the angular momentum operator S.' The matrix elements

\
of\S Sé, s¥ and-§” in thlsrrepresentatlon are
3\ o . . o -
N ‘ . _ S
. oL - } Al a " et
r
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‘

{sﬂ@'lszlsm> —.s(s+1)6

ss! mm'
3 ' - \ Y
. - ) .
Rl e s mg b
_ - (II-4)
‘ + S B ' : '
T <5'm'|5 13m> = [s{s+l) -~ m(m+l)]l/2-dglscmﬁm+l
- Q~

<s'm*|S” | sm> [s(s+1) = m(m-1)]1/2 Sergbmtme1 - o

[}

-

The 1mportant commutatlon relatlons obeyed by spin -

operaﬁbrs are -

o Lo P ‘ /.'
_[s ,s-{ = 252{ [sx,sy],- ;sz \ |
R - (11-5)
ret et e e 1o e % ‘ .
[8758,1 = =875 I87,5,1'= 7 .
- | | ,
The exchange Hamlltonlan (II 1) ca% be wrltten in
0 .
terms of the components of spin operators as
- | VoY i
H, == T J (s sj f 5153 +‘s . S% ) _ (II-6)
. 1,3 B o 2
- |

- In terms of spin ralslng and 1ower1ng operators S and-S_{_"

this reduces to

‘.1" 4.; P : | .: p
. = - F.l= - 5. + .g. + i e ) II-
o Hex I J;515 (5554 " 53S4) + sysy), . (I1-7)
SRR } ij. e o ‘
. /
- e . 1 -
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Spllttlng the Hamlltonlan in terms of sublattlces 2

and m and notlng that ,the £ and. m sublattlces are equivalent

and hence.;nterchangeable, one can wrlte the exchange

™
r |

»
Hamiltonian as

.~ —‘ . v ’
= - L ote- —ot "WZaZ - -
o ex Ty Tsla BaSp * S8y g) o sisE
a- . v, .
= 1 et gt - z
( ms 57 Cnmes * SuSmes) * SpSpi] ;

_+'_ )
2 Z Jd[2 (S£S£+d 5,8 )} + 8

Z.2 . el .
.d L724d 232+Q]. o (II.Q)_

Q

The standard method to proceed further 15 to convert the

' spln operators to expre551ons 1nvolv1na boson creatlon

' ‘

: ngfrators a+ and annlhllatlon operators a, and thus make

. Spin wave partlcles obey bose- statlstlcs. . There are'two
well known approaches for d01ng so: | -

\g\ X : i HolstelnéPrlmakoff (H—P) Approach

CAi Dyson*MaleeV (D—M) ApprOach.

]

~

H-P Appqdachﬂ - a S o

o

LN

In thls approach the spln okﬁrators are related to

. boson operators by the foIlow1ng transformatlon (Holsteln

]

and Primakoff, 1940): o e
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S: S -ala, =8 - ng
‘ s; = 292 ¢ ’
I D e el -
I w‘nef; fim ‘"i-_éia' Zen _',2;-]}/2 | S Q‘ cehoor

..represents the nu

.the creatlon and annlhllatlon operators for ‘the spin, "

a tranéformatioﬁ-gives'(Dembinski, 1964; Harris;V1966)

er of dev1at10ns of spin S -at 51te'1

from its maxlmum m gnltude S al and a; can be regardéﬂ as

&

dev1at10n._ The commutatlon rule followed by a boson is

X
[al'aj] =4

i)
a1 = qat ity o . | . 1ay
[ai;aj] "' .[airaj] "" 0 o ‘ . (.II loq?
't . |
. _. . ¢ . . - ] . . g_\1 - . ( -
D-M Approach - < - N _ _ o
The.alternaﬁivg prbcedure-tb convert the spihj'm T

opef%tors'tpﬁbose operators is to use Dyson-Maleev '

transformétion (Dyson, 1956; MaleeV;;lBSé).- One form of such

5 -
. a
.



=y

!
fay

-k
5i =S - aja; -

PR ) (

+ /2, _ +_ ., o 1 11y
A‘Si = (zsy.: (1 aiai/zs)?i_ ' | (II-11)
-2t v
St ay L T

B
~
c
#

- N LA )
. . . . ) L. e
. I . : : o

v

Thls transformatlon has tbe obv1ous advantage that ,
t

it does not have the awkward square root term which is:
. s
'present in the H-P transformatlon, though 1t is achieved' at
) :
the expense of the transformatlon belng non~un1tary, SO - that

- the transformed Hamlltonlan becomes non—Hermltlan.

» Slnce, as we w111 presently see, both the approaches

. are 1&ent1cé1 for the purpose of thls chapter, we shall h _ {
ot N [

—follow only the H-P formallsm.

Convertlng Spln operators to boson operators{
aI and ag for the £ sublattlce and b+ and b for the m-

<;§ublatt1ce, the H-B transformatlon is glven as

o

. _ s % s g :
S _52-_'$ | a Sm S +.b b
'\- C , 5 R
L . + _ / oot 1/2 1. .
é S, = (25) £gags S (28)™“ b £
~ - _ 1/2 ate ,‘--'=' o 1/2 ¢4 12
5, = (25) ay£,; §_ = (25) TPy o),




T TR
fp = [ -aga,/26) /2

(IT-13)

y
Il

T1 - bTb /231 B
For the case when the number 'of spin dev1atlons is
";very small compared to the spin of an atom, one can_expand‘
the square root in (IleB) blnomlally in a power series of

'_(a a/28) SO‘that ' : ':"°.w-’-

H
II

. £, =1 f a £/4S + e | | o
o Y € S ST
o oy . T . ) .
- . fh'l 1 - bml,)m/4s,+ e e . - ‘{'

]

,“(‘

- In the zeroth order approxlmatlon, f¥ and flvare ;ﬁh

oL

'replaced by unity. " Thls 1s the so-called Harmobnic or 11near-‘
approxlmatlon for spln waves.r It works well when the number

_of spln dev1atlons 1s small, a condltlon whlch can be met . T
tbest when the’ temperature is 1ow, and. when the spln of the

. magnetic. atom has a large valuk. It is obV1ous~that both

H-P and D—M transformatlons are 1dent1ca1 1n thls o
’ =3

approxlmatlon. Thus 1n the harmonlc approxlmatlon, the o
’ . f . ) : ) “" PR

.transformatlons become

- . ] .
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Z - g gt C o, g% o s Tty
S N o o
+ - : ' . '
sp= @2 a st - (28)1/2 pt (1I-15)

wm
I

, ‘s /2 b =T iz
Sg = (28)77 3 7 Sy = (29T b

‘ - t-

The Hamlltonlan as glven by (II 8) can now be '
: (
L expressed in terms of boson operators usrng (II 15) “to yleld

i 2t ‘
' Hox = — L. 0587 - Slagay + .2y, 5804s)
1 T TS TEEE
+ s'(aiaLS + .-313:;;15,'+ )1 - L Jls
, - == ==E ms
f} ..
et o Ty t
“ > PP ¥ PragPmes) * S BpPiyg * Bibny )] ~

where we have neglected the blllnear products of the | -
operators of - the type az+; 2gts azaz comlng from the terms-
z° g2, B T

s ,2+s

etc., to be con51stentwwith the llnear approxlma-..
\ .

')
- ' &
tion; We are. left with a. Hamlltonlan quadratlc ln bose

operators. -

T The next step 1s to qurler transform the bose .

operatoers, the transforms belng glven as
. ) \
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a&_=;(2]N)1/2 X.e_igf£ a . .
. ‘.g‘ . g ) : : N .
-and | - S . B (IX-17)
b= (2/m) /2 § Gigm ‘
m .

' 9
“ . B ) . ‘ —
j where N is the total number of splns and g,‘the reduced

wave . vector, is conflnea to first Brlllouln zone.

The transformed pamlltonlan is .

o T 0@ - 1, @)) 250 (0,0 - @
- b )] - 25 £ (3, ’
+. (51))(agg_+ b&lﬂ” ZS51 N .(51)(&19‘51
+ albly) (a1-18)
o 44a” s |
qhe;é.; -
| Jdalq) = g Ja‘exp(iﬂ;gjip7 _ ) .
-'Jstgj Y i-qsekp(iafg) o -
; | U -
On can rewr;te Hex as -
, o N
Yex TFo * I-0glaglg * Pabg)
b o+ ‘ | (11-20)
+ é E."g(ag q aﬂ ﬁ) | o S ‘ :



with - . , - . ‘ ‘
~ By =Ns [Jd(g) - J (0} ],
Ag' = - 28{34(0) - I Q)+ I (@]
and | | )
B, =""_2_S\_‘Jd.(9) - IR T (II-21)

. ..
[

: A'general method of: deallng Qlth a- s;;;em of harmonlc
osc1llators in 11near approxlmatlon 1s to descrlbe 1t in-
| terms of some uncoupled osc1llators or- normal modes, whlch
corresponds to the dlagonallzatlon of the quadratlc form of
"ng as given by Eq. (II- 20).
- ﬂ -To dlagonallze, we look for a new set. of bose
;0perators uq ana.sq-glven by some sultable linear'combinaéioo

- of :and b s
aq_an_ q

o = 3 ; vb
N a g7 o x
(II-22) .
_ oy o T S 5 ‘
. . . | B . /
; Bq_. wa 'ng 7 ) | | khf
SUCh thaf-the Hamiltonian (II-20) can be written inlthé,
. S B IP o : N . .
diagonal form ~ . - T SR



-

o _ + T ' : ' 7 {
H =E_+ ¢ + : ~ - l
ex 0 | (Aqaquq‘ ququ?. - (II-23)

)

* . where Xq_;nd uq,aré,the spin wave energies.

L -
—
LT

The bose operators o, and Bq_must obey the

commutation relations

: [aqr ;a;|]

[qu Bql] = 4

cand F a2

. . . . < . . . ' c N
" - .
_‘:." " . Al - i

','[a
> l . A N - - . N : *

From (II-23) . ‘ B : ) ,
0

" | [G'q.r. He'x] = llqcr.q

. '. - ." o . . + . . ) . . . , '
- +.v(A_bl) . II-25a}
uigal) v( P - | (1

- ? . -
. L. -~ N

But, from (II-20)°

. 3 .= : _ o
t'Ia Ho ] =-ﬁ(A a .B bT);+ v (-A ;f - Bal) . (II-25b)
: q’ Tex: © "Vq7q " Taa’ T i g q T PqPq . -
. . S V L a« '-‘ R T
- From (II-25a) and (II-25b), by equating the coeffic;ents:qf
'éq'apd'pé, éné?ets e ' |



- Auw-Bv=iuw. .

- (IX-25c¢) -

Bu-vA =Av .
L ‘ ~
ay

'The'eigenvalues Aq are’ glven by the condltlon that

. the determlnant of (II 25c) vanish, and one gets

-
LR

A =+ @2 B )1/2 | | a (I1-26)

as the two degenerate eigenvalues of the isotropic exchange -

Hamiltonian. . :-TT."" |
oo w¥4n order thatlthe llnear comblnatlon (II~ 22) be the .
. PR
- proper one, it's. coeff1c1ents u, NV, w and(xfshould be such- -

. . A S -~
that one has ‘

B T

e et 112 10i2 s
_[aq. aq§ —{]u]_- [v| 1 | o -
: | _—— < o (11-27) -
' . . 1- ; ’ 2 ‘_‘, 2 =‘V 2 . . '

One of the linear combinations with suitable
:cdéfficients'can‘betshown to bé the"so—ca1led Bogoliubov .

transformation given as

) = - . nhé .
ag's aq.?osbéq- Bq_$1 °q : o
' ' (I1-28)

= ) V - . + . . ‘ * . -
b = - 8+ . coshé
_ aq_51nh q Bq
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‘where the parameter Gq should be shch as td'diagonalize the

Hamiltonian (II-20).. Zhé Hamir;oni

by using Eq (II—ZQ); q is then calculated from the
condltlon that the coeff1c1ent of the non dlagonal term

‘(a B +‘a+8 ) should vanlsh ‘This condltlon is satisfied if

o EAC : RS
. tanhzeq L Bq/Aq = . - ' d'g_ — Y o ”(II—ZQa)'g
- 3@ -0+ 3 T

It'is éaéy @0’éhow that, then :' o ,: Lo L ';1 (

inh28 =B /A . ;  cosh20 = A /x| " frI-29B)
Sin q. Bq/Xq_f‘ .~ cos] g q/ q R f_ )

wher_e.'lq 1s as glven by (II 26) and Aq‘.and'Bq'are as given'

by (1T-21). ':_\;
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2.2 Effects of Dipole-Dipole InteractionS'on the Spin ﬁames

in Linear Approximation

“ So fax, we have considered a magnetic system
described only by the ekchenge Hamiltonian. Actual phy51cal
systems generally do have.anlsotroplc interactions of varlous

orlglns present which need to be 1nc1uded in the Hamlltonlan.’

IMagnetlc dlpole dlpole type anlsotroplc 1nteract10ns are of
spec1al 1nterest to us, belng the most 1mportant source of .

' nlsotropy 1n many antlferromagnets such ‘as Mno and MnF2

Apart from: thlS lowest order anlsotroplc,lnteractlon, there
_may be addltlonal sourpes of anlsotropy, e. g., ‘those arlslng
from the spln—orblt coupllngs (these- aﬁeoshort ranged andgnot :
.so 1mportant in cublc materlals) We shall 11m1t this -

- O A
dlscu551oncto dlpole dlpole 1nteractlons assumlng 1t to ‘be
=)

:”the only anlsotroplc interaction present 1n -the magnetlc ;
. a N .

t

-system.
. L] ,‘_.‘,'k'r_

" In general, the term in. the Hamlltonlan due to the

_*dlpole—dlpole 1nteractlon can be wrltten as

oy
4

* 2 2 _ : : : T
e - | _ !
'Hd—d "“*“E—‘ z, < [ (S S ) 3(5 )(S J)]

where pB is the Bohr—magneton, § is the spin of atom at
position ‘i and rlj is the. p051t10n vector 1"1 Let u be the
f;vector to p051t10n i from the orlgln, then u, can be’ vector 3

.. oxr m and 51m11ar1y.£ij can_bemg or*Q'dependlng‘upon the
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] sublat*1ce the atoms i and j are on., .So that fIIé30) can bée
{ * - ' '

wrltten as . : "

;gzn

- “ —_— -—-—i.—-,

B

\
Y
a el V)

I’ —— [(xi.9 5 = 3(S, . *r.. (S T er.. )]
wre, HTaTwr oo &

;o ij. T (11-31)

Slmllar to oPerators S ‘and.-S defined earlier (see Eq.
Cam ] P = . ‘ e - a,

(II- 3)) one can deflne T R ) S | LT
. ) .

'with._ r "=_'x . ete. -

which a-l_lowé us to write Hy.g 9iven by '(II.—31') .'aié

l,2
g u

= T3

2
By -1 cr /2)(5 - e
ur riu _EE, _ e
BE iy STT TR EE—_—
L2 z_z]-}
55

a

"2:4-"7"l L m ik Caay -
-'x"SEfE{z + 3 S_fEF ~t;2's +£F')]} Xu, . ,‘II 33) .

. . * P ) . ' ST
R PR . .

. 4

) Whlch can be snnpllf:.ed by rearranglng tenns, not:.ng that

et =t - =r? 2.2 =r? -y 2 to be

IS . z ) o
4 . \*
1 ,.. * .
N ~
. |
; o f
" -9 Lt a
¥ . \
v ! - ~
LS
. . w ¥ S
-
A 451 . .
-, T \
| K '
” - I\
< . : ST




§2ﬁ2\ . :
= - B .'l - 2,2 1 " -+
5= Iz {fg [{x 3z )SuSu+r + T (s Su+r + 8 Su+f)
T wr r = == 28 i
oo 2 2, _3 ezt . 4z ‘
X - - — .
A S TR '
' ) 3 U ez 3 o+ 2 .- 7
- - .. - =
t2s zr (Susu+r + SESE+£), 4 (SHS_E+£(r ) '?4,.
+ susu+ ) )1} S . (11-34)
N \ - ) _

N

o

Assumlng z to be the equlllbrlum dlrectlon of the
épin. the tablllty condltlon demands that the terms llnear

in x or y vanlsh S0 that at equlllbrlum

U .gz;z o 3’ ’ -/
._ 9 Hp 1 2 2, 2.2
Hy .= —=1I L {= [(r 3z°)s%s
- d‘é 2 ur ;5 . u utx
: B I S SO
o T BBy * oSS 327 - 1)
" 3 ,atat - 2 == 2010
, vy (§ESE+£(r )T+ S&Sg’f.{(r Y91} . (II 35)\f
o ' r ’_'/—-/ -
Let us define ERE 7
| | | B -\ ‘\,_
. 2.2 ., & _ | R
pow o tB32? - 2T g2,2 )2 A
= = r . - ] :
x 4 //rs r ﬁ B .5 ////////
’ ; - J - N . _- / I ) o




E .= z .. ' = ¥ : | -
- S ES exp(ig s) v By :é Eg expcig>g)_
“and I a '

e B = ety o Ly N ;' g
Bq; E.BS exp(ig-s).. o _Bé - é By. exp(ig-qd) - (1; 36)_ g

3 . ..x“.r‘r : ' ' ’ ,
Spllttlng the summation in terms of E and m-
;j sublattlceu as was done for the exchange Hamlltonlan, and
' comblnlnq lt with HO' as glven by (II- B), we get

Tor = Hex * B4o

. . (II-37)
o . . {5
| % ' |
('Usin , (II-lS) for go;ng gver to boson operatqrs

“and then u51ng (II~17) and (II 36) to Fourler transform, we.

\ :

{gét )'g



. . 1- B 1‘ . -' . _’\
H = § % _ , ’
Jwor 7% 0 I}aqaq +Abqbq)(2J3(g) + 4

~ ) kN

i

0

2

S

f-zﬂ.+-E_g - JB(g)“_Jg(fﬂ) = 2Jd(Qi?1

C

L

A28 X [ (-g) - E! )a tpt

q

U ‘ ,

+.45 L [B'

. . .
" Let us define

o .
I

-

4

T

“ .

a b
-qq

o
 ‘ S[-ZJS(O?-v 4E,

1

R
*+ 4Ey - E

ARSI AU N O

ﬁ 19
o
.'..
+ Blral b
TaT-aq

3

1

V_ = L* + LX ‘= 28(B* ¢ B* )
rg = 2By ¢ B2

q T

o .- W_= 48B'*
.'._ g

so .that "TOT .

‘-..'-)_

Xq = —.?S(Jd(g) - Eé)

can be writtgn as

+25 % B A4 a_ + bt pt w gt Tt

+. (J (g) ~ E

|

— Hhil P
. -41‘0//

* bogby))

SI)a b }

(I1~38)

“Egt Il

)

(11-39). 7
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; HY = % [u (a a_ + bbby + L -(a a_+ bl bl :
: TOT 4 q4q g’ q QT -qq " -qq- '
L. . L]
P + o1 ot
v +L* + b_
; o . (a q a 1 b )-+ X qa b + xqaqb

4 WX g, b*+w'a b 1. I '-'-""(119-4,0)

‘q q 4 -9 -9q

Symmetrlzlng the Hamlltonian with q restrlcted to//ﬂ\\\ |

‘only p051t1ve values in the summatlon, we get

L=

. A
B > U + b -+ U + -
TOT T [ (a aq qq ? -q%-q-q * PogP-q)

T ' +ouht oy
+ L -+ b + +bb
q(a a%q b -a°q * Tq'lg?q PqP-g]

- + f\l ;Z T h -
+ L* b + L* + b'b
L* (a b_gbg) - (aq —q .bq R

ot + fo0 Lt |

+ W* b + w* + W ‘b +Wah
"a?-q g anqb -a * "-q®-g°q * VgPqP-ql -

e (II 41) .

- Let dq be the sultable linear comblnatlon of. operators dq, ) |

: a+ ; b y l:--r w1th coeff1c1ents as u, v, w and x

-9 . -q . g

o = uaé + va_o + wb__ + xb S .7 S (II~4?) ‘

_which.diagonalizes the\Hamiltonian{(II-ﬁl)&with gigenvalue -

'.Aé.‘ R o A~
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2 I . . s .

.~ . Then one can write -
ot

[H a’]l = ul-aU_ - al (L* + . L¥) - bix - 1
A S [ %qq é-q( ~-q \ ,q) yqu-q Fqb-q]'

b . . .

+ v[ia U + L + I + b + W* b -1
[a_qUu. ,aq( ~q q)“ b"qx“ ]

- / 9 -q Lo ; q s O A

| vt Nt
twWl-b_U_ =B (L_.+ L) -alx - wr
TRl - q(F-q;,_Lg’. 2-g¥q - anq]

R
U
¥

H
b
‘&.

:

r

> T ; : ST .-
+ bU +b L* +L + X + a
. x| gt _gf X ) aq gt W_q -q]
= a’[-ul_ + vW* - wW* + xx
T AglTaly + VUG g+ x q!

U
+a' [- A+ VU ~-wk o+
AqlmWg + VU_g —owky + W

) - ' - . ' —-. ” + - —‘.. ' + Ed
v bl v - W Vgl

-—q'

IR Lo ;
+ b= + YWE - v+
bgl-uk_g + vHZ - WA + X ]

- .

A, + b_.wA_ + blxn 1I-43
-q 'q " -ga " Paq- (11=43)

R 1.+
ur_ 4+
3qihq * 2

- where the équélity;in the last-line makes use of

L | | h . e o
: . = = + -. + wb + - II-44
o [H,a] ?Aqaq Ag(uﬁq_ vazg w',q b ) L ‘ ).

Hence, the eigenvalue is given by the determinant
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SU_SA R i X
9 q 9 4
-V . p -A -X W .
-q U_q_ q d. -q _
' = 0+ .- (II'{dS)
J -w_ ' ox “U_~A_ .V "
q =g = B | q
o .
- W* —yk U - ’ ‘
-q T S q AQ. : : _
: . . It is possmble to. put thlS solutlon in' a more elegant
‘form. Deflnlng Aq as a flrst rank tensor W1th aq'-&+q' b_ q
3 b as.lts four components and Mq ij as a 4X4 second rank -
E tensorr the Hamlltonlan as glven By (II 41) can be wrlttcn
as ) | ‘
b SN ; o . S
= A - (II-46
? é iJAglmglJ}\gJ B o A
L B . 2 - . . » H
" which leads to - _ -
AL =1 («1)) M. .2 oE L e
HAg] E (1) Mgy 3Rgs ST e
~ and. -
= = i —— . R . II- .
-{Hqui] ih 4t I ( .
' , c L @ B '
We look for-the solutions of the type .
.\7 ...‘ e
£ _



A

k' q ‘.. \_* .

aE Tt R Pgi | S
so that I S

3 LR Mgy m Ag8ygiagg = 0 A (L4

@ -

Thus the.spin Wave'energies are the_solutions;df‘the equation -

-— P . e

Qetl-nim -8l =0 . o - (rr-so) -

F aﬁd.the elements of Méij_aré given' in the mdffik'fbrmat_by-

1

¥ the equation

B e~ e S A T S
R CEE SRR B R T

Moo= | S - \QI—'SI)
I W =X u_, Vv . N

_ Defining- .

T

- g = g%l = A 13sps) - s%6; lexpliges)
; . - “ s s T T T e .
ana o S '. | (11-52)

‘IJ . .2 )

Dl = g,ug (3d g'”adzﬁiJ)exp(ig.g,.'

E.q

. ) < . . ' T ' - ) . ] . ’ . . :
4 i - . .
- e Jo 9
A e ’ N L . . . fa
. .



18

~

- whe‘r_e' 3 and d vectérs have been defined earlier and I and J _
'cire any one of the thr cartesmn coordlnates Xe Yo .2 wlth

. the z a:-.ls deflned along“the dlrection of sublattlce |

- magnetlzatlon, one would have | - @
XX, 22 2. .' 2, ‘
Dgo Q) = g%uy & = [3xg - sTJexp(ig-s) .
§ 8 N . ‘.
‘ 221 .2 2 R
Dyy(q)l =g ug L = [3ys..— 5 ]exp (iq-*s) /
j .8 8 Tt o ) . ‘
gy = g.zug I =5 9=y lexp(ig-s)
N S s . /J

U Fefa - oY@ '+__2m§y(75.) // A
- =38 22— 1#“2—“%‘ | qesy -

B uB I % (x e Al 2ixy)exp(1_q s}

e e S T
L]

= Sretp R e el . (r-s)
.Y s s S - c \

=Vq (frorlrt.r.E:c_i. _(II-e-39.). assume 'Ba = qu)_ S - P |

. Also one could show in an.analogous fashion that

, v : ¢
= - S (g - ¥Wiq) + 2i0Y() . (I1-54)
¥ =73 [Py (@) - Dyita) + 2ipy .(qll'. Ak
' "'22; lrl-2_"2 A'.}.. :
(q) = g'uy I = (3z -.s%)exp(ig-s) | : o
Ss - . . )
= 4E ., y
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and

zZz o S . -
Dg (@) == 4E; (assume J'S‘(q) - I (-q)
? .
D(g) = D(-q))

- so that one could write Eq.h(II—BQi as -

)
s

o er . _ T 2z . :1 2z, .
U. = _s[zcd(O) 2J (0) + Dd (0) - D'S- (03 - 5 D’ (g)] .
, V = = S_*[,J;:Dxx*( ) - .]_'. DYY(. ) + leY( )] )
q- . 2 s d 274 s 2 .
. i l . . .'.\
Wy = S[2 1 X (¢ ) -5 0¥ + 1D§Y<g)1
' '_x'g'.— - s[20,(q) - 3D . S (1I-55)

The numerlcal calculatlons of the dlpole sums can be-

B

performed usxng the Ewald technlque. "It 1s based on Eq. ‘

(30 31) of 'Dynamlcal Theory of Crystal Lattlces by_Born g

-and Huang (1954) . The,technlquepinvolves dolng_the sums to

tnear atoms dlrectly, whereas the suhs’for atoms at mbfe-than

a certaln dlstance aﬂe_performed in zec1procal space. This

ftechnlque is used 1n Chapter VI to calculate the’ dlpole sums 1

for mno :
One can see that the full effects of dlpole dlpole
lnteractlons on the spln wave. spectrum of an aﬁtlferromagnet

| ) _ e e



)

5_ are qu1te compllcated, and‘they give :1se to wave vector
dependent contrlbutlons to the -spin wave energies. Howevcr,
since the magnltude of - these effects is vety small compared? \

" to exchange 1nteract10ns except at small Wave’ vectors,-
often dlpole—dlpole 1nteract10ns are treatedAln an - L
approximate way in Wthh thelr q dependence is lgnored .Thé'
usual way is -to represent all the anleotropy in terms of two_
parameters DlAand D2 "~ They descrlbe the out- of-plane and

{

1n—p1ane anlsotroples T pectlvely, and are related to
fl‘ :

1n-plane,andyout—of plane anlsotropy energies K1 and K2 by
: ' - L ' : B
~ the equations | ‘
l' . | . - - _- -
'.iDi = 5 o fi=1p2) - . . - -(II—SG)

2NS“© S

where N is‘the‘numbernof spins/c.c. in the' system. '

This givés rise to energy contiibutionSjQy dipole-

dipole interactions which'are wavefvectdr independent.

Besides earller works‘(e g., Llnesnand Jones, 1965), even
recently thlS treatment has been used by Kohgi et al (1972)

.and Hutchlngs et a (1973) to descrlbe the dlpole-dlpole
1nteracd}ons in MnO and N10 respectlvely.

hY

The approxlmate dlpole-dlpole 1nteract10n
‘Hamlltonlan HAPd,‘Whlch assumes crystal fleld type\51ngle
“ion anlsotropy for an antlferromagnet.WLth £ and m sublattlce

can be wrltten asx



LA

1

-51 .

+ D.S (II—’S?)

2
1°mx E

where v and x are d{rections which are both normal to the

dlrectlon z of spin allgnment and are respectlvely parallel
and perpendicular to the plane to which the SplnS are
confined (say (111) plane for Mno or N10)

. Although the above form of ngd is the one commonly
_used when the dlpole—dlpole lnteractlons are treated 1n the_
apprexlmate\?ay, ‘following Keffer et al (1957), Colllns
(1964) in his earlier paper on MnO uses a more general form_
in which in addltlon to the above terms; the cross terms

-

) are also aesumed to contrlbute to the anlsotropy.

The total Hamlltonlan HggT w111 be the sum of H0

'ds given by Fq. (II-8) and HA g as glven by Eq. (I1- 57)
The elgenvalues of HAPT, by follow1ng ‘a procedureAanalogous
to one used to obtaln elgenvalues of HO ‘ can‘be shown to

be glven by two non degenerate solutlons ' °
[} . . 1) . . ! .

- -

"

o 3 1/2
-t = - B. + D N + B + 25D,
Ay = g By * 28 1.)_( q q 5)] i
and IR o B j (II-58)
S '[Q(A“ + e 4 2'5-1) ) (z;;‘ “ B+ 2sp.)11/2 ‘
~ Mg T Mg T Bg T AP g T Bg T S8R

with Aéband Bq as’ deflned by Edbdq;i-Zl)

belng

In the case, of the. 1n~plane anlsotropy ‘term D2



.negligible, the‘anergy'of the out-of-plane mode can,

approximately, be written as

where

(A’

A

q

2_3)1/2‘

+ 28D, =

A
q

+

52

({II-59) .

B ThlS approach, w1th elgenvalues as glven by (II-59), is used

in Chapter VIII to calculate spln‘Wave energles.

I
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i

2.3 Scattering Theory as Applied to. the Measurements of

Spin Waves with Neutrons °~ .

The scattering‘of=neutrons‘by'atoms-poSSessing:

magnctic moments needs the use of the ﬁifag'equation;for a
propor treatment of the lnteractlon between -the neutron and .-

the magnetlc electrons (Halpern and Johnson, 1939) The

N

magnotlc part of the 1nteractlon for a neutron 1n a magnctlc
field H arlslng from the unpalred electrons 1n a crystal can

be wrltten in the form (Marshall and Lovesey, 1971)

':‘

SeymgSCHO T e (11-60)"

. I3
da : . ©

 where 8 are Paull matrlces."It can be shown that for spin—
only'systems-of N splns the neutron scatterlng cross sectlon

per unit solld angle Q and per unlt energy E' of the—"

-

Fr
n - " P ]

"scattered neutron 1s*glven by . . T
o o o
- . P {

a - - . . . -

dzc 1 ve? 2 N kl ' | ". B
7= (—=) [f(Q)] (848 -003 (Qm)
?Qd:‘ “m ¢ * an O ')f _
e’. N ‘- .. - . . .l.? ‘.'“ . Pl (II 61)*

. L RN
L

wherehe and‘mé are the charge and the mass of the electron,'

q

Y is the gyromagnetlc ratlo for the neutron and £(Q) is’ the

neutron form,factor. T'k-, E .and k" E' are the 1n1t1a1 and

—
s £ - . ~

flnal wave - vector -and energy of the neutron respectlvely,'

]

Q= 5“5' is the.scatteplngayector:'ﬁw'= E-E' is the neutron )

.%’

T

In ertlng (IT- 61), the Debye*Wéller factor. is
1gnored,'amount1ng to. a.stationary system of spins.

) .
- ‘ - ) . . N
. . L] . : + - N
L e : - . , : . . - ;- Py
. - . A L oot . : ¢ ]
. La- . . . . 8, )
] v . v . EE
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-_are coordinates X, y¢ %. Lahde's splittinq factor g is ap-

; aqaumcs £0r a two sublattico nnt}ﬁgfyomagnot described by tho

- . . o
. . .
N . . ' o

' v .
. T

-

'sumed Lo hava, its apin—only value of’ g=2 _)S]q(gfw) is the

Van HOVE.BCutLGLLng funution-daflnnd as . . . ' J

t..‘ . '.‘v " \.’ “)

L

. a . r .-.‘ . N . I' - ' ) ; . ‘-_‘\ o s .g) .
AW 3 J v L el gl

[
- r

whore b g tho O componanh of the spin oporator s on thu :

i

lnttice nitc dcnoted by u, [i> and If* are tha. initial anc
tinal staten of Lhn sp{n systum w{fh Ei and Lr as the
correupondinq 6hnrgics, nnd Py ig the probabilivy thaL the

tarqet Bpin uystom is in tho iniLinl state |i> © The energy

'and Lhe momcntum consurvation laws demand that "« k3

o N

hzh hzk.z
zm - 2m

hm - B - E' =

Cana I R S (II-63)

Qmk-kK' =g+

. thre m“vis the maus of tha noutron, g in a wave vector

restricted to first BrilLouin zono. und T is a reciprocal
A
a%&iqc VGCtOr L

;-

For tho ﬂakc of Himplicity, we shall limit our eivds

: to juqt finding out tha form thaf tha scattoring cross“saction

-J' N
i

- cnerqy chanqe. Q in thé & direction cosine of g, and B .
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exchange Hamiltonian (II l) This tréatment was flrst given .

'by Nagal and Yoshlmori (1961) . f . < 'f‘

/For ah isotropic eﬁnhange Hamlltonian not all the -

terms glven by (II 61) contribute to scattering. ‘Using. (II- -3)" IS
to write, say, Sﬁ in terms o£ S and S and (II-4) to find o ) -

outfthe matrix elements that are non—zero, one can show that

@) = 3P Q)

e

=50 = S =0 . (11-64)

and~ SR e | 3

K@) + 5@ =0 . - (I1-65)

.

‘Thus, the only non—zelo te;ms are_zsz(o,m){} (Q,w) and
,%ythrm) )5 (Q m) leads only to elastlc scattering: Whlch -
Vdoes not concern us., Moreover, for Hamlltonlan (II 1), |
}?x(Q;w) and,&FY(wa) w111 have equlvalent contrlbutlons.

;With all these 51mp11f1cat10ns, Eq. (II 61) reduces to

-
—

.2.

4% (Ye 2 N k' |2 . 52 XX R
where B
N ' o o ;A ) v
B /%fxfg}w} = ‘2‘pi,'2 exp(ig'(gﬁ‘é-gu,}y
' 7 ©if T uat' B .
. L%t X . o . . , . - . -
X <i|Su|f><f]Su,|1->6%+ Ef - Ei.}_ . (117—65)
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With some steps of'ménipﬁlation that“involvé writing (IX-66)
] in terms of a] and B operators u51ng (II-lS), (II 17) and

'(II 28), etc., lt is. p0351b1e to- show that the 1ne1ast1c

LY - . '
scatterlng cross- sectlon for one- magnon creatlon (a conse-

-.

+

quence of restrlctlng to 11near theory) for a two sublattlce
_ . &

g antlferromagnet 1s glven .by.

-(deE_‘)A.jf‘; - ( 2) 2Rk [£4Q).| ;(l +Q,)

e

x L- [coshZB - sinh}e (c05T°w)f
g AT q wORER!

..

x 60 ~hwsl@-g- 1 . (II%67)
. » s S . _

. -

‘where w is a vector jolnlng\the tvo sublattlces, and
(coshzaqﬁL 51nh28q,cos(1 m)) is the so—called dynamlc
\ :

'structure factor. : .\-' - I L -

Slnce thlS formula for the cross sectlon in whlch a .
. . S Y - .
; singleifagnon'ls created contalns both an ene;gy,and

momentum conservatlon cond:.tlonr neutron inelastié_
experlments can determlne the dﬁgie spln wave spegtrum _Thé'

-

one magnon cross- sectlons are of. the order of mllllbarns. '
| The orlentatron factor (1 + Q ) has a mlnlmum.value
of unlty 1f the dlrectlon of magnetlzatlon z. lS perpendlcular ' ﬂ-h
to Q and has a maxlmum value of " 5 if the dlrectlon of

magnetlzatlon is parallel to the\scatterlng vector Q

Moreover,. because the magrietic fo%m factor f(Q) falls off

N
+

R
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.w1th Q; experiments should be performed at small values of Q"

[

for most 1nten51ty. These features of magnetlc scatterlng
)

can be used to dlstlngulsh 1é<from nuclear scatterlng.
. N 4
Let us consider the prlmltlve cuhlc magnetlc cell of

b

a 51mp1e antlferromagnetJcon51st1ng of an. atom of spln up at

(0 0,0) and of spin down at (1/2 1/2,1/2) in the antlferro-
L

magnetlc phase. In the paramagnetlc phase thlS would -

correspond to a quy centred cubic cella, For such a_case.~"

‘ L - o — : | '. |
w.-= = (1 lr,l) g+ T = — {h,k,R) - :
' | L RV T : o , x ;‘r
c,:‘Denoting the Static structure factor (structure factor

for the elastlc scatterlng) for mgénetlc and nuclear o

‘scatterlng by F and FN respectlvely, one has for thlS ‘cell .

' o ., . : . : ’ . l o
" Fyy = 1.- expri(h + k + £)
and | (II-68)

-
S

| ‘FN‘é 1 + exprmi(h + k + &)

so that reflectiohs ﬁith (h + k + 15 = 2n' + 1, belong. to the

magnetlc zone and w;th (h + k + 2) = 2n, to the nuclear zone.-
U m

Then pne:has.‘
o N :.f% ‘ - ' . :

| COS(IM'QQ = co${2n+l)wﬁé -1 e Lo ‘, s -

‘and RS o (II~-69) -

FGS(ENfQ).= éos(an)_: +1

P
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-

where T, and.EN are respectively a magnetic and)nuclear -

reciprocal lattiéeAveetor. ‘So. that using (II-67) hnd-kII—29;h

L]

magneticdy;;&ic'suﬁ.-r coshZOq;-sinﬁ20q(—I)'~*' -

. . ‘ : S~
= (A_ + B.)/A o
_ ( q -q)/ 9 :
and: R L (1I-70)
“ 'nuclear_dyﬂamic’S-F; = goshZBq -,sinh26q(+1)
i = A “Bu‘l"’-.
‘_‘(CI{:- q)/q
In ordérxto_calculate the cross-section fdr
- scattering at a particular péint_in the reciprocal space,
cdre.must'be taken to include the'contributioﬁ of each
domain,ip a multidomain crystal. . = = : _ ’ . ;//f/_
4
¢ + 3 ™
o
;o8 )




CHAPTER ITI

jTHE ZERO TEMPERATURE PROPERTIES OF HEISENBERG

v

- ANTIFERROMAGNETS .

n

_ ‘The purpose of. thlS chapter is to provmde the

'general background and review earller work

done on zero

' _temperature properties q; the. éielsenberg ant:.ferromagnet.

A

‘ The startlng p01nt of a spin wave theory of a

\
magnetlc system is the ground ‘state of the

‘is not p0551ble to understand the magnons,

spln system. It

the elementary

u‘exc1tat10ns of the magnetlc system, w1thout know1ng the:

~ground sta e, because it is the small devxatlons from thls

' state that roduces them. In-ferromagnets
. _completedabignment-of,spin is taken as the
. whichfthe-spin.waves are generated. . &here
of achievinq the maximuﬁ alignment, anddit

. " * o ' . .: s ..-. . .
Athat thlsl Oq0o040, ...an spin state 1s‘an

_the'exchange Hamiltonian., However, for an

the state of '

ground'state from ¢ .

is only one way,
is:easy-to'show
eigenfunqtion of

antiferromagnet,

,at the very onset the theory is faced with the dlfflculty

that_the-ground state is not known because

by their very nature, cannot be represented by a simple .

bt

-

antlferromagnets,l

* _ d.and B are. up and down projectionsfof spin '1/2.

59
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-~

nondegrnerate ground state. The Néel state, which
corresponds to a comploto-a;ignment-(sii= + 5 for'all the °
%pins'onnono sublattice; S, .ﬂ-J‘S for all the'Bpins‘on tho

other) for an antiferromaqnet, Q. Ter the stato a 62 ol 4 ;f, Cs

'“n ]B for spin l/2r ia noL an eigenfunction of the e_gpnngo
‘Bdﬁlltonian, since tho same total spin of zoxo is doscribed

by ﬁ ﬁ

@, B0, ...nand'by many’ othors.all of)whjrh lio very

gclose in onergy'an&‘must be combinod to deuoribe the ground

o

'stato properly. Thus, ono expects that in an antiferromagneL -

even in its lOWLSt cnorgy state, Lhe yround state, bome~ﬂogreo'

of disordar would ba prosont..

The problem of mot belng ablo to “know Lho oxact ; ' 7

_qroun@ btato is not unique to an antiforromagnet.e As a- maLLcr
‘of fact, buL for a few exceptions, we do not know ‘tho truo .
ground stato~of any N- body systam, and hence are. noL in a |
".po 1tlon to obtain the excitod statos oxoept undor(somo
approxlmation.- >
i “The above dlscussion may lead one ‘to bolievo that
spi; Wavo theory.can-roasonably be applied to ferromagnotic‘
:_aqoo, while. it is not éé good for antiforromagnotic caaos.'
}”Spln wave theory is perfectly rigorous for the ground state
of a fcrromagnot, but in the prosenco of dipolar 1nternctionu;
it rémglns only an approximation, just as it is for ‘an | .
.antufcrromagnot. MOIGQVQI, ‘the difficultics thh regard to
tho.éxoitedospates,seom_almost of.tho-samo_nature in the two

—..




cases. In fact, spin waye'theory_is‘applicable to
antiferromagnets as%much as it is to‘ferromagnets.

. | The fact, that the sxmple Néel state is not the -
grohnd state, affects varlous propertles ofoan antlferromagnet
notably the total energy of the system, the spln wave energy
and the sublattlce magnetlzatlon._ Also, the zero point spln'
dgylatlon is yet another . factor that reduces the 1nteﬁ51t1es
of antlferromagnetlc peaks, and hence needs to be ‘known for
the accurate determlnatlon of cov;leu‘y/garameters (Marshall

and Lovesey, 1971)

Hlstorlcally, Kleln and Smlth (1951) first pomnted

§

out the s1gn1f1cance of the zero p01nt energy, and showed

that only if it is 1ncluded does one get the correct energy

kN o . .

\

for the ferromagnetlc ground state from the Kramexr and
Heller s (1934) sem1c1a551cal treatment.’ Anderson (1952)

applled the sem1c1a551cal method of Kramer and Heller to the

‘approx1mate determlnatlon of the ground state energy of an

antlferromagnet 1n a fashlon srmllar to the work of Kleln_

’

and Smlth (1951) by 1nclud1ng the zero point energy. In

thlS sem1c1a551ca1 approach one uses the 1dea that ‘the .

commutatlon rule

g - is - o NS & s S B ¥
[S,:S,1 = is, ~ is. . | L (1 ._)

- ‘
v i ‘a: . ‘

LR

is, if Sz\is near1chonstant,~approximately1equivalent to

‘_thegrelatiOn Which would hold between Sx and S& if they were

A
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canonically_conjugat%fvariables.‘and-that the expansion N

-

Pl

B : s oy SZ + 85~ s L ,
= _ el _ o241/2 _ X A - PO
%z‘;ZIS(S+l?;. Sy ‘le ?'(S T ) .(I;; 2} |

AR 1
- -

is also valld in the same approxlmatlon."-
U51ng this approach Anderson was able to: get good
"approxlmatlons, lying between the llmlts of his variation

method. to the ground states of antiferromagnets.,'In the‘ L -

»
'

casc of a llnear chain thh S. —45, he got results close to

the rlgorous values earller obtalned by Bethe

(1931).. \ The calculatlons were done for the Slmple cublc

LS

lattlce (and for the llnear and. plane square) and were

.

frestrlcted to nearesg nelghbour 1nteract10ns only The

paper gave the first correction terms 1n the serles for -

A

ground state energyaas well as.the flrst correctlon terms - - R
©im’ the serlef for the magnetlzatlon. g .

Kﬁbo (1952) was the’ flrst to study the propertles' é

" of antlferromagnets usxng the approach followed 1n thls .
-the51s - the Holste1n~Pr1makoff (H-P) approach (Eqs.:(II—12)
!and~(II—13)) | Thls method is. equlvalent to the SemlclaSSlCdl
method of Anderson, 1f Eq. (11—12) is approxlmated by - . '_. rA

'.’Eq;'(II—ls); that is in the so-called Harmonlc approxlmatlon

_51nce S can then be approxlmated as in Eq. (III 2). 051ng

'the H—P approach Kubo calculated the flrst two cbrrectxon

o /

terms in the serles'for the- ground state energxp and the

k-]

-
-

flrst co;iection-terms for the~magnetlzatlon for the slmple
f

M ) . A ‘ ° - . - . + &

i . ) : . . ’ . . . i
. ) i . - - .. s ‘
v . N . . . . . .
e . . . - P s )
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cubic lattice (as was done by Anderson) as well as for the
body centred cublc 1att1ce, though restrlcted to nearest

nelghbour lnteractlons._

Oguchl (1960), uSing'the‘same model as of Anderson
and Kubo, end.u51ng the spln wave theory, calculate the
‘next- terms 1n.the serles for magnetlzatmon and also th
first correctlon term in the serles for the spln wave

energy._ The next term in the case of the magnetlzatlon C ok

lserles happened to be zero, because of “the type of model
. used. o .’é\ | |

| If,one expands f;fas given h?-Eq. (Ii-Q) binomiaily
indﬁilbert'space of'infinite'dinensions}fi.e.;ﬁ

7. . . . | ‘ . ' . \ . ",

N .. 1/2 . ) _‘:_‘i' .

\gi-— [l.~_25 - Where ni.—“aiai.
S a2 R .
v . ‘-. 1 i . , .'. . . o]
S e S S VRN € & 5 b
: 45 | 32 s% o E o ,

one observes that 1t 1s an expan51on &£ the powers of not

only n; but also l/S. 0guch1 pornts out that it 15

p0551b1e to treat the lnteractlon part of the,H -p Hamlltonlan

=

as a perturbatlon to the free spin ane Hamlltonlan, if one'

+ ""

-regards the Hamlltonlan:of thezsystem as an expansron.of o

.

powers of 1/8 and shows that one can get essentlally the same

Vresults as ‘of Dyson (1956) at least to order. l/S.

% ./Oguchl s paper transforms spln operators to bose N

. operators uSlng the H-P method and there has been little.
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~ddvance using this‘approach since._ Efforts have been . made
especially by Armour (1971) to proceed alternatlvely, us;ng‘
the D-M transformatlon.' o : . (
Armour attempted to calculate the thermodynamlc
propertles of antlferromagnets at low temperature u51ng the
Dyson-Wortis method. This method was successfully applied by
bDyson and Wortis (Dyson, 1956- Wortis, 1965)'to the case of
_ ferromagnets; In the boson system correspondlng to the "
'ferromagnet though the full dimen51onal space 1tse1f rs
-anflnlte dlmen51onal,_the phy51ca1 elgenvectors belong to
‘finite subspacesicontalnlng a fixed number of particles,
'wh1ch makes lt p0551b1e to prove a llmlted equlvalence
'betweenlthe spin and boson systemqat~1ow temperature.
‘Howeuer,in.thé.antiferromagneticgcase”th subspaces contaln-
.ing the physical elgenvectors are. 1nf1n1te and; in consequence,
no such equlvalence exlsts.- Thus, the condltlons whlch make

. : ]
a rigorous caIculatlon pOSSlble in the case of ferromagnet

do not hold for the ant;ferromagnet.  . o . I ' N
Various résu:ts'arrived at'by’Oguchi using the H-P

3approach are quoLed here, for the purpose of comparlson Wlth

the expre351ons -in Chapter IV. ) : S '

The zero-point energy ' . : . .,f

~

.\,- . : ' ] 7

Eﬂ = = é]‘J[SN (s + C +'C2/45)“‘ B B - (I1I-4)




where
c=G.arn-a-yHy .
q
.q :

and -
Y ='%‘eig;2 '

* T g . “
T

p is vector to the nearest\neighbour and

of nearest neighbours.

C and C2/4S'are the first and the-seco&d

terms to the ground statéAenergy.

Spin wave energy with wave vector g" :
Ag'='2z{J[s(lf+ c/2s) (1 - Yé)l/z

- €/25 being the correction term:

.

_Sublattiéé'magnetiéation : SR

¢ -

" M/gu, = 3 IS - C'/2 - function (temp)]

i

Bis-c/aatr =0 -
. N .. _D“"l..:.

C'/2 being the correction term,'where‘-

1
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(III-5)
5 :
" {III-6)
S
Z the ﬁumber
correction
(I11-7)
N
.\ e - o ) B
L
-', -
/.
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o ll 7 1] .
{ -1 . (ITI-9)
(L -y /2 -

c' = () :
q

- We were initially motivated to extend spin wave
~ theory to the.face'centred cgg;c ahtiferromagnets'by our
intereSt in applying if‘to ,Mno, which oannot be-described'by
the models of Anderson, Kobo or .Oguchi since.even in the e
‘crudest approxmmatlon the exchange anolves more than just .
the nearest nelghbourlng atoms on the dlffereﬁt sublattlces.

; In the next chapter we formulate the theory for
exchanée 1nteractlons of general range. ‘The trea ’éﬁ%_gives
_sxmple expreSSLOns for the ground'state eneroy{ sp ﬁ Qave
renergy and.rhe-sthAttice-maénetizetion, A‘neﬁ'term‘in the
subleﬁtice magnetizetion is derived which was zexo in |
- Oguchi's treéatment. | N |
| | Beforelcoﬁcludioo'this_Ehaoter-it shooid'be
mehtioned thet uniike our end'éouchi's'treatment, Harris
(1968) has proposed an alternatlve spln wave expan51on 1n R
terms of l/Z where Z 1s the number.of nearest nelghbours of o '{;

)

an.atom.' This approach is not con51dered_1n thlﬁ_theSlS.'

- *




CHAPTER v o
-ANTIPERRO&QGNPTIC GROUND STATE, IT'S CONTRIBUTION TO °
SPIN WAVE ENERGY AND, THE SUBLATTICE MAGNETIZATION.
AN EXTENS TON OF THE THEORYATO AN ARBITRARY RANGE OF - RN

_ EXCHANGE INTERACTION-

This” chapter glves the’ formal theory of the

-extension of. Oguchi's. (1960) work to an arbltrary range of

e\change 1nteract10n and the numerlcal calculatlons of the - i

r

Zero temperaturerconstants-for various latt;ces.(Colllns

>

and Tondon, 1972). . o R

4.1 Formel-Theorg o
L ‘ ) e L. ) ’ d‘“’ .

We shall examlne the exchange only HelSEnberg

i Hamlltonlan 1n non—llnear appr0x1mat10n at zexo temperature

) The startlng exchange Hamlltonlan is as glven bv \\\_./////f

5 :
Eq.  (II-8), which is reproduced here
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For the sake qﬁ convenienco, in the equations to follow, tha

vector s1gn for lattice. vectors_ﬂ,'m,'oto. is dropped..

As discussed in Chapter

o

of c0nvert1ng apin opexators to"expressions involving boson.

_II there are two approaches

.icreatlon and annlhilation operators, aI and az for one’

,qublattlco and b+ and b for the other

o .

.o - il
-, [ .

"é)' HolStoin;pfimakoff Trénsfojmgtion (H-P) -
b): Dysonquleev'TraﬁSfOrmation (D#M[.

L o

The subsoquent analysis has bcen done uging boLh the
. ) - - . _' B o
'approaches. : . : . _'f;_. . L )
. -;:. \ . L e ) ._‘-' P Lo .- : ' . Coe A v . ' P - n
T L A L
4.1.1 'H-P Approach: .. . ‘s - - LT P,
Agaln, we use H p transformatlons as giVen by Eqs.
‘(II 12) and (II 13), but 1nstead of repiacing f and'f--by f*
unlty, one more~term of the square root expanSLOn is taken, . -
‘fso that ! ¥
.\‘ N : :
g t Loy S oL
| fg &1 aga,/48 e T T I
Cand L LU el L e vy
’ : o .,u, k. N - + . - . - PR 4 \ ‘
k4 . - S .
fm 1 bmbm/4
| ‘ R T
. . U s :
Thus P . 7
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(vz‘ . C' . 'll’ K o '.z, - = . .l. 1.’
- ‘ : n oomom

e om T u;';uzlm; |
i 7fﬁ;:;}28)1/-; (- bmbn|4s) . '—i c  - "(;ij"
8¢ = (%;)yké'nikix -“£ pldq) :'1_=' ]
-QJ“:f2;)1/2£iif_b$bm|{5;bm : i;ff?
. g : ?" *

. - Substituting in’ (IV-1) ana'rotqininqrtermn_onlthb'

R the order of 1/39 (up to bilinear terms in boson operators)

Y T S :

=P e 2 (4'1 P - - )
z‘z “£+q Lis Aotg®y T Fpfppgl

: lll]lt‘)lll = ): -.J [S -

4-(;+a+- aya, ‘5 ;'1( T -TI-. ' ralal .h'a h
PR Al L A L S n+o grafed ZEEAS A L

7:+-+. o R : ‘ oy :
_-+,d£9£+séﬂ+saﬂ+8'+ alé ?'a ‘9)} ‘Z Jg 18

.J-

L . b ke ’
oy - S(bm4g s j bmbm ;bmbm+s"ibm+sbm)
Y - . [ - .
'k-* REETRIN o pipt BBy (b‘b"-b | ‘
' o mts m omts’ momEs mts m+SJ
" - ‘ o i - '/)/’:J :' ) 'L ’ ) * 5 . - -,
- : : e T SR L Co :

o .rbig;ﬁ/// + b+' top b ¥'b1b{ b )] S
' t/hm m m- m+s mts mEs m mts m+s m m’ s ‘x:f

E ébntinued'over,.;’
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— 2.1 3 s?) + | ata + . t
d “[( ) S(b2+éhg+d taga, + apbg41
et n 1, g
+ b - - =
APgeg) 7 (agh pd o) z+a’ TPura®pPreaPera .
9---------——\.—--_._____1‘ - >' s - ‘ .- . | 4 ' - _ .:,..‘ -.
. o.a |- a-{ a b Ai-b-f.- b.l. b + dl_ b ) : a o
T M™% Pea Y VRfE+d_2+d_R+d 220Gl -

(IV 4)

' Tho Hamlltonlan (IV-4) can be Fourier tranﬁformod'"

n

using Lq (II 17) Thc non- linear part of the. uamnltonlan is

LY

.givnn_bf

n-p 1L  ' o . oy
o H ER I £ I [43.(q, - g.)a' a_ b b :
¢ non-1 . N 9
L :%“.r,“ q, 9,939, R G 9939 .

b

~

PP 1‘3"(&1_*' 9 -9 - 93

RN t Lt S L —
S J (gl)aqlqubq3bq46(ﬂl f 34 "'92_*‘93)..-

t + ' e
+ (ﬂ Ya S ( + q, * d, - q,)
: 4 ql %a,° q3 q4 gl 32743 7
L+ Iglapag by b qus(g?’} g -4 gy N

L

9 92 9
+ & + - e
L+ (g4)aql q2 q3 q4 (91 R : q5)]
R
a

- (") © L " (lara a_a_ +Db b b b )
: 9 9293 g ql qz 93 9

q1q2q3q4
) ; ‘continued over...




whc;oas thc 11nLar part of the Hamiltonlan as glven by Eq.

71
x [ty - 4p) - § G g + (g
tIglgy) + I (g 18(g, + g, - q -9
- L (IV-5)

[

¢

C(II- 20); wlth Egs Aq and Bq as deflned by Eq. (II ?l), 1S,~
0 0 R +
CHS. ="E_ 4+ I a +bb !
lin T 70 q?"q(a_q.q Pgbq)
o ’+rB(ab +a'+) J
N ‘(Iv—e)
Og&ﬁhl has shown that the leadlng terms in Hnon 11n arg
"thoqe that canr be decoupled to two lndependent spin waves.-
The' ”non 11n can then peAwr;tten as
Hep o (i)' : 19 @ata btb
ponvllnt N* v qa . dj ql q1 q2 q2 .
R - B1E2
" d ‘.-H“—yl‘,*_
T+ igg a
T Jeldy 3“1) q1 ql qz qzl'
+ - + + '
+ (—) E - (g )a. b'"'b b :
qy9y . ql %9 q2 : _
. . l‘.
TON bt
, + (=) I (J (g )a a b
T N gq, 2 ql ql 9 9z
I o ¥ T + ‘ v 2 ,"':f
. . + J (g Ya_ b b )+ &) T J5(q,)
™ - a4 g q2 2 Vae, C7T

~cont1nued over ...
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xa b bl b o+ (2 3 (gz)a a

b:
ql 9 9 qz N Q,9, a, %4y *4, qz

o2y g N

J _(N)‘ % [Js(g) = aglgy) - Jg(g,)

\ - ,
ot

+ J (g - q )]a ' (~) E

C 1. =2 ql ) q2 q2 qlq2

--['J'Sc_g) "'-‘Js_;(gz) - 3. (gl) + T (gl g,,)l
ot t+ .‘:.;-t . o v=7)
d bqlbqlbcub R L

=~

' U51ng the Bogollubov transformat;pn (Eq. (II 28)) oné’

‘could dlagonallze tho blllnear terms as glvoe by {1V~ 7) [Thc.
“‘condltlon as glven by (II 29) ensures that 11near terms glven
by (;V,G) comc out to be dlagonal;zcd :ThlS transformatlon‘
-t'outs bilinear terms in the form of Eq._(II;ZQ}} whosé eigen-
'_vaiues,;oe‘know! ére given by. an eduation'of‘the'EOrh (IIeZG) T
Aftet the trdnsformetidh, the crcatlon operators are commutod
':so as Lo be on the left of destructlon operators, thus they.
'happear as boson occupatlon numbers, whose expectatlon valucs'

"\.

Lcnd to’ be small at low temperature. _Only ter@sul;near in o

'and ] 0perators are retalned.

Let as plck up. a bilinear term, ({in operetéré a and 'b)
from Eq. (IV- 7) and get its transformed,form. We pick up, say |
_ Lhe flrst term .- hltb.

. ) . - B




73
~

i e 't ¥
) ¥ I (Ma' a b b -
Tapa, 4T N TG 9

Zie

(

o S . ‘
[ - - . : ' '1‘ - T
= ({z) T J,00){(a¢ ‘coshd =g
qa, ¢ G- e

Z|s

sinh0 ) .

1 q;

) g : . 1 ) , 7 . ’ ) . S ) + :
¥ {a_,coshf -8  sinh8 )Y (-& .sinho +3  coshi
ql _ ql ql e ql q2~-. i qz q.z qz)

: (-a _ sinh0_ +8 “cosh8_ ))
S o 2 9 9 Ay
Y on -Jd(O){{a+aq.coshzo,Q(aT's*.%a=
dy U, , .' ql..l_ ._Ql A1 9 9 ql

Zfe

%

)

X sinh0 cosh8: + B. B sinh”0 o o sinh™0
o 9 9 4) 9y qlly,qz 93 )

T T U I S SRR
-+ : ho. - ho + - : h“0 .
(})/Z'(aqzﬂqz Qq28q2)31n ‘qzéos‘ a, Bq g, cos q 1}

2% - 9
e L

- Using the commutation relationship_on the_undcrli@e&fﬂ

tcrm:%‘ - ' . ) o - - - . . : - . . .

=) T J (d){[a+.ﬁq coéhgeq f,.e}' a‘ 2”.:' %
ECTL POt T e |

b
6 1167 o sinh28’ - + sinhZo
9179y 93 9y

" . K 2 n
. B _ 8inh"0
9 % - 9

" B+ ffsinhz

4 5 3.(0){sinh®8  sinh®8: + sinh%e
N7 - d . --ql ; q2 C :
99 SR ‘

i

n-.

9.

continued. over...

”
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. ‘I ’ B . . .|4 - ) 2 v 7. ,1. ..I. .. .
o fol o ainh 0 4 B oocosh™ . = (o i ™ i3 4
Ty qz Cody Y, agc . Tdy ( qz{qz ?qz qz) -
‘n ’ E"" B | . : : ‘
) uinh0  cosh0 ] uinlzﬂ ! sonh2(
g con! qzl nh qzlaqlmq]?oqh )qi
Q B ) - - ' . - T ‘\‘. T
o+ Bﬂ [E ninh20c - (a?B'.+ ¥ ‘)uinhU rconhi l{
B0 N B iy “1 ql 4 9
-+ torms inyolving hiqhur ordnr pLoduan in o and’ V
.‘Ol)matorh o o T (IV n) [
ligkLng up hiqhor ordur productn such as ur- ‘ {T i 3
dy Ay oy g Y
lell nood ycL anothor Bogoliubov Lranbiormntion to diagonu]izu .
.'thu nam1]L0nJun |
. \ : o oy
: Thun, colloctihg‘all the constant torms (ground state
onergy) and épin_wavo torms of tho total Hamiltonian as given
by the sum of Fgs. (IV~6§'and‘(IV-7);-oneA§uts'
- :f._(lrn-—l‘c:iith l:fncl.'(jy‘ - ' .
: N '\ﬁ ‘ ' %
2 Cin gl Ty1 oy anan
: I %.Nsﬁlefg?f?s(g)) * 3 {Aqlcosthq 1)} ;‘[qu;nhzuq},
T U y
R B P I o |
( 0 o '
T x stan®o sinho wf’) o {J e 511) RN
T . 1‘ 2 g q1q2 ’
x:58inh20 ainh20 }'-'lA) ' {J (ll)binhzoq
L 9y o0 92 q a 1
csifo ) ey
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and 8pin wave Terms (S;W.T,)"

. =1_‘ '-“_ " . _t, ':‘_.1. .' —' . . » . " - ‘ . '
- 2§;_{Squqfﬁqﬁq)FCDBhZOq(Jdig)_Js(g)+ga(g?)

T Y |
8inh20 3, (q) 1) * { * {IJd(nggl}sinh20q—_
| o 192 ¢ . ,,’///.
) ‘1. L N - o ' . . + ’
2J Bi h 0 3 ‘ e
(12) n ][(aqzaq2 qu iz)elnhzoqz R

;//f—f = (o B o )cosh20 ]} Ea ( ){[Y J (U)Sinh 0, ]

. S
- O i . I | 4] i 1 i

¥ b - o+

‘ !q (aq qu)coahZOq; (aq o aqﬁ‘)51nh20 1}

2 S U
E .'){[g J (q)sinhEG ][;.(?quq+8 B )ee5e20g - T

’

- (uéﬁé+aq8q)51nh?0 1)+, ( IR L GG P I C T N
_ ' 9192 o L

T

S | B Lt
R _.J (Q) J (32 gl)][sinh 0 ][(aq2=q2 qu qz)c?s??eqzﬁ

Pl

- B +a )51nh26 ]}. .o - (Iy-10)
e 93 qz qz qb o9 DR E~ S

_ It 15 p0531ble to 91mpllfy these raEHET_Iﬁﬁg“lboklng ' f -
,.txpresslons substantlally and put them in an elegant form,

a Lhat can also be phy51cally 1nterpreted

U51ng the deflnltlons of exchange congtants {(Ecq.

‘ ‘ - . . * B .- R ) q . . b
(1- 19)) . e ,‘,;;g‘r_ B Pe
1
i I g .’
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, - . i 0§ . . g .
qs(ﬂ) 2 Jse g{ Z Jg cosigrs)

g -

Qd(ﬂ) =% Jde?g‘i ”\g‘qd Cos(ﬂ'g)

]

o

N

Ja(22‘51’ %:E-Jd_°§$‘(ﬂz;31)'§’. g'dd.gds(glfd)cos(nggj .

NH
1!

L s cosi (g,-ay) *8) |
. (“‘I. .- bﬁ ‘ "‘ ’ -p.: . . '. : :" ll. .‘l .. (Iv—ll) l

4 A

75870 B3 coslg; ) cosld, s)

_ and notlng that ewchange censtants are rcal and summatlon of

: gthc sinc: terms over the Brlllouln zone ylclds fero, one can

=wrch Ho{ glven by (IV 9), as ‘I_ s '-I'ﬁ . .3“, ST

. . o - . . . - .

o 9T . D, e
g.- 9 - 28T I 0 XPH 28 LI DX,

- ' ] : '2 .:‘
<. UH, = NS[L J
g . - d s a %q % s g 9 ¢

'—.28 Z J E cqsg's(x M 2S T Jd Yq;
Q' o .. d B
.+ (ﬁ) x‘Jd{f‘x ] - 1%} D défz;k’fé g L
- A q.‘q_;i_" S g 4. E - . !

-1 - S o 2 ' ?. ) .'. L

-~ 1) T4 [X X cosg s] +-(—) L J_[T cosg s X 1- -
N sy © q‘-q e  N”_s.‘S2q N quT: ‘ﬁ“
x'[;‘xll +:(%) 2 JAXZ-Y-J?:Q (%y‘i Jarz'xq][t}Yq]ﬂ

. q q . ! “,‘d q n'q; ) - | < q pqu' .

J. L (X.-Y ) + (%) £.J [ (X -Y )]
_d d q q \Q__ ‘nN a d g d g
T e R 3
T NS.,E‘Js + 25 ¢ Js E_(Xq (cpsg_i)xq) L i
B ‘,S' -5 .. 9 . c . . 5 K s - a

TR G eswaxgdT

[
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here X = h20 - 1) ' - ‘d) 8 y 12
-w1LrL Xy .(cos? q 1) a?d _Yq‘ ?OS (q g)slnh20q . (IV=12)
. . . ) 1 ) ‘ .
Phis cap bc‘pqt'{n an elegant‘fqrm as o 7 ' o
H, = NS§™ 1. . f .

Hy = NS é Jd[1 + Cd/s + ca/qs ] .
S co P O e . o
. NS™ ) Js[l +‘CB/S.+.CS/4S ] : _ (IV-13)
. N S ” i) . '. - i ) . . s

whore i i
' . - ) o .
e = (2 ~ a 9 4 ainh20 cod (- 'y
Cd = (Nl X Ll cosh?Bq 4:81nh20qco$(g A} <0
o . q ' :
! . /
L e T s _ W L
and - I b : o {IV-14)

C_ = u‘(ﬁo % {(1 - cosq-s) (cogh20. - 1)] < 0
. .q L L. ~\ u . .'
_An exactly similar apprbgéh would simplify the.spin
R O . Co :
wave terms.given by Eg. (IV-10):to -

oL ‘S , ;
. . E -, ; : -I F ) _ .
. S.W. = + + L E o pls e {IVS1E)-
S.W.T. ; Eq(aqaq B, Bq) C (c otq anq) oo
-~ - ’ : .
with o e Ty
| . l . ’1 ., ) . R ’ ' .
o + . - {IV=16) . -
Hy p = HO + é Dq(aqaq+8 Bq) + ; E’ (a quq)r,A ( | _) )
) . ‘7 . . . - . - . ¢
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whore .

E_ = - 2§ - 20 cos {q-
Py - é'é? [cosh20q ‘sinhgoqcou(g d))

X1 % Cq/251) + 28 ¥ (I leosh20, (1 = cos (g s)]
5 ~ ‘ I

“é.*‘ﬁ {Jacd[cosﬁzpqédé(g‘g) - sinn20})

and

%,; {JSCSFS}nhZOq(l —;qos(grg))]} .; : 3? _:(IV-}?b):.'

' Bquation (IV-13) gives the ground‘statcienerqyﬁv Thiﬁ

-iq_oqual to'the ﬁdlecular field‘term'(F fas giveh hy.(II—zi))
_ - s
Log(Ler w1th correctlon terms C/S and C /452-wh1ch form ¥il

”'.crlcq-ln S %7 The constant ¢ are numbcrs less :than unlty

\
'Kubo (1952) and Oguch1 (1960) have: glven eypr09ﬁlone for Lhc

Lerr {sce Eq. (III—S)),_though for the: case w1th J = 0. and
l Jd rcqtribfed to hcarést neldhbour Lné@iactlonv only.

-

lxplbquan (IV 13) shows that the exten51on to gqnerql rqnge:

of 1nLcracL10n goes very siMply'with dif%éf@nh pdrrécﬁidn
terms exis tlng for each set’ of neighbours.

' An'analogous situation cxlsts for‘Eq, the spinjwave
vncrgy (P q. (IV l7a)) where each J appears to be corrected -

-hy a’ term (l + C/2S) Thls 1s 1mportant to cxpcrlmentallsts .

since many recent,works have detcrmlned exchangc constanta to
. :
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within errors of less than the coﬁreétioq'tgrm.. Equation
{IV-10) actuallx gives a spin wavé'eneréy.of (E: —.EQZ)I/Z'
bt ﬁincé Eé/Eq’is)bf tho orddr of Sﬂltithe éprrection'to
the spin w?Ve enqrgy'from.tpg term Eé ié-of 19wcr~q;dc$
_tham tﬁc one consideredkabove,-and, if the logical scheme of
rothining_tcrms to theé same ordér s71 s %olloweﬂf(bguchi, .
1960),fthg £erh in'Eé Sbogld be dropped:.'
“‘ ' It is n@tqﬁorthy that3f6%lfho casc of just nearcét

ncighbour interactions between atoms on different sublatticces
. , - . . - - .- .

-

' = 0, since for J_ = 0 one has
q - | s O
'y J. tanh20: = % J cOs(g-d)' (from Eq.* (1I-29))°
. ) 4 ek q ] d ) et : _
d - d- C .
- so that _ . ' ‘ ot
‘ DR BT, ‘ h co -a" t h20.) ¥
S B Cdfdicés.zqucosg;— anficvq!
. n.n o eqy. Ly : 0.)
'T,C.. goshZOq(ngd qos(%-g) 3 Jd tanh? Q)h
.o : Co ‘ ‘ i .' . 3 T ‘ ‘ T
=0 av-ie) e
. . ) | | e <t
¢ " being the éonstaht value of C, for all the nearest o ¢

ﬁeigﬁbOurs of d.tjpg.




The Sublnttice Maqnetization at-Zero Temperature "
This treatment canh “also be applied usefully to
calculate the Bublattice magnetization
; U N l-_F + . -
.= NS/2 - L <a.a > | : K
r". T q- q49q ; ' : :
= NS§/2 — L sinh%6_ - I <u+a'cosh26
A : q. . qaq- q . .
. q a o L~
2 + o o
+ s h B >+ L < + sinh0_coshg > .
B B in q . ‘anq uq ) n g q |
o , _ (IV- 19)
- > . Y ' ' . -
Next let us define yet another transformation&analoaouq to
.~(II—28) gﬁ_bogoliuhov transformation bx ' BTN
_ S '- S, e '5::_: )
o = £ cosho. - g simme. - o
q q 9 q q -
- B = ; f+isinh¢.r+'g ‘coshe
‘ AR S S T 4 :
tanh2¢_ = p'/E. . . L av-2)
e N
U51ng thls transformatlon, the exPectatlon values 1nf
(IV—19) can be evaluated at Zero temperature to yleld

£y

-

W,




- | . 1

FP §

<q > - ' ‘ .
qaq sinh ¢ g = <.Gq8q | o _ o )

and S ! 'JIV"ZfL

<a B+ aBly o=rm sinh2¢q : o : L T

1
qa - q

\

-1 V
. NS a2
Mg =5 - [51nh 0q +‘$1nh ¢qcosh29 :
: ' B q , ' ' : 2
| - , 1 N . ot ) | . .
L .+ -i&gmhch s:thZU ] f

' cbsh20g—i

' ) ) + (s:pShZOchshZ:p( : I

_ .
! )
TN
. :

y
-

'~ cosh20_ + sinh2é sinh20 )] .0 - {fwe22y 0
(7 coshalg T sinhity y)] R B
L B . [2EY i, .t G . L0 .
ey . T S Lo
. . \ ) Lol . N Cos B ‘.. X . .
- 8ince I‘:(‘l “< E! c o 1, one can u;,c Small antjlc! R

: il

'oqunsiqn} = /L taklng tanh2¢ mei G

. L coséﬂ) 1 T o
I e e )sinh20§\‘ SR
2 ‘ By R0 |

. '- -;ﬂ; . o ,. ER LT : \B'/ _ :
: L . + “ o . : ~23 :
e o g ¢os§2_oq 07, . ;] R ):

to 0(1/8). . | S

- ' . - : - B . a
" B ) .

=N - cry2s - r'sasty L T (av-24)
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. \\ )
_where '
N c' = (H) z (coshZB' = 1), ' . S ]‘ N
: q .~ q o, E :
" and . . - B ' .
e &z ‘(25)5:17:&1{;3‘-@'/1% y .o o -
o L ' 49 a9 - R (1v-25)

&

The 1ast term in the expreSSLOn for the magnetlzatlon
is new. - In Oguchl S treatment E' = D"s-nce it is llmlted to -

the cases of 51mple lattlces where Eé' 0.‘r

'

‘-4;1,Q D-M Approach

Equatlons of the Dyson—Maleev transformatlon as glGEn

Wby (II 11) can be wrltten for two sublattlces L and m as

H

g ’. . ' . '.,‘ .- - . ) « , -
. . . ' ® ‘ ’
’ Z — ‘ - 1- U o . -'- z = - ’ -r
152 =S aga, -l~ 3 Sm =~ 8+ bmbm
. . o - s )
st = oy /2t o 172, % -
| Sy = @9 P acagay28)a, ;osh= (2512
‘A‘\ <~ K -‘ o \"\, ) . ‘. . - | '
Gt e 127 8T o (as31/2,40 L
semestial s eV 2aslhees,
. . - | :_“ ' 7 (IV—26} ?

Slnce the procedure to carry out subsequent analysls

with ‘the D-M. approach is completely’ analogous to ‘the H—P

LI
approach, 1t is. suff1c1ent to wrlte down the flnal-form of

the Hamlltonlan obtalneé, Wthh is !

-}




o - B
. _Q: - | . -
e Hoa s oot totb
H = + L E (o' a + + L E! -
™ o T Faliglytialy) ¢ o Fal%aPqteghy)
-c' I dpyas. . . o qveaTy
ez dle q S (Ev-27)

’

. ﬁ . ) ; . . S . .
- : . . * 3 -
- . - " ., ]

" This is the same as the Hﬁ _p given.by'Eh (IV-lG) except that

there'is an extra term. Thls term is non—Hermltlan 1n'

\

character and will not c0ntr1bute to- expre551ons for the

) T
-ground state energy, the Spln wave energy, or the sublattlce coe

magnetlzatlon (Eqs. (IV 13), ‘;V 17a) and (IV—24)) to the

'order of terms we have retalned.'

Thus, one gets 1dent1cal results w1th both D—M and‘

- H- P approaches tOtthe order of/;;rles used in thlS treatment.:'
: ) 3 :
'7The work of Harrls (1966) ant1c1pated thlS result 1n that it

showed that the D~M and H—P transformatlons, and in fact a
still wider class of transformatlons, yleld 1dent1ca1 results

Lto the order qf (1/s) for just nearest nelghbour J.nteractlons._‘L

) -

1. o




h Tl

' restrlcted to ngarest nelghbours.
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4.2 Comparison with Oguchi's Expressions ,’ -

\5’ ' -

It is easy to éhow how the expre551on§\for zero pe}nt

enérgy, spln wave energy, and sublattlce magnetlzatlon reduce

L

to thése glven by Ognchl (1960) for the case of juSt

exchange constant. . ' e T

~

. Flret, ‘we shall show‘that C' and C as, deflned by

Egs. (IV—25) and (IV—14) reduce to those glven by - Oguchl

(Fqs. (III 9) and (XII~ 5)) for the case of H =’ﬁ;§nd Jd ‘L_'

.,\I ~

[

- For J- = 0 and Jd Jd '\only, tanhiB as given by»\/a -
(I1- 29) reduces to : 7. e ; T ' ,ﬁf. L
S S —
| ﬁ<f5Jn -nu 1ﬂ.ﬂ S T T X
tanh28 - p ~— .=y ° (Oguchi) P
9 Tghms T ¥q (ogueRd e
é - I \ a.:‘ . a 1 e
e LS P L N
P belng the vector 301n1ng nearest nelghbours on dlfferent
spln sublattlce and z 1s the number of* them (see Eq. (III 6))
-~ ¥n general :" ) -__‘~ , .  0," '? ’

e =B (cosh26 - 1) .(from Eq. (Iv-25)) o
Lt . . q : . R U".* o %' - . L al i

‘ § e _ -..1 o | |
. =/ T = ) - 1]
o - N ‘q -1 7'Eanh2zeq)l/§;_ -
2y o 1 ! S .
s =T (—= -1 . : L :
r “x\\_" - - I : -
= C' \(OgiIChl) | 2 . - . ..
' L ¢ ) I)‘
. o
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In general from Eq. (Tv=-14) - ST e
SE - Cy = (g). [.l - coshze + 'hze
. L as ‘W, q .8in qcos(_q d)]
) . -
. ) ‘ . . o "
o “;\ @) I - coshas on2s o/
' = F — cosh20’” + sinh26 -{T .
S N g gt 1nfh Gq(Z c'o_sg g/;)]
{ : o _ - P
R ‘ ~

=& n-a -2 2172 ¢ (oguchi)

’ B R - . ._ J - .
. ey - | o
The value of the zero p01nt energy, as given by Eq.‘TIVe13);
*  for. J 0 is _ - o R ,
2 .h, - ’. ’ .r . ) . - . .
Ho = NSz-:ZL.Jd(l '+"Cd/s‘ + cé/f4sz) T 1
BRI ¢ I - 9 : CoL _ _

-, .

T = -Ns|3|z.(s #C ¥ c2/as) =By (Oguchi) e
I L. . (see Eq. (ITI-4))
By . s \ . . . g : . v, -
|
. - B : ‘._ he =,
. provided.d is restfiCted to ﬁeanesi nelghbours only.
ﬂ'_Slmllarly, the value of the spin wave energy as glven in
' g - :
general by Eqg. . (IV 17) for E& = O_and.JSA= 0 wpuld be” .

; E (J_ = 0) =25 1 I3 [cosh2e - 51nh29 (cosg d)]
s, - d g
. / - o N ) L ‘/". . e . ..

A

~ -“UT’;’C‘d/_z_S]’ _

.
, = -251 3,01 - 1/2(1 + Cd/ZS)
: a 97, _
S e Li_Ag (Oguchi) (see Eq. (III-7)) .

- N
1 ’ - ’ v‘ LRl
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The expre551qn for the sublattice magnetlzatlon

(iv 24) dlffers from the correspondlng 0guch1 s expre551on

’

III |
( 83 only in hav1ng an addltlonal I' term which 1s, as

dlscussed earller, zero~;n Oguch1 s treatment

- " i "
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. .
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" 4.3 The Numerical _Galculations of Zero Temperature Constants

_For‘yarlous Types of. Antlferromagnetlc.Lattlce

R
I

In this 1ast sectlon of the chapter, the calculations.'
of lattice sums Cy Gﬁ and L' for a number of dlfferent
1aLt1ces using Eqs.-(IV~l4) and (Iv- 25) are done and the E .f-

results discujsed: ’ _‘ B “_ S
| The evaluatlon of lattice sums baslcally 1nvolves

Y

summatlon over q, with q- coverlng the whole of the flrst
Brlllouln zone The sunnatlons arefperformed by 'brute force
_‘methods u51ng NXNXN meshes W1th axes in the dlrectlon of the
rec1procal latgﬁée vectors It is 1mportant that the mesh 1s'
dlsplaced from .the origin and that the dlsplacement 1s by
dlfferent amounts an the three dr;ectlogs so .that no: p01nts‘-
lle along dlrectlons of hlgh symmetry.' A‘symmetrlcal value

of q is avoided Ln order to scan the functlon _at unlque'

v
p01nts and ‘not equlvalent ones. A change in the amount of
L . ‘_'L’

dlsplacement in any or ‘all the three dlrectlons did not alter '

[N °

' the yalue of summatlon over g'to any 51gn1f1cant extent. The‘
'summatlons can be extrapolated to an 1nf1nrte1y flne mesh’ by
plottlng the calculated values for a number of dlfferent o

x51zes,.y, agalnst 1/N and extrapolatlng it to'N = _m:' as an

example, we take the case of evaluatlng Cld for the 51mple._d

cublc case.— In Fig. V- -1 the calculated sum over g of cld_ .,

-

). agalnst l/ﬂ 1s plotted.._The points are very reasonahly

. - i :
assumed to‘lle on a straightdline. The summation’can be seen
| _ . _ e

— A




Fig. Iv-1:

-the 51mp1e cublc case Verghs.l/N,

[

g

belng the mesh 51ze ‘The valups of N

-used are 60, 80, 100, 120 and 160.
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to be converglng with the 1ncrea51nq-value of N. The

14
A more. accurate method of performlng the extrapolatlon

e\trapolatlon of the llneé%o N=ow ngads C = 0. @9715. S

I3

~ .
is to assume that the results form a 51mple power serles ln
-1

N

N . A least Square flt to such a power series glves al .‘ ¥
polynomial of degree & for the apparent value of C q as -
-é. K . . . o
.. C1q = 0-09715840 + 0.17601045 x N % .
| , . - :
- 0.21127461.x N2 . . .t .
e " L A SR
The fitted polynomial of degree ¥ is = = =
[ . . . ':t
'iCyq = 0.09715794 + 0.1761485 x. N -
-2

'  - 0.22425440 x N © + 0.38141164 X_N_3 - _.'1

‘Y LI

and for degree 4}'thelfitted polynomial_is:"

“€y4 = 0.09715802 + 0.17611552 x W .

- 0;21939304.x Nfz + 0.076286093 x Nf3'i

. s e.soudsa xwt o0 T

=)

S, ’

, _ . _ o SN

—



0

N = « mesh size,, is the value of Cld for a real lattice with

*.a very large number of atoms.' One can see that varying the

[

_ degree of fitted Polynomial does not change the value of bld
" . by more than a few parts in a mllllon._ ) o '

ﬂ"'\f""‘ %

: Ingcases llke tpat of Cd (see Eq. (Iv-14)) Wthh can', 5

be looked upon ‘as the sum of two series’ w1th terms" . S
- - ’ g
(1 - cosh29 ) and (51nh29qcosgfd), each sum was separately

-

found to be convergent and also added up to: the calculated A ‘ -g

t

value of Cld' As dlscussed later, our'value of C' for a
b.c. c. 1att1ce is 1n excellent agreement w1th that of Dav1s
- (1962). This provxdes yet-another check on the accuracy of.
Lo our methods.' The calculatlons wereiformally made wrth the
number of dlfferent values of q ranglng from 10 000 to 200 000 ”.,:
and the. sums obtalned;should be sufflciently accurate for S | \\
‘?practlcal purposes. In calculatlng ‘the constants Cd and Cs' |
itmfs'not necessarylto,make the‘calculatlons for everyrﬁﬁlue .
i of d or s”since.tbe'summation'ouer q renders tbe:constant'the
same for every symmetry—related set. of nelghbours.. | -
Calculatlons have been made for the’ 51mple cublc,'
\\_ bodyécentred'cublc and face;centred cubic lattlcesf(types L

and Ii] #nd the results are glven in Table Iv-1. 'Type'I and

A

;htype II f.c. c., though hav1ng the same chemlcal symmetry,

w2

- differ 1n-magnet1c symmetry. ‘While type I has out of twel .
nearest nelghbours, elght of different spln and four of sae
N
;,/’)pln as that at the orlgln, type IX has an equal number (six) -

of_each. All the second nearest nelghbéﬁrs of type I have
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| . L :
the same spin as at the origin, and for type II they have

<

dgifferent spin from that at the origin. ‘
The values of C,q and C' as given,by'Anderson\(1952ﬁ
and Kubo (1952) are 0.097 and 9.156.for simple cubic; 0.073
and 0.150 for b.c.c.- The value €' = .150 for b.c.c. had-an
erFor_and was recalcq;ated by.Davis.(1362) to be b.llaédG.
A comparison with the first two rows;of'Tahle,IV-; shows that
‘our calculated values agree QeLl with-the ear%ier.calculations,'
though the. earlier values ane_quoted to iess s}gnificant-
flgures except in: one case. For the face-oentred cubic
lattlces the twelve nearest nelghbouring atoms to a glven atom
are Spllt up into a group labelled 1ld of atoms on the sub-
‘1att1ce with the opposate spin and a group labelled 1s o}-atoms‘
on the sublattlce with the same-spln.as of the given atom.
Separate sums have been computed for these two groups. In the
type II face—centred antlferromagnets, Lines and Jones (1965)
'have shown’ that the lattlce will normally dlstort so as to
spllt the equallty of exchange constants between the ld and ls J
.atoms. MnO, whlch is dlscussed-an more deta11 in Chapter v,
tlS an actual case w1th sucn'a sﬁilttlng. These sums have been
calculated for MnO with J d/Jls =1.27, J1d = 1.03 J2'(Collins,
Tondon, and Buyers, 1973). A look at Table IV-1 shows “that the -~

i

spllttlng has con51derab1e effect on the values of the

-
'constants. '
F We have also ‘made explicit calculatlons for NiO w1th

+ )

'the exchange energles observed by Hutchlngs and Samuelson

A

e *
X}




{(1871) . NiO“is'also type II f.c.c. like MnO ﬁith_
Jla = 0.674,_J1 .=«0.694 and J2 = -9, 497 in meV. . The

_éorrection term to the sublattice magnetlzatlon has extra

*

‘"1mportance in. thls 0x1de since it must be known before ' )
-

neutron diffraction data (Alperin).1962: Fender et al., 1968)

H

can be used‘to determine covalency“parameters. Our value of

5" -

L

c' of 0. 1542 for NiO supports the earller 1mpllc1t assumptlon

»

that it will be 51m11ar to the value for the 51mple cubic.
antlferromagnet (0. 1567$-51nce'the lattlce can be-approxlmated'.
'by four such 1ndependent 1nterpenetrat1ng subiattlces. ..

The 1att1ce of type I face—centred cublc antlferro—. n
.'magnets is; as W1th»type II, 11kely to dlstort on pa551ng to
. athe antlferromagnetlc state and calculatlons have been made_
for both the undlstorted lattlce (J1d _ ; ) and a dlstortéo
slattlce (Jld =‘l 2 Jl ). The large difference in the value _J'*
of constants agaln suggests the lmportance of dlstortlons in’
‘ determlnlng the propertles.p The 1nstab111ty of the undlstorted
-type I antlferromagnet is brought out by the large values of
the constants calculated, The serles for Z' d1d not con;erge..
-well over the mesh sizes used, values in excess of 10 were
obtalned, lndlcatlng a probable breakdown ‘in our type of ‘
treatment because of a 1ack of convergence. ‘ ‘.: i .ﬁ.'“
- Experlmental work on covalency parameters 1n other

' materlals (Fender et al., 1968;. Tofleld and Fender' 1970)r:/;,f””

partlcularly the face-centred cublc antlferromag “can. use

R
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] 0o . j ;
the numbers given 1in Table IV-1 to remove uncertainties in"""
., zcro-point magnetization corrections. . ]
E ‘ o L ‘
For all the antiferromagnets which are 11kely to

occur 1n real materlals (i.e.; all except the undlstorted
1atL1ces) the correctlons calculated to. elementary Spln wave -

thcory ‘are small, but not .S0 small  as to be’ undetectablc
expé/;mentally._ |
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s " CHAPTER V .-

MANGANESE OXIDE.'.A REVIEW

- This chapter diacusses the magnetic'structure Ef
:Manganese ‘Oxide and reviews the earlier work done on the

measurement of the magnon dlsper51on curves and other !

, s
.relevant‘espects of it* s.propetties.
' The study of varjious aspects of MnO over the last

tWo-decades has been rather extensive,'beéauée offthe |

1nterest1ng case it presents from both a theoret1cal and amr 7 '
. AT

experlmental poznt of v1ew.. Mno possesses rocksalt (NaCl) o
~ corystal étrncture above Ty- It has a large atomic Spln of"

S/Z'and has no orbitél tont:ibution'tb itslmagnetic-state,
It is pessibiefto'get the‘big'erstels of MnO mecessary for. -

neutron work. While all these considerations tend to

-

simplify the study, it has other features sueh‘es aniSotropy
- due to dipole-dipole interaction, temperature dependent

distortion Below,TN,Aand the Multidomain.nature of its

cfystéis, which compliCate the analysis.- ' egy often,-
'however.r it is just these compllcatlnq features Whlch enrlch .

the lnvestlgatlon and lead to new phy51cal,1n51ght

-

. Hlstorlcally MnO was the flrst material that ‘Was
;4 . ) :
Jshbwn by neutron dlffractlon tQ be antlferromagnetlc at 1ow

temperatures (Shull and Smart,, 1949} Although, from the

study of the varlatlon of the susceptlblllty with temperature,

I Rl

95 . R
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MnO was‘believed to be antiferromagnetic as'far‘hack as 193§
_(Bizette et al-.'l938),'Shull andQSmart's!work“provided the
first direct experimental'verlfication ofithe-Néelﬂs
hypothesis of an ordered antiferromagnetic,arrangement of.
atomlc splns. . S
. -‘ Plgure V-1 shows the neutron dlffractlon patterns of
'_pou:vderea MnO at 80K and 293K obtained by Shull et al, (2951) ...
The room temperature pattern WS coperent nuclear refle;;'
tion peaks at the regular face-ce ég cublc reflectlon
.T9051t10ns. The dlffractlon pattern is of reversed NaCl J
‘type: i.e., odd reflectlons are stronger ‘than even ones,.
_,because the coherent nuclear c't::atterlng amplltude for Mn and
0 are o{ opposite 51gn. The low temperature pattern also
. shows the’same nuc1ear.peaks, but in ‘addition shows
superstructure peaksrat posltions not‘allowed on'the basis;.
-of aAchemical unit cellrwith‘aéhém 524'426 A 'h comparison
'of the two pattern shows that the most noteworthy difference K
is a presence of strong low angle reflectlon at m6° It is -
p0551b1e to, accoun for this low angle reflectlon and for
‘the other. addltlonal“peaks 1n terms of a magnetlc unit cell¥
.that has a 51de twice of the chemlcal unlt cell, namely |

= 8. 852 A . ¢ On thls ba51s the low a;gle reflectron is the:
_(lll) reflectlon of éhe magnetlc cell.' Shull et al._(1951)

studled the 1nten51ty of thls peak w1th 1ncrea51ng

. temperature and showed that it goes to zero in the

nelghbourhood of the Neel temperature of 120K as’ 1nferred
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Fig. V-1: The neutron diffraction pattern of MnO-at 80K -

and 293Kf{beiow.and_aﬁp%e,the.Néeﬂ temperature

“of 120K, réspegtivély)ﬁ The low temperature.
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reflections which caﬁ.be'iﬂdeked in terms of

’ a magnetic unit cell with dimensions twice.
that of the chemical unit celiii-
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Jfrom susceptlblllty and spec1f1c heat meaSurehentSu A fuller
descrlptlon of 'the magnetlc structure of Mno was glven by .

MROth (1958) ) Roth. w1th hls hetter resolved data at 4 2K, o .
showed that the two earller models proposed by Shull (1951)

»and by Li (1955) were only partlally correct Roth

concluded (also conflrmed b} Corllss, Elllott.and Hastlngs

.(1956)) that good agree%ent can be found Wth the cobserved

.1nten51t1es ofethe dlffractlon pattern 1f the strutture is
assumed to c0n51st of alternatlng ferromagnetlc sheets of
(111) planc, wlth splns constralned to lie w1tb1n the (111)

. -/.
plane. ‘The powder data does not dlscrlmlnate between dlrectlons

Wlthln the (111) plane, s0 that various splh dlrectlons such e
as [112] or [110] etc._are possrble.__Roth-assumed a szngle‘_ \\\'

'nagnetlc.axls,ln-the.unlt cell in hms-analysis.
e : < ‘ . S ’ ) . .
e . )
L N

Tombs and RooPsby (1950) were-flrst to notlce by
X-ray studi&s that MnO undergoes a crystallographlc ; "7-
dlstortlon in pa351ng from the paramagnetlc to the

‘antlferromagnetlc state. -In the paramagnetlc state the“ fip : /

symmetry 1s CLblc, in tbe-antlferromagnetlc state Mno C . ~

becomes rhombohedral Wlth a = 90°26' The d;stortlon from

r

cublc symmetry at 4 2K was suff1c1ent1y large for Roth to

- 2

identify the magnetlc reerctlon as (111) rather than (111)

and thus conflrm that ‘the structure is based on ferromagnet1c

-

- sheets.of spins in (111) ‘planes: antlferromagnetlcally stacked

along the rhombohedral axls [111] In general, thls is known -

S - ’ : c. . . “ -- . . . e . L
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as Typo-1T f.c.c;;qntifcnromadnctic wtructuro. In qu. V- ?
it %s shown fof’MnO.' Ignoring tho diutortion for u momcnt,
uf&h M2 atom has tWOlVO noarost nqiqhbouruq?h;h ), aix
socond noalo't nuiqhbours and twonty four tthd nualodt
nftqhbouxu.l Tablc V-1 'lists thoir po-itionq and’ Lho upin
oricq$utions.' Hy 1coking at tho- Tablo, Wq can sco Lhat ouL
u'rv{orcncc“magnctic ion. -The uix parallel spins aro

located on the same fcrromagnotic sheots as tho roforonco

spin, ‘and the six antlferxomagnutic n.n. upJn aro ar1angod

Lt“thuymeLrically in sots of blree in the plnne balow nnd

" above the rcferenco spln. Actua]ly 1t is this relativc

nxxontltlon‘bﬁ ncarost neighbours spins in T;an II f. c .

pattern which results in-a rhombohedrdl-dlstortlon of MnO .

Delow Ty Slnce; if wa consider a possiblo an:sotropic

2doiormatlon of the cubic structurc, such a systcm will gdin

o\chango encrgy from a ccntraction along the body diagonal

[111].. ¥For MnO; the balance between elastic and exChange

>

fo;ccs'occdrs when the distortcd cube anqglos are %,t A with

cA = 1.1 X 10_2 radlans at the absclutc zero of temparature

o -

LN

" of twelve non., six are parullol nnd s5iX are nntxpnrallnl to .

(Rodbell, Osika and Lawrcnce, 1965) Thlsldistortlon splits

+2

nearest nelqhbourv of a Mn om»into_tWOjgroups, six of

closer and tha other six .

wf¢h spin parallel get more distalt (Lines and Joncs, 1965.

Rodbpll and Owen, 1964). The near st neithour exchnnge

e

-

Y



e

Fié. V=2: The magretic strubturé'éf Mnoraé déterﬁined by -
| ‘neutron diffractién. Thé étructure is'av

Type-11 face—centered ‘cubic. antlferromagnet

with (111) sheets of magnetlc atoms in which

?the SPlnS are parallel "but w1th ant1para11e1

"~ spin. dlrectlons in adjacent sheet

- - . ) ] _.‘ - ) . ."‘ f-
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&0

"constant Jl splits up as Jld and Jl . w1th the value of Jl&

greater than J1$ (Lines -and Jones call. these Jl and JJ ), J2

the second nearest neighbour exchange remains}unsplit,owhile

]

il

Js the third nearest neighbour constant will also‘splitiup

~into J3d and J35'_ y . ‘ RN |
We can sece from.the above discussion that the -

distortion that MnO undergoes below T is dlrectly related

to the rhombohedral magnetlc symmetry that MnO has, being a

Type 11 f.c.c. structure. Strlctly speaking, the magnetic
~ -

-
symmetry of MnO is even lower (orthorhombrc) because of the:-a‘=’

1

fact that splns themselves 901nt in one certaln dlrectlon
'Wlthln the (lll) plane. This w1ll, in pr1nc1pal, glve rise
to the magnetostrlctlon effect. Thrs secondary effECt is h

3

qulte small and has not been observed experlmentplly 1n,Mn0
Although S0 far we have dlscussed the magnetlc |
structure-of Mno 1mp11c1t1y assumlng a 51ngle domaln, the
51ng1e crystals normally used for the exper1menta1 work are
,_multldomaln in nature. . |
| A 51ngle crystal of MnO has four prlnc1pal domalns,.
called T domalns, srnce the splns can he conflned to any of.
the four planes (111), (lllj, (lllL‘and (111)'correspond1ng S
to four symmetry;equryalent directions [111], [llT], tlll]’
| and [I11]. . Thus the-contraction, which MnO undergoes: ¢ould
be along any of the four <111> dlrectlons ln a multidomain
crystal. Moreover w1th each™ T domaln, there Wlll be . at least-

‘three 'S' domains corresponding to the_possrble derCtlonéeof
_ . - | . :
-/

o
o




"with the zone'bougdary‘of'anotﬁef.-

"_CaSSelman and Keffer (1960)- -have presented theoretic

i : - ; as
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thy splns within the {111} plane. There &311 also be-

. o2

domains corrcspondlng to a reversal of sp1n direction in

= r’

_.each of the.abdve, thus at least 24 dlfferent domalns are

.pOSSIDle in a MnO crystal At present, 1t is not p0951ble

J

to. distinguish the scattering from dlfferent S domains within
d glvcn T domaln.r -‘The four T domains in a multldomaln
crystal‘glbe rlse to dlfferent spin wave energles at any
particular scatterlng vector g. " These multidomain effects

add to the difficulty in the interpretation of data, e.g.,

it happens that the Zone centre of one domain may xoincide’

.

» . . ) - L -
In. MnoO, the‘neareet‘neighbour‘(say at (%_% 0)) and
the next n.n. (say at;(l 1 0))-manéaneee'atoﬁ'interacts with
v . ,L—.-',‘ ! . : ) - .
the manganeie dtom at the origin (0 0 0) through intervening
t ’ 3 ' '

" oxygen atoms at'(% 0 0) via 90° and 180° superexchange

fespéctively. Early susceptibility measurements (Smart,
1963) hed'indicated that the first aﬁd=second'neighbogr'

exchange energies are of the same order 'of magnitude.

arguments to support their near equality. Lines and JOnes

eStimated the values ee-Jl = 0 431;FhV'aﬁd J2 = 0.4 4 meV by

: N 7
'Susceptlblllty data..  For small values of A, x and r ,.theA

dlstance between ﬁéxallel and antlparallel neqrest nelghbours,

is related to Ty
) . g ..‘l .
P :

¥he nearest nelghbour dlstance a//— w;thout
distortion by | Lo . ' .

P
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. _ A : i o ]
o =srtrm . (v-1) ,
and
N _J. . 1 e, f
JId J (1 + —) ’ Jls = Jl(l - —2-)
. - N ) ..
§%
where st
den (|3, ) | ‘ . _
£ = ——— - N ‘(V_z)

. dfn(r) . A ¢

b

e < 0 for 1att1ces that ‘contract along [111] below TN Lines

\i

and Jones estlmated Jl and Jls toldlffer in energy by the )
ordexr of.zou. The vaﬁ?atiqn of the angle_A with‘tenperature
be;ow T éMoreSin, 1970i is shown|ianig.'Vf3.  The:distertien
vanianes ;t.TN_and has a ﬁaximumﬁyalue.ef 1.1 x 10-2 radians |
at T =.0K. E L ) L a

Morosin obtalned a value of ; - 23 en the basis'efl
elastlclconstant data and hlS measurenents of the value of A.-
Harris (1972) obtalned a value of -19 from EPR measurementsl
% manganese pairS”ln Mgo and Cao.' Morosin alsg obtained a
i prec1se measurement of the lattlce constants of MnO u51ng
X—ray dlffractlon'techn1§u5§._ The values are _
‘a=4.4457 & .0002 3 at 23  1°C and a = 4.4316 + .0003 A
 and a_= 90.624 + .008° at 4. 2K.. |
Kaplan (1954) had p01nted, before the experimental

.1‘_.,

'veriflcat;on by Roth, that since Mn,z ;Qns are in the S states,

} L o i‘ - - .
A\ s [ ) ,i o . . - .
: .‘ N * © ) - " >
. Wt .
.
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anisetropy’w}il,-in general, be small and arise dominantly
from dipole-dipole interaetions."For f.c.c. Type;II
structures Kaplan showed that dlpolar lnteractlons would
codstraln the spins to 11e in (111) Planes ' Reffer and
o' Sulllvan {1957) and Roth (1958) 901nted out that this is
true only 1f one - dlsregards the pOSSlblllty of multlaxlal
spin structures. They suggested, later conflrmed by ' . oy ‘,”
Nagamlya (1958)i_that it is the dlstortlon_whlch stabiliiee-f |
_the'sinéle spinlstrﬁcturefih Mho, ‘h very_similar_situatipn
+ exists for.Nrp'where the exrstence of aingle spin axis T Q
S?racture has also been confirmed;(Roth andislaek; 1960)a“
The out ef plane’ dlpolar anlsotropy, Whlch for
MnO is only a few percent of the isotropic exchange energy,

——

'dees not cpnfrne the spins to any partlcular dlrectlon w1th1n

" the (111) plane. There w111 be weaker '1n plane anlsotroplc_

forces that fix the dlrectlon of the spin w1th1n the plane,'
,though these are at least“an order of magnltude weaker. The
;pe551b1e sources of ‘these ln-plane anlsotropy forces are
'-dlscussed by Keffer and O Sulllvan (1957) |

Colllns (1964) was first to measure the spin wave .

‘lesper51on relatronshlp 1n Mno u51ng the 1ne1ast1q neutron_. :
“scatterlng techn;ques. The data were restrlcted to a rather
n-small-range ef anevector and energy.l‘The values of exchangew__
'cOpetants‘ebtained were'Jl =.;°0,33 + 0.04 meV and

-

sz;'f 0.29 # 0 013 meV.-'No distinction was poasible between
. l.Jid and_J1 because of the 11mited nature of the data.._

b
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Richards (1963) studied the.g =0 modewby AFMR, and Hughes
(1971) studied ‘it by infrared-absorption. _ i
' Recently the measurements of the spln weve gpectrum

over the complete Brlllouln zone were: reported by us.
(C°111“5' Tondon and Buyers, 1973). Apart from our own =
wo;k, two more groups, oneﬂftom Sacleyf ?rance-(BoE%ante et

al., 1972A) end the other from Tohoku University,‘Japah
(Kohgi et al., 1972) have 1ndependent1y reported these .
measurements. Our results are in_ substantial agreement w:.th -
these groups, but are belleved to be more accurate. We have .
also treated dlpol\\dlpole ‘interactions and the effect of |
zero-polnt motloh_oh-the'spin_wave,energy to_a morelcompletef

extent. We describe the measurements of the spin wave. R

'spectrum in MnO in the next chapter. ' . s




CHAPTER VI
_ : r
SPIN WAVE MEASUREMENTS IN MnO
. The spin wave spectrum can be determined. by'“

~t

measuring the one-magnon coherent nkhtron scatterlng Cross-

sectlon from a. 51ngle crystal as glven by Eq (II-67).

/ L

If a neqtron of momentum'ng and;energy E =‘n2k2/2mn
is scettered ny a.speeimen witﬂ ﬁhelcreation of a magnen of
eneréy‘ﬁd'te a mdmentnm etate nk' and energy E"—‘ﬁzk' /2m — ;' o R
the energy of the magnon'ﬁw and the momentum transfer |

Q =k =~ k"w1ll be governed by the energy and momentum

X

conservatlon laws as glven by Eq (II 63). The equatlons ‘are

‘

n2k2 nzk' Zf\ «

Tw =E - E' =

and | 5 | (Vi-1)
X, R . . .
Q=k m‘ =g+ T * v B
. f=sx-x = L R :

_‘where T is a rec1procal 1att1ce vector and g is the reduceg

-wavevector, namely the wavevector Q reduced to ﬁ%e first

\.\

Brillouin zone. The ‘magnon frequency w satlsfles the

q

dispersion relation - o - R D
w=wl(g . | S o . : (LI-ZE |
® REENN ] ' |

108 . L -
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All the measurements of the dlsperSIOn relatlons 1n *
MnO were done u51ng the C5 trlple aXIS spectrometer in the V'l
NRU ~ reactor at AECL " Chalk Rlver. A brief descrlptlon of |
- the’spectrometer is glven below {for detailed description, o
see P. K..Iyengar, 1965; Brophhouse, 1961). A schematlc
.diagram of the,apparatusrand the‘oorrespohdlng‘reclprocal .
space diagram is given in Fig. VIfl.rhNeﬁtrons-oﬁ initial
energy E are selected'from the white.spectrhm.of the reactor
.by Bragg reflectloh rrom the monochromatlng crystal XM at a
ZrBragg angle BM, and 1mp1nge on the spec1men 51ngle crystal s
set at an angle w Wlth respect to the incident beam. The
'neutron beam is scattered by‘the 5pec1men through an angle ¢
1nto the analyzer crystal xA and detected by a BF3 or He3
‘counter at D after Bragg reflectlon at an angle 6 from the
analyzer crystal. The number of neutrons 1mp1nglng on the
epec1men can/be preset by the monltor f1551on counter.; Soller l
'colllmators CM and C determlne the dlrectlons of neutrons.
The-inStruﬁental resolution rs determlned by the mosalc-spread

of the monochromating and the analgzing rystals as.well as'by'

‘.the amount of dlvergence tolerated by the coﬂllmators CM nd S

r

bA' ‘The varlatlon in the magnltudes of k and k' are determlned

"by the ranges of ZQM

.crystal planes {hkl) used for xM and X In generak, %BM,aFd

and 26 and the dhkﬂ spacmngs 0 the )

28, are Yimited by the phy51ca1 size of the 1nstrument, the
/ .

availabte neutron spectrum, etc.
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_Fig. V‘I—l_:
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A schematiz drawing (i) of a triple axis
spectrometer and (11) the corresoondlng

rec1procal space alagram.-
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To follow any given path in (Q,w) space, it'isr

necessary to vary three of the four varlables, ¢, ¢f 8,, and

M
0, (the values of 8y and 0, fix the value of k and k'

réspectively). In the set-up of an,experiment i ther the‘
1nc1denff%é§£r0n wave vector k or the scattered wave vector T
k" 1s kept flxed, whlch*ln turn implies keeping either 0

0, fixed. The speC1men crystal is a11gned SO that one‘of its’
major symmetry planes is in ‘the plane ‘of the spectrometer,

name ly the plane determlned by wave vectors k ‘and 5}

Since the whole dynamics of the scatterlng system can - -
be descrlbed ln terms of Q, the momentum.transfer and‘hx; the
energy transfer (see Eq;_(II-Gl)); 'constant Q' and

conshant E' are two'common ways of scannlng (Q,w) space for
the measurements offspln waves.x'-“ ‘

In the cohstant Q' mode, the angles ¢ and w along
‘ w:.th the angles 6 @r GA are varied in such a ‘'way so as to
.:keep the termlnus of . the vector -k' at Q, thereby keeplng Q
and hence g constant, ' Th pectrometer 19 programmed to -
_scan'a predetermined fre uency.range for a preset monitor | -
‘counts by changlng these angles ‘in suitable steps, thus R ﬂ\\“
'7produc1n§7a neutron group The - freguency of- the magnon of |
~1nterest is then given by the peak of the neutron group,

-whlch occurs gnly when the frequency w satisfles the_ : '_ '
dlspers;on relatlon (VI 2) for the set value of q.

| In the -constant E' mode, the energy transfer #S "
held constant and Q is allowed to vary along a predetermined




e

.

AN /

path in reciprocal space.

This mode is normally used for
' . B . ] '
measurements in the regions where the dispersion curve is

. } N . - N
rather "teep : . 7 : _

At low temperatures, MnO can- be described as a; Lwo
;vublattlce antiferromagnet. As was discussed 1n the last
chapter, apart from the dominant Heisenberg superexchange
Jntelactlon between ‘the spins, the magnetic dipole—dipole
1ntoxact10ns are apprec1ab1e and indeeg essential for

do-cnibing the spin wave dispe.sions at small wave vectors.

hﬁf\\ The Hamiltonian for Mno‘can-be written as -

o . ypo T Hex MMgq ‘ .';. o {VI‘3)

‘where H_ and Hy_, are as given by Egs. (II-1) and (II-30)
) reepectiveiy Since theAmeeeurements do not have eufffcient

=
"0anLlV1ty to render the in-plane terms 51gnificant they
‘have .not been included in the Hamiltonian (vi- 3)

gn The Hamiltonian was solVed in the spin wave
apprdwimation. The mathematicai details are giVen in Chapter
1I, and it 1s shown that the spin wave energies as given by
_‘solntion of Eq. (II-SD) ere the eigenvalues of the Hamiltonianh
(VI;B) The numerical calculations of the dipole éums
involved were performed u51ng the nwalg technique diecusoed
}“ Chapter If. The sums were evaiuated for the distorted

lattice of MO using the lattice parameter of Morosin-(1970). -

* Calculations of the ‘spin-wave energies were made assuming Z

.*}_‘ -
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to be alehg either tlli].er [lTb!, the differences in the
dispersion curves were very smallland less than experimental

uncertainties.

.

_Theﬂspecimenfcensisted of two multi-domain single o °

crystals of volume 1.4 cm3. The-ctystale were grown by the

Marabeni-Iida Company of Japen using th; Verneuil technique'
and are blach in colour.f The denSLty of - the c1ystals‘wasf
.5.36 + 0.2, a value equal to the éLnSity calculated from the
lattice_parameters. The Néel temperature at 120 t 3 K was
within‘ertcr cf the conventional valuejfot MnO. " The Bragg™
reflection indicated a mosaic width of the oxder of 40' at

. room temperature: ThelCrgstals neteialigned,parallel to
each other with the [TlO]'direction vertical to better than
6" \—Except for a magnon at q = {— — 2), which was measured
at various. temperatutes below TN' all the measurements were.
:done w1th-the specimen @aintained,at the.temperature 4.2 K-
in a- Hefaum Cryostat | -_

It was necessary to make final alignment of the
crgstals‘at 4.2 K because of the rhombbhedral distortion, .
. below the Néel temperature. The (111) nuclear reflection as
'measured thh a neutron beam of wavelength 2.83 A was then
Spllt up (see Fig.. VI 2) into two compenents separaﬁed by
1.09°. The “higher angle component P. corresponds to the
f(lll)'reflection_and.the lower angle reflectienf Q, uhich

_was found to be three times as intense, correeponde.to-the

~ planes (Tll),-(lil) and (llfl in'the multijdemain crgetal.

;'_.= ‘“gi-_




™~

" Fig. VI-2:

The spllttlng up of (lll) nuclear reflection 1nto
two components in Mno: The hlgher angle component
P corresponds to (111) and the 10ﬂer angle

component, Q, to (111), (111) and (111) reflectlons

in a multldomaln crystal of Mno, - . . @
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111
The (5 3 3) magnetlc reflection was not split and corresponds

to peak P since the three other domains have zero magnetic
_ strqctureffactor. Analysis based on this data yields "
=, 4.421 A" for the cell edge and & = 0.61° for the small
angle by which the'eres depart from 90°. These values
» compare ‘satisfactorily with Morosin's valees-of 4.4316 R
and 0.624° usfng X-rays. The waveivectors quoted in this
'experlment were obtalned by allgning the crystal on the a
centre of grav1ty of the (111) reflectlon, the best single
- compromise when magnons are to be studied in a varrety of
magnetie and nucleer‘rones. The: Brlllouln zone scheme for -
the (111) domdin is shown in‘Fig. VI-3. ° : _ :J\ f
All the measurements were done Qrth the_'constant Q'
mode ., of operatlon. Thegsprn';;ves were measured esiné a
Germanlum (220) plahe as monochromator and either the
pyrolytlc graphlte (002) or the Germanlum (111) plane as the -
o analyzer. The-scattered neutron wave yector 5} was kept f_ I
frxed for all the measurements. - | |
In Fig. VI-4 1s shown some of the typical neutron

'groups obtalned. The energy of the ?eutron group at

11 1

Q= (2 2 T) correspondlng to g = (2 -i) arlses due to the o

dlstortlon of the lattice below the Néel temperature and is

)1/2
14 1s’ *

..Jones (1965), this drstortion lowers the total energy of the

-J As pointed'out by Lines and

system at 1ow temperatures and stablllses the spin system.r_

Statlstlcal errors on- the locatron of the centre of the T a8
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. Fig. V;%jz "Brillouin zbneéxfor'(lll) domain. ‘Full circles

denote zone céntres Open c1rcles denote ‘Zone

[

0 : ',centres belonglng to the other 3 domalns “
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neutron group ware of the order of tl%. The'difference in
energy when the same group was observed at equivalent points '
in different zones was also of thie order, except for the M
case of neutron groups of;wave vector | o . <f, ‘Jy

q= (- + Pr- §'+ p;%~+ p) with scatteringqvector

..Q=(—-p.%-o,g+o) andg_ﬂ(-i-—p,;"-p,g—p)f. |
Differences “in energies ranging from z@ero to 3% wera obsorved
for these groups.' This may be a resukt of the multi- domain
character of the specimen or of_the‘compromise-used in |
a}igning‘the crystals. In all cases where measurements were
taken at equivalent points in different zones average values
'were used as’ the quoted magnon energy. The uncertainties in
‘most of our quoted energies are- probably of the order of 2%.
This reprcsents a significant improvement over the data of
.Bonfante et al. (1972A), and Kohgi et al. (1972) who - have
also measured the dispersion relatione more Gr less at the

-same time as our measurements.
Y
In Figs Vi~ S and VI-6 are shown the dispersion

x

—
~

curves obtained for the directions [111] and (001]. ,In q:'
_Table VI- 1 the experimentally observed magnon energies with
their g vectors referred to (1h5] domain are listed The . o
dbranches are split by dipole-dipole interactions, but this
splitting is important only at small wave" vectors. The data

_‘are somewhat complicated by the fact .that tHe crystal forms

a multi—domain antiferromagnet,»with sheets along []11],

{111], [111], [111] directions occuring with approximately - 5




-

Fig. VI-5:

i i

Dlsper51on relatlons _for spin waves in Mno at

4,2K along the [111] type dlrectlons. The

b

reduced wavevectors, f, are referred to"'
(111) domain. Up to four of these sectlons '
of the dlsper51on relatlons may be seen- at cne

scatterlng wavevector. The branches are Spllt

~ by dlpole—dlpole 1nteractlons, whlcﬁ”are

1mportant malnly for small wavevectors and
the Spllttlngs are too small to be shown

P

elsewhere in ‘the flgure. T g

v Ry : r .
19 ) . * ’
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Fig. VI;G:-ADlspersion relatlons for spln waves in MnO at
‘ ' : "4 2K along [001] type dlrectlons._ WaveveCtors
| SR 'are referred to a (111) domaln.’ Up to two
i S o = & sectlons 6f the dlspe¢510n relatlons may be

L co seen at any one scatterlng vactor.
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TABLE VI-1
THE EXPERIMENTALLY OBSERVED MAGNONS ENERGIES
(meV)/AT 4. 2 K WITH g, THE REDUCED WAVE ‘VECTORS, ’
"IN TERMS OF IES COMPONENTS o, py, o, WHERE
q = 2ﬂ/a (Oyr By 0,0 THE WAVE VECTORS ARE ) _
 REFERRED TO (111) DOMAIN | - e
(i) " Branch [oppl. ' : - o - - -
Py i o Dy P, . ?(meV)f*%f AE(mgV)
.50 .. .50 . .50 . " 3.967
.525 .525  .525 3.946 .
550 .550 - .550 7.438
575 . .575 - .575  12.148° .  .165
.625 625~ .625  19.709  .206
.650 _.650 . - .650  21.899 .206
675 .675 . .675  24.544 .124
700 . ".700  .700-  25.536 . .248

.:j:ig' *,,750' ' 750 . 27.065 © L3300 S

(ii). . Branch [ppP]

Dx_._“' : py L | pz; ‘E(mer' AE {meV) "
. 535 .525 s ‘4.545' o .206
55 .ss L '.45  6.652 206
575 - ,575 o .425 9.049- ..289
_ . .
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TABLE VI-1 - c_ontin\ued_
(ii) . Branch [ppp)
Py : Dy S E (maV) AE (meV)

65 .65 .35 14.214 .206

.675.  .675 .325  15.495 165 -

.70 .70 .30 -16.941° 124 ) -
725 .725 275 17.106 .124

& \ | . |

(iii) - Branch [-:—L- +p,}— + p,- L. o]

: 2 gt Pm 7 p

. _ _py pz' E (meV) | «:SE.(mOV‘)

.50 .50 . =.50 9.214 .124

.525’ 525 -.525  9.999 .16
lsso’  ©.550 550 10.908 . .124 o

575 .57 . .=.575  1L.776 . .083 ¢

60 .60 -.;60 -  13.264 124
625 .625 - -.625  14.668  .124 "

650 ° .650  =-.650  15.743  .083
675 .675 . =.675 16.693 . .124 ,

725, .725  =.725 77 17.809 - (165

750 - .750 . =-.750-  18.015 ﬁ?ii) |

Q.
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TABLE VI-1 - continued : ' 6
(iv) Branch [%-+ “‘p";b— % +’ D, %.. + pY - | i
Py Py o \°¢ E (meV) AE (meV)
.525 <.475 - -.475 9.669 -  .165
.550 -.450 -.450 10,041 .206
.575 . -.425 -.425 . 10.165 .289
.60 -.40  -.40 ‘ 111074 © 3300 ’
.625  -.375 -.375  11.569 .413 o
.650 -.350  -.350 11.941 330 ’ -
675 -.325°  -.325  12.396 248
0 -.30 .30 .. 12726 206 +
725 -.275 . -.275 12,974 .165 o
750 -.250  -l250 12.933 - .165
V) Branch [%—. %, %—- I
Py ey o TR, o E(meV) AE (maV)
Csoe - .00 .4ot[ o7.851 - .124 )
.50 .50 T 6.528  .248
.50 .50 . - .30 12313 a3
.50 _.50 | .20 . 1'6'.197. ' <248
.50 .50 .15 'A,;z;oesf - ..330
.50 so . .10 17.602 372 .
50 .50 - .00 17.354 . .330 |
so 80 1.10' 16.404 .206




&

(v)

.50

.50

.50

- .50

{vi)

50 -

.50

.50
~ .50

.50

.50

TABLE VI-1 - continued

| 1.1 1
Branch [5, 5', -2— o .p] .

Py | p,’ - E(mev)
.50 - -.15 15.247
.50 -.20 14.338
.50 ~.30  "11.611

"..50 - -.40.  "10.165
™~
| 1 1 1.
‘B?anch [Ew-i : P 5]-
py p'z E (meV)
-
.20 -.50 12.231
.10 - -.50 12.437
.00 -.50 12.478
-.100  -.50 12.685
l-f_ig-_‘ -.50 12.603
~.20 - -.50 12.644
-
.

-

°  AE{(peV)
©.165
.124

1165,
.165

AEfﬁeV)l

. .083

124

.124
.124
124

124

124
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equal probability.‘ Because'of thi; multi-domaih nature,.ih_‘
[111]}-type directions up"to'four sections of these
dlsper51on relations can be seen at any one ‘scattering
vector. For [001]-type directions two such sectrons of the
dispersion relations can, be seen. We. believe that we have.
“disentangled the domain problem unambiguously for all our
data w1th %he exceptlon of a few points located close to the-
branch cr0551ngs. The p051t10ns in the rec19roca1 space |
where the hagnons are observed are glven in Table VI- -2. -
In general,‘our results are in satlsfactory
-agreement with those of Bonfante et al. (1972A) ‘and Kohgl et .
al. (1972). In the: [001] dmrectlon Kohgi et al have. not ‘
1 1

observed the [2, 7 p,- —] branch and in the [111] direction

*\ : .
have not. observed the [~ I 4 p,I + p,; + p] branch, whlle

_Bonfante et al. do h ve measurements forrall the branches.

In {001] our measurements of magnon energles are in good'
'agreement with both of these groups. "In the [111]} dlrectlon,
as compared to Bonfante, we have better'agreement with.

Kohgl s data. Bonfante s measurements for the [ppp] branch
are systemat1cally lower than ours by about 5%, and that of
aKohgl s 11e in between two measurements (m3% higher valuesr
than Bonfante S). Our value of 3.6 0 3 meV for the out—of-

'.plane zone centre mode.ls in agreement wrth the values from

AFHR experlments of 3. 42 * 01 meV obtalned by . Richards (1963)
and of 3 44 meV obtarned by Hughes (1971) The out—of-plane

character of the mode was verifled by noting that it was
N
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-absent for Q along [111] The ineplane mode was not obserﬁed-
down to the 10West frequencres avallable in_ the lnfra—red _"
experlments, and the present neutron experlments are
consistent with the conclu51on that 1ts frequency is zero

. and its value is certalnly less than 0,30 meV. In the ’
v1c1n1ty of the 1.8 mev energy quoted by Bonfante ‘et al..‘
{(1972B) for the 1n7plane mode,,no ev1dence was found for the
exlstence of a sprn wave mode when due allowance was made

for-the vertlcal resolution of the spectrometer and the

mosalc spread of the crystal. ’

I3

The Spln wave energles as- glVen by the solutlon of

'Ed~ (11- 50) have been fltted by the method of 1east squares ' ‘/"

/

to the data together with the AFMR value of 3. 42 + 0 01 meV .
for the q=20 out—of—plane mode. The exchange-constants

have been treated as ‘the adjustable parameters in comparlng

[}

the experlmental results to’ the calculated magnon energies

/
" The resultant exchange parameters were corrected for the

effect of zero—p01nt motlon.‘ The effect ‘has been dlSCUSSed
"~ in Chapter IV. From Eq. (IV—lT) one ‘can see that the -
apparent (f;tted) exch%?ge parameters are rélated to | }

exchange constants J for a glven atom. l bY

.. l’ . ; T :‘ . ‘-"' ‘ . . _ . . ) . .
. i _’ . P= _,'\-:‘3._ - _‘ -.” - . . ] . . K (VI-4) ]

. -
b r

“fhe values of"® c2, cls and - cld can.be-read from Table IV-1l.
The corrected values (the correctlon is of the order of '1%) .- "9-

- . * ! - "
) ‘ - ‘ .

SN ; : ‘ s ..
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-zero, a phy51ca11y reasonable result.
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are 11sted in Tabletv1-3._ As can be seen in Figs. VI- 5.and
v1—6, the overall fit wrth the theory is good but for one or

two regrons {e.g., the region around (0 0,.4) smaﬁl~s

systematic dlscrepaﬂCLes remaln). -Exchange to thlrd nearest

Fa

nelghbours was not found to ‘be sxgnlflcantly differen

For comparlson we have lncluded the exchange constants
determaned by Bonfante et ah& corrected for the zero-po;nt
effects u51ng the theory of Chapter IV (Colllns and Tondoi
1972). The values obtalned by Kohg1 et al. (1972) are not
1nc1uded in Table VI- 3, since they were obtalned by treatlng
the d1pole-d1pole lnteractlons in the Hamlltonian 1n an |
approxlmate way that was outllned in Section 2

Chapter II., There appears to be a typographlcal error in

Bonfante S paper (corrected in Table VI 3) 91nce they quote‘-'"

'-Jl .as belng greater in magnltude than Jld and thlS is not

of Bonfante et al. .j

wa

consratent with stablllty.‘ We have assumed that nn fagt Jld

J

and Jyg are. for antlparallel and parallel nearest
neighbours. The OVerall agreement 15 ‘not good 1h vzéx\of

the errors quoted. nfante et'al. seem to have systematlc

lower values of exch ge than us, even though, ruch of the data

mﬂﬁ agreement Wlth ours. . Part of the

differénce may c ‘£rom- the dlfferent way they have treated

-

5P1n wave 1nteract1 and d%gole terms .

we have celculated thg densrty of states for Mno

uSLng our fltted exchange conStants as given rn Column 2 of

NN
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Table VI-3. -The.curve'obtained'is shown in.Fig. ﬁI-?.- Due
to 1imitatiohe’in'computer tihe, dipolehdiéole interactions‘
have been neglected in -the calcuiations.-.This amounts to ah.
- error of the 6;52;:95 d 1l to 0.2 me? in-the frequency scale,
_which w111 not modlfy the form of the curve sxgnlflcantly.

The calculatlons are based on the method of G11at and

Raubenhelmer (1966), modified to take into account théf\\k |
-trlgonal symmetry.A A noteworthy feature of the den51ty o
 states curve is’ the ver; sharp rlse near 10 meV, thls mlght '
~ be expected-to“show up cl rly in 1nfra—red or. 11ght
scattenrhg experlments. |

In Table VI-4 are given a set of apparent exchange “

-constan ] JAPP.and constant out-of—plane anlsotropy, that

A'.

Wlll reproduce appro\lmately the obser;éd spxn wave frequeﬁcles
\ .

from the-formula , - ;

! ' . N

h2u(q) = [H, = 2SJ (0) F 283, (q) ¥ ':ESJldlr(O)

. - . S -
+ ?SJz(O)] ‘-.IZSJld(g) + ZSJZ(E)].‘ .(VI‘5)
where for g = 2ﬂ(x,y,z)/a;'h_;r

Ji(g)': 2J1Lco5ﬂ(2f§) +-coéﬁ(x:g) + cosr(ytz)1  .(VIrG)

with the'upper_(lower)gSigns-referring~to'd (e),T
S TR T _ -,

\ﬁ‘,




N

-Fig.‘VI—7:"Density of states in Mno. -Dipoleédipoie

inteqpctions-have.been ignored in the

_calculation.'

1
t
B
N . .
~ . . .
P = -
.
. L
4 »
.
. -
T ~
&
- ]
-
- -
.



Sy

R

| 1

. L4 * :
. o - ’ ~ .
‘ . ] o
. .o ! > . . .
' ) L - . 1
. . i = .
: . -
R . ) .o
L : ~ . . - - _‘ )
I - -
s .

30

25

‘\\
4
20

2 . § %@ &

i,
8-

: |24_.

 saivls

do0aLisN3a

oD

ENERGY (mev).

. I‘ ’
« T



A © 133

oy

. TABLE. VI-4 .

APPARENT EXCHANGE CONSTANTS . ‘///.

AND EFFECTIVE ANISOTROPY

(iN, meV) :
T oess
. ”P' -\ - ) . :

L Jﬁi.. . *0.361
%‘vl . JQPP. . ; —0.438 . -

. Hy(out) - - 0.2156

Hplin) o0
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_Jz(g) = 2J2[COB{2ﬂx) + cos(2my) + cos(271z)] T (VI=T)
and HA = 0 for the in¥plane mode. ‘
Our value of H = 0. 2156 meV, which corresponds to <f?-
D, = 0.043 meV (HA = 2SD1), agrees well with the Kohgl s’
value of‘Dl.f'0.043't .002 -mevV. The value of Dy as
calculat®d by using Eq. (II—SS)'for Ky = 1.64 x lo7fergs/c.é.‘

(Kaplan, 1954; Keffer‘and‘OfSuilivan, 1957f and”
Kl = (1;16.1‘.08) % 107 eigs/c c. (Llnes and Jones, 1965) are_ .
0.655 meV ahd.0.039.t .002 meV: respectlvely. - |
The splitfing_of the nearest nelghbour exchange

.cons£anta in:MnO gives ﬁs inforpiati ﬁ about the way ﬁhe"
exchange interaction'Varies}wT’ the. bond angle and the;bépd.

lengﬁh. Let ue make ehe assum tion that the exchange

ﬁpllttlng arlses from the ch%nge of interatomic dlstances

dnly,and not from the change of bond angle. U51ng the value . ;V.'
.:of A as glven by Flg V—3 to get the value of r as deflned by
Eg. (V-l) and our values of exchange constants, we get (see

Eq. (V 2) for the deflnltlon of e)

(vi-8)
.Tﬁe value is in:Satisfactory agreement with the valueléf -23
.,of Morosin (1970) and the value -19 of Harris (19?2)_ia view
of the uncertainties ip&olved. The agreement and the

abproximate'equalititofAJl and'Jz indicate that the‘exchahge
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p

is rather insensitive to the bond angle at the oxygen atom

in MnO.
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CHAPTER VII : v

: - ,
"SPIN WAVES AT FINITE TEMPERATURE

~ L
In,thisrohapter_we shall describe the‘ekperlmentallyr
observed features of spin'waves at finite'temperature in
antlferromagnets. JThen we dive a review of the present daf
?status oflzh theo?:es that have been put forward to explain

some of the feature « ' s

Spln wave modes that are well deflned when observed

o> [

at temperatures very low as compared to the Néel temperature

become ﬂncreaszngly degraded at‘bigher temperatures 'Thel
energies of the spin wave modes decrease,«thelrfllne Qiathg
increase_and.they:ﬂose;theirindividual oharacter inja grow—'
ingAcontinuous speotrum of-frequenoies‘characteristic_of the
: disorder!of:the_paramagnetio pbase: Figure¢VII—l,:whloh is
the.measurement of-a spin“;;we'mode in MnO at'different
'temperatures (Collins, Tondon and Buyers, unpublished work)
up to the Néel, temperature of 120K, helps to illustrate o
.these 901ntsii/ ' ' | | |

-a o Measurements of spin wave dlspersion relations at B
f1n1te temperature have so far been reported in three simple
Helsenberg three-dxmensional antiferromagnets“ Man, MnO
'and RanF ' -

3°

HnF2 was the frrst antxferromagnet in whlch f1n1te

' temperature measuremehts were made (Turberfieldm_Okazaki and
136
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‘Fig. VII-1:
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Théﬂdggrading of spin waves with the increasing’

temperatﬁre; ‘The-magnbn péaks shown are of Mno
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Stevenson, 1965).. Thenmagnetic_structure;of Mnf‘2 ie hnown
from neutron diffraction experimentsiby?Eridkson (1953).

The crystal structure is of the rutile type with the Mn ions
lying on a body—centred tetragonal lattice. In the anti-
ferromagnetic’ state two sete of antiparallel spins are k:
alignedjaiong-the-c-axis, These may be regardZd-as belonging"
to two interpenetrating-simple tetragonal sublatticee. This
form of antiferromagnetic structure is usually described as
CsCl type. The dominant exchange interaction is between an
'ion and its eight nearest neighbours on the other sublattice.
The exchange constant correeponding to thlB interaction is

" denoted . as J2, while.Jl signifies the interactions between 7
nearest neighbour ions which lie along the c-axis and on the
same sublattice. The various magnetic proPerties of . MnF
along w1th the experimental values of exchange constants and
the effective anisotropy field, are summarized en ‘Table VII 1.
. The - zero temperature disperSLOn curves were obtained by Low

et al. (1964), using inelaetic neutron scattering techniques.'
. : Turberfieid et al. (1935) studied the behaViour of .

-

-,ispin wave excitaticns in MnF2 at temperatures in the range
.of"49 5 to 70. OK, i.e., in the antiferromagnetic region _
-‘0 75 < T/T j< quand in the paramagnetic region 1 < T/T < 1 2.

i'_The experiments were performed usang the twin rotor neutron

time-of flight’3pectrometer on the Pluto reactor at.Harwell.‘:

'They obtained complete dispersion curves in the [001]

direction at'49.5K1and 623.- Along with decreasrng energy,
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they observed'line.broadening Of.ghe peaks with'the increase

a

!‘of temperature. o S
. -5 3
These effects become extremely significant as. the ‘

a

tcmperature approaches ‘the Néel temperature. +The accelerating _
decrease in, energy with the increasing temperatura is much *
more marked at small wave vectors. As we proceed we will

'jec that this experimentally observed wave vector dependence

of the fractional’ decrease in magnon energy is not unique to
- . .J. .- ] /
Man. . | '
‘The measurements of spin waves at finite temperatures

in RanF3 were also done at Harwell by Saunderson, Windsor

! - . ! Q
et al.-(1972). N |
| In the paramagnetic phase the magnetic Mn +2 ions lie

o a Simple cubic 1attice in RanF3 On passing below the
Néel temperature (T - 83K) the crystal undergoes an !'
ntiferromagnetic phase transition without loss of cubic-
: symmetry. ‘In the ordered phase the spins on adjacent Mn- ?
Trons along cube axes alagn antiferromagnetically such. that

_the ions of each sublattice now form a face—centred cubic

- 1att1ce with double the paramagnetic lattice parameter.— The:'

'Spln wave dispersion curVes measured at 4 2K by Windsor end._ '

Stevenson (1966) and confirmed by measurements of Saunderson,'
"W1ndsor et al.’ (1972) indicate that only the nearest
"neighbour exchange 1nteraction is importaht. The second andr
) third nearest neighbour exchanges are not significantly -

different from zero. The value of the anisdtropy is . also’

e g AL s Tash e TR Y T T




141

b

very small (4.5 gauss) thus maﬁfhg it one of the'simplest of
magnetic salts. The magnetic propertie; of RanF3 are |
summarlzed in Table VII -2.

The data of finlte temperature measurements in RanF‘3
by Saunderson et al. (1972) are rather extensive.' The
dlapcrsion curve measurements along POOl] were made at five
temperatufes, from 38 Ty to .80 TN' for 31xteen values of
the wave vector.. As in Man, the decrease in energy ‘at a
partlcular temgerature is observed not: to be the same at all
wave. vectors but to» be more at. smaller wave vectors.‘ At

temperatures close to the Neel temperature, there is an-

almost,ZO% greater reduction in the energy of spin.waves_at ,

"small wavefvector than qf the'sPlijyaves at the zone

boundary. A oo .o
; Flnlte temperature measurements in Mno have been /
reported by Bonfante et al. (19723) ‘ Very recently Kohgl et d

al (1973) have also reported simllar measurements. The*'
/ 2

_ magnetrc propertles og MnO have been already dlscussed in

Ehapters V and Riad and summarlzed ieﬂyahlos V—l and VI- 3.,

| Bonfante et al. measured dispersion curves at two

, temperatures. 88 75K (. 75 TN) and 114 75K. (tBS TN) Whlle

the 114 75K data 1s confined to measurements alomg the [001]

dlrectlon only, the 88. 75K data is along both the [001] and

Illl] dlrectlons.' Also they . studled a particular magnon
Y

mode (0 0..1) up to tempera\ures very close to the Néel

temperature .- Kohg1 et al. have measured complete disperSLOn

s - ) R e ".' .
- . o !
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curves at 60K {.50 Ty} 7 78K (.65 Ty) and 100K (.83 T,) for -

both [001] and [111] d:.rect:l.ons..=~ Besides “they attempted

measurements at IlSK_also. At thie temperature, however,

they could mak 'nly limited measurements confined to loﬁj

¢

-energy excitatlons because of the highly damped nature of -
spin waves at large q. However,.the spln waves with low ener-’
gy and small g.seem to be well deflned ‘even at hlgh tempera—
ture. In both of these papers, no mention is made of the

q dependenqe of the fractional decrease in magnon enexgy
with- temperature, although the exper1menta1 data does

1nd1cate such a dependence at least for the [001] dlrectlon.'

- In the [lll] direction, the dependence does not seem

smgnlflcant up to .75 T

'NiO has the same magnetlc ‘structure as Mno (Type II

"~ f.c.c. ) Although dlsper31on curve measurements have been

-_made at low temperatures (Hutchings et al., . 1973), no flnlte

temperature measurements have been reported In Table VII -3

h‘the magnetlc propertles of NiO are- summariegg.

In the past few yeare, several exper1menta1

measurements have been made on the shift of. the: energy of

;_magnon 51debands 'with temperature (sell, 19685 The magnon |
'31debands are caused by the srmultaneous creatlon of an

3 excmton and a magnon by 11ght absorptron, and thelr Shlft
“with temperature is related to the temperature dependence of
‘the magnon energy.- Experlments on Raman scatterlng by magnons_

in various antlferromagnets“(Fleury: 1970) also show that the

. : _' w
PR | e
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decrease in magnon'energy has wave vector'dependence with .
short wavelength magnons persisting even - -above Tg;f This.
phenomenon is most marked in systems of low dimensionality

(Skalyo, 1969, Birgeneau, 1969), where all but the very long-
wavelength spin waves are found 'to be essentlally temperature

1ndependent in excess of transition temperature,'although”gh‘

i

the -zero wave vector (zone-cent?e}—magnons have energies

g01ng to zero at the transition emperature. . . o

In order to study the magnetic properties at a
~ finite- temperature and in particular to calculate the e
. decrease in the magnon energy with temperature, one needs to
take the 1nteractions between the spin waves of a system .
71nto con51derat10n: ﬁe shall not concern ourselves Wlth the ?'

calculations of the life t&me that accounts for the broaden-

1ngsof the magnon peaks.fﬁ'

‘energy between a state with n spin dev1ations "and the
completely parallel one can be regarded as approximately

'equal to the sum of n rigorously computed differences for .
“unit deVlatlonS, i. e., one makes the’ assumption of |

addltiVity about the spin reversals. However,‘actually

[

-speaking even if there are just two spin dEVLatlonS present,
*-l.

the energy of - the system w0uld depend on whether the

L

,dev1ations are present on the same atom (for s > 1/2), on: B ‘ ' :’

different atoms that are coupled, or on more distant atoms




N

‘spin waves start interacting.
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not couplod b}'the namiltonien. Since at e finite tomporature
there are large numbax tof'spih desiutions prosont, tho
concept of'sup&rpositioniof spin wavan breaks'dowh, i.0., the
Dyson (1956) in hisAtyo clesslc papers gave a eonornl
theoory of Spinzqueuinterhctiohs in ferromhgnets. o
cateogorisad tho intersetlons as'of two types: hlhomatical

and dynamical. Of the two, thhmical interaction&is"the‘

: domlnant one.,

‘The kinematical intoracttg/fmey-physically he

J

1nt01prcted as duo to the fact thut the number o£ spin . ' %

]
dovintions aL any lattice site cannot excoed 28, bocause of

- the spin conpervatioﬁ uowever, the boson oporntors inLo
whlch spin operators are transformod by the I1I-P transformation
do noL oboy any such restriction, the boson space being
Jnfinite dlmensional as compared to. (28+l) dimensionul spaco'
of Qpin.. Thus, the transform&tion to bosons introduces non—'
physrcnl states. It ehould be noted however, Lhet this is
not due to H-P transformetion as givon by Eq (II- 9), which
maintains the separability of the two spacos (Fq. (II~9)-

Y1le5 ZCro when a1a e 25). These nonb sicul gstates are'

lnLroduced when a simplification is. made uch as say by-. R

rostricting to linesr approximation (see_F { (£1-15)) .

| any case; these states are not likely to give any contribution _
as long as the temperature of the system is not high enough to -

"have-mere'than 25 spin-deviations per. atom, on the average.

’

I R .

e l‘
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.

ThlS is known toépappen only for temperatures within a few
‘degrees of the_crrtlcal temperature. Low (1964) estlmates
that for § = 5/2,.kinematica1'effects will be important only-

‘within 1% or S0 of the Née " temperature. -We shall neglect.

the effect of kinematicil interactions on magnon energy in

the calcu]atlons.

Phy51ca11y speaklng, dynamlcal 1nteractlons arise -

4 -~

because it costs less energy for a spln to suffer a dev1at10n
if the ‘spins with which lt dlrectly interacts have. already
undergone deVLatlons from their fully allgned.state. This
1nE*ract10n is the one primarlly respons;ble for the

1
experlmentally observed decrease 1n magnon energy with.
temperature.. Dynamlcal 1nteractlon represents the nondlagonal
part of the Hamlltonlan in'Dyson's basic set of states.

- Dyson s results extrapolated to high temperatureS"

‘suggested that magnon—magnon lnteractlons in ferromagnets

may be relatlvely weak. even near the curie temperature.“ This
prompted Mlchelene Bloch (1962) to explore the POSSlbllltY of
treating ferromagnets and antlferromagnets (M. Bloch, 1963)

as a gas of weakly lnteracting magnons.r She examrned the "":‘-
_Helsenberg exchange Hamletonlan ln‘ﬁ-P formallsm, obtalned by
truncating the square root expansron after the flrst term 1ni

boson operators (see Eq. (IV-3)) and then- retalnlng only_ : !
.terms 1nvolv1ng occupatlon numbers of a palr of spin waves, . .

for the purpose of calculatlng the temperature depeni?nce of

thxlmagnon energy and the magnetlzatlon.ﬁ It is assumed that Ry

it . N A -
1 ) . e . ) .
H . . o - -8

e Ao i T T G e T T T
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this truncated Hamiltonian remains valid through the entire

temperature raHQe,; Bloch's‘paper-wes limited to sim;le;
cubic ferromagnets an& gsimple cubic andwcs Cl type

- antiferrdmagnets with jusﬁ one exenange interaction. The
Hamiltonian HB; for a cobic ferromagnet-is‘ S

E, - ("'j') }_{i' nknk ' ;YO + Yk_].{l '-'. Yk - Ykl) ] ,
(VII-1)

where - - I o
. N

.

E

Al

=L exp i(k:8)/2 . (VII-2)

8

g =.2952{vg. - Yy ) 0 Yy

‘Here 3 denotes vectors to'neeresEJneighbours, and nk‘is-the'

number operator.
| For a 51mp1e cubic 1att1ce, HB can be rewrittenfas
= I skng”— (é—l——i) z EkE;,nk k. o : ‘_ - (VII-3) .
. k7 . 4JNZS ' kk' ' . -
. l . ‘ _’ ‘_ o ,
Z -being the number of nearest nelghbours and N, the total. -
(VII- 1) to Eq.. (VII 3),

N

number of atoms. In goxng from Eq.

one makes use of (Semura, 1972)

Ly, . om = . . (VII-4)
CID Yo P < Y IOk (V1

. By using a variational approach, i.e.; minimizing
the free energy of the system W1th respect to. <nk p the

»

-

P R M
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average occupation number, one gets an expression for the

-

cnergy Ek(T) of a qusimagnon of wave vectof k at the

temperature T as . L - /

kl

B (1) = B (1 - (22988%) 7" I (<m B0} (VII-5)

oL

where <n, >, the boson population factor, is given as

Sy = 1/[GKP(EK(T)2kBT)— 1y . - S i)

S«

1

Thus, the magnon’ energy at zero temperature Ek is rehormelised‘
to Ek(T) at temperature T, and the renormallsatlon factox

ot {T) for a ferromagnet 1§

-

«

¢

TN

Firy Ey (T)/E -;- (ZZJS% x <nk.>Ek.] .

The similar expression for the renormalisaﬁion of a

simple antiferromagnet (Bloch, 1963) is.V% ,' :_ e

L4

o (T) =1+cC/25 - t(JNZS?)—I

-

where C'is,es:given by (IIi45) end_f

tol . - . -
; . . r
/ ta

* These expre551ons are wrltten with N as the total.
"number of /atoms, Bloch's .expressions are WLth N as the number

of prlmltlve cells in the crystal.

: -
\ +

Y,

Sy A Q.

e s e A A e S T T T

(VII-7)

o <n OB ) (vII-8)
k'

i
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o 2172 ' -
E, = 2J52(1 - ¥;) 2 | B (VII-9)

since spin wave interactions result in renormalising the ¢
spin wave energy by a certain factor, the interaction
theories are also commonly referred to as renormalisation

theories.

Following Bloch, we summarise below the main -
- properties of-d(T):A' | : ' _ - >
f_ (1) a(T)., as derived-by Blech, is the'aame for all magnon
modes (1ndependent of k) at a glven temperature ?. This"
simplification is a result of the above expressxons being

restricted to the 51mp1e cases of 3ust one exchange constant,

and is not true in general.

(2) The expre551on for a(T) is an implicit equatlon -since
<nk>.on the rlght hand side of Egs.’ (VII-?) and (VII 8) 15
itself a(T) dependent. hus, the equatlon needs to be_

solved in aiggaf—con51stent fa§h10n in order to. evalua'
: AN

a(m) -

(3) There exlsts a maxlmum temperature Ty (T' for'an ‘//,;\
antlferromagnet) above Wthh no self-con51stent solution of
| Eqs. (VII-?) and (VIﬁ-B) can be found and thls temperature
is close to experlmental values of “the tran51t10n temperature.

| ‘(4)¢”In a domain of temperatures‘jo,rn) Egs. (Yr;;j) and -

' 3 . . - ’ . L
\ . ) . - . .
. : . N
N PR .
, .
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(Bloch 1962, 1963) on: spln wave renormallsa

151

k)

(vII-8} have tvc roots dl and az atleach temperature T, of
which 'the larger corresponds in the low temperature limit'to'
the standard results of the spin wave theory. The twc roots
at zero temperature are 1 and 0, as can be seen by

examin&ﬁa the low tempegﬁture linmit of Eqg. (VII-7)}.

! -

(5): At Ty, the reduced magnetization does not reduce to zero

put has a finite value of abeut‘O.ZS,r/

e —— e

Slnce the appearlng of these two papers s of M. Bloch

-a rather

1arge number of authors have referred to thlS work. Even
previous to Bloch;. Oguch1 and Honma {1961) had studled the. j
Lemperature dependence of spln wave energy. Their theory,
however, con51ders only the sprn waves with 1nf1n1te wave-
length, that ls, the ferromagnetlc and antlferromagnetlcr

resonance frequencies. Kanamorl and Tach1k1 {1962) had

'-given a general descrlptlon of temperature dependence of .

‘spln waves with flnlte wavelength. Also, Bloch 'S expre931on

for the renormallsatlon was known in the long Wavelength

<

'approxlmatlon (Keffer and Loudon, 1961)

_The approxlmatlon under whlch Bloch obtalned ‘the
renormallsatlon expre551on is. usually referred to as the
'magnon\renormallsatlon approxlmatlon (MRA) or as 'self

conslstent_ renorma]_lsatlon (SCR) LOW (1963) used Bloch s

-’ approach to calculate thermodynamlc propertles of ferro and

antlferromagnets. In partlcular, he calculated (Low, 1964)

A
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dispereien_curvee at finite temperature-fer_Man and cempared
the calculations with experimental data of Turbertield et al.
(196%3. While we only mentien it ﬁ%re, in the next chapter .

Low 8 calculation will be discussed in more detail. ‘-

Nagai in a series of: ' papers (0. Nagai, 1969A 1969B;
Nagal and Tanaka, 1969, 1970) develops the theory of
temperature dependentﬁmagnon energies in. antiferromagnets,
in which the spin wave interaction terms are . treated by the
l.random phase apprOximatlen (RPA) .. Nagail (1969A) suggeets
another temperature TO' lower than T', defined as the
temperature at which the- energy of a magnon with 1nfinite
wavelength (g'= 0) becomes zexc, may be. the max imum ST
temperature 1nstead of Tﬁ above. which MRA cannot be Valid. -
| Nagal and Tanaka (f369) ‘use RPA ‘as well as the MRA approach
to compute the temperature dependence of the %FMR, sublattrce
magnetizatlon and magnetic specific heat eﬁ MnF, and FeF2
f. They flnd that’ the experimental‘data mostly lie between these
| two approximate calculationfj T r- n ‘
‘ U51hg standard Green 8 function techniquee, the
_ renormalieed magnon energies of Bloch (Loly, 1968) appear as
a solution ef the one—particle Dyson equatlon with the first
order self energy calculated self-consistently. ?urther.
. ¢ energy hifts as well a‘;an °nergy width appear as the real
and imaginary part of -the seCOnd order self-energy. Loly '

(19713 also examines for.§'= 1/2. the double valued solution _

- of the renormallsat;on,factor and concludes that the 1ower

.y
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ER 1
[} : : .
branch of a gives a highel free energy and is, therefore,
! 4
1nconslstent with minimizatron of the free energy

- -~

L}

Liu (1966) solved the Hamlltonlan for a simple
nLlferromagnet w1thin the random phase approxlmation by
u51ng a formallsm slmllar to the Gorkov theory of

) : -~

superconduct1v1ty, and got results analogous to Bloch (1963).

T

N~

. Flax: (1970) used thlS approach for an anlsotroplc Helsenberg

A

)

antlfcrromagnet Wﬁ?h spin 1/2_ : ',“ o lf : L‘
. Bonfante et al..(19723) calculate disper51on curves . -

in’ MnO at flnlte temperature u31ng Green's functlons ‘The

calculatlons use a decoupling srheme due to Callen (1963), a ,1. -

adapted follow1ng Llnes (19647, to type II f 8.¢c. llke Mno...

The agreement of the calculatlons w1th the experlmental datafl

1s rather good. The Néel.temperature ylelded‘bylthe.Callen

[3

dccoupllngrmethod 1s about:135K. o T ":j‘ _ﬁ=- o ' _

Kthl et al .(1973) calcul'te dlsper51on curves in

MnO at flnlte temperatures usmng ‘n exten51on of the "RPA .

experlmental gata. They obtamn satlsfactory agreement w1th

observed spln wave energles even at T = 100K ( 83 T )
7 : ..

- ~Lo be wave . vector dep n ent, a phenomenon morerpronounced in

]

| systems of low dlmen51ona11ty - Since second o;der magn°thf““"

phase tran51tlons affect only 1ong-anElength magnons ' o )—“/ij”‘

H

Slgnlf}cantly, Llnes (1971) 1n advanc1ng hls new approach to

~ . - . —-
~ - . . : o

C g

T




‘1p1n waves.

i \‘ . . . :
Green's function decoupling emppasises;the importance of
having theorics to calculate wave vector déﬁendont‘

~

. ‘ - Lo o .
rcno;mallsation. Harada et al. (1972) point out, however,

that the 'results of'Lihes‘:phonomenologicai é%eatmént cannot
be comppredhdircctly with the'sbin Wavq‘interaction theory.
vyelon (1971) é@uqiéd thérenormalisaﬁioﬁ of largé waQé
vector mggnons.in“ferromégnet;c CrBr3,'and éohciudqd that
Lhe whvg'vector‘dgpendence‘oflthé gnergy 1§ss'gi;es hvidehCQ.

for obsc;yation:of;the effect of correlation between

oo

In general it appears (Low,_l963,LLoly, 1971) that .

‘Lhe predlctlons of all the renormalisatlon theorles ‘cannot

bc expnctcd to be rellable much above 80% of thq transition

Lcmperature.

.
t
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‘ occupation numbers, are the ones that .are expected to i

&=

S | | CHAPTER VIII ¢

FORMAL THEORY OF SPIN WAVES AT FINITE TEMPERATURE

AND IT'S KPPLICATION:TO ANTIFERRDMAGNETS'

In this chapter the extension of Bloch‘s theory
(Bloch, 1962 4963) to an. arbitrary range ofJexchange

1nteract10n is undertaken and ‘the theory appiied to various-

P -
antlferromagnetq..

-

The Hamiltonian describing the dynamical interaction

between a pair of spin waves is as given by Eq (IV—?).

‘use ‘the Bogoliubov transformation to get terms guartic in

the o and B operators. The constant and the quadratlc terms,
'which respectively contribute to the ground state energy .
\{Eq (Iv 13)) and the spin wave energy (Eq. (IV 17)): have

been discussed earlier in the theSLS. Bloch 8 approximation

;con51sts in Tetaining only those quartic terms in o and 8.

operators that represent a direct interaction between a pair

of spin waves. Such terms, being expressmble in terms of

contribute to the free energy of the system. The resulting

interaction Hamiltonlan. With terms llke_uqlgql qz?qz
gt F gt oot ef gt

‘r

R Y

8 or By B ‘et . 1 nored -can be written as
ql % “a, qz | ql ] qz oy BRI - -

i i

155

{:

-




£}
”int'

156
Y IS TR
Y. oo, a o a. {{(5) J,(0)cosh®0 . Binh“0
a9, T % 929 N' "a gy 3 |
+ (J) Jglaymay)einh28, sinh20, - ({) [J,(0) + T, 1qy-9,)

1 Y2

3 ey 2, 20 2 2, .
fB(q1> ‘Jsfqz)llcoah Bqlqoqh oq2 + ginh ohlginh oqzy

-

JERS (ql)ﬂinh28 lainh 0, = (). 34(q;)8inh20,

q, gy
x cdhhée - f3 )y J (q')siﬁhzo‘féoah2o } | -
P20, T (W Tal9pI SR PO Ngy .
‘4. L 'ﬂ+ B B+ B {(N”J (O)Binh 0 couhzﬂq-';':~
qlqz q1 ! 99" o 2
. | - o ' .
. ;___ _ o : a ) '_ 4 .
*,‘N)'Jd(qz ql)siphzgqlsinhzeqz (N)[J (0) J (ql qﬁl
-J f i-—“m.(q‘)]{sinﬁéﬁ' éinhzé .+ éoahie éosﬁzo 1
- 2 3 (q isihﬁze cosh?e - R (g )Binh20' .
N AL q; - q, - *2NY Va4t T 91
. B ) | | B
: . . '; 3 H_ b e ‘ i 20 S .
X cosah20q..2 : (fﬁ? Jd(qz)ainh.pqlé nﬁ qz}' / o .
‘ o + 2 n2e .+ (EY
+ L B {(ﬁ) Jd(O)cosh 0 cos_ q 5
9,9, ql ql 1,°9; | q; 2

e ' 2 g
: D - 0 osh o_.
® qd(qz-ql)s%nh?eq_sinhze . (ZN) q (ql)sinhzlqlc ' q

7’
- o
u

1 - 2 2

2
R h 0
(ZN) J (ql)sinhze ICQShzqua' (ZN) J (qz)cos ay
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¥ oeinh20, = AR TG0 + Tglaymay) - Iglay) - 9, (ap)]

% [cqgh?p ainh?0_ + pinhe :cdshzo 1}
g5 92 4.7 9
‘ - f'|. I -4 . T
v ph e ol o () o (07einh?0 sinn®e_ . . -
qyq, 1791 92 % N ST Ty 92 |

.l ) - ‘- l LN “. 1 . -v l
+-(ﬂ).Jd(qz-ql)aiphzeqlsinh;pqé = () Jd(gl)

) 3 (ql)sinhzoq'sihhzo 7'. o

x sinh20 7coah2e'
‘- 1 by

: - (
ql q2 2N

) ;1- R , , ] . ,
‘(2N)1Jd{q2)ainh28qzsinh 391 ‘(n)[J {0y +-J (ql qz

w

g tad <. ‘ 30 . 2n 2 |
__Jsfql) Js(qz)](ggnh Bglépsh qu +,goqh‘0qlsinh Oqz]} .
a = o C{VIII-1)

" In order to simplify-the'Hhmiltonian,ilat'us
rcarréngedtorﬁs5and'write it with all the d terms and the

_ s terms collected separately, as. S S o . ‘

o o g |
n, , = () &L J (q q )[a o Binh28 o_ 8inh20
“int N q1q2 "d7T2 Tl Ay ql qz 92 Ay
C s ‘ .  { SR _ R --' T
w8l 8 sinnze, 8} B, “sinh20 '+_a*a'_sinhzﬁq |
i 919 . h 92 92 " 4 9 % 9y

* w et g sink | t 5. sinh26_ )
. x . B. s8inh20 + 91nh28 B B sin _

: e $ |
R cosh28 o o c05120 .
l 2 - ‘-J . .
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. AN
61 B cosh2@ ﬂ3$=B cosh20 + u+ u\ éoshzb :
9 N 992 % 0 9 Y 9
B* 3] 'coshie St 6'r B8 cosh20 a* & .cogh20 '1
q3 43 R CR (O S q) 9y 4 T Thdy
4, . & ~ 2 4 . g T
() I J (0)[u cosh“f6_ o’ o sinh“0

ton o g Fo 2 to 2, -
B 8" sinh®o cosh0 . + a hlo "
a,%q,- ' %, quﬁqz .os; a, aqluql_?ps 4

x B+'B-. coshge- + B; 8 ginﬁzg + a Binhzo' ]

’ 929 o0 92 1 9 ql qz qz - a,°
3 F
= (=) ) J (q ){u o cosh20‘, a a, sinh™0
o qlqz %y by 9 9292 - %2
‘; aifu? coshzo 'BT.Q- cdsh20 V'; st 8 coshiaq"
115 %2 qz -.:.qz ST
ot | ol ot . | S 2 N
X. o O -Binh,O +-8_ B, coshZB B B cosh 6 1
92 92 dQ  hh . %2 Do %
3 ' 2 '+ Bt
-z i J (q )[a «_. cosh 0 a. . cosh2f
AN g 299 Cay e T
. 1 2 o . S
B AR T S SO
+ o' a_ - cosh®e -B B cosh20_ ~+ 8. B sinh“0
BT RCTES P4 PR B PR T W
ko ot 2, ot 5 -cosn2
‘ osh20 -+ 8. B 8inh“0 B B cosh20_ ]
T o tay O ey T % qz 2 %2
- a0 + 3, (ql ) ‘J'-s;qu'-. J_la,)].
_qlqi '-J; | s
. .. ‘ . ’ . x" + PN .c" .'. - R 2
x [a+'a coshze' -a+ o cosh29~ + aJr a - 8inh™0
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X o & ginh®0  + f_ #  s8inh®0 ! 8l h 0 -
T2 %2 Tp T Paplay My
I 'i 2 . F S 2 ’ e + 2
+ BB, cosh™6 B AR, cosh“bd_  + a Lo
F Pyt T Ty Tyl U ey T eyt T gy
X gt B :‘Biﬁhza ot QT Binh 0 R T:G , éésh” 0
‘qZ' c.lz- o ‘qz ‘ ql ql ql‘ q2' q2 ‘-"',_"'.'. ; qz
| b T T
¥ BR sinh 0 o “cosh*® + B8_.0 cosh®0
9y 9y, ql qz qz , k5] 1 ql - a4,
X u+ ainhze' 1 ..

q.2 q2 ) qz

(VITI-2)

1t is poqsiblc to soparate thc q1 and qz tormo by rocalling ‘7

Lhu Lrnanolma of qxchango oonstants as givon by Lq. (IV ll)

7Noruov01, since ql and q2 may beo intorchungod in' tho sumu,“

: »

toerms: uuch as, o. g.,

.- . ._' _1_ - . . . . -

- noon [{a, o 4 B B )coa g -d ainhzo i

4p-49, 9 91 .- ql 1 9y .

‘ ' Y ‘ .|- - . - - -r " | . - )

: x [l o + st 8 )coa g, d sinh20_ ]
a8 B% AT %2

e

" can Boiwritten as_

X -+ cos q°d pinh26_1 .o
[ {uq?g : Bqu)..; g°d it ,

]

-

The intéréé&igh Hamiltonlan is, then

-
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P . 1 R ‘ + _ R
n, o= n o UE) [N +. Car 2
int T 4 "dUN [q ‘“q“q Bgﬂq)cos q°d sinh20 )

1. ok 1| . o ,
- (5% (B (eja. + B 8 )sinh20 ¢ . N T
. 2N q 949 _g q ;12'q con q gl}; (uquq-+ﬁqﬁq) -

. o4 '. § o .2 Co 1 .

, 4 42

ﬁ costhq] + (N) [; Suqqq cquh Oq +,Bqﬂq‘51nh Oq)]

x [ (ala 8inhlo_ + 86 cosh
q a9 q gd

2. N 3 .- ". .
0} - () L (o @
q _ 2N‘ Q. qq

5

1

' +- ) ° . - ; A ‘ 2 ' + B 2
+ B R )ysinh20 ) (X e ate cosh?o )
( Pafq q ong q-dl '[q‘ ,(uquq, ginh’ O'q +‘ Bq“q_ CO"{“OQ).]

TR { o S |
L 330y inte eoan? ot 2. vy gt Ty
(2N)Fg.(uqnq §?5h Qq + 88y “i“h'“q?l[g'(qq?q-+ ﬁqsq)‘
f_ _ " ) . ’ ' o ﬁ
. x-8inh20_ cos g;d}}+x J {f; Z) (u+a"uinﬁ20' + 8o
q =1 E;,.t:i‘Nq_(]q- _‘q\.(_{(]

. ) Iy . -
SR N T L
“x cosh?0 11 = (B2 (oto cosh?i o+ pln

| N e A

. 2' . - 2
qtq €98 q s8inh Uq),]

q-.

’

o + 2. Lot 2. 2 o
N (ﬁ)[;,qos;g 8 (ag oy sijhaéq_+ B,fq COHhLOq)lf S “55
' . s _ oo Ld
2 2t YRR PO T 3
= {z:) L . h™t .+ inh“0 )Y,
ol cos 4 5 lagdq 05 0 ¥ Pglq ®H07 o]
. . : . - - i. ‘ Y

o _-:4‘ - 7... | " - 5 " . . - 2
‘f,(ﬁ)[;<cos q's (qng‘s;nh oq ,hﬁng cogh oqy]

' g-FT;(uTu '%inﬁzox-+fs¥éL coshzo-)1'+ (ﬁ)ti coy g'év
: -é g L 4 a'q T d 7 NG T

. AT TSI R T

. + . ginh™ 0 % {c o cosh™0 . . -
* tagug coshT0q + Bglq 52 R
2-,/ ) . : ‘ ’ ' . o
0. o " ' s
o1 A

. j“+ co ; \
.+ ;
_?qﬁq‘b?nh

L
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© The totnl Hamiltonian is /

]‘lll T e COI’ln a - . . \i'r | ' - .
IO .y‘n? torms + Hopin wave * Mine (VITI1-4)

p

‘ : . N
wb”r?.”int ig as givon by‘ng (V;I?-?), Pﬁd "apih wave and
the congstant terms drulhs'givon by Egs. (iV—l?)_und (IV-13)

respectively.

i
s

Using tho'a@proach outlined in Chaptepr VII, lot tho
S " . : _ —

. average occupancies <nq> be as given by
<n > o < > =< > . P (VIII-5)
g7 T “Bafyq S o A
.LThe internal‘energi'u of,tho.éystem, iquring conatant tbfﬂﬂc:
“Q&ncg_khcy_are indcpend@nt of occupation numbers, is
& B . ° ; . , . s L .
U '; by J-Ikii f'(xnﬁ; cﬁgg;d éinhzﬁ’)znﬁ f; o
a dr N T U g T T .4 i L
. N X« LT ~
N
"3. . 2 . ' ’ E ) ] .‘ . A I
e (& ¢y > 8inli20. cos g+d) (L <n_ > cosh20 )] - |
‘N)[(§1<?q> sin - d -cg-f q 4 ; a,. - S

I

R 4u o e 2._ by p'c > sinﬂ20:'
T R E g cosh20,)“ (N)Ff- Rg7 8RN

% cos g d) (£ <nq> coshZGq)]}‘f ;_Js{LﬂfﬁljF_<Hqi TS
P g % . ..

9 i
. 2 '4 “ . o . ; )2
% cosh208:)° - () (¥ sn 2 bésh20 -cos ¢ s) .
AR NT g d - T .
_.”..\ \ v |
1Y -




rhysics by Klttel (1969)) is givcn by

S with & = N 8§ .

Lntropy of thc systgm lS'
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8 o I
_ _ ' q

+ 2NV E <n >
' q q

. o ' (VITI-G)
q iz - ’ '

The entropy S of an assombly of harmonic oscillutors,

inch with averagye occupancy <nq>, i8 the sum of tho centropy

ol th 1nd1v1duu1 oscillators Thc cntropy Sq of an

'1nd1v1dual oucillator (sco, Q. g., Lq. (15~ 14) of Thormul

. .

*

S .=.'- k ( >"E ;:: >.. :- < b -}ll z > .
q B[ N> n‘( n@:) { Ny 1) &n{ ng 1)]

q N ’ . P - . . - '. r
4 " .
. Our system can bao regarded as an assembly o[ harmonic

OGLlllatorb labclled q with average occupancy <nq> and aincc o
we havc two- 1dcnt1cu1 systems bacause of thc-equality

introdUCed by Fq (VIII— ) for ‘tha occupancy numbcr, thc‘

P

.
S T o : "
e = - 9% F fen 5 on {(¢n_>) - -(<n > + 1)An{<n > +.1)
§ = = 2Ky g.[<“q>;%“_( g™ “(,.q Mnfamg o
A oo S (VITI=TD)
The frcc;cncxgy F of_thiscsystem at a';cmpcrgturc T is .

-
H

Feu-ws c viIr-®)

¢

I . VIII-7a)

o
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with U and S as given by Eqs. (VIII-6) and (VIII-7b).

Equating the extremum of the free enerqgy with respect to the

average occup@tion number for a certain wavevector k

OF _ _ o 4 S _
T 3 Jd{(N)[{g <n,> cos g-d sinh20.)

(cos k-d sinh20,)) = (%) H‘gj‘q) sinh20,

g -3

»

"cos- g-Q)'(eés’hlzel\_;:)] - (%} [ (.X' <n > céshl’_,Qq').

I ‘ .. "..‘ 4 ‘r". l' E . _
.(siphzekypos.h'ﬂxlVf_(ﬁ)t(; <ng> cos??Oq)

'3
]

' >_<.' (cc_:s'_hze'ki] - (%) “f.l <nq> sinhzﬁq cgs q-d)

X (cqshzek)]‘ - (ﬁ') {((}:i gnq.{ c‘qshZOq). | T

% (.':~'>;'Ln1'120k cos 1{_'-d_)']} + L J.s ("_ﬁ) .[(E <nq>.
. P o . s. . - e .

x~cosh23q)(gosh20k)] ~ ‘ﬁ)[(éu<nq> ?pshgeq‘{
B L ' - '- o | k+s)) + (9-)‘[()1 <n’ >".
. x cos g-g) (cosh20, cos k)] + (g L{E Ny

. ‘V ; ' P ) “ 4 . '- | .
% céshl!eq cos g-s) (cosh26,)] + .gﬁ) [(E1 <n>

. X, coshzeq:) (gb_shzek co:s 15_5)]} + By




i64-
+'kBT lnlan>/(<hk? +1)1 =0 . (VIII-9)

since’thevaverage occupancy <ny > for a'magnon of e¢nergy EQ(T)

at a temperature T is given by

s = 1/lexplE (T /KT -1 o 0 | (VIII-10)

-,

1L is POSulble to rewrlte Eq (VIII 9) .in a form that glvcs
-the ratlo of the magnon energy of wavevector k for

_temﬁeratufe T, E (1), to the zero temperature energy Ek.' _?

Thle ratio E (T)/Ek, whlch tells us the factor by which the
Lrergy of a magnon-ls renormallsed at the-temperature T, is
"x\Lheve —called renormallsatlon factor a (T). So that, one

writes ..

R '.—.1‘_ ﬁﬁ)(Ek) g Jd{[cosh2?k cos k-d sInhZOkI.

ST %'(Z <nq5(c°s.g'gusinﬁzeqij-coshzeqyiy

80135 3 [lecsnz6. -
+ () g ZAJS{Ecoshzek,‘_coe k*s ‘cosh20,]

- . ‘k‘s . : ..

x [E <né>;cee.g-g ceeh?qu- ?OShzeq)]l‘I'= L |
-, R S | e (i)
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Thus, at a temperature i the zero- temperaturc energy5

i, of a magnon of wavevector k is renormallsed by a factor

o

k(t) to
k- ’
E&(T) = dE(T)E& o ' o o (VIII—lZ)'

N
T~

ak(T),,the;tenormalisation factor, as given by

L. (VIII—ll), is wavevector depeﬁdent:_

Using Eg. (VIII-12) one can write ;nk> alsoeas

<ng> = L/['exp(ak;rx?)'ﬁ"}c/kBT) -1 . - (VI1I-13) |

In the llmlt of the temperature of the system approachlng - ‘ ‘
eero, <nk> also appro;ches towards the ‘'value zero. From

(VIII ll) one can see that then oy (T) w111 be equal to 1,.

"~ as cxpected ' o ? -

*Next it 1s shown that ln the spec1al case of just. one .

cxchange . constant, the renormallsatlon factor a (T) as glven .'_ 7 )

by Eq. (VIII ll) reduces to the. wavevector lndependent form
given by Blooh; 'f N
(i) :.Simpie ferromagnet with just one exchange constant

r~ .
s 0 .
. ' Ll

For a ferromagnet on a.Brevais,lattice-with_a_singlen‘

!
LJ

exchange constant, J,‘it;can'bef§hown'tha$ the'analogous.'

Ve form to Bq. (VIII-11) is - o EEE R Lo é
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' :
Fery = 1+ (& Co o
oy )y =1+ (E) (I-Jl/Ek) L {[1 - cos k8]
W ' 8 _
.J .-"
x [T <n> (cos g's = 1) . AVIII-14)
q T !
. ) ‘ F
\ The zero temperature energy E, of a magnon for a
ferromagnet is 4 L .
- . Al ‘l
F _ : .l -
B, = 25‘,|J\ZS(1 Yy |
= 28]z = (L cos }_c_g)] o T (VITI-19)
. . - B . . - o .
wherc YP is as glven by Eq (ITI- 6) .. thing thag‘i éos q-s. .
) q ;
an be w11tten as L [(E cos qr s)/Z ], Eq. (VIII 14) xcduces o
g .
‘o Bloch S expreisjon for a cublp ferromagncg (Fq. II 7))._
o * [ . }1‘» . ‘- \._"' - . v — ' : Y .
(ii) Simple“anﬁiﬁerromagﬁet_wiﬁh one exchange constdht N
D f putting allag terms equal to. zero and J lJIf .
v ] ) _ '-\. ’ -,
rqg. (VIII 11) becpmes, o L j:a.-\ ' R ' .. -
Y S L ~ a ‘;_k'“i-;j"'.'72‘: B
a, (T) =1 + ) (|J|43k)ng {Ecosh?Bk -gosm_l_g_ & sinh O}J
e o T o
CUxoLE "<n'q>(<'.l:os'g°':c}_=s.inﬁ28.q —,:‘T;é;._;ssfhz.aq)fl}- s “
3 | (VIII-16) °
o . . o oL
{The T = 0K energy of a magnon of.waYeyector-E for 1 . -
. - . . - . : - N
. 4. . B T . : !
" the case og JS =.0 and_Jd~ lJ| ig o _ N .
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\

.
[ -

~ By = 25|qblzy cosh2e, - (2 cos kd)sinh2e) (VIII-17)

v
A

Again'nOting that I cos gid T [{E cos: q-d)/2.),
q— ‘a -a a
Eq (VIII 16) reduces 1n a stralghtforward manner ‘to aloch s

expre551on for a cublc antlferromagnet (Eq. (VII-8)).- ~
. . ‘\ . .
.? | Summarlslng one can say that the renormazliatlon - .

tactor of a-magnon_of wavevector k at the temperature T -
depends both on the wavevector'k as well as the temperatqre

T, in general Bloch studled the 51mple cases in Whlch, as

~
~

ve saw, . the factor at’ any temperature T depends only\on that
temserature and is 1ndependent of the waveVector 3? the
magnon. We shall uge the general formula {Eq.- (VIII 11}) in < -
'the calculatlons_?f ‘the renormallsatlon. ) 7

Ve w111 apply the theory to’ calculate the d1spers;on
curves of Mnrz, RanF3, MnO and NlO at finite temperature.
"//\h comparlson of the calculatlons of the temperature
dependence of the magnqn energy with the data obtaxned from
1ne1ast1c neutron scatterlng experlments is one of the most
sensmtrve tests of spln wave theory at f1n1te temperature.
‘WE\Wlll also calculate the temperature dependence of, the
sublattlce magnethaatlonand compare 1t with the experlmental
data. The examlnatlon of the temperature dependence of
magnetlzatlon and of other 51m11ar magnetic propertles such

as spec1f1c heat are a less demandlng approach to an a

- lnvestxgatlon of spln wave theorp a% they 1nvolve a summatlon

i . . S

-
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N |

N I\ ! ~ . ‘ .
over ali:the _magnon modes present, in contrast'to the neutron L. °
L

experlments whlch are capable of measurlnq the propertlee
3

a55001ated ‘with a sma@l group of magnon modes (Low, 1963) .

- N

Finally, T M , the temperature beyond whlch the self-consistent.
solution of ak(T) doee not.ex;st will be compared ﬁfth the
experimental value of Ty~ D

The entiferromagnetic stfuctnre of:these compounds
have already been discussed in earller chapters._ The numbet e e
and types of nelghbours and the magnltudes of theoexchange S
‘constants, etc., is the type of lnformatlon that' is needed ‘_ : o :\
to write down. the exp11c1t expressxon for varlous summatlons T 411
\lthat appear’ in Eq. (VIII 11) and to. evaluate them. This - .
1nformat10n is summarlsed in Table VII -1 for-RanF3,

Table VII -2 for Man, Table v- l and Vi-4 for MnO and in ; '5

Table VII 3 for NlO The exp11c1t expre551ons for the

T

Y

summatlons have been put together in Table VIII- l.. The zero

o © ;

. temperature energy Ek is calculated usxng Eq. {1I- 59), whlch

treats the anlsotropy in an approxlmate Way as a parameter, , .
'HA.
the wavevector. . in MnFZ, the gq dependence of H (Low, 1964)

In general, Hy is a functlon of both temperature and

is knbwn to be, assoc1ated entlrely with the: magnltude of qz . {
}and amounts to a “maximim of a 1% reductlon in spin-wave . ;' I
energy when'qi has its maxlmum value. For Mno the g . | : /
dependence of Hy amounts to eVen less than a 1% reduction i /

in spin wave energy at the zone boundary. In ‘view of . thls,a

we,have ignored the g dependence of HA The temperature

i

L
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. TABLE VIII- l

THE CI\LCULI\I'fON OF RENGRMALISI\TION’ OF SPIN W.I'Q(ES L _)- _ -
Lt b 1 L.

“« -

The éeneral expression forruk(T)lfi

N -
gk(TL % 1 - (—)(-—) tJ {[coshzok - cos’ k“d 51nh20k] ]
. . k da . . S ‘
. . . . =
? . X {g.<nq> tcos. g-4 Sthgoq_- cosh29 )?} T : A\_%/j
- . _ ‘ . ' :
\ - . o . .
' 4 (-)(-—) : J {[cosh20k -.cos ks cosh20;] o
) k s’ ' . . .y v
-: ' ' L -.'. A .. .. . ™~ ‘ -- _ -E'
" xofI <n > (coseq's cosh28_ - cosh28 Y1} ..o -
' ﬂq nq ( El =T q-,- g zv)q , // ‘
~ o e A S
- - 4 . J
with - T.ove _ s \ D
T2 201/2 U
By = (" 7 By y oy
coshZQk /By . 2
. - i
R | o - -
: fsinhZBk = Bk(Ek.”r e - ‘Cb' L.
- . N . . . € . -
- 3 - _. . _4 . . ; '\.
Land <n,> = {/[pr[(uk(T)ﬁklka?] - 11 . E A R
: o ] o .
. (’ .
\‘\‘\ ) ) -
| y a .
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TABLE VIII-1l: - cb_ﬁtj.nue-d :

THE CALCULATION OF RENORMALISATION OF. SPIN WAVES

ot

’ (i) _MnF, .. l' ' ]
. . r . *oa - | ‘ ]
.1.', -J'g( = i Js C 5.}5.'2 = 2J1 cos z, + 2J’3'[cd/s Yk + co's,X-k‘]
-~ . 4
’r ' - - ]
— ‘ ~
| Jg(0) = 27y + 474 < X , . |
)‘1 . "
2. J. k) = g Jd I_c_' = 8J2 cos (X /Z)COS(kaz)COS(Zk/Z) :
LY ‘; :
. J400) = 83, .
At = - 205 7201 < 43, 1sin (%, /2)
3.0 = - S{IBJ - 4J1 gin (2.71(./.2‘)] }- 3 s_1n.. X,
. +..' '_.2 Y/z)]'}_’_ﬁ . i L -
-+ sin” { /21134 Hy
) . V- .o B R T
By ﬁ;Q_40&5'QQS(Xk/z)cos(Yk42j?os(2k[?3 - o
4. (2; Jd co§(l_-:;_.-§_)c?bé:(g.'§_). _ T Ce
= 2?2[""’5;( Q{kﬂf +zk)/2)cos((x +Yq+z )/2) : N
' . 1
. e cos((xkﬂf Zk)/zicos((x +Y -7 )/2) B .
- '.'+ cos((x —Y +Zk)gjcos((x "Y +Z )/2) “
;o C??(('ka?k+zk)‘,‘2)°°s(»(".Xq”q“*zq)/.z”, O

K‘J .
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| . -\ . R K} ) . N ' -
- TABLE VITI-1 - continucd ' -
L, _ o
[1F, CALCULATION OF RENORMALISATION OF SPIN WAVES

COSl (}-\-_.E)CQS (S.:g_)r-' 2J_L[C.05. ?.'k ‘CDS.Z(]] o : _ . I

U
:“n . : R
. -
i : . . 8 X g + cos Y, cos Y
. +.2J3[c9 Xy cos X, ro K C q)

2
(ii) RbMnF,

a8

1. F (k) = B d coi_g-g.c 2J2BBE Ty JS(Q) = 12J2
bl - S - - N R ‘ ) ‘ - ‘ ,

. .’

vhore BB = 'cos (X +Y,) + cqs(kaZk) t cos ('?‘k'*x\k) .

T cos Xy mY,) 4 cosYym ) T cos B Ny)

T

. 4

N

(

2, Jd(k) =-2 Jq C€OS k*@ = 2J1_M\k + 2J3CCki |
- L] A . . ‘- vk- t- . - '. - . . K . ‘
L ’ ‘— - . ER '}- , . . ) N 7, . | .
Ja(0) = 63y £ 833 o T

1 ' Ce . i ‘ S

P

o : : + cos 2.7 - v
where Ay ok ' S - b AT

= cos xk + C?S Yk

-Qck = cog(xk+Y_+Zk) + ?051XR+YR-ZE)' 'r._n . e
. . - . ;‘, | |

3. AL = - 5167y + BJ3|‘-12?2.+ﬂ29233k1 | 3
e o . | S _
- ‘ '. - ) A *G
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TABLE VIII-1 - continued

'THE CALCWLATION OF RENORMALISATION OF SPIN. WAVES

.

+ 2J.,CC

K K 3CCx1

DS cos (k-d) cos (g-d)
a

Y -

I
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= 2Jl[c6g Xk_cpslxd'+ cos Yk cos Yq + cos Zk cos Zq]

i

: +
+ 2J3[co$(xk+kazk)g?§(quYq+zq)

o

+ gos(ﬁﬁ{yk—zkycos(xq+Yq—zq)q

>

| +
+ cos(xk Yk+zk)c°s(qu g &q)

v cos (- +Y 47
fﬁcos} kaYk+Z )cos( X g )]

. . [ 2

[}
2

-

+ g@s(zk+xkoc09(zqfxq) +,cos(xk—xk)¢os(xq-yq)

+ cos(¥K;Zk)cos(quin +. cos (2, = )cos(z'-x )]

-t

= 2J [cos(xk+Yk)cos(X +Y ) + cos(Yk+Zk)cos(gqud)

LS
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TABLE VIII-1 - continued
THE CALCULATION OF RENORMALISATION OF SPIN' WAVES L.
(iii) MnO and NiO o
1. Js(k) = 2,Js cos kS ?‘ZJléBBk H JS(O) = 6315
4 ' . ) . ]
, L | .
Cwhere  BBp\= cosl(xy-¥y)/2] + cos((¥y-2,)/2] * cosl(2,7%,) /2]
2. Fglk) = gle s k:d ~-2J1dcck * ZJZAAk | -
where_“QCk =-CO§I(E?&YK)/2]_+.COS[(¥kuk)/2l.+-c?$;( kfx%lle
o . ‘nc '_ : | e
and = PA, = cos Xy f:éog Y, +'cos Iy i“ -
3. AL = - 25[6(J2+J16—J15):ﬁngsBBk] *H,
Bj = - 2slg(Jldcck -+ J,PA )] C b SR
with & = 5/2 for MnO and -8 =1 fqr Nio )
ow o o .
4.0 L Ia cos(k d)COS(g d) - . o L
-4 \ P S ! : A
o b

.= 2J1&ié9ﬁﬁ1xk+yk)/zyéos[(X;:Q;T??}“iLf?s[(Yk+zk)/2]”-“
x cssI(Yq+Zé)/2]f+ éo;[(ﬁk+xkj/21§os;(quxq)/Z]}'
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‘TABLE VIII-1 -, continued . ) B
. . .
THE CALCULATION OF RENORMALISATION OF SPIN WAVES
. : o : - o : R
+ 2J2{[‘co‘s Xy cos }.{'q]‘-i- [cgs Y, cos Yq] ‘+ [cos 2, cos -?q] },, -
5. I J cos (k-s)cos(g-s) | -
S ‘ - . ~ -
' . , , .
= “‘ (o . - . =Y 2 . , ‘ B =
=204 ‘{cos[(xk. ¥k)./2]c°_s.[('kq q)( 1
- -3yl o , .
+ _f:osl(Yk Zk_) /21cos| ‘Yq ‘ q)/ ] N : .
N . . . Z —}-( 2 } -. ‘ - - ‘_ ‘ . ) ;
, -+ coslUZy Xk)/_Z]if)S[-( q q)/r] _ | ‘ _
For all these expressipns,"\we have ' o
. ’ o -' -— q - - 2."- q v )
Xq = ‘Zﬂp?{ Yy —L 21py v Z_.q_ 2 pg‘ o .
| IRCTI
_where g'= (2n/a) (pgr Pyr Py o i
/ X J
i ¢ * . -'\
\ . < ‘
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~

r

dependence Of HA is taken care of by fitting it to the’

'experimamtal values of theig_=;0 magnon energy-at.that

t

tempepature. For MnC, the AFMR frequency wasg used for this

pulpose (Slevers et ‘al., 1963)

F Wt

ey

The summatlons over,g can be performed by 'brute’

force methods u51ng NxNxN mesh as discussed 1n Chapter Iv.

In this case, however, because of the 1mp11c1t nature of

&

(T), the- Eq. {(VIITI-11) .needs to be solved by an 1terat1ve

t
procedure and this restrlqts -the me

1thout sPendlng exce551ve computer

GXGXG was the maxlmum that ‘'was used

asks for the evaluat1Qn of uq for 63

secs.for a 51ng1e 1terat10n, since

of uq in turn needs a summatlon_ove

sh size that can be used
N \

txme.u(A mesh size of

+ This mesh size whlch

0
.

wavevectors takes 220
every SLngle evaluatlon ‘

3
r 6 wavevectors

amount;ng to a summatlon over 66 wavevectors in all. A

change 1n mesh size d1d not alter t

v

he average value of g by.

more than~a percent or so. prov1ded the mesh size was at

186_151: 4)(4}(4 .'
! in view of the large number

aq 1nvolved and w1th thelr ‘values ¢

. .pattern with g, an extrapolatlon to

A :
found to-be feasible. A meSh ‘size

4

of dlfferent values of Y

hanglng in no Smele

N =w Mesh 512e was~not

of SxSXS was used for
4 .

most of the calculatlons. - To start w1th onedassumes the -

same value of aq (saygfl) for all the wevevectors. The first -

iteration generates a set of values

of %y which is, nowr

L
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‘i' forms a better*startlng approxlmatlon ox the calculatlon, _

176.

differentufor every value of g. The process is reiterated

3

‘until‘consistehcyﬁis found between the values of o before -
L . . q .

and after an iteration. A maximum of three iterationsfwas

‘J B v

L -

fouad to be suff1c1ent to glve vadues of a_ which were’

s

¥
within 1% of thelr values from- the previous 1terat10n.

’ Hav1ng got a set ‘of values of aq for the whole of the

N

\ .

Brillouin zone at a temperature Tl' it can be used to

calculate the dlsperSLOn curves in a desired symmetry

¥

{uq} set at another tem ture T

f

than the zero—temperature set.

'y

The calculated dlsper51on curve for MdF,.at o

dlrectlon at that temperature. In order to calculate the :

lose to. Ty« set {a }’“
2

a

+ . ’ a4

.\

.\ temperatures 49 5K (.74 Ty ), 62K

.

{. 92 T ), and. also at 4. 2K,_

along wrth the experlmental data of Turberfleld et al.

4

(1965) in the [o01} dlrectlon are

I
woxrk (Low, 1964), apart from the

calculatlons 1nc1ude both J and

: S\ OLk(T). The renormallsatron facto

correspggﬂs to Eq. (VIII-11) aPP1

- terms equated to'zero. Our-calcu

Low s calculatlons.

i_wc;“w_f' The agreement of the ca

o

t/?’?experimen al values is good at 49

-4

.-

. . .
o Tt Ao O T

shown in qu. VIII ~1.

These calculatlons are’ essentlally a repetltlon of I.owﬂs7

fact that the present

J2 1n the evaluatlon of the
r calculated by Low ‘ e
iéd to Man w1th "the J I

lated energles check W1th

- "9 . 7 Py ) i
lculated'energiesAwith th;\\\;

5K wh:.ch is 75% Of T . At

e rmpe AT




]

o . .,_l.

9 . Ji N ) ~

The calculated spin wave dispersion curves in .

MnF2 at various temperatures in the [001] .
_ . . . Al IR

‘direction. Experimental data are £rom

4

Turberfield et al. (1965). -~ a %” T
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'RbMnF

. lower than the experlmental ones by a few percent

¢

17\8. .
62K (92% Ty) the calculated energies are lower. by a few
percent near the zone boundary. The overall agreement is,
however, bétter than the one obtained by‘Low,‘and-corresponds -

to an increase in spin wave renormalisation of 5% over his

"calculations. This arises from the inclusion of the effect

of two exchange parameters.
n & N

In Flg VIIJ-2, the calculated dlsper51on-curves for

RanF3 in the [001] dlrectlon are shown along w1th the_

Bl

exten51velexper1mental data of Saundersoﬁ et al. (1972).

37 being one ofgthe'simplest-of all magnetlo compounde
{only one exchange constant and no anisotropy), should be a

crucial test for the'theor?. The calculated dlepersionﬁ
curves are compared with-the'experimental data from 50% of

'1‘N to 80% TN Agaln, agreement is good except near the zone .:.

boundarles where: the calculated energles are systematlcally

-As was . mentloned in the last chapter, the,

f\
T

Lnormallsatlon factor ak at a particular temperature is * |
experlmentally observed to be a wavevector dependent quantlty.
In Flg VIII- 3 typlcal plots, one each for MnF2 and RanFB'
are shown of the calculated and the- experlmental values offak
agalnst k' in the IOOl] direction. For RbMDFB' the calculated'

oy ‘does not show ‘any wavevector dependehce ‘and corresponds to

the spec1a1 Slmple case con51dered by Bloch._ Thus the-

wavevector dependent interaction that decreases the energy of

- . . ~

. R . A . . -
1 e
» . e e e tu e s T T ST "\"“\ o A
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Fig. VIII-3:

‘factor in the [001] direction in'Man and RbMnF

- ‘ y E g .
The wave vector depéndence of the renormalisation-

3

For Man.thg'experimental data are from Okazaki
et al. (1964) and for Ran§3 from Saunderson et

al. (1972)#—-& \
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\ . |
low k magnons *faster with temperature in RanF3 does not

seem to be calculable by our theory: -
. - o e

For Man, the calculatéd renprmalisation factor shows

insignificant dependencd upon .the,wavevector, if one does not

include the variation o H w1th temperature«- The dependence

-
. -

arises from the presence f J1 whléh is an order of-magnltude
smaller than J,. The calculated Gy s w1th h altered for the
- effect of temperature, shows a reasonable agreement w1th.the

experimental’éalues for MnF2 ; Moreover,‘the observation‘that

PR
L]

the magnons w1th low k- show greater fractlonal loss w1th

A * - o

temperature, 1s understandable in thlsacase, Sane the energy

*

" of a k=0 magnon is due to the presence of anlsotr0py Whlch

arises from dlpole—dlpole 1nteractlons and these 1nteraqtlons

are 10ng range in nature. .
L

As compared Wlth RanF3 and MnF?; the case of MnO is
rather compllcated. t has three exchange constants Jld' 1s

and J,,-all of whlch are of about equal 1mportance in

ot
describing the system‘adequately. The temperature

dependence of the dlstortlon presents yet another p;oblem‘in
- MnO. Equations (V«l) and (V 2) along w1th the values of the
dlstqrtlon, A, as given by Fig. V-3 are used (Morosxn,A1970l'

to calculate the values qf Jld and Jl at dlfferent

‘temperatures below Ty. The flnal form of the equatron used

. is

I
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35T = 3, (T )expl-etn (1"~ 8/2)1
. ‘
3{,(7) = 3, (T expl-etn(l + 4/2)] E | .
withh e=21 . = -' - o (VIL1I-18).

Bl ) . (-._. t‘ .

Y  cThe.values of Jld and Jl at thg Néel temperature-

vere calculated usrng known values of the A and exchange
_constants at. 4.2K. The values of the Jia and Jlé~along with
the values of A at dlfferent temperatures are glven in Table
i v ;2. In-Flg. VIII;4 thewcal 1ated dlsper51on curves in
the [111]—type dlrectrons and. 14?Flg. VIII- 5 in the [00%}
clrectlon at varrous temperatures are compared wrth the
experlmental data for MnO.- As dlscussnd in Chapter VI, the
data at 4. 2K are from three groups (Kohgl et al., 1972; Colllns
nd Tondon et al., 1973, Bonfante et al., 1972A). The data
at 60K, 78K and 100K ave from Kohgi et al. (1973) and at’ 88.75K.
a d 114. 75K from Bonfante et al (19723). The'agreement of
the calculated energles af GOK ( 50 Ty }n the [111] and at
78K T Sng ) in the [001] dlrectlon is quite 'good. At '
88. 75Kj( 74 T ) *in the [11§J—type dlrectlons the agreement is ¢ .}-'
Stlll gooa except for two regronsf' ‘For the [ppp] branch,
_near the zone boundary the calculated energres are: hrgher by

C

a few percent as compared to the data’ of Bonfante et al. However, at

-

4;2K itself our calculated energles are hlgher by almost the :
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TABLE VIII-2 o - ’\
TIE. VARIATION OF THE NEAREST NEIGHBOUR EXCHANGE y
CONSTANT WITH THE PISTORTION A IN MnO - - \\
A A
\T.r(l{) A (fadiéms) ‘J‘ld (meV) : Jis (mev) T f\/ ?//
- & . -~ ) \\ 4
4.2 0.011 -0.466 " -0.361
20 0.011 . -0.466 _ _ ~0.361
60 g Q.010 -0.461 - -0.365
80 G.009  -0.456  -0.369
88.75 0.008 -0.452 - =0.373 ’
100 . oho7r  , -0laas . -0.376 N
110 0,005 o ~0.440 - ;Qé3?3r N L
©114.75 0.004  —0.434 f “0.387 [/ - »
120 6.0000 . -0.411 . -0.411, |
: 3 hS
3 N L -
!




Fig. VITI-4:

3

»

W

Yot

The calculated spln wave dlsper51on curves in

MnQO at various temperatures in the [lll]-type

f 4

directions. The data pointsuO; Oéand ptare.all-

at 4.2K and were measured by Kohgi et al: (1972),
Boafante eﬁ al. (1972A)7aad,C011ins and'TQndoh
et al. (1973) respectlvely jThe, experlmental
data at 60K and 100K are from Kohgl et al. (1973)

and. at 88.75K from: Bonfante et al;_(l972B).
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" Fig. VIII-5:

o

/ |

»The calculated Spln wave dlsperSLOn curves in

MnO at variodus temperatures 1n the [001]

',dlrectlon. The data points 0, A, O are all at

4. 2K and were measured by Kohgi et al. (1972),
Colllns and Tondon et al. (19?3) d Bonfante
et al. (1972) réspectively. 'ihee\ama at 78K
and 100K are from- Kohgl et al. (1973) and at

114. 75K—fr0m*Bonfante‘et al (;9728};
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same percentage as compared to their data and this dlsagreement
appears to o\“merely a reflect;on of this expérimental

inconsistency. The other region of disdgreement is in the

vicinity of g_= (% %_- % .\_The calculated energies-are

higher even at GOK (.50 Ty) We recall, tpat the magnon at

g = {% % - —0 is a rather special one as it's eQergy arises
from the distertion of Mno below T In the réhormallsatlon P

N°
calculations for MnO we have taken 1nto account the varlation

*

P

of Jld and Jll with the temperature u51ng Eq. (VIII -18). We -
cannot be’ certaln whether ‘the problem 11es 1n Eq. (VIII—lB)
.or in our spin wave renormallsatlon theory, ‘though. we wOuld
be more dlsposed to guess that the former of these is the
source of dlscrepancy. In the [001] dlrectlon, at 100K
(.83 Ty ) the calculated energres are hlgher by N‘B% in the ’ -'i“
' V1c1n1ty of g_— (—-ﬂi— —) otherW1se the agreement is not '

I Bad. However, at T 114. 75K €. 92 L ), the agrdement is

poor.‘ The dlscrepancy 'is a maxlmum for 1ntermed1ate waues.,.

. yectors, where the calculated energles are high by up’ to 1§$fwwfﬁuq_

At 4. 2K~qgr/ca1cu1atea energles are hlgh by a few percent

in thlS reglon and this might make some contrlbutlon tovards

the dlscrepancy but would not remove 1t altogether.m It is
_apparent that beyond .80 'I.‘N our calcu%atzons of dynamical

1nteractlons between palr\, f spin waves are lnsufflcient
“to account completely for the experlment lly observed

lowerrng of energy. Althoug . WE hiave not in uded the
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effec}-f of the kinematical 1nteract10ns in our calculatlons,

" we know that these are J.mportant only when one is very close

- 4
to Ty- A more complete treatment of the terms contrxbutlng

to the dynam1ca1 J.nteractlon appears -to be requlred.

—'\

In Fig. VIII-6 some typical plots of the renormallsa—

tion factor agalnst. wavevector for the [001] and in Fig.

viii-7 for the [11l1l]-type directions at various temperatures

» ~

along with it's ex'perirnental values are ‘shoyn for MnO. Both

in the [001] and the [111] dlrectlons the overall agreement

LY

'w1th the experlmental value is good. In the [001] d:.r)ectlon,-

»
the theory wrth H altered for the effect of temperature, ‘

: does show the experlmentally observed features namely the

zone centre and the magnons aroiﬂ!d g; (2‘— - -) 1ose energy
oy

[~

faster With température than the :Lntermedlate wavevector mag-
t I8

hons. In the [111]-type dlrectlons expér:.mentally “k appears :

to have rather insignlflcant dependence upon the wavevector ,
and’ this .agrees w1th the calculat:l.ons /' | ‘ 7

) % We have seen in Chapter V that the an:.sotropy fleld
in MnO is due to. dlpole—dlpole 1nteractn.ons. By analogy '

with MnF it is not surprlslng that one finds the zope. , .

2 ‘
‘centre magnons sufferlng the greatest\ fract:.onal 1055

[

. energy in the. 1001} dlrect:Lon. The’ energY of the magnon a

‘as was ment:.oned earller, is due to the

‘. El = (2 2 2) r .
lattice drstortlon below 'I‘N and Jis. proportlonal to”

§
-5 yl/2° erénce (J 1s) is a temperature
SIS . 'mhe aifferénce (1 -

- . -
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Fig. VIII;SEX‘The wave ﬁector dependence-of the_reﬁofmalisatioﬁ :
B fésfiihif,ﬁpe [001] dlrectlon in Mno. The
g experimental data at 88.75K and . 114 75K are from
. .. - Borfante et al. (1972B) ‘and at 78K and 100K are

_from Kohgi et al‘ (1973)
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Fig;\ViiI—7: The wave vector‘depéndence of the rengfmaiisatioh
factor in the [111] type dlrectlons in MnoO. The
. experlmental data at 60K are ﬁgom Kohgl et ‘al.

(1973) and at 88 75K £rom Bonfante et al.’ (1972139
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dependent quantlty and decreases to zero as the temperature
approaches TN‘ Thus, magnons in. the v1c1n1ty of q = (2 L —)
have, in addition, to the usual spln wave interactions,
another factor that decreases their energy and, as a result,
they might be expected“to suffer a greater fractional, loss

of energy in the [001]) direction as theAYEmperature rises.

In the; [111]-type directions up to T = BB.?SK*these features
are-not apparent, and at hlgher temperatures there is

1nsuff1c1ent data. Kohg1 et al. (1973) report dlfficulty in

.

observing‘the spin waves at hlgh temperatures due to thelr
hlghly dahped nature. E ‘
"In Flg. VIII -8 the calculated dlsper51on curves for
. NiO are shown at different temperatures. ‘As yet, the
experlmental data exlst only at 78K Q~i§ T ). Although NiO
has the ‘same magnetlc lstructure as Mnén(Type-II f C.C.)
its nearest nelghbour exchange constant, J 1t is an order of

- magnrtude smaller than 1ts second nelghbour exchange constant

Ll

J2‘ This results in its dlsper51on curves at zero tempera-
ture belng very . 51m11ar in all symmetry dlrectlons. In fact,
because of the small value of Jl’ ltS .lattice can. ‘be
‘approxlmated by four lndependent 1nterpenetrat1ng simple
“cubic sublattlces 51m11ar to RanF3 (see, e. g., dlscussion
in Sectlon 3 of Chapter IV) - Hence, one may expect N10 to
‘show trends similar to RanF3 at higher temperatures.

_The sublattrce magnetlzatlon can be calculated

. using Ed. (IV—lQ) whlch, if non-dlagonal terms in o and B
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Fig. VIII-8: The calculated spin wave dispersion curves .in

: ‘J." ,
“ ' 'Ni0 at various temperatures in the [001]"

.o direction. -T2
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are neglected, reduces to

t

MS'—Q,(T) = NS/2 - % Sihhze‘ - I <n )Coshzé . (VIII—lQ)
g a g 9 q

-

. As this equation indicates, the calculation of
_magnetization at any temperature T involves knowing the .
magnon popu;ation_factor, f’nq(T)>L and this can be derived.
from the'same calculations that were usedlearlier in this . -
chapter to give spinﬂﬁave_rehormalisation as a function of

‘temperature.

Flgure VITI- -9 compares the calculated sublattlce
magnetlzatlon w1th the exrerlmental data for MnO and MnF2
The experlmental data for Managefrom the NMR, measurcments
of Fl9 nuclel (Jaccarlno et al., 1959 Heller et al., 1962)
and the data for MnO are from shull et al._{1951) ' For
Man, the calculated’ sublattlce magnetlzatlon shows ‘good
agreement Wlth the data and. goes to zero: at a temperature
. very close to the Neel tenperature of 67K. For MnO, the
agreement with the data 15 good only up- ‘to about’ .80 Ty

M athe‘temperature above Whlch the self—con51stent
solutlon of Eq. (VIII 11) does not GXlSt 1s found to be-
.around 65K and: 82K for MnF2 and RanF3 This is w1th1n S
Tflne percent-of thelr Neel temperatures of 67K and 83K
reeéeotiveiy. For. MnO, TM' without and w1th the anisotropy

-fieldris'fonnd to be around 135K and 140K. Hence, the S
A ‘ .

- Ed
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Fig. VIII-9: The variation of 'fractional‘ sublattice
SR : .magnetizatioﬁ with temperature for MnO and
> MnF, . . The experi_xhenj:al data for MnO are from
Shull et al. (1951) and for MnF, from
J-a'cca;:ino et al. (1959) and Heller et al. _
(1962) . o '
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. L
aﬁisotrbpy'does seem to increase Tﬁ. However, Nagai
" observes that To‘(T0 has a different definition from Ty .
see .Chapter Vii) decreases with .the inclusion of uniaxial
anisotropy. Ty for NiO is found to be about 620K. .Thus,

Ty for both NiO. and MnO are ~ 20% higher than their Néel
~ S % ,

temperatures {523K and 120K).
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CHAPTER IX

CONCLUDING REMARKS

- Generally speakinéf

aspects of antlferromagnets in this tgesls:-

(i) The calculation ©

o

deVLatlons on

at the. absolute zero o

curves in MnO

(iii) The calculatlon\

magnons at fini

: Spln Wave theory,

basic assumptlons:

various aspects of

various prope

at 4.2K.

is the,commoh‘

thls thesis.

f the effect of zer

whidh has locallzed spin a

have looked into three

o~-point spin

t1es of antlFerromagnets

£ temperature.

te temperatures.

L3

(ii) The experlmental measurements of the dispersion'

of renormallsatlon of,the eherqy of

o

2

s ite

theme“that 1nter11nks the

’ The presence of spln deV1ations, even“at_the

absolute zexro of temperatur

finite. COntrlbutlQn "o its yvarious propertleg such a

spln ‘wave energy, thebsublattlce magnetlzatlon, etc.

needs, in order to

'the approxlmatlon (o}

calculate this contrlbutlon to d

£ the 11near s

pln wave theory

Contrlbutlon 15 dependent on the magnltude of spln,

‘ﬁore for systems w;th small values of atomic spxn.

195 ¢

e ln an antlferromagnet, make 2

s the

" Ooné

. A .

o peyond

The

and is

In
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Chapter IV, we have seen how the eariler aégroaches to
: calculatlng this contribution can be extendedfto the case
of “an arbitrary rauge of exchange snteraction in a rather: .
simple way. The"effect,_though.small, should be detectable,.
Iexperlmentally for systems of low spln S. Unfortunately,
-:no exper1menta1 data appears to exlst for three—diﬁensionai.
systems with s = = 1/2. The calculatlons are useful for .
the determlnatlon ofncogaiegszﬁfaj::eters from neutron
diffraction data, for calculatlon Néel temperature u51ng,
series techniques, etc.. The effect ‘has another 51gn1flcance
from a fundamental ‘point of V1ew 51nce it's exlstence is
entlrely due to the quantum nature of spln.

In Chapter VI, we Ssaw that the agreement of calculated
Bispersion curves uSLng spln wave theory with our inelastic -
'neutron scatterlng data was quite good for Mno.. In v1ew of//ﬂ
,the compllcated, though seemingly well understood, nature of
._the magnetlc 1nteract10ns in MnO, the agreement speaks well
for 8p1n wave .theory as applied to antlferromagnetlc

.lnsulato&s._ The values of the exchange constants that we

have derived can be used rellably for calculatlons of the b

magnetlc propertles of Mno.

At finite temperature when the'uagnons start losing

energy and having flnlte 1ife times. Spln wave theory'stiil
works SatISfaCtOIl 1y as we saw in the iast two chapters. .Oﬁw'
COUrse; now one has to- take spin wave 1ntera&t10hsolnto.

- . . . . L oo
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account for calculatlon of the magnon energy. In the' last
l\q\-chapter 1t was shown how an exten51on of Bloch's theory to
- a system with more than just one exchange lnteractlon results
_'in a wavevector dependent renormallsatlon factor for magnon
energy - The theory works reasonably well foi151mple
antlferromagnets like RanF3 and Man However, the
renormalrsatlon factor for RanF3, whlch according to the
theory should ‘be wavevector 1ndependent, 'shows 51gn1f1cant
dependence on wavevector expefimentally. 'The overall’
C&lCUlatlonS of the theoxry are satlsfactory up to about
0.75 Iy for the 1eg§ 51mp1e case of Mno.s The wavevector
dependence of the renormallsatlon factor ig experlmentally
- found to be 1n51gn1f1cant in the’ {111]-type drrectroﬁ; up .to-
0.75. Ty and the calculations agree wrth it '
Finite temperat;ie experlmental data on other
antlferromagnets especlally NiO would be helpful as a further
check of the thoery. NiO berng 51m11ar to RanF "t would

he'interesting'to study the wavevector dependence of the

renormallsatlon factor 3n it. A detalled knowledge of the ﬁ,‘

pattern of the wavevector dependence ol this factor in . -

anhiferromaghets at dlfferenr temperatures may grve a better

- insight into magnetic phase transltxons. : SR
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