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Ir' this thesi,s 1,,re ¡spo-rt the results orl a. l'!össbauer effect
ñ.., t--^.-^a..:^ ,-^-^*^. ^.-.,)-, ^J: ^^.,-^.^1 .C^--^:.liru ¡ìrcrÈ;¡rçLru ¡rru¡,1ey1t stucl¡, o, ,orr*"o1 ferrjmagtretic spinels. By

cleter¡,rining the area latio of the tetrahedlral (A) and octahedral (B)

site lines for Fgr0u ancl YIG as a func'ùi-on of tenipererture r+e have

deteinined thc ratj.o of recoilless fractinn, få for FesT in A and B

äi
€r 'Á

sitcs. At roo¡n teinl-ìeïature u," fln,f 
=f-i 

= 0.9.1 ancl at 0o K r*e find + =.0og9.*A^A

A netho.J is dcscribed fÕr deterraining the cation distribution ar,rollg

cryst:r.11o.qrairÌrica11.y inecllrivalent sites v;ithout'knoi::l erJge orc the ratio

of ree oi l.i ess fra.ctions 6

A¡JSTRÁCT

The tentpeîature depeldence of tlre hyperfi:re cor-rpling constant

j.s deterninecl by comparitrg hyperfine field data obtainsd frir Ire.Clu to

the su'ole.ttice nragnetizal.ion as neasuled by ileîttron d-i-ffr¿-ction úver a

500" K temperatu::e inter-ual" It is found thai: tire hype::fi.ne coupling

colistânt r:Tianges b;v less tha-n 19; orrer the 500o K telperal.irr'e inierval

for both Fcs7 in A and B sites"

The deterniilred rati.o of recoi lless f ractio:'lE is used in

coltjunc'ti-on rvith llör=b",-,"r spcct.ra- irr high applied fields to C*ternirre

the cation distribution of lÍiF.r,0,,, CoFe ,0u a,r:tl IirF'e ,0,, , NiFcrO., ís

fo''rild to be i.iivc-rse, the cati cn distribi-:,lion cf coFero* -is found to be

dcitende:ri o¡l the hi:¿i 'itr¿rtnûil1. The c:rtion distr'ibuti.on iet"r'nit:eri for

Ií;iFer0,, is thc s ¿rri,û F-s tiral çls'¡ eri,lj-ucci by ncuti-'on di.fr"r-'actioir exi;erj ine nts .



Thû nlagncti c liìrntfit of Co]re r0 * is dete::¡nined as a frrnction

of the cati.or clis'Lrj.bution. The contribu-tjon to the magnetic noment of

a Co2'r ion i.ri a B sj.te is forincl to bc SoL.,-y 3.2 tsohu. ¡liagnetons per íon"

This value is <liscu.sscdr in ter;rs of an orb-'ita1 contriblrtion to tire nragnetic

nonent, covalencT effects an<l a reductiolr irr the spin co¡rtribution dt¡e to

spin orb it coiip l ing " l

i

Ëxperimerltal evidence is prescntccl v;hich in<lj-ca-tes the absence

of any Fe2*' j-n NinFerou. 'ihe Lorr, nagneiic inonqnt of ldnFero,,is discussecl

in ter¡äs of a proposccl spin arrangeiflent l+hich requires only the B site
Nn nlagnetic no¡nenLs to rnake a sul¡stantiaL angle r'rith tfie A site l,lrr

magnetic inolnents" This spin arrangc:nent is consistent witÌr the absence

of a ¿\n = 0 tratis'',tion in the l'ïössbâLler spectrurm in a high rnagnctic fielcl.

A noclel is proposcd uhich e;rplairrs in gocd detail the broacl

asy'rr,netrical absoi'Étio:l liiies found fol FesT in B sites of CoFerOu anci

lrÍnFerOu " 1'ne nlc,dcl is basecl oil thc assuur¡tion that tite te:nperature

C.ependence of an FesT B site hyirerFi.ne fielci cleperrds on tÌìe kin<l and

d.j-.stribtition of nearest ncighbor A siie ioils" The tempeiatli.'e dcpendence

of thc valj.otts B site hy'reifine fjelds ¿rre determiüe.-l for CoFerOu and

llnEia ñ tl..i^.-i\lnf c2ur, " uslnq a sinii:1e extcnsion to the rnoieclilar fíeld theory r,re he,ve

foitncl rhe Fe (/i) - Fe (ll) , co (A) - Fe (B) anrl l,Ín (A) - Fe (B) super.e :rchange

írrte r¿:tiorrs ll)' cr¡iiin¡r j lg 'cìico.r'c tica-l- ca. 1cri1i,¿tic'¡ls to the experil'enta1

ctata" Jlhe ra'tio o:íl tìre Co(A) - Fe(B) ancl ltn(,\) - Fe(BJ su,per.e:<cha:ige

i¡rte-r¡rct-icrs to thc irc (A) - Fc (Bi íntc;.action is f o,-¿::cl to b e 0 .6g ailcl

n l.,.'- -'^.,--.^a.:.,-- l"-L'. Q,U I'C.iTiCCCl.V']ry,



I'lössbauer spectr"a takcn at 1oi,¡ temperatures indica.te a

dj stribtitioii in hypcrfine fields at FesT B site nuciei at 0" K for

linFerOu and CoFcr0u . This distritr'urt j. cn in hyperfine f ieids is discussed

in terns of str¡rer-transferred h;rperfine f ieids rvhicir seerns 16 s¡rrl ni n

the obscli'ed effccts at least quali.tatively"

A possibLe correlatior, bet',.ir:elt snper-tllanferred hyperr'i ne

fielcls and superexchange interactions is disctrssecl ancl is displayed using

published hyperfine fie1c1 data for the orthoferrites

The varjous contributjons to the hyperfine fields including

covaLency a¡rci overlap effects" The cliffere'nce iir the A ancl B site

hyperfine fields j.s discussed in tefins of cor¡alency effects. It is found

that both the isomer shifts and hyperfine fields can be explail:ecl at

least qualitatively by inclucling the ligand to metal 4s transfer.
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1.1 9g:xL i

i

lc
Ferrinagnetic spinei-s have been of interest to chenists, physicists

ai:d engineers since their discol¡er')'. The main reasons for the inte'rest in

these r¡aterials Ere their nagnetic a-n.j electrical properties and the fa-ct
:

that tlrese ploperties can'be varied ove? e r+ide ra:lge by simply varyi.ng

the kind of catíons in 'lhe ¡nalieîiaL. I'iaterials like YFer0, and

conbinatj-ons of lln, Ì.li anã Zn ferrites aïe coi:r1ntonly used rnateriaLs in

magnetic tepes arr.i in fe::rite core conÞuter lielììories. Aithough many of

the rnacrcscopic pi"opertiec of fen'inagnetic spi.nels have been studied

anci explained jn part thr:-re a:rÊ nlrjneTous properties rvhiclt aïe not

furl1y understood" Since the discovery of the 1,1össbauer effect the

inte:'est in ferrit:ragneti.c spinels ancl garnets has been rei¡ei'reil" The

lfössba:;r::: effeet provides ¿r nei,J rìeal1s for i.nvestigating the sui-ri',ticroscopi.e

pîcìpei-ties of thcse nìate.ri:r1s ¿rnCi rçitl': the use of the Ì'iössbar¡er'effect

rr'e hope t.L ga.in a" bettei: u¡lders-c¿i;tding of thei:: propei'tics. 
1

.cr4-SJ:L:L

Introdiict i on



T,2

Since the spinel st:.ucture has been revierved in detail Ín

nuineicìrs publicaiions (1-4), I ivi11 only brief ly describe the strLtcturÈ

as rela.tccl to the r,roik ¡ri;x.sent:ccl herc.

The gener:a1 cheinice.l forrnula for the femimagnetic spiuels

r,,'hich ai.'e repoïtecl on her+ is Ì'íe2'i'Fe''r' Or+ l,'here luîe refers to v¿lriotis

¡lossi.ble clivalcnt cations" lrr the spirrel stïucture the ox¡'g,c¡t ions forn

a cubic clos¿ packecl frainework r,rhicìr provides for tH,o types of 'tholestr

for the cations. There are thirty-tr,io holes of octahedral syr-n,retry Ðer

unit cel1 of r',hich sixteci't ¿ì?û usually occupicd by cati.orrs. These "holes"

or sites l,¡il. 1 be l"er4errecl to as B sites. î'here are sixty*four rrholesirof

tetraheclral symrnetry per unit cel1 of v¡hich eight ave usually occupied by

the cati.ons" These ar"e referrecl to a-s A sites.

The size of one unit celL of the oxidic spinels is usually

betr.;een eight and njne Ao" It shoulci be noted. that the cation*o,:iy¡Ie;'t

ciista.nce for tlre A sites is co:rsiclciably less than that frtr tlie B sites.

't'l¡ese distanees arc girren bv a(.1 r' 61 ,ß and ^€:Tr. ; r'especiivÐl)'7 (3),

ô denotes the sligÌrt cl-eviation of the o;{ygên posi'cicns from the ideal 4

stl'uctui'c:. I'he fact that the h si.te hole ís snaller than the B site hole

hr,s inl.c,rtent co:r:;rqL1'rnces t,hc:i one is atteir¡;ij ng to e:<iriain tìle díjlfcït:lcû

i¡r the hy-perfi.ne iîielcls arct isoiiic:: sirifts for Fe57 nuclsi iii thc tr'¡o si'ies 
"

Srrinc 1 Strilc tur c
d-:!*\Þ¡Ë--_a,



Since the

cation distribution

chemícal forrnula as

magnetic propertÍes

over these tlo tyÞes

where the round brackets refer to cations in the A sites and the square

brackets to those in the B sites"

There

of the divalent

0'rufl* reln) [r'{e*2+ rerj}ì 0,,

of the spinels depend on the

of sites we will write the

1. x = 0 i.e. all the dívalent cations are in the A sites"

This is generally referred to as a normal spinel.

Examples of these are :

are

and

3 classes of spinels which differ in the distribution

trívalent cations over the two sites.

These are :

(Cd) [Fe ] o. and (ca) [Fe^] o,
2'4'2'\

2, 0< x <l i.e. both sites contain some trivalent and some

divalent cations.

Examples of these are :

(Mgr-* Fe*) [l'lg- Fer_*ì 0u . In these materíals one can usually

vary the cation distribution by heat treating the sample.

(ntl.r'* t3. ,t 
*) lnLr' o t"r.u t *] ou and



(Fe3o) [Feto Nit"]ou and (reao, IF"to Fe2+]ou.

The particular class that a naterial belongs to depends on

the site preference of the cations involved. Dunitz, Orgel (5) and

McClure (6) have calculated the site preference of va¡ious transition

tnetal ions using a purely ionic bond and a one electron model. The

site preference is calculated from the cubic crystal field stabeli zation

which is due to the crystal field splitting of the d orbitals into a

doub1et (e^) and a triplet (t"^). The site preference then depends ong¿&
the splitting of the e, and tr, levels in the A and B sites " The

results of this calculation are that the octahedral site nreference

increases in the order : I4g2, l',!n2+, Co'*, Ni2o.

3o X = I i.eo A11 the divalent cations are in the B sites.

Examples of these are referred to as inverse spinels :

Blasse (3) has done calculations using nolecular orbital theory

and found that the octahedral site oreference of these ions increased

in the order :-

l*ln2+, cot*o Mgto, Ni2+. This is in better agreement with

experinental results.

Besides the cubic crystaline field the spinel structure also

provides for a trigonal field with the [111] axis as the axis of trigonal

synmetry. This has inportant consequences as far as the nragnetic

anisotropy and the.orbital contribution to the magnetic moment are concerned.

The trigonal field splits the ground state rr' orbital triplet into a lower



lying doubtet plus a singLet of highe:: elreigy. This effect together vrith

s¡riri-orbit coupllng has been used to caiculate the rnagnetic anisoti'opy (7),

(B) and oi:bital contributj.on to the map:netic noment for a Co2+ ion j.n a

B site.

1"j

The ¡nateri¿ils to be cliscusse'J belo:rg to a class called f erríutag:rets.

Fer::'irnagnetisn has been r."evierred in nany piiblications(7,-4n 9-11) so I wiJ.1

only p-resent a brief descriirtion a,s r:elateri to the rnate::ials hre al'e

sttrCying" I'his is a. cl.ass of rnateri¿il.s r+heve tÏre doinin?.nt sujjer-exchatige

inteî?iction is the antj.feïr'ùtlr3Íjiretic int*rsubla'c'i-j-ce sLtper-excha-nge

intciacti. on 
"

In the case of the spi-irels one finds that the A-B antiferronaene"Lic

supeï-e.xchange inieraction is usuai.ly the domi:rant one. That is t.ú say:

the A-Þ, a.nd B-B s..ipet'-e:ichange j.nte.racr)io:1s are usually tirueh less than the

A-B inte:'acti.ons. 'l'hj-s can be justified by consiCe:'ing the A-0-B, A-O-A

and B-O-B bonding angles a-nd relati';e distanees. All the possible a.ngles

an,J clistar¡ce$ ha',¿e be*n shorv:r i.¡r a peî)er by Gorter (2),- Flom t,hast

consiclet'ations one ca;ì also co'¡Lie to the concJ.usiorl that the B site ions I

har¡e si.x ne¿r.ïest.neight'or-u' A-si.te i.o¡rs for favcruiaì:1e supeï-excha.nge and

that A-site ion.; har,,c tl,;cL.ir su.cÌr n,3¿3'c:ìt neighbour B-site ío:is. The

tcÍ,,Ì)rratl-r-:e clcponConc.3 or" thc /r- and B-sitc rlagn¿tízations can be d¿sclibed

Fe::r irnacnet is¡n

a'ù J.ûist qr-ralitativr:iy by i:Ìrc nrolecirier fiel-J ailp'lo;ti;:ratio¡t" ln ti:e

e s¿rjiìe ancl the A*A ancl

B*B ititc;:ac'iions cin irc ne3Ì.cci-.ci h¡ð c1î'i i,r::ite;



H(B) = N.tg M¡,

H(A) = NAB MB

where H(B) and H(A) are the rnolecular fields acting on the A and B sites

respectively and N¡g is the molecular field coefficient correspondíng to

the A-B super-exchange interaction. M¡ and lvlg refer to the nagnetizations

of the A and B silie ions respectively. At ooK MB = 2MA if all the available

sites are occupied, so it is easy.to see that the B site nagnetizatíon

will decrease more rapidly than that of the A site. To show this

experinentally, can of course not be done by bulk nagnetization measurements

but it can be done by methods líke neutron diffraction, Mössbauer effect

and N"l-f"R" The ¡nore complicatecl case where A-B and B-B interactions are

taken into account can be found in N6e1s paper (p)rbooks by Smart (11) or

l',forrish (10) . Also in these works is given the relation between the long

range nagnetic ordering temperature and the various molecular field

coeffici ents .

In the case where B-B or A-A antiferromagnetic super-exchange

interactions are comparable to the A-B super*exchange interaction, the

spin arrangement may be different fron the simple colinear Néel type spín

arrangement. It has been shorvn by xafet and Kittel (L2) that one can get

triangular type spin arrangements in the case where the intrasublag,oe

exchange interactions are corrparable to the intersublatice interactions.

This for exanple could happen íf one substítuted diamagnetic ions for the

magnetic íons in one of the subldices. l.le will show that, for Ifn Fer 0o

a non-colinear spin arrangenent may. be an explanation for the Low magnetic

no¡nent of this material.



chenical

x M*"(B)

The nrrgnetic rno¡nent of the ferrinagneti c spinel r+ith the

fornirla giveri Lii, (tríer_*2+ Fe*3+') [l,fe*2+'Fer-.r.3oi0u l,;i11 be

+ (2 - x) M¡*(i]) - (1 - ii) Þín,"(A) - x l,f'"(n) per unit che¡nical

for:nula, aL 0o K if the spin arra-ngernent is of the N6el colinear type:

l"l refers to the nagne'iic irorïent of the ion of tyire Ffe or Fe irr the

(A) or (B) sites. The Fe3+ ion is air S state ion, that is the 3rl

shell is ha.If fu11 giving it a net spi.rr of .? er;rl a m+.g::eîic ¡ri.r:;rsitt of'2

5¡rg r,rh,:re il6 is the Bohr rna-gnetoiro In the rne.terials t,'e have stuciied þle

is either'tr1n2+ or Ní2+ or Co2-+ or ilfg2+ or F"'1. of thcse ¡'fo2+ has a'

fillec1 shel1, therefoîe the spin anci orbital contribution r,riL1 be zero.

l'ín2+ is isoleetronic to Fe3a- tiierefore it has a na,glietic nonent of 5¡o"

For Co2+, Nit* or Fe2+ one wiil ha''¡e in additíon to the spin contríbution

also a contribtition froi¡r the orbital angui.ar ¡îoiiìentuín"

l.feasureirents of the nragnetic ¡nonent once the cation distribution

is knor*ir gives infor-,,ration about the or"oital contributio¡r or'ions like 
o

Co''t, Ni2" or Fe2':'or fc;r lln2" of i.¡e can obtain infosi:la.tion ebout the

spitr arrzrngeineirt s

1.4

The basic p:"i::ripLci i:11'olr¡ed and tTre ma.n,v uses as a research'

tool of the iilössbauer effect havc br:eir reviel,led i:l nrirîci.oirs artici.es

arrcl boo'l<s (13*16) " I r.;i11 oniy' prcs.,ii:t tÌic ::etsoiis r.rhy it j s usefr-ri

iir thc stud1, of fe:'r'itc spirtcls a:ii irsc titis sûctiotl also to d':fine nrany

of the sy:nbo1s r,;Ìr j.ch v¡j 1i be usÊ11 tlìrcugÌiout t:he thesis 
"

llq:.'-Þ¡ir*-t-Þ-i5s-*



With the Mössbauer effect one can measure the effects of the

interaction of the nucleus with its surroundings. If the properties of

the nucleus are known as nost of them are for Fett, we can use the nucleus

to probe its surroundings. The nucleus has a charge Zeo a quadrupole

mon€nt Q and a magnetic dipole moment given by 8!n I. For FesT we

neasure effects of S-electron density, electric field gradient and

nagnetic field. on the energy difference between the first excited state

of energy 14.419 Kev, I = å, and the ground state 0 Kev, I ='L. The

Hamiltonian of a nucleus in .these effective fields is given by :

where g is the nuclear g factor. ün is the nuclear magnetic dipole

rnoment, f is the nuclear spin, H is the magnetic field at the nucleus,

Q is the nuclear quadrupote nonent VE is the electric field gradient

at the nucleus, - Ze is the nuclear charge, lqrCOllt it the electron

density at the nucleus, and R is the nuclear radius.

o gpn [oH + Qo$þ

If the quadrupole interaction is small. conpared with that of

the magnetic dipole interaction and if the electric field gradient is

axially symnetric with the symmetry axis naking an angle e with respect

to H, then the energy levels will be given as follows for.l = | and

I = å¡ in€. the excited and ground states of FesT :-

?, _--lurl .å ,^ ----2aE'= -Bex lrn H MI"* o (-1)' r' ' g3g 3 cos2 0 - L

42

Ztr
4 *7g2

5
l,Pcol | ' R',

+ Ztt

5

7.e2 l,P Col | ' Ru*t .

t
2

f,o Bg un t t.t, + (o) +ht
5

zez lU Col J' ost.

t 1l



T'he quadrurpole inte::actioÍt energy for I =

prosence of a ter¡n L j.ke Ist'tr2 - I (I 4' 1)] .

the grournd ancl e-rciteçl statcs is tilen :-

u[1r ex

_"_lir_ Q

4

- EIrg - -uun [s"*i,rr.* - Brrrigl + ¡-11 lFIll +

Flele c1 is the axj.a1 cofiìÐonent of the electric field gracliento

The nrore cor:iplicatecl ex.arnplss ryliere the electric fielC, gradient

axially s¡rn-Lmetric or vrhcre the qrrach'upoLe inte::aetio¡l j.s coniraïab1e

nagnetic clipole intc::action call Ì:e founri irr the litcratu::e (13r 17e 18) .

i cos2 o - 1

is not

to the

l
2

is zero because of tl-'e
'l'he energy separa'Ljon of

The various origins of the nragnetic fjeld FI have been clj.scl-rssed

in numerous publ jca-tions (19*22) " T'lre rnain contribution j.n the case oi

Fe3+ in a magnetically orC,ered materiai is f::o¡n the spin pola"rizatio:r of o

the s elcctro¡sb;* the 5 uniraired 3d electrorrs (19), r"hich gives rise to

the Feräli contact telin. Some of t?le other contr'ibutions r';i11 be cliscussed

latcr.

a

nglZ) gives rise to eight pc..;s.i.b1c t::ans j-ti.oirse tivo of ru'irich

cûï'responiling to Arl = t2 are foi:hiCCeii tr:.ansitíctis a-nd can oirll, be

observid if the quirrìr'u1.role j.nte¡::¡.ct joir i s cc'mpa.::eÌrJ.e to tl're rlrgnc'tic clipo1-c

inte::acti.oii" The i.ni-:ensi ti es of tile other si.x t::'ansiticns a:rd their

depenclcnce cril th.e y-ra,.,, irol.¿lriz¿itjon ai.c given ill t¿-rir1e L.l (J ) "

'n+2-
5

zez (R'",, - R'zs )t l\t (o) | 'l

I
2

Í21



Intensities of the six all.owed fírst exaited to

ground stãte transítíons fot FesT and the dependence

on y rey polarizatíon"

10

Table L-l



Trans i ti ons

3+l
22
3+-
2

I+l22
I+-
2

¡+¡22
!+-
2

Anr

!
2

-1

+1

I
2

.Total

I
2

A¡gular dependence

+1

-1

f{t * cos2o)

3 sin20

i(t o cos2ol



The Last term in eg (2) is called the isomer shift. This

terrn merely shifts the center of the spectrum. There is another term

which is not present ín eg (2) which also shifts the center of the

spectrum. This is the second order doppler shift (23) given by

where ÂE is the energ)' shift, Eo is

of the nucleus bound in a crystal.

the shift we can obtain infornation

of the nucleus.

AE

Eo

t <v2>
i-7

c"

It was mentioned previously that with tlre I'tössbauer effect

rve can probe the surroundings of a nucleus. The inpor.tant thjrrg is that

we can do this on an atomic scale. In the ferrites the nucleus can be

situated in either an A or B site. The nuclei in these trr'o sites have

dífferent immedíate surroundings and thus have in general di.fferent

energy levels" Since for Fe3+ the main contribution to the hyperfi.ne

field comes from the contact tern and since the relaxation time of the

eloctronic spíns is much smal.ler than nuclearprecession time (see section 4)

the hyperfine field will be proportional ao <Sz> where S, is the z

component of the electronic spins. By measuring the temperature depen<lence

of the hyperfine field we can find the temperature dependence of the

rnagnetizatj.on for both the A and B sites. As pointed out previously

this information cannot be obtained by nacroscopic magnetization ñêâsure-

ments.

the y-ray energy and v is the velocity

From the ¿emperature dependence of

about the vibrational kinetj.c energy

t1



It vri li. also be shoritt in a late r se cti-oli that r+ith the

Nfössbauer cffi:ct 1,¡e c¿n d.eËei'riine the relative number of io:rs in the

tr'¡o sites fro:n çiirich ',r'e crn dete::rnine the cation distributio¡r. Th e

cation distribu"cion as poirr'ced out before is extremely irnportarit in

a.tteinpti.ng to describe the n¡iclosc,rpi.c niagnetic properties of ferrites"

1'o fincl the rel¿'.tive anount of iron in the tivo sites of

ferrites one nust be able to nleasure the intensity rati.os of the l,{össbauer

lines cc,lresi.,oncling to Fes.7 in the tr,:o sites" In or,Jer to do this the

!.incs cÐîïespcÌldirrg to FesT in the two sites rnust be v,¡e11 separated.

If they aïe not t,¡el1 resolt,ecl a.s i.s frec¡rrently the case, a latge exter¡ral

rnagnetic fielcl can be used to $epar.::ate'c'heìiro Thi-s happens beca.use cf

the antifeïrÕnìagnetic alignm.:¡rt of the spins in the ti.ro sites" Since

the hyperfine field (l"lhpr") is anti.irarallel to the elect,ronic rnagneti.c

mo¡:rent thc a.pplicd field l'rill aC.J to tire l{nu, at the nuclei i¡l A sites

and strbtract from Hhpf fot nrrclei in B sites. ïn this rvay the spectra c;,n

be resol.ved. This r.¡as first reported b1, r.rs in the case of y Fer0," (24) 
"

72

1" 5

'Ihe recoilles.s T-TÐ.T absorpí:ic'n ljnes have icleaily a Lor¿ntzíana

line sha.p+ gir.'en þ1i :

Analysis or" the I'iä.ssbauer SÐectr.¿-

r.;irere Y(.¡) is the nu¡i,be:: of cc,r-lilr:s

Y(v) = Yo

f:j\ . r\ .sß ./

V.

at a l'clocit1'vu Yo is

I
I

j

the off reseneilce

[ 1]



counting rate, a is the fractíonal absorption at the peak position

given by vl and B is the full width at half height. A complete t'lössbauer
J

sPectrum may consist of the sum of several such peaks and in some cases

Yo nay also be a function of the velocity. In this case equation [1]

must be modified as follows :

Y(v) = Yo

where Yo

counting rate as a function of the velocity. G¡c v;, ß5 are the

. parameters of the Lorentzian corresponding to peak j. A computer progran

was obtained from Argonne National Laboratories (25) which does a least

square fit by variable metric nininization to an equation like [2] where

n and m can range fron 1 to 8. In this progran initial guesses for

the pararneters and errors in the parameters were input requirements.

Since the program requires a lot of core storage it was possible to use

only 200 data points at one time. This required us to fit one spectrum

in sections containing one or more Lorentzians.

on nunerous occasions we wanted to fit several Lorentzians

to a line which showed some structure or asymmetrical broadening but

where the separat,e Lorentzians r,Jere not well resolved. In this case it
is possible to put constraints on one or nore of the parameters. The

contraints chosen may be based on a theory or nodel which one is attempting

to justify. Since the progran requires initial guesses for the parameters

m

I
i=0

m

I
i=0

. -i(v-vo) * is just the polyno¡nial describing the off resonance

ki 1v-vo)1
N

f - ij=l

l3

si -l

qtrl I2l



þ,'e frequcntly used the

irnposed as the ínitial

if the goodness of fit

a-1i cases and is given

fiiraL parameteïs obtain¿d rsith tire constraj.nts

guesses for a fit rvithoilt constraints to see

ri'ould inprove" The goocl:ress of fit is found in

L", ôt,T

For a good fit r¡e should have F <

points 
"

NPpe I
i=1

(våxp - Yåalc) 2

.1
Ycaic

1..5 Ì{P where liP

14

is the nuir,irer of data



CHAPTER 2

Aooaratus

I'fagnetic l'4oment l4easurements2.L

The magnetic moment neasurements were carried out using a

vibrating sample magnetometer made by P.A.R. (26) " The neasurements

r.rere carried out in an applied field of up to L8 KOe. The field was

supplied by an electromagnet nanufacturecl by l'{agnion (27).

The magnetic field neasurenents rvere made with a rotating coi1

gauss meter which r{as accurate to !1% gauss. The magnetometer was

calibrated with a nickel. samp.le for which we usecl a nagnetic ¡nonent of

55.07 e nu/g (29) at roon ternperature extrapolated to zero applied field

from the high field values.

The magnetíc noment measurements at 4.2" K and 77" K were

carried out using a variabl.e temperature cryostat built by Andonian (30).

This cryostat uses a variable flol of f.iquid helium or liquid nitrogen

plus a heater coil to vary the temperature in the sample chamber" The

measurenents v¡ere carried out either on pellets of sintered materials

or poldered samples. The pellets rvete nounted on a sample holder by

using ordinary glue. The porvder sanples grere encapsulated in either an

al.uminr¡n or epo>qf resin sample holder. The aluminum was used for low

temperature rt'ork in order to ensure that the sample and the sample chamber

were at the same temperature. Temperature neasurenent was carried out

using a copper-constantan thermocouple mounted on the wa1ls of the sample

chambers. At L.He tenperatures we used a thermistor to neasure temperature,

15



Hi'* I ^ C/Hj

where o (Ui ¡'l') is the m:,gnet!.c ïroi:it:nt pei: g"âirt, Hi is the inter¡ial fielcl

a:rd T is the teüìper'¿tuïe"

To obta-i¡i the rragnctic ¡ììolil¡i)l

Lin o (ili r .4 ,2o)
a(r+a 4.2) =

then got rneesllîc:iìonts of o! e't var-iot:s field anð' 4"2Ô

1

ancl e:çtrapolated these results tÐ j-*-> 0" Equation [1] j.s correct
Hi

the case of lorq te;rperatuïes coinpered to the nagne"i:ic order-disorder

tr.ansitjon tenpera.ttr'¡e ancl for fielcls rnuch less than the molecular fieLcl.

In order to use equation [lJ r+e are required to know Hi the

inter:ial fielc1 produced by both the applied field and the denagnetiz?-tion

field produced by the rnaterial itsel.f" This requires knor+leclge of the

sanples. '[\le can, ho:^rever, get a reasonable estirnate of Hi as foLLot'rs"

First l{e assuÌ¡re thattle sænp1e is unif:orirrly nragnetizeð. l'le can then rçrite

that Hi - tl" Dilip where D is the demagne"ciza"cian constant" I-li is the apirliecì

field, p is the density a"nd trl is the magnetic ntoilent, For'loiv values of

lÌu that is in a region llu be1ol,' tlie appi"oach to sat'Liïation we t'rill ha'/e a.

¡.o-¡{n.¡ r..har¡' H. ao }la so tìrat ij* s D}1p" Ëron the slcpe of the straight"'""- - "L

Line in a plot of 11 vs llu r.ie ca.n de'i:eilliine Hi for high a.ppliecl fjeLcls"

at 0o K ue tised the rel.ation

16
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2.2

The l,'lóssbauer effect spectroneters were Durchased frorn EIron.

(31). One of these spectrometers r.las operated at constant velocity

and the other at constant acceleration. The block diagrams for the two

systens âre sholn in figures 2.L and 2.2 respectively. Both systems

used an electromechanical drive, whichconsist-s of a central cylinder

moving in a magnetic field produced by permanent magnets. The motion j.s

produced by coils rnounted on either end of the cylinder. One coil is

used as the driving coil while the other serves as a velocity sensing

device. The signal from the sensing coil is compared to a reference

voltage supplied by scaler 1 and a digital to analog converte::. The

' difference signal is amplified and fed into the driving coil. The

velocity is then directly proportional to the number appearing in scaler 1.

In the constant velocity mode, the velocity is kept constant until the

moving member activates a limit srvítch at rvhich time a flyback signal is

supplied to the driving coíL rvhich causes the movi.ng cylinder to return

to a second limit switch. The process is then repeated. During the fly-

back period the gate to scaler 2 is closed.

This process ís repeated for from 100 - 300 secs live tine

at which time a printer prints out the values of scaler I ancl 2 and

scaler I is advanced to the next number. In this way the rvhole velocity

scale fron - v nax to + v nax is swent through in up to 1000 steps.

I{össbauer Aonaratus'

T7
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BLock díagram of the cönstant aeceleration

Irfóssbauer effect spectrometer
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The constant acceleration system works in conjunction rvith a

ND 2200 L024 channel analyse:: (32) , clocl< pulses advance the r.,t.c.A. at

the same rate as scaler 1. In this way the velocity i,s constant whil.e

the l'{.C.A. is at a particular locatíon with a velocity proportional to

the number on scaler 1. tthen the moving member reaches the Limit slitch,
scaler 1 j-s set to zero and the scanning of the M.C.A. and the scaLer 1

is started" The advantage of the constant acceleration system is that

one does not require as good long tern stability in the radiation

detection system as one needs for the constant velocity mode.

The radiation detection ancl selection system consisted of a

sealed Ar 10% h'lethane propor:tional counter manufactured by Twentíeth

.Century Electronics (33). A high voltage pot{er supply, pre ampr amplifier

a single channel analyser and scaler 2r A spectrum obtained using a CosT

source in a cr rnatrix is shown in figure 2.3. The six Kev x-rays have

been v'J.rtually eliminated rvith AL foil and lríylar. Jhe S.C"A" is set to

accept about two tines the fu1l v¡iclth at half height of the 14 Kev peak.,

The advantage of using a proportional counter instead of

Na I(r1) scintillation counter is that the proportionaL counter has much

better resolution and also is insensitive to the 120 Kev y-rays r^'hich if
one wants to work rçith reasonable counting rates causes pile up when using

the scintitlation counter. The proportional counter cannot hor"ever be

used with high counting rates when operating in the constant velocity mode

because of quite serious drifts in the counting ratej l{e usuaLly operated

between 1000 and 1500 counts per second. Ânother disadvantage of using a

20
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- 
þioporfional countef ïi irrãi it- rral a life tiré of onty'-aùour one nonrh

to a year depending on the counting rating used.

We also tried a flow through counter but found that it was

quite unstable" This instability was found to be due to fluctuations

in atmosphere pressure since we did not use a pressure regulated system.

The Mössbauer sources used were s moc. co57 in pd and r0 m.c.

CosT in Cr. The Cr source is more suitable than the Pd source because

of the presence of a 22 Kev x-ray from the Pd.

To calibrate the spectroneter lve used absorbers of oFerO, and

..Fe foi1" A Mössbauer spectrun of aFerO, is sholn in figure 2-4

'together rvith the full widths at one half nax of the various peaks.

From the separation of the peaks the spectrometer can be calibrated

using the known values listed in the Mössbauer effect data Index (34).

The linearity of the system was checked by using an Fe foiL absorber.

In the case of Fe the separation of the Lines i.e. 4rn Lr3¡ Â,os¡

Â55 should be equal. The values we obtained are 56.8, 57.0, s7"0¡ s6.g

channels respectively"

22



Mössbauer spectruTt of oFer0u, AV indicates the

líne width ín cm/sec"
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Figure 2-4
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2"3 lxt*:gsi-St"Yg-t-l*

For the tenpÇratttre depenclent rrìeasurerììents þ:c usecl a furnace
j

ancl *ryostat clesjgne<l ancl l.ruj.1t at ihc lJniversity of l,lanitoba. The

clc-signs r{eïc vcr;ú similar to thosc rcportcd by Sharon ancl Trcvcs (35),
I

except that thc furnace ancl cryosta'c h'ere built separately. In figr.rres 2-S and

2-6 is siror.:n a diagran of the furlra-ce and crryostat.

'l'he firrnace consists of an.outel' cylin'Je:: L macle of stainless

.. steel t*ith three access ngrts raarkecl 2, 3 and .1. The cylinder. is cLosecl

at the top and bottoin tvith renovahle stainless steel discs 5 ancl 6 ancl

vacltllìl sealed usi-ng O rings. The holes in the c(ìnter of these tr,ro discs

are sealed witlr .00srt nylar t+indoi,r; rqhjch are glued on r^rith epox,v resj.n,

Tt'¡o stainless steel cuì:s marked 7 an'J I fit into the outer casing ancl

are seperated fle-rm ít and from each other rl'ith three stainless steel legs.

'lhese cups h.ave removable covers marl,-ecl E and 10 the firsi of r+hicir

screhrs into 7 and tire seconcl fits into g usjng a pïessure fit. Four

.001rr A1 radiation shlel-ds cover the holes in the bottoni ancl toir of theseu

cl.lpsê Ttvo coi-rcentric s.s. cylínclers connected r,;ith an s "s " rj ng il
f.:+ --,.-1.. i*+^ .!.t-- a^ drlE sn'-rg.t y l-nto thc s.s " cup 10 These c), linders support a 0.03211

lava cylincler tZ r.¿hich is used as electrical ancl therilal i¡lsnla Lion":

.Å. lreater rçire 13 thernicc,;:;l ¡1.C" -10 is corlnter-l{ouird around the conpet

col:c L4 " This ¿ssemh.ly fits snr,r511y into tire lava cyli.ncler lîÌ . The

coll;rcï coÎt] h¿rs tl'¡o holcs in the si cles for trr,o tlreri:iocol-tp1.es o Oire the;:no*

24
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Furnaee used for high tenperature

il{össbauer experiments Seale ltl

FIGURE 2*5
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Liquid nitrogen cryostat and storage tank

Scale is 1:1. for the eryostat and 1¡2 for

the storage tank

FTGURE 2*6



53 8þ



r"?lq
cJJ



colrpLe 15 is gltred into the copÐer core with cer:anjc ccnent and

eLectrica-lly insulated fron the coi-.11sr i+ith a tÌri¡r coat of ceramic cement.

Another thcr:rocour¡r1e 16 is sílver soLdeled into a sna11 copirer cup

rulrich fits snugly inco ;a srlall hol.e at the bottorn of a graphír:e clish 77, ¡

1'he gra.phil:e ciish fits ,snugly into a copper ri ng 18 r+hich f its
.lsnugl;v i;ito tiic copper icore. The thernrocor-lp1es trsed are clrrqiirr,:,i ¿sd

I

al¡.rnrel.. 'i'hese pass through tt,;o double holect aluncli:m tubcs (3.9 and 20),
I

The alundurn tubing usecl is grade "4" obtained from l.lcDane1 llefrac'üot'y

Porcelain Comoany, Sone of the other alundum..tubing trj-ecl lvas too

porous to obtain a gcod vacuum, These tubes pass through the ports

mr,rkcd 2 ancl 3. An 0 ring vacuun seals the alundu¡r tubes to the body

of the furnace" The ih*r',nocounLes a.re vaculxrn sealecl to the al-unclrrin

tr-ibing using cuù'il-i- ¿ \^ia.x. This nothod enabl.es us to take the rr'i::es directly

out of tlie furnace r,¡jthoi;t rnaking any connections" The 1:ort nra-rked 3

is also trsed a.s a vacr,lurri po:lt" A Fore puürp and co1cl trap are tised to

evaclrate the system to about 10p. Tlte poh'e? reo.uired to operzLte the

furnace at 800o K is aboui tr,.'entf l,jatts" At this tenpelatllre tire outer

rval-l of the furnace is at about 409C - 50oC" At hichei tenìtreyâ.tu.lles

than this i,;e r.rscd e cooling fan"
.1

The trço tireimocou¡les r,;ere useil too; one control alld tr'/o to

t¡ì.cr1..:rì?ê flrc l-r'rrneÌ.A.tui.e" The refeLenCe jtr¡CtiOn Of tTìe COntfOL tfiermOCOUple

r*as ¡rl¿s¡d in L.ìrl . This plo,iicl es fol a. good Tcr"e:.'cnce bccausc tire s 1oÐe

of the E "rr . f .vs. tei::pclatr-rïe cirïue is qrrite srnal L at L"N" so tl..at even if

the rcf ere ¡rcc tenrrcr.a.tut'c cjranqes b,y 0 .5o K the fur¡race tcnìpeltature rr,i 11

onlrv cltangc blr 0"2 o K at 300o f."
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The temperature control electrgnics was desígned and built by our electronics

technicians. It consists of a reference power suppLy and difflerence

amplifier" The difference signal is used to dríve a continuously variable

power supply which provides the heater current. The current is thus

continuously variable depending on the difference signal, This is in

contrast to the usually used on-off systen. The temperature stability
was better than t0o5o K depending on the time taken to colLect a sÞectrum.

Temperature measurements were done using a Rubikon potentiometer

and Tíns1ey Type MR4 galvononeter" The sensitivity of this sy'sten t^¡as

1 mn deflection on the galvonometer for I Uv. volt change.

One of the diffículties in designing a furnace for Mössbauer

effect experinents is the problen of temperature homogeneity, In order

to get the temperature as homogeneous as possible we rnixed our absorbers

with graphite and packed this mixture firmly into the graphite dishu To

check the temperature homogeneity we collected spectra of HoFeO, close to

the Née1 temperature. A spectrum taken within 2.s" K of the Néel

temperature is shown ín fígure 2-7 " Although there seems to be a para-

magnetic peak in the center of the spectrum this peak is small compared to

the area under the rest of the spectrum. An upper limit to the tenperature

gradient can be obtained by neasuring the full width at half height of line

one or Line six of the six line spectrum as a function of temperature. Since

the peak position of line one is given by

28



a^

Mössbauer spectrun of lloFeO, taken

at 2rSo K bel.orv the N6e1 ternperature

FÏGURE 2=7
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r.rhere x. is the neak posítíon ÈL ^ is tlie hyperfir¡e field and C is a
. J npr-

constanto Here we hav¿ någ-lected contríbutj.ons fro¡n thc isorner shíft

and riuadrupole interaction" This equation can be written as

êx. C AH,l_ hpf

ar 
- *îi*

r,lhere T is the ternllerature. A tcnpe ::a.tttt*e gx.-.rij r,lltl: a-cl:oss thç sailpS.e of

AT will thcn lead to a line trroade¡ring (Afl given by

In figure 2-S is shot.;n a pLo"c of I versur äHl,pf. Frorr tirc slope of tbe
æ

^ 
r,rot

line we obta.in ['T = 2.5" Ko This is of cou.::se an upper lirnit because

relaxatíon effects a.nc1 broadening caused by inrpurities have not been takeR

into accoun'c 
"

Al = Ax.r = CÐll"_, 
^TJ npr

;î*

30

-The cryostat is vcry sinilar in desiEir to the f,ut':^'¡-.ce" 'I'ne

only differelìce b--iirg tÌre-t the itc:rs nê-:¡l(rcl iI , 1? au.f 1,'l-" i:r figu.::e 2-5

have been rei,loved. The copper: her.'ler coie has be*;i repla.ceð, l->y one of

¡liore na-ss " This tore is sripportec! by for.rr s'Lainl-eJs steel 1c;Js at the

b c'c t c,;i "
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Plot of líne width (f) versus the

derivative of the hyperfine field with

respect to t€ûnperature (ôH¡og/ÐT)

FÏGURE 2*B
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cold finger. The cold finger made of |" copper rod is tapped at

both ends and screr,red into the copper core and also into a copper

block 2 which protrudes into the L.N. Ëtorage tank" A radiation shield

made of aluninized mylar r+rapped around a lucite cylinder 3 is

positioned between the cold:finger and the outer wall. The vacuum

connection between the cryostatand the L.N. storage tank is rubber

tubing 4 which allows for expansion and contraction of the copper cold

finger 5. The storage tank consists of an inner L.N. tank 6 nade of

stainless steel connected to the upper lid 7 by an 0.008rr wall stainless

steel tube 8. This tank is surrounded by a radiation shield 9. The

ther¡nocoupl.es and heater wire are the same as those used for the furnace.

With this system v¡e eould reach temperatures of 96o K which was

satisfactory for our purposeo The L.N. lasted for 24 hours when operating

at 96" K.

AlSo anothéi large port has been.added to accömnodate the

2.4

32

For experiments in the applied nagnetic field we used the

follorving arrangenents (figure 2-g). A 20 K.G. electromagnet nanufactured

by Magnion (27) was used to supply the field. The pole tips ate 6rr in

dianeter and separated by 2rr. The absorber was a powder sample mixed with

molten sealing wax and ¡nolded into a 2rr diameter disc using a lucite

nold" The absorber was taped firmly onto a lucite frame ruhich was held

in place between the pole tips with lucite plates. The lucite plates

have vertical grooves in which the lucite frame can s1ide.

MagI¡ejic Fiel<l



Picture of arrangement for Ïrfrissbauer

effeet experiments ín an applied field

of ,17 KOe"

33

Figure 2*9
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Since a nragnetic f icld i^ri11 broaden the soÌ¡Íce li¡re and ai.so

affect the elect::omecha¡iicai dri.r'e r.¿e shielrled these v¡ith a l" thick

.* ^l^-^J -<- +!,^ ^.-J ^1^ê-.".+ +n +?r¿ nnla ?inc a.¡¡anl'€nrsoft iron cylinder closed at the encl closest to the pole tips e:t--pe ¿v¡

a å" hole in the micìdle of the 1" thick soft iron plate. The transducer

fit almost entiz'ely into the cylinder" The fj.ei,d insjde the c;rlincler t,'as

about 400 G rvhich ceuses very 1itt1,r: broaCen:ì-r:g. Tlie propoition¿l counter

was protêcted also riith a lttl+alL soft iron cylinclc¡r'7rrin diantetcr'" A

2" by 3" ho1e ?,'es cu'c in the cylinde:' in lj.ne r,¡ith the centeï of the magnet"

. The geonretry of this s)¡stem r,Ías a pìrobLenr. That is the source

detector distance v:as 221'r^rith only a 211 x 3'? detector area" This

r!sua11y rrreant that rr,e had to run foy th:lee clays iit order to ge'L sufr'icient

statisti.cs 
"

I'lany of the experi¡irents i"än j.rt a 55 !(0e" fiel-d l+ere done by

the llössbalter group in Tho:rsand Caks, Califor"nia- aird I anr very thankful

for their eooperaticir in this ¡rat'ccr" l!'e ha.,¡e nolv obtainecl aur oi¡n 55 K0ê"

supel condllcting sol€noicl nanu:fa-ctured by l'iestinghot-lse (3ó). A picture

of this is shoulr in f igr-rre 2-70 " The main features of the design ?:.i'a ê-

2}tt diarneter roon t€înperatrr.re afcess u a Lic¡u!d nitroge:i arirÌ liqr¡icl heliur'r

access an,l the L shaped desigir so thrit the sot;lrce c'letector dist¿ince is 'l

only appr'¡xinrately 1-2tt ô



Tri-lìt rflTr 2- if,l
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g!:nFL-t-

Recoill.css fraction ::¿itícs fcr FesT in octahcdral

The t'iössbau.er effect technique can be used to cieter"mine the

relative ai'nount of FesT i¡r tiie A ancl B sites of spinels and garíiets

provícled the ratío of thc:r*coil free fr'¿ctions for FesT in A and B

sites is kncr'n" Numerous i¡rvesti-ga.to-rs (37-'42) Ì:avc dc'ce-¿Ì;lined the

catíoi1 rlistribu"cio:r by simply neasuring the ratio of' the area$ trnder. the

peaks corTespoitding to A a.ncl B sites. It has'beerr pointed out (43, 44)

that. the tlvo recoil free fractions f¡O a:"rd fr, n"eed not be equaì." In

tl-ij.s case one ís i'equirecl. to c.ç)!TÐcÌ: t?re a-¡e¿ ratj.os fo'ri:rC fo:r thís fact

befc,:'e rel.ating the experirirental results to tììÊ c¿itio¡t distriÌ:rutic:r" It

is the¡efore of iiïporia-nce to knoi,¡ the ratio f f 
B,/ f 

cÄ"

To ciete::rl!.rre f rU and f tU i*e hal'e recotdeci spectra o:f (flc) [Íier]0*

ancl {Yr1 (Fer) [Fer10,.,. The first of these is tire ¡nine::al magnetí.te o

r,;hicir has the spineL structr.lïe ai'ld is icrrown t,: be inverse. The second,

coninoi:iy referi'ei to âs YIG has th* .garnet st-r'tictuïe" .Althou.gh this

tiresis j.s not d jrectly concelned l,;itlt th.e gar::irets. rlh¿se :t1¡.tet'i:l.l-s har¡e

a sinii 1ar struc'Lure to the spi.nels j n ti'rat the Fe3+ ions are loc¿rted ín 'l

'fleilahecl::aL (el) alil oc'L¿hcil;:a1 (a) si te s as inrlic¿: i',çir'l ì:,v' f:iie ï-'er¡-rii'4 ancl

Introiir-rction

s-'g*L*Ï3}s*3-lJl,l3:-sf-å-:.pil-ç.1-sl{-"+*.F-qsi-q,

36

srluã.Te br¿ckets " The ra::r: ra::tlr ions a;'e 1c,:atccl in dcrCec¿rìre.ir¿r.1 sites.

In this study we r,ri1i cÌrai:gr tirc ilcta"ljr¡rr col;,i,ranli'useC for thc g¿ïnets

narrclT r\, B, C, Tesjlsctiue i.¡ " Til':s+ urate::iaj.s a-r'¿ sr.rit:b1e fo'¡: ar stridy

of the tv;c iccc:r. 1 flee fi;-r:'c--ioils beç:¡-i:s ¿ (a) c1,-er a uicle tc;ip'rríltr..irö

le:'ige 'i;he h)¡Fierf i.:'Le i: j-,.:,Lds at thc i:.uiJ-,:1. j t tlri: !. ;:i.1", Ð siilcs di-:f-fc;'



sufficiently for an accurate determinatíon of the areas under the peaks.

(b) The distribution of the iron cations among the A and B sites is

knoln for pure and stoichionetric sanples.

Experimental absorption I'!össbauer spectra have been obtained

for powdered samples of Fer0u and YiG using a 7 m.c. source of CosT in

a Cr ¡natrix. The absorbers were crushed single crystals of the mineral

nagnetite and synthetically grovln single crystals of YIG. The stoichj.ometry

of the nagnetite sample was better than leo (45). The spectra were

recorded using the constant acceleration system rçhich has already been

described. The futnace and ternperature control electronics have also

been described.

3. 2' Re:ults

Several absorption spectra of FerOu have been recorded in the

temperature range between 300o K and 800o K with absorber thíckness of

25r 15 and 8 ng/cnz. Some of the results obtained for magnetite will be

discussed in a later section. All the spectra have been corrected for

some absorption in the middle of the spectrun due to paramagnetic iron

i.mpurities in the;beryllit¡n wíndorv of the proportional counter and in the

A1 radiation shields in the furnace. The correctíon required tvas determined

by recording spectra over the whole temperature range without any absorber.

The spectrum obtaíned at 298o K for Fer0uis shorvn in figure 3.1. Below

119" K ferrous and ferric ions occupy the B sites. Above this tenrperature

there is a rapid electron exchange between the ferrÅc and ferrous ions which

washes (46-49) out the difference between Fe2+ and Fe3+. Consequently the

37



Ir{össbauer spectra of Fe.Oro at 298" K, A and B

índicate the peak posítions of the absorption

lines fro¡r FesT in A and B sítes, The sotíd

línes drawn show both the envelope and the índividual

lines as obtained from a fit to the spectrun by the

nethod of Least squareso

38

Fígure 3*L
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Fe2+ and Fe3'r ions on thr Il sitcs ferel the sane fielcl an,l the spectrunt

consj-.sts of the strrr of 2 síx line h.vperfjne pattcrns corresponcling to

FesT in A ancl B sites. A nore careful ínvest,igation of the ei.ectron

hopping and the nature of the transj.tjon has been reported by us and vrilL

noi be clcalt rvith here (¿g). The r¿rtios of the ot"n, IA urrclor the peaksr
assignecl io A anci Iì sitcs can e¿r.si1.y bo detei'nined fron the spcct.ra

recordecl betrr,ccn 300" K a-ncL B00o Ko Fo-¡ a thin absorber tÌri.s area ra.tio

rrroulcl be 0.50 if fÅ = fü. Above 800" K anr.tr above the ferrir.ragnetic Néel

ternirerattlre (860" K) a consj.deralile oveilap of the peaks impecles an

accrlrate deteri,q.ination of the area ratios o '

The are.-,s T¡ anci Ig as i,¡e1.1 as the ratio JA,,l"r" de'ierlri¡lecl
TT

by cioing a lcast squares fit to thc slrectrlli:ì asstlring Lorcntzjan line

shape The ar"ea is cleten:rineC frc¡ln the product of tlie fuli t'¡idth at hal"f 
.

height (fexp) ancl the absorption at the peaks position (Pexp), 0n1,v the

lines narkcd firr A2r B, ancl B, in figure l tgere used. Lines À, and B,

rvere usecl for Ceter¡rining IA ancl Tg an.l 1À, This r.ras c'lone trecausc liues
IB"

A, and B, haC considerably larger errors for P"*, ancl Isxr¡" These iinçs

hoi*ever r{ere usecl to cl.etennine ar:Ðro;tín¿rteIy lv}rat th-s ei:roïs }/ere.

'l'hc ratior _Ï_{, aira _I-!, sjro'.rlcl be er¡ual to 0,67, Orr table 3,1 are lí.stecl ,îl' lî,
all tire val,-res of. Ir, e In,, l_1\,., a,i,.1 lD_, . In soae case.s tlre ra'ci.c;s

I/r, t B,

T. . T-.jAä arr¿ .l.lì_, tt"r" quite far flon., tlie expecterd value of 0 "67" Tliese data
I¡, Ig.,

havc been lejec'iccl in the arialy-sis of j1r" I'he a.\'crage valuc of l,\,, = 0,67
II,, Ir\,



Tabulated

inAandB

2 to line

40

absorption areas for l,ines I

sites and the ratio of the

L at vafious temperatures

TABLE -3*1

of FesT

areas of line



IB.

6,

0.73 0.64

0.67 . 0.64

0.63 0.62

0.64 0.73

0.63 0.60

0.67 0.65

0.64 0.68

0,73 0.65

0.60 0.68

0.60 0.71

0.67' 0.72

0.64 0.70

0.70 0,67

0.71 0.65

0 .62 0.67

0.65 0.74

0 ,67 0.63

o.7L 0.65

0.66 0.71

0.68 0.65

0 .73 0.69

0.67+0.04 0.67t0

IA,

ç,tr,

1 .00

0.93

0.90

1.00

0.83

0.77

0.79

0.72

0.61

0.56

0.51

0.57

1.00

0.88

0 "74

1.00

0.93

0.66

Q"62

0 .55

I
AT

Temp
('K)

0.53

0.52

0.46

0. 38

0.54

0.47

0.45

0.43

0.39

0.37

0.32

0 .31

0.27

0.53

0.50

0.40

0.53

0.43

0 .36

0.31

0.34

Absorber
Thicknesd
(mglcm )

o

?s6

369

543

636

296

420

472

522

57S

624

720

776

797

296

427

s44

296

469

600

692

774

23

.03

23

Average =

Irrlhas been normalízed. to 1.0 at 2960

15



T
and rB^ = 0.67 are r+ithin the cx1:erincntai el:ror of 0,67. The er¡'or in
r '0,'4, 'id expected to be less th¿.n this because the errors j.n the parancters
T"-", B',of'lines 2 arc a-bor-rt 2 tines that of li.nes 1. I''ie then estirnate the error
. T.in jA, to be about +5%, Tire area:; Io- have been normalized to 1 at

DlIB, 
,

roorn temÞeratLlle for each set of lleasllrenents.

Ii.
Spectra of FesT in YIG r,¡ere obtajned in the tcmperature ïange

30ûo K to 775' K and for absorÌrer thickness of 37, 34 and 17 ng/cnz
i

The spectra cbtainecl at 298'K ancl 560" K are shorvn in figr-rres 3-2 a¡td

3s3. Belorr' the ferrirnagnêtic ìrlde1 tcriperature the specirunr is conpiicated

by the presence of tlvo B site lines" The A site line is, hoir'ever, rve1l

resolveC froni both of the B site lines for lines 1, 5 ancl 6 as see¡r irt

figure 3-2. The ti+o B site lines are clue to ti,,'o possible angles 0 = 0o

and 70" betr,¡een the princi.pal a.xes of the electric field gi:aclie¡lt an<i

the nagnetic fie1d" Since the quaclrtrpole interaction rlepenrls on

3 cos2 0 - 1, ti,:o B site lines are expecte<l. The area ra.tio of the

tv;o B site lines Brand BtI is expectecl to be 3:1 since the 70o angle

occllrs three tincs as often as tlie $o angle (50r 51.) "

A 1ea.st squares fj.t l"as dcne to all spcctra fo:: T<'I'pn for

lj.nes 1e 2,5 and 6. The f!-' i'as first clone b;,'inr¡"osing constraints

tha-t thc ¿r:ea r:at.j.o Iå rias 3: i " The para¡retcrs obtainecl fro¡r this fit
î-,

B

rrre'rt: then useil as ini tial gtiesscs fol a fit r,¡i tìrout constraints . The

aroa r¿t-io I¡/0,1 .r. Tlt) ,,ies i.nsigtrif icantly difft-.rent fol thcse f-l,ro fits 
"^"8 B'

'l'he ra.tio Iå r,ras 2" S J 0 .S " Since tÌre r¡alne af Xz (eoodness of f j t)
Tll.B

41



FIGURE 3*2

Mössbauer speetrun of YIG at roon temperature

A and B índíeate the peak positions of the

absorption línes from Fes? ín A and B sites"

The solid lines drawn show both the envelope

and indi.vidual LorentzÍans as obtained fron

a fit to the spectrum by the method of least

squares
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Mössbauer spectrum of YIG at 560" K" A and B

indicate the peak posítions of the absorption

lines fron Fe57 in A and B siteso The solid

lines drawn shorv both the envelope and individual

Lorentzians as obtained frorn a fit to the spectrum

by the method of least squares
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FIGURE 3-3
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dicl not chenge app::eciably for thcse trv,: fits tqe conclude that the ratio

T.t
.:-ti = 3 i_s rvithin thc exr;e::i.ncnta1 error of our resuLts. The large
TrÌ

D lf
error jn the value of tÈ i.e" 10"5 is due to tire 1ar:ge anount of orrerlap

îå"'

of these tli,o lines. FIom ircr€: on t,:e rqil1 use Tg = TÈ * Iåt as the total

area" The ratio 1¿\ is exï)r'ctecl to be l."50 for a thin absorber if
îî

fÅ = fi, Above'Ip¡q ihe specti:t"tia consists cf 4 line-s tl'to of rvhich

corïespond to th.c A site and tivo for the B site" These st-'ectra ale

fi t to tlre sun of four Loren.tzia.ns lvhich are iclentifi.ecl r¡ith the tt'¡o

sites as shoi+n in figu::e 3-3. It i:iL1 he noticed tha.t tlie peal'.s mar'lied

3 alicl 4 in fjgure 3-3 har¡e a sligirtl,v lotscr intensit.u* than the peal:-s

"maÏkcd 
l and 2. This is pi'obab1)'dtre to the large auount of overl¿"n

betlieen liea-ks 3 ancl 4lçhich incrcases tl'ie effectir¡e thjckness of the

absorber. Thi.s fact cen bc useC to cÌreck the thickness cosTcctji,ons

discttsscd beloir.
s"3 

-cs:I-9-ç-11-o-l.l-

Corrections for thc fj.nite thiclç¡ress of the absorber can be

macle lry u-sittg the follorvi.trg rclation bv Shjrley (S2) i

44

P"r,p f.,"p = rro,,fftf[]- - 0.2'hl for r<4"

llcre P^.... is tl.,e fra.c'iio:i¿1 absorotion at the rreak ¡osi.tion.

;";r,,t::t'ru' r;jdth at liat f hc,.gl.,t and n gi'e-s tirc nttnbcr of

oTì- a pa:r:l j cnla:': s j.te alicl" in tire colicCt '[)'p*ttttrU State " O-

toial ctîoss-Sectjon for recoil-frce absorr:tiono ariC- f ancl f'

recoilcss frnci j ons fo'¡.' thc soulce a:ld a.lisorþûÌ' ïc':jì1ectivc11'.

the ::e co::clcd spect.r:4. the concl.i ii611 1(4 tr'as rtulf i 11e d tçheie

T "t l'rCÍ,,, f I f
n,I

t 1l

ì. ic {'ho'cxÐ -'-'

FesT nr-rc1ei/cin2

cìcno tes th e

are the

For arll

f11
LL J



In l|l f is the natural line r*idth ancl f I is the absol'ber iinc

rçidtli choscn so tl.,at lu*j, = (f t +fl) (1 + 0.35 t) ancl lr was acljus.tcd

to be consistent r.;ith all oirr clata. Then jn a pa1'tictrlar absor¡rtion

spectrum the ratio of t'he areas I, ancl 12 of u,t.:o lines clenotecl by 1 anci

2 respectively is given bY:

^-l

¡,rlr or.p

Il

r2

n1

r, f I 1 - 0,24 To¿22

fr-1

:
n2

can be conside:i:ecl as the corrected areas unclier the peal:s f-¡oln t'rhich the

ratio fl can be dete::nrined.
-"!1lL2

çl
t_

Fr

1 - 0.24 r,

45

.--..*i:--",.".."
1 - 0.24 r,

I

T-2

1 - 0:24 't,

I is 2.4 channels ar,.cl 2.4 < f t < 3"0 channels t'{rich t':e folind froin I

expc,.riri.,:n-Ls on o, .-FerO. and Fe fc,i1. Talling lI = 2.6 chanrrels and et rooln

teipcratur" l"r.n = 11.0 channcls i,:e get TA = 0.2? t..*lei'e fA = c.76 is for

0D = 40ûo K. This nieans a corre ction cf 5e¡ is rerl.'.ri recÏ for I¡ for lincs 1

ancl 6. For- TB t.je get TB = .0,7 TA = 0.15 r,,hich correspon'Js. to a colTection of

1 
^ 

1A TI - VtLa .l

T,

For the YIG sar:np1e of 37 ng/crn ra:e. get tu = 1.1

ancl
1 - 0.24'r,

t3l

[4]

I
fr*^ ¡1 o vrhere



áuòüt i"sv" to rf roi li"es r onã 6.- Thu correction t",1.lir"cl for the

area ratj.o amounts to only 1.Seo ancl thus has been neglected. For the

thinner absorbers the corrections requíred are stil1 smal1er" For the

Fer0u samples the correction required for the area ratio is at most

2% for the thickest absorber í.e. 25 ng,/cnz. This correction has also

been neglected.

For the YIG samples for T>TIIN the corrections required are

important. This is because the effective thickness is incréased by a

factor of 2 because the spectrum has collapsed to a four-line spectruilì

from a trvelve-line spectrum, and also the line wicltli is decreaseci rvhich

will increase the effective thickness" Tjhese corrections are especially

important for the thicl< absorber, in rvhich case rA = 0.9 and Tg :0.7.

These corrections have been made ta!:ing into account that the'r values

are temperature dependent due to the temperature dependence of fI and

also fr. In figure 3-4 are plotted the corrected relative areas of the

octahedral and tetrahedral peaks on a logrithmic scale as a function of

tenperature for both FerOu and YIG"

46

J.4

In the Debye approxination for lattice vibrations, the recoil-

free fraction fr can be wrítten as (54) :

Discuss i.on

ff=

for T>0¡/2. llere E,

0¡ denotes the Debye

exp[-2}rl] = expt-6grr/ko3 l

is the recoil energy and l< i.s the Boltzman constant.

tcnperature. Actually spinels and garnets have

t sl



Ârças of the A
:

Yïû plotted on

fire BoLi.d lines

least $qrlerqgê

4T

Flgure 5*4

and B site speetra for Fe¿fi6 *nd

a legarithnf.e esal.e ver$us teaçÉrð.tufeu
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stl"uctule l*hich a.re tco corlplicatccl foi: the Debye aplroxirration. In

ordey'üo correct in pari for tliis l,rc introduce tr,to ltebye ternperaturìes

0¡ and 0u for A ancl B sj.tes rcspectiveLy. It is perhaps clj.ffj.cttlt to

justify trio Debye teni-perati:res, but since this is the oniy va::iab1e in

(5) we sl-ra 11 ¿rssune f or thç data. ana lysis that this can be done. 0 i.s

a measure of the strcngth r.ri'ch r'rhj.ch tire io¡'r is bound to its eqtti-Libriunt

position. In this rvay i*e have riacle the nodel nore realistic. Becettse

I is pro¡ortionâl to f ?, the .Q,n I vcrsu-s T curt,e should be a str:aight

line for T > O/2; herrce 0¡ ancl 0g can be deterr¡.jned from the slope of

the straigìrt line, The drar+¡r lines in figure 3-4 a.re the least squares

fit to the clata poinls" Fron thj,s tve fin¿ the De"oye tenperatures are :

and

The errors are calculated fron the ieast sqttares fit a"nd do not take

into account tl're possible ína-dcquacy of thc Dcbye nrodel" The-se Debye

tenperatures are nruch 1ot'rer tl:an those obtainecl by specific heat

measuïenents. The values oirt¿¿ine<.l flort specific heat clat¿ range froni

570" K to 660o K for F*rO,* (S':- 5ó) and 45,1' K tc 599" K for YIG (57-''ÕÐ). .
The la.rge diffe::ence betrveen olrr dat¿r and those. obtained by snecífÍc

heat mee.surenients niay be unclerstooC jn the folLcr,iing lray. The Lrebye

+^F,?.^*^'¡".^.^ ^r *-jrese conrrorinis as cleLernrined fro:u sÌrecific heat neasLrrcnrentsLttj,ijr(i!(1 LLI:u ur, ^ 'J \:r;learr{!¡iÇu r-rL

nray rcf cr nrain11, to the fra:ueuork oÍ cn'oic close-nackccr, ilxygeir iolts " Ii'e

have shotin tÌlat the octahe,-h'¿rl. ions have er LoÌ','cr: Ðcb},ç tenllcrat-u::e th¿Lrt

the tetrahcdral ions. Tiris l,:our1d jtrclicr.te i:1.,¡.t the fra:ïei¡ork of ox-vgcn

0A = 334 t 100 K 0g = 374 t 100 l( for FerOu

0A - 406 t 15" K 6g = 3(t6 + 15" K for YIG.



ions could ha-ve a

the ions filling

In fig

area raiios I^/I

the Debye approx

Debyc te,npeÍature consiCerably <lifferent from that of

the holcs in this franret'¡ork

Þr

!¡¡t4

of

+;

ex

-5 t+
i

I

tiot
ì

I

ii-
'l
I

pil
lli¡
]L

atecl

1=.h
IB ng

which can be

eha

hFe

his

ve plotted tlre corrected values of the

,0,. and YIG. At hjgh ter,rperature and in
5¡+

area xatío can be tr'ritten as

approxi m

I,F T""r -

k

Lr¡

IA*nA

L, t1.Õt)

The

and

straight lines clrair,n in fi.gLrreS-5arc least sqllare fjts to eqn" 7

fro¡r thj.s r+e find n¡/n, = 0.508 t 0"015 and

!
!t

I

\ e;î

I

I

l1
I
I

+ - *!- =-(1.4 t 0.2) x 10-6 for FeuOu. For YIG t,'e get
toA' - oB'

1l
"A/:B = 1.49 1 0.05 and eo; 

- ;;l =*(1'5 t 0,2) x 10-6, T'he valties

of n¡/ng are lvel1 r+j.thin ex¡reri,nental error of the knor.¡n values for

FerOu (0.s0) and for YIG (i.s). Tire values of 
# 6}, 

are jn goocl
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--r
1.

1\
0n2î

it
\l\ltl'it
tl
tl
¿i¡

i, 1\ I
''gf ,; I' I'\.*

â^'^-'5.^.r1* '.,.i +L +ì.¡gqe calcul.atecl frorn the frel'iorrsly detei."nli liecl values ofd3I UUiltçllL llf L!t LlÀvlç vdluL¡l-<! Lçlf

0,1 Lriicl. 0p, The tr,:o types of a-na1),sis, i.". the clcteirninatioll of 0n and 0t
J\ D'

fro;n thc arees. ancl the c]eteitmination of n¡/ng an,t -L- - ;L, , involrre
UiÁ, (7P

rl

sligìrt1y dif ferc'nt erlors,, esreci a 111, for the c¡ scs tch.ere sig,nir'icant

thicki-ress co;:r:i:ctions are reo.r:i-re cl . The area ratio is of col-izìs c nuch less

(6)

{7)



50

Area ratio of the A and B site lines for

Fer0* and YIG pl.otted versus tenperatureo

The solid lines are fits to the data by the

method of Least souares

FTGURE 3*5
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T 4 .: ã --- +: f.'.i rñ tOIL -tJ EI4urt/vr¡'ó

the same results.

Atroontenperetulctheratiooftherecoilessfractions
I

fl/ft deterrnined frorn the jntensity ratio is 0.94 t 0.02 for FerOu
B'A 

l

and 0.g4 -t 0.02 fcr: YIGI. These vê.lues are nrrch h.igher than the value
i

of 0.85 reporteC by Van Leof for BaFerr0r, (43). It is, ho';tever,

not knot.in rr,hether Van iloef nacle the nccesssry çorrections. At 0" K

I

the rati.o oF recoiless fractions can be calculated from

["-* / \*lI 38'" / 1 1\, I

f | /ft =exÞj- *i. I ^ 
_ î."ìi .

B A 'ï 2k \ us unil
L't-l

.by using the va.lues determined for ê¡ and 03 rvc set r/ri = 0.99 t 0.01

for FerOu ancl 0.99 t 0.01 for YTG. These values are ín reasonable

agreement rr,ith the ratio 0,96 t 0.02 obt¿.inecl by Grant et al for

CarFerou nt 5" K (44).

sensitive to thickness corlecti.ons than the area.

see that the trvo ncthods of ana 1ysíng tlie data girte

(s)

From LIössbauer spectr:a of FerOu and YIG tire relative intensities

of tire peaks ascribed to Fe 5 7 nuc 1ei in tetraheclral and oc [a]Ìec1ra1 :i j.tes

ha.rre bcen deternrinecl. Fro¡n tl-rese resrilts it has been sholvn that ti"e 1

recoil-frcc fractions of nuclei in the ttvo si.tes are almcst e'-:l.ual at

0o K. ¡\t roorn ter.perature the recoil-free fraction f[ of octaheclrally

situatecl nucLei. is 6eo loir,er tliiin f I of tetrahedral ntrciei " This nr,ealìs

tfuat tÌre relative occupation nuo.¡"1, cannot sirrrnly be deternined f::o¡n

l.Íössbauer snectra of tliese rrate:: j.a.l.s at roc)Ìl te¡n¡ei'ature " Hoh'ever, the

c:S-s:i"q:..3. 5



infonäation can be obtaincd by extrapclating

tempÈTatures ovûr a r+ide te:nilelatul:e raiige.

3.6

AltiLcugh the hyperfi¡re fielclso eloctric fielcl gradiarrts and

isoner shifts of Fe57 as cieternri¡ied fro:',r the spectra obtained for YÏG

are nct of imnediate interest soìrìÐ of this da'¿a v¡i1l be referred to

1ater. In table 3-2 ete tabulatccl tiie hyperfine fields, quadrirpole

interactions anC iscner sliifts at variotrs tenperatures. At roorn

tei:rperatuie the hyperfine field for Br and Br t spectra dif.fex try 6 KOe"

u'hich is du,: to the difference itr ti're dipola-r fi.e1'Js. In figrtre 3-6

'we have plotted the hyperfine fielcl versus tetnperatuiie. This data is

i1 good agree¡ïent vrith that reported by Van Loef (51). The imlrorbant point

to notice'is that the hyperfine fields for the Â. and B sites differ by

90 Kge", ilt reasonable agreeìnent vrith the results of other investigators

(50-51). This ploperty of spínels and garnets v¿ill be discussed in a

Latez'sectio:t.

In'cerna 1 Ir-Ëlct5 l.T1 I r(:

from data taken at high

52

The qr-radrupole intera-ctj.ol fot: the A site and T'TFN ís = 0

uhich is ín agree:nent t+j.tir an angle 0 - 55o bett+een the principal a:es

of the el.ec-r-ric f.ic1r1 g-.'s-clilr:it aiid the liyperfíne fie ld. Tire quaclrupcle

interaction r"or the Bt aîid Btf site¿s arë 2

e-qr¿

;-
(3cos'o-r)

tne ca.tcur¡.rú.1

. 0.21.5 + 0"01 aiid 0,057 ! 0.01 müt/sec" î-espectir¡e1)'"

..3 cosz (o:).-. 1

r:e t,í o is
3 cos;z (70") - i

is 3. Tlre agreenrent is satíslacta-ry.
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Tabulated values of the hyperfine field,

quadrupole ínteractío¡r and isomer shift at

various tenperaturess

TABLE 3*2



Temp.

(" K)

295'

38B

427

(r*:r/se c)

0. 34

0.38

0. 36

0,25

Bf I

0.98

0. 9B

0.97

0.97

t1 (ì7

0.96

0,97

0.95

0 .43

0.42

0.40

0.43

396

343

308

25s

0 .41

0.44

0.44

0.44

0.44

0.44

0 .44

0.44

T
I
I-t"'
I

i

488

¿+JJ

396

330

Br I

tt5

JS**' (mm/s ec)

483

427

390

324

*

0"33

0."28

0 "25

0.21

0.12

a.\2

0. 11

0.06

0 .07

0.02

-0.02

-0 .02

Taking 0 = 70" for Bt and

relative to Fest in Cr

0.55

n q,ô

0.46

0. 45

0.s2

0.33

0.33

0.27

0 "28

i

I
!

I
I

I

I

I
I
I
I

I

I
I
I

I-l
I
i

!
I
i
I

I
I
I

i
i
i
t,

I
I

I
T
I

1l
I
I

I

i

0 = 0o for Blr

0.23

0. 19

0. l9



Plot of the hyperfíne fieLd versus f/Tpn where Tr*

is the ferrimagnetie N6el tenperat,ure

54

FÏGURE 3-6
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Above T¡¡ the separatíons

values for the B site are

_:T{fX trsing the rela.tion

The A site quacliupole

rvhich sllo:*'s that for t

E^ (T<Tp^,) to be zero o

v ¡ ¡1

of the tuo dot-tblets is

in good agrce;,rent with

. .elqeQ . - (3 ,çcq1 .q - 1)l

I

I

l

J

i
I

1n

f¡a
i

In figure 3-7 ate plotted the isorner shifts for the tiqo

sites vetìsus tr:lperature for T>Tft¡. Belo',,,' Tp¡¡ the isoner shift determination

is not v€ïy aÕcll-ratÐ ioe. tÛ.0,1 rir:n/see. The slope of the ü'Jo stt"aight

lines dr:ar,;n through the clata points is 6"7 x 10-a mrr./see/o.K for the

A site ancl 6.7 x 10-a mmfseefoK for the B site, The error in these slopes

is about +0"5 x 10-+ r¡:rn/seef"K.. The srruarising thing is that the sLopes

are nearly tire sajneo This is rìot coTlsistent r¡i"ch the results tabulated

by Van Lcef (6i) l,4rieh indicate that the slope for the A site iotls is

less tha:i that for the B site ions. The differencÐ i¡l the isomer shífts

to 1:>1'F,ï is IS (B) . IS (r\) = 0.21 ririf sec ín agreeinent u,ith tiic issul"is
.,

te.'or"r1a.ted by Va:"1 Loef (61,).

e2qQ
given by *'1- , These

those calculat.ed for

o

teraction is in fact ctuite large ioeo 0"98 nun/sec"

A site the angtre 0 must be 55o in order for

55
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Plot of

AandB

the isomer shift versus temperaturec

refer to Fes? ín A and B siteso

FÏGURE 3.7
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CHAPTER 4

Relation between the Hyperfine Magnetic Fields and Sublattice

4.L

The Mössbauer effect (ME) technique has frequently been used

to detennine the temperature dependence of the hyperfine nagnetic field

Hhpf .t nuclei in fe:rro-, ferri-, or antiferro- nagnetic materials (62-68).

Very often such a cutrve was assumed to be identical wíth the

rnagnetization or a sublattice magnetízatíon versus ternperature curve,

Since we will ín later sections want to correlate the hyperfine field

data $rith the sublattice nagnetizatíon we required detailed information

about the relation betrueen the hyperfine field and the nagnetizatíon"

A detailed study of the relationship between H¡-ç(T) and M(T)
¡ ¡Pr

has only been nade for íron (69, 70). Except for approximate conparisons

made by Van Loef (61), such studies have not been made for iron in ionic

compounds. In view of the current interest in ferrimagnets and antíferro-

magnets, ít is pertinent to make detaíIed investigations.

We have studied the inverse spinel FerOu with the Mössbauer

effect technique because accurate values of the sublattice nagnetizations

at temperature between 298o K and 860" Ko obtained fron neutron

diffraction experiments by Ríste and Tenzer (RT), are tabulated (7L).

For Fe3Oq, RT performed all the necessary corrections for extínitions

and the Debye-Waller factor. The magnetization versus tenperature curve,

derived from these neutron-diffraction experinents agreed r+e11. with the

magnetization data obtained by Pauthenet (ref. 5 in [78]). Our sarnple of

Introduction

l,lagnetízations in Fe rOu

s7



Fe rOu as tçel1 as -the naterial measu

containecl less than one percent inp

is that all the cat,i.ons can be obse

the material contains only iron cat
i

i¡r these spcctra can be deternrined
I

1ínes of the six line hYPcrfine Pat
l

(A) s j tes are rvel1 separatecl froin t

(B) sites above roorn tLlnperature.
j

Á') Fr¿ner"irrlentâl1. L Þ^l-/va r

red by RT is of

r.¡rities. ¡\noth

rveC viith th.e 1.1

lons. ln acolt

accuratel)'beca

tern attributed

hos e attribut ecl

j\lössbauer spectra rvere obtainecl by using a constant 
" 
elocity

drive C3l; as descrjbed previously rr'ith about 50 channels per rnm,/sec.

The source tras 10 nC of CosT in a chroniun natrix" The vecuurn fui'nace

useC Ìras also been described" The single crystals of FerOu ruere crushed

and rnixecl rr'ith grapliite. This rnix'cure h'as placecl ínto a graphite dish

and pressed firrnly in order to ensure tempe::ature unifornitl'. T]:e

ferrinagnetic N6e1 tenrpera.ture T¡:" r.;as nteasurerl by the thernral scannÍng

tec¡¡ique. fh.e counting rate is rneasured as a functj.on of telnperetLlre

rvitli the vclocity set at th.e peak position, of the paranagnetic line

jr.rst above T'Fit. This is shor,rn in figure 4-1-. The transitíon tetnperaturez

ís th.en <lefj necl as the iniersection of the line clrat,'n tltlough the steepest

par.to'fthecu::veu:iththehorizonta11ine.drar.Jnthroughthepoint

r.'el1 above TfN. Tnc tïansition tenìFeratlrre can then be founci to withjn

a relative accì.rï1cy of abotit O,S" X" TpN ttas found to bc 850'0 t 0.5o K

in ç.rooil- a.grecnent r,'itir thc vaLues in the lite:ratule r,:hi.'cir range front

8.lse K t(, lì5ri" li"

natu::al origin anC

er advantage of F"rOu

E technique, because

i.on, the spl ittings

use the first three

to nuclei .ilr tetraheclral

to nuclei in cctaheclral

5B



Plot of countíng rate versus thef,mocsupLe eonnfo with

the transducer operating at a velocity correspondíng

to the peak positi.on of the paratnagnetic line'

The lntersectíon of the two straight lines drawn

defines the ferri¡nagnetíc N6e1 ternpelature (Tp¡) *

59
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60

Typical l.ló'ssbaueï spectra taken at temperatures ranging front

roorn temlieratuïe to above the Ncel poínt are shotqlt in figure 4-2 to 4-5'

A least squares f it, asstuning Lorentzian line shapes, v,'as m.ade to aLL

spectra with the IBl,i systern /360 nodel 65 com¡uter. Fron the least

squares arallrsis, the relative error j.n the hyperfine field rvas 1es-s

than 0.5% up to 0,9 T¡r¡ ancl ¡"botrt Id'; at 0.97 Tp^,

The ternpciatltrc Cc¡cndcnccs of the hyperfine nagnetic fielcls

ex¡reríenced b;r Fe s7-ntrclei in A- ancl B-s j tes respecti ve1y, as deternrined

frorn l,lössbauer spectrar are plottecl in figure'4-6. Thc nragne'Liz¿rtions

as a function of the ter,rperatul'e for the A aird B sublattices, as

obtainecl by R'f , are also plotted in tirc same figure. RT nornalizecl

the 1.1(T) cia,ta to the values C.982 anci 0.962 for ìt1(298' K) of A- and

B-sites respectively, For' conpar"ison rr'e hat'e chosen th.e same nornr.alization

values for tl¡.,'¡(T) at room tenperatuïe. Since F.T di.cl not rileasure Tp¡

we estir¡.ated i t by extrapolating the sub latti ce nlagneti zation cuïves

to zero. This left a large uncertainty in th.e value of Tp¡ (TfX = 858 t 2"

used for the P.'f clata. As can be secn from figure4-6 there is very clo-se

agrecment betr,:een the II¡'.,¡(T) \¡eïsus T anC tire il(T) versus T curves

for A site.s âs lr,ell as for B si les. Abr¡ve 0.9 TFN the vaiues for' l'1(T) 
1

drop belorv the Flhnf (1') value-s, llor'-ever, this nay be clue to the rincertaintlr
:

i n 'r' 'Ênr' *h o 'leutrcn diff raction dat¿r, The ertiors in )1(T) are notr¡l ¡f\: tVl L¡¡E ¡:çuLr!¡¡

gi-u"n U, IìT, but rega::ciilg the cor:rcctions that have to be nade, t,'e

estin¿rte this er:ror to be ahcrLtt 1 pcrcent for T<0 "9 Tfru" The Ci.fferences

betrr'een the noriralj zeci lii-,,.¡(T) and ll(T) values a-re Less than 1 percent trp

to 0 "9 '1'n. In '¡j rr;,: 
.o"i 

the ciinhj.r.'1 ecl eriniìl: j.ntental el'ror th j-s díf'Íercnce

t/l
I\.'
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Miissbauer spectrun of Fer0o at room temperatureo

A and B refer to Fe57 ùn Â and B sltes

FÏGURE 4.2



rí'-'Þ\
"\

,i+t*ùx..,

li
, tB , 28
lltA 2A

I l---- -- ." - l-

- o.B - 0.6 - 0.4 -o,?

t'
r -"

3A

r

I

4B
I

4A

o,2 0,4 c,u o,B

tl
T

II
494

i

4
I
4't
I
I

2,2"C

t
*'of

I

+

î
450î

T
-.{-

I

ï

L,

r)
L'
;

u)

C,
:)()
O

llll
H

i¡
I

63
I

I

r) l)
I

¡| /-\

Veiocitv {cm /sec)



Mössbauer spectrwl

refers to Fe57 ín
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FÏGURË 4-3

of Feroo at 411"5o

A and B sites

Co AandB
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FÏGURE 4-4

Mössbauer spectrrm of Feu0o at 552"

refers to FesT in A and B sÍtes
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C. AandB
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Ito3sbauer spectlun of Feu0u at 586"

refer to FesT in A and B sit,es.
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Figure 4*5

C. AandB
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Normalized hyperfine magnetíc fields at FesT nucle:i.

and sublattíce magnetizations of A a¡rd B sites in

Fer0u as a funetíon of the reduced tenperature T/TF,N.

The hyperfine nagnetíc fíelds have been determined

fron Mníssbauer spectra and the sublattíee ¡nagnetízatíon

have been taken from Ref" 7L"

65

Figure 4*6
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carrnot be ca11ed signi ficant. The::efore l','e concluc'le that irithin the

expciincntal crror of 1 pclcernt the hypcrfi ne ntagnetic fielci at Fe s7

nucle,i in Á.- anC B-sitcs of lrc 
rOu have the saure tcnperature dependences

as the rcspcctivc srrirlatticc nagnetizations.

¿+oJ

In a reccnt sLrï\'ci/ ai:Ij.cle (61) \ran Loef has tabu1a--Ued, for

ferrinagnets, the relative hyperf ine rùagnetic field lih..(T)/tl,._r (0)
¡,PJ . ftpr

obtainecl fror,l Ì"fr or Ìtll.iit méastrrenents ancl the relati-ve sublattice 
.

neutron Ci ffracti.oñ

data, It turns out that for a- nunt'er cf fer:rir¡agneti-c sninels and a

garnet these tr.;o quantities cliffer by alrout 5 percent at 0.5 Tp¡ anrl

even rnore at 0.75 1'FN" Van Loef suggests that time fluctuations of

the ionic spin nay be responsible tor this difference. Thís influence

can be discussed on the basis of th.e follor,ring relatj,on bettveen IIno,

and the nagnetic quantun nunber of the ionic spin nr;

I!, "ft.Tl = AlTl n-lt,T)"..hDfr"¡..,..\,,,...S\-.

Here, t refers to tjne a.nc'! T to tenpclatrrre. A(T) is the hyperfine

coupling constant. Ihc quantization direction has been chosen along

+t'^ r"'--^r-'i -^+'i 1¡r'. Pela:;.atio11 1':hcnor:'cna i.n the Iiössbaucr effect haveL!lç I¡;d5¡lf-LJ-¿clLal,¡1.'..wr<¡.\(rLrL¡.t I

been discussed b¡'scverel autho¡.s (-12*77). The cJiscussion has nainly

been ciilectecl tor,;arcls pa-ranagnctic neterials. IIor,,,ever, one conc1usion

tiilI also l'ro1cl fol n:agnet jca1ly orclereC n'ateria.ls : viz., if the

f lucttrati-on of thc ioni c spin is re.n j cl conr;oarccl to tÌre Lar,ror t--',recess ion

!*y"gr*s.r

66
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frccluency v, of '" ^ -"^1^"- rr .ltl r.''i 11 he nrnportional to nr_ (t) .-L L¡rç ¡tuLlsu-r, ¡¡gff \r'l rrJ ¡r r.'ç l-,rv¡ 5.

In Fó 0 as tr'e l.1 as in the -snì nels and the garnet tabulated in reference3-¡{ -"

(61) , this f luctuat j on freoucnc), r{i 11 be of the order of 10 I 3 c/s, rvhich

is nucir larger than v¡ = 10t c/s in a field of 500 kOe in the case of

Fe57. So, I'cr these niat.erials rçe rnay ririte [lJ as
I

jo

I rlhpf (r) = A(r) mu(r) (zi

It rnal'be noticed, thatl a sinilar expression is in cor.r¡ron usage in I'il.fn.

A second factor that nay ir,r¡rede a close connection betr+een

lln'¡ ancl !i is the temperature depenclence of the hyperfjne constant A.

,Only for nretall.ic iron (70) ancl (ltnss) 2* in oxides QB, 79) and i.n

haiides ç80, 81 j, has A(T) been investigatecl expcrirnentaliy and theor-

etical1y. IJere the lelation betr.,'ee¡l A and tlre tenl-.erature can be

representerl enrpirically as

67

tçhere, A(0) refers to A at 0" K, c ancl n are constants clepending on the

rnateri e l s in oireStiono In the aìrove nlentionecl materials the difference

betriecn Â (0o K) ancl A (1000" K) r.ray vary fro;r almost zero to ten pel'cent .

In the spinels and tl,e garnet tabrrlated in refercrrce (Ol) the differ.ent

tenpera'Lt-tre behavicr of Llnot and l''! nust be due to A(T), assuning thet the

e,xperirental results are suítab1e fo¡ strch a coinpaLj.son"

A(r) = Â(0) [1 - crn] [3]



6B

-cince nlgnetÍte is a coÌlrpleteiy int,etse spinel, only ferri.c

ions occllpy the .¿\.-sites. It j s reasonabl e to expect that othcr ínverse

spincls of thc type I:FerO,, t,'ould exhibit a sjnj.lar behavior for A site

íons. Of coursc, the tenìferature Jnclependence found for thc hyperfinc

coupling. col:stal:t nay be a consecitlcnce of all the A site ions being in

S- sta tes .

Of the inverse spittels, tuag,tteti te is unusttal ín that the

B sites are occupied by equal nrrnbet's of ferrjc ancl ferrous ions.

Above roo:ii temperatttre hot,;evcr, tlte ferrous anC ferrj.c ions are

i¡clistingr.rishahle because fast elcctron exchange occllrs. Therefore,

the teniperatur.e inclepcnrJe¡rce of the hyperfine cotrpling constant ol-'ser:vecl

for the B site ions of ¡ra.gnetite na,v not be a general property fo:: a1L

spincls.

For the spinels and the garnet djscussccl by \¡an Loe f (61),

there appeared to be a decrease in the hyperfìne coupling constante

A(T), of at least 5 percent for the ions in both A- ancl B-sites" The

diff erence j n the tenperature clei;enclence of the hyrrerfine field a.ncl

that of the sr-r'hlatt j ce n agneti.zat j on j s in rnany of the exa.npl es givcn hy

ì¡an Locf not unexf ec'Led" lii.th the llii.ssbauer effect one neasures only '

i-he temnel'n¡u-r'e dcilcnCence of lt, --. for Iic ions tr'hereas neutron diffractj.on.--ï -" hpf --^

me.asures the: ten:perature denenclcnce of all the j ons in a Parti.cular

strblattice. Thet the tei.ìpel'ature tlepenclence of tìre nragnetiz¿rticn of -"ay

a l{i j.cn in NiIrerO. in thc R s j te is different frorn that c"i an iron ion

i s exircctc,.1, lrecau.se thc )ii (ii) * Itc (A) superexc'h.ernge iI'ì'teract j,cn can be



dífferent from the Fe(B) - Fe(A) interaction. Also Ni2+ has a spín of

1 whiLe Fe3+ has a spin of ! . It has for example been shown by us

and this wiLl be discussed in a latter section that even Fe ions in

B,sites with different A sj.te ions as nearest neighl:ors in the same

material have a different tenperature clependence of the hype::fine field"

Another difficulty rvhich arises in the comparison made by

Van Loef relates to the quaLity of the samples used. RT used singLe

crystals of NiFer0u obtainecl fron Lyncle Air. l{e also obtain a sanple

of NiFerOu from LynJe Air but this sanrple has a l'1össbauer spectrun quite

different from the porvdered sanples prepared by us ancl also those used by

l,lorel (S2j..
Fron the prececling we v¡i11 assurne that the hyperfine fiel<l in

the other ferrites rr'hich r,.'e have stuclied is directly proportional to the

sublattice magnetization.

Other interesting parameters which have been found from this

study are the isorner shift temperature dependence and the quadrupole

e2o 0
interaction ]5 . The latter was forr:rcì to be less than 0.02 mrn/sec.

i.2
for both the A and B sites. The isomer shífts at room temperature

differ, by 0.44 rnnr/sec. I'lost of this clifference can be attributed to

the fact that the g site ions are part Fea+ and part Fe3*. It should be

noted that the isomer shift dataare quite inaccurate i.e. t0.03 mm,/sec.

especially at high temperatures. This is because of the difficulty in

locating peak 6 accurately for the A and B sites. The hyperfine field

of course is stil1 accurate to rvithin 0.5% or better even if peak 6 can

only be located to trithin 10.03 mm,/sec. In'figure 4-7 ís plotted the

69



Plot of the isoner shíft versus temperatureo

A and B refer to FesT in A and B sites
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FTGURE 4-7
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tenperature dependence of the I.S. The data is only plottecl up to

450" C because of the inaccuracy above this temperature. The slopes

of the tlo lines drawn are 6"7 x 10-4 rnm/sec/oK and 6.2 x 10-4 mm/secf"K

for the B and A sites respectively. The errors ín the slopes are about

t0.5 rnm/s ecfoK. These results indicate that the B site isoner shift decreases

more rapidly with increasing tenperature than that of the A site although

the trvo values are within experimental error of each othero The val.ues

tabulated by Van Loef (61) usually shor+ a difference in slopes of

1 x 10-a nm/sec/oK.and also the stopes are consíderably lorver than the

ones we found.

Another interesting point is the behaviour of the hyperfine

fields close to the Née1 temperature" It has been shown experimentally

and indicated theoretically that the behavùor is given by

7L

for a large number of materials (83-86) o For the ferrites, hot+ever, it

is known that the hyperfine fields at the trvo sites have a different

temperature dependence at low temperatures. Thus, it is interesting to

find the coeff,icients g for the two sites. fn fígure 4-8 is plotted the

nor¡nalízed hyperfine field versus (1 - T- ) on a log-1og plot" The
Tr¡l

coeffícients ß for the two sites are 0.33 t 0.03 and 0.36 f 0.03 for

0.7921T < 0.972" It is seen that ß is slightly different for the tr,ro
TpN

sites although they are within experimental error of each other and also

tnnt(t) 
= a

Hhpf (o) ('
)'TpN



Plot on a log*Lag scale of H¡o¡(T)/\ot(296" K)

72

versus f * T/Tp¡ for FesT in A and B sites

FIGURE 4-8
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are B¡ithin experirûei1ta1

rnore deta j.le d s Lucly of

reported e 1se',,rhere.

error' of the usually fo'.rnci value of 0"33" A

this behaviour is being carried out and r"i1Ï be
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5.1

The simplest of the ferrites which we have studied is NiFerOu.

The reason for studying this material is to compare these results with

those of the more complicated compounds which will be discussed Later.

NiFerOu has usually been assumed to be a colinear Née1-type ferrinagnet

with the cation distribution given by (F$[NiFe]0u. It has however been

suggested (87), that NiFerOu has a Yafet -Kittel type of triangular

spin arrangement. Chappert et al l8B) have shown that this suqqestion

is unlikely by studying NiFerOu using the lr4össbauer effect in an applied

nagnetic fiel.d. By applying a magnetic field parallel to the direction

of propogation of the y-rays the Anr = 0 transitions should disappear if
one has a colinear ferrimagnet" If the Âm = 0 transitions do not

disappear, one can obtain from the íntensity of these transi.tions the

angles involved in the triangular spin arrangement.

Morel (82) has studied the tenrperature dependence of the

sublattice magnetization utilizíng the Mössbauer effect. He also

determined some of the relevant superexchange interactions in the

molecular field approximation. I will therefore not discuss in detai.l

our results on the ternperature dependence of the hyperfine field.

Introduction

cHå.PrER s

NiFe rOu

74



s.2

NiFerOq can be prepared in several htayso The simplest being

by mixing the separate oxides in the correct proportíon and firing the

sample at high temperatures. We prepared NiFerOo in two ways :

Sample Preparation

(1) By adding Ni(N0r)r6Hr0 and FeSOu7HrO to a NaOH solution in

the correct proportions" The precipitate of Fe(0H). and Ni(0FI), is

thoroughly washed and heated at low temperatures to form FerOu and NiO"

llrese oxides will be very well mixed. This mixture is then prefired

at 900o C for 24 hours, reground and fired at 1200" C for 24 hours in

air.

(2) By adding Ni(N0.)r6Hr0 and Fe(NHb)2(S0,,), to a solution

(NH,,)zCz0bH20 and oxal.ic acid. The precipitate of FeNi(CrOu) " it

heated at 1ow temperatures and subsequently heated as in case l.

difference was found in these two cases as far as nagnetic nonent

measurements and hfossbauer sÞectra t.¡ere concerned.

7s

5.3

The nagnetic moment of NiFerO4 was measured as described in

section 2-1. We measured a nagnetic moment of 2.2 Vßat 4.2o K

extrapolated to infinite internal field" If NiFer0u is completely

inverse the nagnetic moment is given by

Ilagneti r_Mgrnsqt

Ar 0" K MFe(A) = Mp"(B) - 5 uß so that M = \iG). Ar 0" K then

M = Mpu(B) - MF"(A) + M*i(B).

of

No



MNi(B) = 2.2 UÊ which is 0.2 pU hígher than the

is in agreenent with g factormeasurements (Bg)

unquenched orbital angular momentum.

5.4

Figure 5-1 shows a Mössbauer spectrtsn of NiFezOk at roon

tenperature. It is obvious from the doublets in the regions marked

1, 5 and 6 that there must be 2 six line hyperfine patterns" These

trvo patterns are due to Fe ín A and B sítes o To identify the two

spectra with Fe in the trvo sites we applied a rnagnetic field of 17 KOe"

in a direction perpendicular to the direction of y-Tay propagation.

The spectrum obtained in the applied field is shown in figure 5-2"

The doublets rvhich appeared without the applied fíeld have not^¡ collapsed"

Since the applied field will add to Hhpf(A) and subtract from H¡O¡(B)

we conclude that the spectra of Fe in A and B sites are identified as

shown in figure 5-1.

The next problem is to check whether or not NiFer0u is a

cornpletely inverse spinel. The cation distribution can be found from

the ratio of u""", þ as discussed in section 3. This ratio h,as found
IA

from a least squares fit to the spectrum shown in figure 5-3 tvhich was

taken at 106" K and in which the A and B site lines are well resolved.
I'R

The area ¡¿¿ie -J' is L"02 t 0.06 for line 1 of the spectrum and

Mössbauer Effect

spin only value. This

and índicates a snalL

76

0.84 t 0.06 for line 6. In the fit to line six however the full wídths

at half height of the A site line was 30% greater than that o:F the B site
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.$tässbauev spÉetvufit oË $iFeuou at

A avrct B refer to Fe57 in Á' and B

Figure 5-'1

fgoÞ temp6r&tur€*

sÍ.tes
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Mössbauer spectrum of NíFer0u in an applied fíeld

of 17 K0e, The fíeld dírection is perpendicular

to the direetion of propogatíon of the Y rayso

78

Figure 5-2
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Ir{össbauer spectflm

refer to FesT in A

79

Figure 5*3

of NiFerO,s at 1060

and B sites.

Ku AandB
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lirrc. The 1o','; area ratio is caused nainly by this lqtge A site line

width. Since the line vrj,dths for line one c{iffer by only 5e¿ we feel
. . IB

that 1.02 far ai is the more relíable value. This inclícates thatr
¡̂a

NíFe^0. is a conlrletely inverse spinel.24
i

i

A¡iother r"e.y gf finding out rvhether or not NiFerOu is

conpletely invelse is to heat-treat the sainple. If the B siåe
.

preference of hli is not.too high one shoul.d be able to force soirte Ní

into the A site Uy trealing the aateïiai. at higir.tenperatures and

quenching" In this r,,'ay the Ni ions will be frozen into the A sítes.

Mössbauer spectra for a. ma-terial qirenchecl. in water fron 1200o C and

a ma.terial sl-c'rrly cooled fron 1200o C at a late of about 100" C/hor"lr

are epparently identical " This shorqs that the B site prefei'ence of the

Ni2+ is incleed very high in agreement r¡ith the calci.rLatÍ.cns discussed

in section 1o1o

Figures 5-4 anrl 5-5 sholu the spectra obtained at 365 and

623o K respectively" There is one une;{pected, coinplication in the spectïa

of figures 4 and 5, naincly tirat the lines seen to broaden as the

teilperature increa.ses. To see rvhether or not this broaclening Þias reversible

l+e hea-tcC th'e specimÐn at 600o C in our vacuiiin furnace and then cooled 'l

ít to rocn tenpclature. Line 6 of the resulting spect-riiil is slroi+n i¡r

figure 5-6, also sïrol+n js 1j.ne 6 before tire heat treatn.lnt. It is

obvi.ous that tìrcse sllccËra âïë coìrr;ícler¿b1y dír'ferent in that the B síte

line see;rs to be broader and less intense after" the heat trea.'cÍtento The

Teasoir for this is no! unclerstocd but u¡e be1íeve the:naterial has probably

rt.-li:.r:cdl in t.ìr:r vacli1-urìo Tiris ís in.Jeerl rnade ¡io:re possíb1,c by the f¿ct thert

80



Mössbauer spectrum

refer to FesT in A

8l

Figure 5-4

of NiFerO* at 365o

and B sitesu

K" AandB
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Mössbauer spectrun

refer to Fe57 in A

82

Figure 5-5

of NiFerO o at 623o

and B sitesu

K. AandB



ol
OC

99
9
I

I

el(f,

7
()

q

tsr Ar

,rl I

oo tgîot cl

' 
a, .ra¡tta¡la

t:':'r""'-- ::o':s' i"
.,1 .-. ,, -'t¡..,- a.^ !:r1.,, "'"t' : i'.i "i.- '.' "'4

.7; . ,;..,. . 
'. ., '.¿.ot- "r_ ! ! ¿ ' .r. .

¡ ..,i.. ,'- 
-o -'. .t;1'! :-. t

o.t-t, 
'ui, .t\ ' . 

" 
.t : ' '

g.- . lo 
l. Ò 

¡ a :
.l.ot

| ¡¿t¿o)'
¡t'4"!'
t

aa

a

a
a

,l'

at

t.

o .t a t .
¡ | a ta a

^r-' aa

è¡fao (
c ta .

ac
atè 

a. ,4.

¡r)o

0
C.
:l
(^)

/l

'a

t

iltlti

a

a3

a

o¡¡

!l
t¡

BzAz Ao Ba

-o8 -06 -c.d, -o.2 oc 02 o4 o6 o8 t.o

Ve Noc it y (crn / sec )



Line six of the Mössbauer spectïun

obtained at room temperatureo I is

obtained after heating the naterial

24 hours in a vacrn¡n and II is the

obtained before the heat treatmento

85

Figure 5*6

of NíFe.Ou

the'spectrtfir

at 5000 C for

sPectrun
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the sanple ís a very fi.ne powder and míxed with graphite. If this

broadening were due to a change in the cation distribution then tr'e should

have observed the sane effect by heating the sample at 600" C in air

which we did not"

The ferrimagnetic Néel temperatuïe htas measured by the thernal

scanning technique and was found to be 868" K in good agreenent with

values ranging fron BSB" K to 868o K found in the literature (gO).

T
Figure 5* 7 shorvs tlnnt Plotted versutñ . This data is

rvithin experimental error the same as that obtained by I'lorel (BZ) . The

data shows that as previously mentioned the B site rnagnetization

decreases nore rapidly with increasing temperature than that of the A

síte.

The hyperfine fields extrapolated to 0o K are 555 K0e. and

515 KOe. for the B and A sites respectively. The isoner shifts at

106o K were found to be 0.60 ¡nm/sec. and 0" 47 nm/sec" relative to stainless

steel. for the B and A sites respectively. These data show the same

behaviour as thosefound for YIG in section 3 in that H¡pf(A) < Hhpf(B)

and IS(A) < IS(B). It should be pointed out however that both these

differences are not as large for NíFer0u as for YIG.

B4
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Plot of the hyperfine fíelds versus t/TfN, The

lower curve is for Fe57 in A sites and the uppef; curve is

for FesT in B sitesu Curves are drarun through the

data points and indicate possible extrapolations"

Figure .5*7
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6.1

CoFer0, is differe¡lt from most o'cher spinels in that ít has

a large r,ragnetic anisotropy. This anisotïopy is gcnefally as.surnecl to

be due to the Co2+ ion" Calculations by Tachil<i ( A ) ancl Sloncz.eusl<i t7 )

indicate that the anisotropy of the Co2a' io¡r' j.s clue. to the crystal fjeld

splitting of the atonìíc orbitaL leveLs by a cubic and trígonal crystal

fields together r^,,ith the spin-crbit coupling" Theoretical calculations

their agree reascnably r+elL with the experíireirtally measured anisotropy

'constant. By assu:ning a rnodel of ordering,.of the Coz+ and Fe3o ions

in the B sites it was also posslbl.e to explain t1-re nagnotical..ty incluced

uniaxie.l anisotropy in both CoFerOu and Co doperl FerOu, The abor¡e

theoretical caiculations also give values for the net rna-gnetic mo¡rent.

This according to Tachiki and Sloncze,¡¡ski shoulcl be about 3"q Uß per ioni

The nteasu,recl values of tlre riragnetic moinent of CoFerOu indicate tirat the

¡ncient of co2+ is 3^3 to 3.94 UU peï ion. This large discrepancy in the

magiratic nloltents coulcl be due to Coi:er0¡) nÐt bei.ng a co::'rp1etely inverse

spiirel. ,|

the purpose of otlr expëî'írnents is to atteìrpt to clear up this

point togcther l¡irir the possibility of .seeÍ.ng in r,rÌrat r;ay the catio¡r

dist:'i-br-rtions effect the itíössÌ;auer 5Ðectla.

Jg:gÉssl*i-

CHAPTËR 6

CoFer0u

86



6.2

Samples of CoFerOu -**ere prcpared by the same nethods as

descsibed for NiFerOu. In addj.tion to this we also prepared sanples by

nixing together in the rec¡uired proportions CoO and Fer0r. Thís r,rixture

l;as prefirecl at 900o C fox 24 hours ancl regrouncl follor,¡ed by another

firing at g00o C for 24 hctti'¡s. The rnaterial tvas then regro'"rnd and

fired a't I?,00ø C a-nrl qtrcniiiecl jn t,rate'¡" To obtain a slowly cooled

nraterial, r.re heatecl the qi-rencherl ¡late-¡ial to 1200o C and cooLed it at a

rate of 4o C per hour. Thcse sanples rr,i11 be-referrerl to as Coner0*(9).

and CoFcrOu (s.c.) respcctivoly.

Sar,ro1e Prelarati o;r

-.L.:*--

6.3

In figures 6-1 and 6*2 ere siro,,';n tltjssbauer spectt'a of CoFer0u(g)

and CoFer0u(s.c") taken at Toor¡ì teiîPe-rattlre" Figrire 6-2b sho"is an expa:rded

view of line six of the spectra shoirn ín figure 6-l anð.6-2, It ís obviot-is

that the t!.¿o mateîials e:dribit a different Nlössbauer spectrufiì, If CoFe"O,.2\

were coïlpl.etely inver^se i.,e r,¡or:lcl have expectecl spectra similar to those of

Ni.Fer0.. a.s shoi;n in figr-r-ie 5-1. Ifo lioi+ever, the spec.tra aïe difr"erent

only becrlrr.se CoTicrOu is not coäipl.cte1y inverse t're ï'rou1d expect the

octahoclral line to be ¡llo:ce inti::rse than the tet.rahedrai li:re" If we, 1

hoirever, identif¡" the B site liire in region 6 of figure 6-2 for CoFer0u(s"c.)

as. being the lirie coriespclrding to tÌre higher hyperfine fieLd as for

NiFer0u 1,:e sire that this line uoi-rlc1 be less interse tha-n the A:.s-irte Line.

To finC the cation dístributi.on lr'e coLlected spectra in an a-ppli-ed field

of 55 KOe. a'c ror.r toinp.¿:ca';ure" Thesc sirectra are shown i:r figr-ires 6-3

ancl 6^'1" Fr.'c,,r th,lse specii'å it is ci:iy'úo i.cl';ntify the A and B síte tínes

I9* L*.19i:_Ef_j:-"å ( c ari i o ir d í s t :r i'ij u t i ort s J

87
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Mössbauer spectrua of CoFer0+(q) at roon tenperature.

FIGURE 6o1
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üóssbauer speetrwn of CoFer0n (s"c")
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Figure 6-2

at roon tenperatufe,
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Expanded view of

CoFeroa(Q) (I1) 
"

explained latter
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Figure 6-2b

l.ine síx of CoFerO*(socu)

The vertieal línes drawn

in the text*

(I) and

are
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trlössbauer spectrum of CoFe.Ou(g) in an applied

field of 55 KOe. The field directíon is parall,eL

to the direetion of propogation of the y rayso

A and B refer to Fe57 in A and B sites,

91

Figure 6-3
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Mössbauer spectrtnn of CoFer0u(s"cu) in an applied

field of 55 KOe. The fiel.d direction Ís parallel,

to the dírection of propogation of the Y rayso

A and B refer to Fe57 in A and B sites"
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Figure 6-4
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as indicated in the figures" The absence of the lines corresponding to

the Arn ' 0 transitions is consistent with a colinear spin arrangement.

Another point worth noti.ng is that the B site line is very broad

compared to the A site line and is broader for CoFerou (q) than for

CoFerOu(s.c"). This broadening of the B site line will be discussed

later. To obtain the cation distribution we measured the area of

absorption lines corresponding to FesT in A and B sites" The area

measurements were done with a planineter and the accuracy in the area
I¡

ratio #: was about 5%. This was deternined from the scattering in
IB

the results of several measurements. The area ratio was found to be

0.65 t 0"03 for CoFerOu(g) and 0.92 + 0.04 for CoFer0u(s.c.)" By making

the previously mentioned correction for the ratio of recoiless fractions

at roon temperature, the values tf.þ become 0.61 + 0.03 and 0,BB t 0.04
ng

respectively. The cation distribution calculated from these values is

given by

(co0. 24 y 0.02 Feo .76 t 0.02) [co0.76 t 0.02 Fel 
"24 ! 0.02]0.

for CoFerOu Quenched and
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for CoFer0u(s.c.) This shows that CoFerOu ís not conpletely inverse

and that the degree of inversion depends on the heat treatnent" This

result is consístent with the calculation that the B site preference of

a Co2+ ion is less than that for a Niz+ ion. These caLcul.ations have

been díscussed in section 1.3 À discussion of some other results and

interpretations as far as the l'lössbauer spectra are concerned is reserved

for laterc

(coo.o7 t o.o2 F"o.gJ t o.o2) [coo.n, t o.o2 F"l.07 1 o"o2lo+



6.4

The magnetic moment of CoFer0,* reported by several authors

ranges fro¡n 3.3 to 3.9 yU per unit formula (90-9J). The value of 3,3 pU

(SO) was however obtained at low apptied fieldsr i.êo S KOe. and the

sample is not completely saturated at this fieLd. The large variations

in the nagnetic moments nay however be due to variations in the cation

distribution.

We have measured the magnetic moments of both the quenched

and slor,rly cooled naterials at room ternperature, liquid nitrogen and

liquid helium tenperature. The apparatus used has been described in

section 2.1. The results are given in table 6-1. Both the values as

1
obtained by extrapolating H = 0 and ¡¡ -+ 0 show that the s.ç. and q

naterials have considerably different nagnetíc moments which is qualitat-

ively consistant with the difference in cation distributions. By using

the cation distributions as found previously and assuming a nagnetic

monent of 5 UU for Fe3+ and 3 ¡U for Co2+ in A sites we calculate a

nagnetic monent of 3.1 <-+ 3.2 yUfor the Co2+ ion in the B sites. This

is considerably less than the value calculated by Tachikí ( S) and

Slonczewski (7 ) -3.5 Uß . The low nagnetic nonent could be due to several

factors. The contributions fron the spin rnay be considerably less than

3.0 Uß or the effective orbital angular nomentum nay be considerably

less than the assu¡ned value of 1. By fitting the anisotropy data

Slonczewski ( 7) obtained a value for crÀ = L32 cm-r where À is the

spin-orbit coupling parameter, and s determines the effective orbital

l''lagnetic lr{oment
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TAtsLE 6*1

Tabulated vâlues of the magnetie monent of

CoFeron(su,c") and CoFero*(O) at 296, 77 and

4n2o Ku Both the values obtained by extrapolating

to zero applied field and infíníte Í.nternat

fietd eore giveno

95



Temp ('K)

293"

77"

4.2o

K

K

K

CoFer0,, (q)

H+0 H=18KOe.

3.47

3.69

3.66

Temp ("K)

293"

77"

4.20

3.64

3.98

3.91

K

K

K

CoFerO. (s.c. )

H+0 H=18KOe.

Hi+c"

3.72

4.02

4.00

2.95

3.14

3.14

3.30

3. 38

3.37

Hi+co

3.47

3.50

3.45
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-ángtll.ar rnonentún. "In-â rccCnt pLpcl Shafer ( 94 ) obtained a value of

L = 190 cm- I for co2+ in IìbCoFr. If this value can be uscd for Co2+

in CoFe20\ then q, vrould bc 0.7 ç;hich 'n'ould give an orbital co¡ttributiolt

to the n:agnetic nonent of abotrt 0.35 pU. Taking a value of 2.95 pU

for thc sr-,i:r ccnt:'ibutio:: ( S ) oilc gets a tota.l of 3.3 UU vhicìr is iir

reasonable aETes;ìc¡rt ru'ith, oür results. It is hot.rever not clear v.'irether

ít is a beiiig less th¡:n 1 or ). bcing lose than 190 rvhicìt causes the. 1or,r

value of oÀ in CoFcrOu. Si¡rce tlre coi*alency in oxjdes is usually

larger tir¿rl i:r fluoridesoÌro lÍou1cl perhaps cxpect the spin orbit coupling

in the o;<ides to be le-cs than tirat in the fluorides.

It shouLd also t'c poiirtccì c'ui t;iat tìie value obtained for tire

exchattge fielci splitting (2gr"r^l'í" = 6/10 .*- t) by Slonczei+s}:i ( 7 ) rnay be

so:leirhat high. Fron nolecular field tÌreory tqe ob'Lain an exchange field

of

acÈing o¡r B site Fe io:rs in Li ferrite, tal<ing tire ferrinrzrgnetic Ndel

telipcraturc to be 943o K" The calculation rvas dons assr.l;;ring the

L-.,\ anC B-B exihii:t5e iiltcracCio:is ';o bo ncgligibLe" By coi:rpail.n3 tirc

f.:rrínagnetic Ntíe1 te;ilnej.'s'lu-¡e of Coirer0¡* (=800o K) to .that of Li Fer0u

we c,btain an exchLnge ficld sirl.itting of tire Co2+'ion of

' 2¡r ¡l'lo
*-¿.: - lctc v
j--¿Õ+ r\ 

o

- 659" K

'l'his value probably has to bc corrected upirarcÌs because of the inaclcquacy

of the rrolccuíar field tirrrory. Ìly co:;,ir¡rring the re'sults of nolccullr field



theory with those ot'ta

r.'ithSo!andsixnea
.2

to = 400o K or 530 cn-

to calculate the spin

97

ined by Pushhrooke and li'ood (sls) for an antiferrornagnet

rest neighbors ue should perhaps correct the value

I 
" By using then the fornula given hy Slonczew-ski (7)

contrihution to the rnagnetic rno¡nent, i.e.

(at) z

we get 2.84 ¡ig" The total nagnetic nonent of. the

3.10 UUo The above discussjon nerely shor,¿s that

3.2 vg for a co2o ion in CoFerob can b,e justified

unexpected.

Since the degree of inversion. of CoFer0u depends on the heat

treatment of the sanple it is of interest to detennine the ¡rininum

tenperature at v:hich cation diffusion takes place. In table 6-2 are

listed the rnagnetic r¡onðnt of CoFerOu (e) after heating for 20 hours

at various terperatures. These neasurenents rr,ere done at loom teinperature

ahd all values are obtained at 17 KOe. ft is seen that cation diffusion

takes place at ter.peratures as low as 500" C.

lrs=3
(2ugHs) a

Co2+ ion would then be

a value of 3.1 or

and js not totally

The

is probably

spinels.

1ot.'

due

Using the Boltzman distributìon the cation distrihution after

the sanple has heen heated at a tenperature T for a long enough neriocl of

time to reach eouilihrium will he given by

temperatures requìred for cation cliffusion in the s¡inels

to the previously nentioned highly vacant structure of the



Tabulated values of the nagnetic monent measured

at roon temperature in an applíed field of 17 KOe.

after various heat treatnents. Also listed is the

weight of the sample after each heat treatmento

98

TABTE 6-2



Heat Treated at
(llcì, :
650

540

510

480

4ó0

430

for
(E)

24

t2

Weight
(gI:aas-)

24

0. 34 80

0.3480

0.3480

0.3480

0.3479

0.3481

24

larbitrary units)

24

Mag.. Ifoment

48

0.4311

0.4140

0.4 10 3

0.4035

0.395 5

0.3965



i'rherc x is the corìcenl?a'cion of Co ioirs in the A site, k is the

BoLtznran constant and E ís the activatio?x erìergy, that is the octahedral

síte s'i;ab¿¿Lizati.o¡r ener:gy" ): c¿ìn be found fron the magnetization

measureÌnents. In figu::e 6-5 we ha''¡e plotted

x (1 + x)

(i - x)z
= exp

on a se:nj.-log scale. The activation ener.gy found is 0.18 ev which is

'slightly higher than the values of 0.14 fou:id for trlgFerOu and CuFer0u

(96e 97, 98). This calerrlation sïr,or+sj tha-t the octahedral site pieference

of a Co2+ ioir is only slightiy laxger tha¡i that of a. I'fg or Cu ion.

-E

LT

x(1 +x)

Also listecl in tabLe 6-2 is the lveight of the sanple after

each heat treatnent . It is seen that the r.;eight of the sarnple does

not etrange which is an indication that or.ygen content renains constai'tt"

'(1 - x)2

99
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6"5

As can be seen froin the spectlun in an appliecl field of 55 KOe.

í"e" figüres 6-3 and 6-4, the B site lines are extreneiy broad and

asy::rmetrical especially in the case of CoFerOu(Q). Fron the spectrunl

in the applied field r{e can aleo determj.ne tirat the lor,¡er i:rtensity peaks

in region 6 of the CoFerOu(s"c") i.e. fígui'e 6-2, belolLgs to FesT

in B sites. lVe, hcwever, also deter¡níndthat tire total B site area

r+as larger than that corresponding to Fe57 in-A sites. This indicates

thât the high i.rrtensity line i¡r region 6 of figure 6-2 contains sorne

absorption clrre to FesT in B sites and some clue to FesT in A sítes" Also

.'it can be seen from the spectïa in the applieel field (figures 6-3, 6-4)

that the A site lines are relatívely narrohr" h'e ncr,+ attein:)t to erplain

the line broaden;-ng for Fe57 in B sites.r.nd the apparent depetrdence of

the broacie:ring on heat treâtlììÐ¡l't.

Detai 1s of I1össbatrer SPectra
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c

As a starting pcin'i r,.¡e note that the B site lines in the case

of NiFer0¡{ r{ere quite rìârro',r', ioeo see figure 5''1" This inciicates ihat

the line broarJening in the case of CoFer0, cr:trLrl be di.t,: to tlre pres€nce

of rnore tìian one kind of ion in th.e A si-te. lYr.r ti'ren assi-t$e that this is
.1

the reason an.J lre assllae that only neal"est neighbor A site io:rs effect

the internal fieids a.t B site io¡rs " hre c3.!'r r!o',^r ca1cul ate the pt'c,babi1i.ty

of a B site ion har¡ing I nearest neighbcr Coz'Þ i\ site io¡rs ancl 6-I nearest

neightror Fe3* A' site ions, Tîii.s proirebiiity is gíven by

p (i) = **jj-"--- n'I (r - .x)6 - I
(6 - i)rI!



if v¡e asslrîle a rando¡n distribtrtion of Co2+ and Fe3+ ions in the A siteo
x is. the fractionar occ'pation or'A sites by co2+ ions. rn Appendix A

we list P(I) for varj.ous tr,alues of x.

From the a'bove discussíons þ,,e would expect the B site line of
CoFer0u to be composed of thç sum of sever¿ll Lorentzians lvith intensities
proportional to the proba.bilities as given in Appçnclix A. since the

A site line in the applied fielcl of 55 K0e" was lelatívely narrow r,;e treat
this as onê Loreirtziano 'In orcier to atieÌnpt to shor,¡ the structure
expected in the B site líne tve collected a ]spòctrum rvith arr aprlied fíeld
of L7 KOe. with an experime¡ltal arïangenent as discussed in section 2.4"

The spectÏuiîl I'Ias run r'lith bÐtter resolutiorrs than that obtaine.l in the

55 Koe. field" The spectnûn obtair¡ccl fcr CoFerou(<t) ís sirorvn in fígure 6-6

and for coFe.0u(s.c") in figurrr 6-7, In figure 6-g vre shorr,the first
line of tite spectrun of coFer0u(Q) in an expanded scale" The Lorentzia.ns

dral'rn aïe a least squ.rlïes fit to the data clone as folloys. The data rvas o

fit to the su¡n of five Lorentziarìs one corresponding to FesT in A sites
and four r'or FesT in B sites" 1-i:e four l,oreirtzi¡rns cosrespondi-ng to Fesz

in B sites h'ere constrainecl Èo have equal fu1l l¡idths at J height (f) and

thej.r intcnsities Here constiained to agïee rçíth the proba.bilities given .,

in Appcncli;< A. on1.y four lines l+ere uscd beca.use as cân be seen froi¡
Append:!.x A the othlrs Ïiave negligibly sra¿ill prcbabilitie.s, Tl:e fit vras

clone using three diffe:rent vaLues of x, i"e. 0.20Ð 0"22, 0,24" F*oro the.se

fits rve can obtain ti:e ¿ts6 t¿¡io S rrhicìr shoulc be consistent rvíthxi¡
the '¿alue of x used. For th"; r¿tio of recoiless frac'iions at rooär temperatllre

102



Mössbauer spectrum of CoFerou(Q) in an apptied

field of 17 KOe. The field directíon is

perpendieular to the dírectíon of propogation of

the y rayso

103

Figure ó*6
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Líne I of the M'rissbauer spectrrm of CoFerO,n (Q) in

an applied field of lZ KOe" A and B refer to Fe57

ín A and B sítes. Bsln z, sr 4 refer to Fesz in

B sítes wíth 0, Ls ?, S nearest neÍghboy Co

A sÌte íons respeetívely.
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-'Figure 6*8
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h'e take 0.94 as deterninecl for ter0* and YIG.

(r + x) ijls

From the fits to the data it r,las fourrcl that the fits rvere

acceptable for a Large renge of values of L . This valuo coulcl Tange
lrn

from 0.5 to 0.6 rvithout an apprecíable charrge in the goodtress of fit.

This ro'as true for all values of x from 0.20 to 0.24" T'he ¡nain reason

for this ï/as a fairly Targe rânge of acceptabie values of tire full tridth

at half height especially for the octahedral lines. The full t+idth at

half height t+as found to be c.46 n'.rn,/see. for the coÍiPonents of tire

octahedl"al line. The fact that the B site lines are wider than that

of the À site could be due to next neaiest rieighbor effects r,rhich have

not been taken into account. Line 6 was analyzed in the sane l{ay as

líne 1 ancl sho'sed the sanie behaviouî.

(1 -x)
'a

'A (0.94)

x ç'itl then be given by

106

The CoFer0,o(s"c.) spectni¡n sho'',rn in figi-ire 6-7 was analyzed

in the same way as CoFerOo(Q) except that x I'iâ"s taken to be 0.06"

Fro,r tire above discussion it i.s coircl.r:cle,.l tiia'l tire nociel

suggested can expi.ain ia gocd detail tire spectra obtained for both

CoFer0u (Q) and CoFe.,0u (s"c.) " The hyucrfine fjeir{s aird isoller shifts

col'respcnding to the various 1ir,es aze given in table 6-3. Frs'it these we

conclude that the suilstitution of Fe3o ioirs in the A site by a Co2+

ions effects m¿iniy the h1z¡rer:fine fiel.d. Tt is seeir fr'¡i'n table 6-3

tha.t ti:e no:'e A site Co2+ nea.icsr; neiglibcrs a.¡r Fc3i- B sitc io;l has the

loi,¡er is the hyperfi:re f ieiC acting e'L the Fe3+ nucleus,



Hyperfine fíelds and isoner shifts of the A and B

site lines ât rootTr temperatureu I = 0¡ 1¡ 2, 3

refer to the nulltber of nearest neighbor Co A site

ions,

L07

Table 6-3



trpr (Koe'¡

IS* (mm/sec)

I
490

I=0

51s

0.53

relative to Fe57

Error in Hnng =

Error in IS. = i

I=1

499

0. 56

I=2

475

in a Cr matrix

t 5 KOe.

0 .04 r'in/sec

0.64

I=3

445

0.64 0.67



l.fe noi; give a possible e:cplanation for the dependence of the

hyperfine field acting orr the ts site Fe3+ íon on the kind of A site

nearest neighbor,

i

Actually the:'e are trvo possibiiities. If rve r¡rite Hhpf = A.Srt
I

where.À the lryperfine coupling constant includes supertransferred effects,

dipolar effects¡ contae'c tÐrm, and the orbital terin and .Su, ,in,pfy
i

describes the z conponent of the spiir, then H¡nç can be depencient on

the kinei of nearest neighbors io¡rs an iron ion has in that A and/or

<Sr> can have such a depcndence. The dependence of A on the kj.ncl of

nearest neighbcrs could come frorn supeïtransferred hyperfine fields or

'from dipolar fields" The dependence of <Sr> on the kind of nearÕst

neigÌrbors couLd be due to a tenireïature depenrlence lvhich depends on the

superexc1rangei.irterac.iionl+hichintL]rnisnearestneighi.lorr1ependent.

The pîesence of the latter case is qui'te easy to shor,¡ in

that aLi one need show is tîrat the different hyperr'in e tiel.ds acti:ig on

the B site Fe3o ions tiar¡e different ?emperåture dene¡rclences.

_ In figures 6-9 to 6-15 ar'É sho'.vn spectra obtaii¡ed at various

tenperatur:'es froi^¡ 300o K to 550o K. Also shor';n are the posítions or" the t

varícrrs octaheciral lines. It is obvíoris thart the spread in the hyperfine

fieLds increases es the tenpeîatlr.ire incle¡ses indj.cating that the <Sr>

has a tei.',per:ature depende¡tce l'.'hich depcrds on the kind of A site nearest

108

neighbors" For CoferOu(Q) the leest sciuares fits to the spectla lyere

not vei:y clec:î.sive" This h,es dLre to the large a.noult of overlap of the

tetahedrill- l jne r.ri-th the octa.heri:cal. Lincs" Thr test for tlre gocrl¡ress of



Mössbauer spectrum of CoFerou(s.c.) at 10S" Ku

The vertical Línes drawn indicate the peak positions

and intensities of the varíous lines. A refers to

FesT ín A sites and 81 and B2 refer to FesT in B

sites with 0 and 1 nearest neighbor Co A site ions

respectively"
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Figure 6-9
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Mössbauer spectrum of CoFerOu(s.co) at 296" K"

The vertical lines drawn indicate the peak positions

and intensities of the various lines" A refers to

FesT in A sítes and. Bl anð. BZ refer to FesT in B

sites with 0 and 1 nearest neighbor Co A site ions

respectívely,

110

Figure 6-10
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Mössbauer speetrunì of CoFer0n(s,c") at 567" K"

The vertical l.ínes drawn indicate the peak posÍtions

and intensities of the various lineso A refers to

Fesz ín A sítes and Bl and 82 refer to FesT in B

sites with 0 and I nearest, neighbor Co A site ions

Tespectivelyo

1t I

Figure 6*11
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Mössbauer spectrwn of CoFer0,o(q) at 105o K"

tL2

Figure 6-12
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Mössbauer spectrum of CoFer0+(q) at 296o K" The

vertical l,ínes drawn indícate the peak positions

and intensitíes of the various lines, A refers to

FesT ín A sites and B: lu 2u 3, 4 refer to FesT

ín B sites with 0, l, 2, 5 nearest neighbors

Co A site ions respectively"

L13

Fígure 6*13
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Mössbauer speetr¡¡Ìn of CoFeroq (q) at 41.6" K" llre

vertieal lines drawn indicate the peak positions

and íntensities of the varíous lines. A refers to

FesT in A sites and B:\r 21 31 4 tefer to FesT

in B sítes r^ríth 0, lu 2u 3 nearest neighbors

Co A site ions respectívely"

114

Figure 6-14
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Mössbauer speetrwt of CoFer0u (e) at 545" K.

Figure 6*15
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fit had quite acceptable values for a nttrnerous number of different

paraneters even if the previously nrentíoned constraínts on the full.

width at half height and íntensity were imposed. ltre chose the fit which
..I¡

gave the most acceptable value of the area Tatio J as determined by
xIs

x = 0o2 +.+ 0,24 for CoFerQu(g) and x = 0.04 <-+ 0.08-for CoFer0u(s.c").

We also neglected fits which naa obviously too snall values for the

full rvidths at half height. The hyperfine fietds ancl especially the

isomer shifts would then have considerable errors. ltle estimate the

error in the hyperfine fields to be about L% and in the ísoner shifts

to be about 10.03 mm/sec.

In figures 6- 16 and

T
hyperfine fields versus 

-¡FN

temperature.

Measurement of TpN presents a problen because as was pointed

out previously cation diffusion takes place at 500o C rvhile T¡:ç is

around 800o K. We rneasured Tp¡ by the thermal scanning technique

described in 4.1 and obtained values of 792 and 798o K for CoFerOu(Q)

and CoFer0u(s.co)u Since as shown in section B we exPect ttre Co(A) - Fe(B)

superexchange interaction to be about 0"6of the Se-Fe superexchange

interaction we conclude that Tp¡ for CoFerOu(Q) should be:about 50" K

lower than that for CoFer0u(s.c.). Â Mössbauer spectru¡n taken at room

temperature of CoFer0u (Q) after it had been heated at 520o C for 2 hours

(about the time taken to neasure Tp¡) showed that thí.s naterial was about

half-way between the s.c. and q materials" Although an error of 25o K in

Tp¡ rvill not make nuch difference as far as the plots in figures 6-16 and

116

6- 17 are shown a plot of the various

where Tp¡ ís the ferrimagnetic NdeI



Plot of the hyperfíne fíelds versus T/Tr* for

coFer0o(s,c")" A refers to Fe57 in A siteso 81

and B2 refer to FesT in B sites with 0 and I nearest

neighbor Co A síte íons respectively"

L17

Figure 6-16
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Plot of the hyperfine fíelds versus T/Tp¡¡ for

CoFeroo(g)" A refers to FesT in A sítesn B:1,

3, 4 refer to Fes? in B sit,es hrith 0, !, Zs g

néarest neighbor Co A síte ions respectivelye

118

Figure &-17

7
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6-17 arc concerncd it is of interest to neasuïe Tr* for the tir,o naterials

to. sð+ if the diffcre¡rcÊ agïeËs r+ith .the nrolecular field theory predíction,

Since the teinpereture depelrdence of the A site hypcrfine field

is nct e:ipected to be much different for the tt+o natelia.ls we can Lrse

this as a nethod for fj.nding the 1'ätios of the t!.ro transition teffperatures.

This rsas done by plottirrg rlhpf(A) versus $- fox CoFerou(ct) in the saïle
TrN

plot as for coFer0u(s.*.) lg(t':") was then a.Jji.rsted until the ti*o cuïves
'1¡¡l (q)

coineidect" this plot is shown in figure 6-18" Fro¡n this t,¡e deter¡¡ine that

rr* (R)

which gives

Tr*(s,c.) = 820" K taìring Tp¡¡(e) = 770o K.

Trr(s.c")

These vaLnes are in agreerrent rr'íth th.e pre.Cicted difference cf 50" K.

was 1.07

Although a more detailecl discussion of. thc hyperiline field¡

r+ili be reserved for latel it shoul<l be rrointed out that :

(1) The hyperfine field at an Fe3+ B site ion seens to decrease a,t

ûn K r,¡ith an increase in tire nu:irber of Coza'4. site nearest neighbo-rs.

(2) The te;rper¿rtui'e drpc;'ider.rce of the irype::fi.ne field at. an Fe3+

B s.ite ion ini:reases as tiie nunbcr of Co2+ A site reí:?,est neighbors

decic¿ses 
"



PLot of the A site hyperfine field for CoFer0u(s"c,)

and CoFerOr(e) versus T/Tp¡¡ where

t20

Figure 6-18

T¡¡(F*Ç.)

rr* (e)
= 1"07
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(3) The hyperfine fie'lds and isoiner shifts fo¡ A site Fe3+ ions

are ðonsirlerably less than thcse for the B site íons"

12t



7.L

It has been shown from neutron diffraction neasurements (Sg )

that li{nFer0uhas the cation distribution given byl(Mno.BF€0.2) Mno.rF"rnB,0,,.

This nalces this material suitable for a l,fössbauer(study of the kind just

described for coFerou since the A sites aïe occupied by two different

kinds of ions. There are several unexplained properties of l,fnFerou

sone of vrhich we hope to explain at least in part. The rnagnetic moment

for the case where all the Mn ions are divalent is expected to be Sug

at 0o K. The measured magnetic ¡noments, hotrever, ate 4.5 +-+ O.Blrß (gg.-

101.). These low values could be due to several things : that is some

of the l,ln ions could be trivaLent and some of the Fe ions could be dívalent.

This has been proposed by several authors (135¡ 1g6) aLthough calculations

by Lotgering (10S) have shown that this is unlikety. Since with the

lfössbauer effect technique one can usually distinguish between Fe2+ and

Fe3+ spectra the Nfössbauer effect could provide a means for deterrnini.ng

whether or not there is any Fe2+ present. Another possible explanation

for the low-magnetic moment could be that the spin arrangement is not

colinear. As discussed ín the section on NiFer0u this property of some

ferrites can also be determined by the Mössbauer effect. In this section

I will first of alL discuss these unexplained properties and then go on

to discuss the details of the l',fössbauer spectra.

Introduction

CI{APTER 7

i. -Mnf,e2u'f
æ

t22



7.2

Ihe samples of ÞfnFerou t'/ere prefrared by prefiring a nlíxture of

tr{n0 and Fe2O3 in the required proportions at 900" C. This material was

then reground and firerl et 1400' C ín aír ancl water quenched. The

materíal must be cooled quickly because if it is heated at lox' terilperatures

in air it decon:poses to fonli }ln0 anci Fe2O3. As to t¡hetÏrer o1 not the

oxides have reacted completely rvas chec!<ed by x*Tay diffraction; Arrother

Hay to see if the oxides have reacted conpletely is froin the l,lössbauer

spectru¡n. In figure 7-7 we sholv the first li¡ie.of a llössbauer spectrum

of l'{nFe2Oa after it uas heated at SCCo C. This lille is identical in

position and v¡idth to the coïï'es¡ronding line in a spectruin of o-Fe2Ca

This shows that the material has deconposed into the separat.e oxícies.

Sample Pre¡ra.ration

7.3

Although the catir:n distributio:r of li;rFer0u i'ras be¿n fotrnd by

neutïon ciiffra.ction techniolles, it has been suggestei (i03) using the

l,'ltissbauer effect that the cat j.olt distributio:t is given by(lmo. ruFuo .u r)

[h!n6.qsFel.ru]Ou. The spectrutn however lqas fit to the stun of two o

Lor+ntzians one for Fe in.{ sites and the other for Fe in B sítes. Fro¡n

the area ratio of these tr,,¡o 1i:res the catíon distribution r'¡as cal,cula.ted.

In figure 7-2 ís sholrn a f.fijssbirueî s,púctïr'"n obtainc<l at ïcüäl teiiipcrature.

This spcctzur, is qr:zlita.tively the se.ine as that oìrtaiiled by I'liesel et aL ./

(103). The shoulders c:r th.: ieft hancl! side of line I ancl tire righ+- hand

side of line f,'ale ¡irain.l;,r due to tlie A sitp lires, In figu.re 7-3 (T and lI)

is shcr,'i'r Line 1rçii:h and'*iitl.,.oui: a.n a.pplied field or" 17 KOe. The spectrun

in the apulicd fi+J.d sho'¡;s tiiat the B site line is l¡ery broad and contain.s

scjne st::Lictule . Tt is ca,ìy to see tilat a fit .Joil: to the speci:rrii¡ lçi'thout an

appi.ied field to the s,rr.rrl of only t;,,o i,o::¿ntzi-aîrs caír 1¿¿cl to a l.¿..rge error in

6atioli Distribution

tzs



Line L of the Mfissbauer spectrun of MnFe2ouafter

heating the material in ait at 500n C"

124

Figure 7-L
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!fiSssbauer speetrun of MnFerOr+ at loon te¡nperaturê.

L2s

Figure 7-2
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Line 1 of the fóssbauer spectrun of l'lnFeroo. I

an appt,ied field" II wíth an applied field of

A and B refer to FesT ín A and B sites,

L26

Figure 7*3

without

17 KOe,
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the calculated caêion distributioîrs. Fot the spectrum in the applied field

the A and B site lines are r,rell resolvecl. l{e measured the area ratio of

these. two lines using a planimeter an.l cbtained a value "f + = 0,L2 ! 0.02.
rB

Correcting this value for the ratio of r'ecoilless fractions at roont
nÀ rA

ternperature we get that --* = (0.94) T* = 0.11 t 0.02 which yields a cationrrB '. ¡B

distribution given by (lfno.rFuo.r) []4no.rF.r.r]Ou. This is in agreernent

with the cation distribution found by Hastings ancl Corliss (99).

7.4

In order to attempt to find evidence as to v¡hether or not any

divalent ion is presen'c in XínFer0u rrle collected a lfössbauer spectrum at

7" K'in an applied field of 55 KOe" v¡ith the field direction parallel to

the directíon of propogation of the y Íaysc This is sho'¡¡n in figure 7-4.

.Although in FerOu for temperatures below the Venvey transition¡ the

Fe2+ spectru,-n is not well resolvecl frorn the Fe3+ B and A site spectra,

it has been shotu'n by B. J. Evans et a1 (104) that in an applied field the

Fe2+ spectrum is at least partially resolved. It has also been

pointed out (49) that FerOq nay be a specíal7y conrplicated example becausc

of the presence of 2Fe2+ s¡)ecl:ïa'¡'hicll are probably due to the ti'rinning

belor¡ the transition tenpeïature" The reason for taking the l"ínFer0,*

spectîum at stlch a lct+ tenpeïâture is to nake sure that any electron

hopping has ceaserl so that rr'e should be able to rssolr,e the Fe2o spect-run z

from that of Fe3"¡.if it is Þresent. The spectrun shorvn in figr-rre 7-4

shoi,¡s no cvidence of aìry corirÐone¡rt in addition to the Fe3'Þ A ancl B site

spectra, This su¡lgests thet there is little if any Fe2+' in the B sites of

ItlnFerOu" Tltis is co¡rtrary to thc sugges'Èion nacle that }lnFerOu has the cation

distribution (¡Ín2+ p"]n ) []ln¡+ Fe2'r Fe"']0u. ]'his cation distribution0.8 c.2' ' oo2 0oz l"c' +-

cen explain the 1o'"r' magnetic rncncnt and also the relatively hi¡ih electrical

conct-rctivity. Since horr'evei t,re s ee :n,: iitcii-cation of Fe2" in the llössbauer

vs*t":gy_l!_e_!_-uiß_9%t.iHggf-l.g:



Mössbauer speetrm of h&rFerOu ín an

of, 55 KOe. and at 70 K,

128

Figure 7-4

applied field
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spectra of MnFerOq we are 1ed to believe that the lol nagnetic ¡noment

cannot be explained in this way. This ís the same conclusion as that ,

reached by Lotgering (105) by considering the energy involved in electron

transfer fron Mn2+ to Fe3+.

Another possible explanation for the low nagnetic moment could

be that the spin arrangenent is not colinear. If however we assume

that the Fe(B) spins are canted as Ín the yafet -Kittel (12) triangular

spin arrangement or even if we have a random angle as suggested by

Geller (106) we would require an average angle between the spin and the

magnetization direction of about 0 = cos-l (0.9S). In the lr'tössbauer

spectrum in the 55 K0e. field rue should see a Àn = 0 transition with

intensity about 0.06 of the &n = lr 2 * å B site 1ine, ioe. the intensity

would be about 0.6 of the A site line. Fron the spectrum in the 55 K0e.

field we can see that the upper linit of the intensity in the Altt = 0

region is 0.02 of the 
^m 

t 1n â. 
* !, transitions" This shows that if

there is a non-colinear spin arrangenent the Fe ions are not involved

to a large enough extent to explain th€ low magnetic noment.
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lVe expect the Mn(A) - Nfn(B) superexchange interaction to be quite

snal1 because of the lor,I N6e1 temperature of Mn30a,also as will be

shown later , the l''ln(A) - Fe(B) interaction is about 0.66 of the Fe(A)

In the case of MnFerOa there is ho¡¡ever another possibility,

- Fe(B) interaction and vre¡€xpêct the Mn(B) - Mn(A) interaction to

be even smaller. Since however the B site neighbors of an Mn ion



in the B sites are nostiy Fe neighbors one could have that the l'ín(i}) - Fe(B)

superexchange interacticn could be comparable to the Þfn(B) - l'fn(A) inter-

action. The spin arrangenenl, one t"ould get in this situation !,'ould be

something like that siro:v¡r in figure 7-5. That is the I'fn(B) r,ragnetic
I

noments I{r{_(B) could rna.l<e a fairLy large angle 0 witir ItRr_(A) vrhile the¡'rn'- 
i 

¡'rn' '

angle Q bct',,;een l'fFe(B) bnc}. l.l¡,n(A) could be very smalle o

I

By rnaking a fet+ assui:rptions and approrimations tve can sho',v

:

that such a spin ar"angeinent is energe'cica11.y possible. The ¡nain

assumptions ere :

lo The Fe(B) - Fe(B) interaction can be neglectec{

'i,,ittr tire Fe(B) - l,ln(A) interaetion. This nleans that all

will be para.1.1el"

2. The Ffn(B) - l.'ln(B) interaceion can be neglected in coniparison

with the l'In(A) - lln(B) interaction. Tnis ¡ireans that the l'în(B) noments

vril1 all nrake the sarne an.gle 0 with the magnetic nonent of the A site ions.

130

3. For simplicity rre assune all the A site ions to be identícal"

The calculations can easily be extcnded to the nore geilcrál case"

1

The molecular field actirrg on the various spins l,rí11 be gíven by :

ri(Ì'in(B)) = N¡sl,f¡ + NBBI'18

'

It(Fe(B)) = N¡rl'Í1 + Ns¿ìJf

H(IIn(¡,) ) - tliultf + NABNIB

in coinparisorr

the Fe(B) nronents



Possible spín arrangenent in lr{nFer0o, Mps(B), Mo,,n(B)

and Nfurr(A) refer to the magnetic noments of Fe and

Mn in B and A sites,
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Figure 7*5
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l+here NIO is the Lin(A) - $ín(B) nolecular field coefficient, N4g is the

Fe(B) - I'ln(A) nolecular fiei,i coefficient, XU, is the l'fn(B) - Fe(B)

nolecular field coefficient, all molecular field coeffícients are taken

to be positive.

t"!U is the magnetic noment of lln(A)

Irfg is tlte magnetic moneiit of Fe(B)

Èf$ is the ntagnetic nroinent of l.ln(B)

The iree energy is written as

[= [
1

+ 2NAB ll'lAl ¡¡'tsl cos S

On minínizing this ene::gy u'ith respect to 0 and Q lte get

ili " Itft

= zNÅB lt',al luål cos 0 - ZNss luel lugl cos (0 +-ó)

-Nsg lrtgl l¡,tål sin(0 + 0) + N^o lr't,rl litnl sin ¿¿ = 6

Frcn these trvo ecluations we fincl

o NAB l¡t¡,1 l¡¡ål sin 0 Nss lusl lIlå! sin(0 + Q) = 0 and

i'r¡u luul lurl

NÅ¡ lunl l¡'ål

ìf.- 1 a o\!¡]AB .fnÕ .V,r.Â,B

NÅs 0,2 lr ÊttÄB

nl

t21

[3]



tnl.s 1s the case because

M4 = 8ilg SrN

tr{, = 1.8 gt' SrN

and

r^rhere g is the gyromagnetic ratioo Ug is the Bohr magneton, S, is the

z component of the spin and N is the number of fornnrla units per nole.

l'{[ = 6.29uggSrN

Rewriting equation [1] we get

NÅs lMAl lMÈl sin 0 - Nss lunl lt'tfilsin 0 cos q

* NBB ltúsl lptûl cos 0 sin 6 = s t4l

Then by substituting equation [3] into equation [4] Ì¡re get :

NÅs lual lt"t6l + t'ts* l¡lsl luÈl cos O

Nl.
+ NBB lunl |trùl ^" cos Q = Q

9NRg

L33

Since NÅs t NEs

sín g << sin 0

cosQclor

Then we get

cos0c:-
Nss lr'rs | | ug I * NÅs lun I lMs I

Ngs lMs I lMi | ''¡te
9NRg



or substituting for MOa l'lt and lrl$ t*'e get

For the total nragnetic nornent to be 0.5 Uß and taking cos ô = l vre get

cos 0 = 0"5 r,¡hi'ch reqr.rires that

cos=9

Àl 1 oìr

0.1 =ffi tr
Nlo

ê.lthough vre do not knoiv -å3 i.e" the ratio of the [ïn(A) - l,ín(B) supeî-
NEs

exchange interaction to the l"rn(A) - Fe(B) su¡:iere:lcÌ'ierige interactiolt a

reascnable range of values v¡ouLd be fro¡n 0"2 to 0.5. In this ralige thetr
Nnu

we r'¡ould get -.3: 0"1 to 0"2.7 t¡hich is perhaps nc.t unreasonable for the
Àt
"AB

ratio of the l,fn(B) - Fe(B) sriperexchange interaction to the Nfrr(A) - Fe(B)

interaction" The above riiscr,rssion shol+s that the previously assurnecl spin '

arrangenìent can be justifiecl although r.r'hether or rrot this is the case

depenCs largely on the various supe:iexchange intera.ctions.

tf ¡.t.'^'AB 'lAB

I a rf ñl¡ov ¡rBB ,'Ä,8

t34

/"J

The trlössballer spcctrtn jn an a;:plied fíeld of 7V KOe., shot';n

in part in figtrre 7-3 shows that tile B site line is very b¡oad and shorys

some stïuctlrîê" This is the s¡.me kirrqi of si-tuatirin r.rhich aïose fcr Cc,Fe"0u.

1n tjfe CaSe Of f,|nËa ô hn'.,nrr-r'+h¿ c¡er:l:'Ì.â .q1.e ea.Si.ef tO analyZe bCCaUSe,.."2"¡!¡¡\,¡¿v!vÁ

tl're.4. and B site li:ies are resoir;ccl'Lo e. greater e:<t*:r't and also îhe A site

linc is l-iiuch less intense sc it cioes not n¡.slc the features of tìre B site

1in.: as r''ucir as for Coir+20u 
"

Detai 1s of l'lössb a-r:er" Spectla
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In figure 7-6 vte shovr again line I of "che spectïuli obtained in

a field of 17 KOe, and aL room teirperature. Also shown is the conprrter

fit to this spectruïn conprisi:rg the surn of five Lore¡rtzians. The solíd

line dra'¡¡n througìr the ciata poínts is the envelope as obtained fro¡ir the

fit. The fit rvas done in the saiile !/ay as that for CoFe.0u" That is,

the intensities of the four Lorentzians composing tire B site li¡le were

constrained tc be proportionai to the probability that an Fe B site ion

has 3, 4, 5 or 6 nearest neighbor t'l' A site ions. These probabilities

have been given in Ap;oendtl O, lfe used the plobabilities as calcttlatecl

for x = 0.20. As can be seen fro:n figr-ire 7-6 the fit is very good and

as for CoFer0o this shor+s that the rnodel proposed (i.e" the B site

.hyperfine fields depcnd on the kirrd of A site nearest nej.g-hbor ions)

describe in detail the Ifössbauer specira. Line 6 of the spectruin shotvs

the sane features as line 1" In table 7-I axe listeci the hyperfine

fields a,nd isorner shífts for the various lines" It is seen that as I

increases which means an increase inthe.nunber of lin nearest neighbors,

the hyperfine field decreases whereas the isorner sìrift relnains constant

to +rithin the exprlrir¡ental erïor" This is vrhat happened fol CoFerO .

B,'e no,¿'proceed in nuch the sa:ile i{¿ty as lve did for CoFea0u. 
.l

In figure s 7.7 to 7-11are shor,¡n line 1 of ¿he l'!össbauer speclrr,tn together

with the coaputer fit at vario'-rs ter¡:c.,ratures. Aga-in line 6 behaves ín

nuch the saïìe Þ:ay. Froin these spec'11'a it ís seen that the separation of

the peak positioris of the coi¡rLrcnerl'ts of th¿ B site line íncreases as the

ter,pera'tr:ïe illcreases o Th j.s i¡iclic¿r'tÐs that the Xtn (.{) - Fe (B) supere:<change

irrtez'action is less than tire Fe (i\) * f e (B) i¡tte¡:actioilr, Tt shouLd be



Line I of a Mössbauer spectrum of MnFerOo in an

apptied field of 17 KOe. A refers to FesT ín A

sitesn B!1, 21 3u 4 refer to Fe57 in B sites with

3u 4, 5o 6 nearest neighbor Mn A site ionso The

Lorentzíans shown are those obtained fron a least

squares fit to the spectrun. Also shown Ís the

envelope of the separate Lorentzianso
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Figure 7-6
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Tabula.ted values of tlie hyperfíne fi,etcfs

shift for Fe5? in ¿\ and R sltes" T o. 5,

refer tu the i'irutrfuer of iÊn A si.te nearesg

of' an íron ío¡r ín s B site"

r37

Table Z*tr

and ísomer

4.r_ 5, 6

noighbers



H¡ng (KOe.)

IS* (mm/sec)

A

483

I=:

461

.s2

relative to FesT in cr matrix

ErrorinHx-¡=t5KOe.¡¡yÀ

Error in IS = È 0.04 mm/sec

I:3

448

.60

I=5

428

.66

I=6

4L3

.61 .59



Fígure 7*7

Line I of the Mössbeuer spectrum of lr{nFerOu at 106"

138
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Line 1 of the Mössbauer spectrum of MnFerO,' at 298" K.

A refers to FesT in A sitesn Bz!, 2o 3, 4 refer to

FesT in B sítes with 3, 4, Sr 6 nearest neighbor Mn

A síte ions" The Lorentzians shown are those obtained

fron a least squares fit to the spectrumo Also shown

is the envelope of the separate Lorentzians"
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Figure 7*8
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Line 1 of the Mössbauer spectrum of MnFerOq at g67o K.

A refers to FesT in A sites. B:In 2, Sr 4 refer to

FesT in B sites with 3u 4, 5u 6 nearest neighbor Mn

A síte ions" The Lorentzians shown are those obtained

fron a least squares fít to the spectrurn. Also shown

is the envelope of the separate Lorentzianse
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Figure 7-9
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Line I of the Mðssbauer spectrun of MnFer0o at 429" K.

A refers to Fe57 ín A sítes. B: l, 2, 3o 4 refer to
Fesz in B sÍtes rvíth 3, 4n Sr 6 nearest neighbor Mn

A site íoþs, The Lorentzians shou¡n are tlrose obtained

fro¡n a least squares fit to the spectnm. Also shown

is the envelope of the separâte Lorentzíanso

141

Figure 7-10
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Line 1 of the Mössbauer spectn¡n of MnFer0 u at' 475.5o K.

A refers to Fest in A sites. BtL, 2, 3o 4 refer to

FesT in B sites wíth 3, 41 5r 6 nearest neighbor lfn A

site ions. The Lorentzíans shown are those obtained from

a least squares fít to the spectrun" Al'so shovn is the

envelope of the separate Lorentzians"

r42

Fígure 7-11
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pointed out that the B sj.te Line lvídths are v¡ider than those of the

A site and increase r,,'ítir increasing teinperature" Thís is probably

to next neaïest neighbor effects r+hich have not been consídered in

â*-1.,-: ^é¡réI/àIJo

In figure 7-tZ is shorr'n the telnperature depcndence of the

various hyperfine fields. the ferrirnagnetic lrlée1 tenperature rvas detennined

to be 573" K by the therrnal scanning technic¡tre" The distrj.bution in

the hyperfine fields at 96o K and at 7o K. v,'as deteirnined from the rsidth

of the B site line" Although these values are not very accurate they

inclicate that there is a decrease in the hyperfine field of about 5 K0e.

.at 0o K r,rhen an Fe ion in the A sites is ruplaced try an I1n ion.

The quaCi'r,rpo1e interaction could not be determj-ned accurateLy

for tenps'ratures be1.or.r Tpr¡. In figure 7-13 is shcrvn a spectru¡n obtained

at 730" K rvhich is above Tr*" Froin this we see that there is indeecl

sonre quad,rupole splitting. The sp1itting girren Uy S3.R l+as found to be o

2
0 . 52 nin/s ec.

l4s

Since the hyperfi;re fields lví11 be discussed in detail later,

r{e present here cnly a s}rclt sLliirjì:a11y of the results.

due

the

1. The hypgrfine fiel,i at 0o K at the B site Fe3+ ion s.ù'en3 to

decie asc r.r j.th ínc::easirig nrri¡ber:s of ijn neaïest neigìrbors,

2. The tenperatute dependcncc of the hyirerfine fíe1d at a B site

Fe3+ ion íncrease as the ni¡nber of tín ne¿iïest neigirbors increase,



Plotr":of the hyperfine field versus T/Tp¡ for

[fnFerooo A refers to FesT in A síteso B:1, 2, 3u

refer to Fest in B sítes with 3, 4, 5n 6 nearest

neíghbor Mn A site ionsu

L44

Fígure 7^t2
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Mössbauer spectrum of MnFer0o at a ternperature

above the ferrinagnetic N6e1 ternperature"

14s

Figure 7-13
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3. The hyperflr.e fjulds and isorne.r shj.fts of the A site Fe3{'

ions are consiCcrablv lcss t.lran those for the B site ions o

I'hese obsr:,,,at j 6¡1., âtc the sanre as those mentioned iir the

sectio¡i o:r CoFer0*.
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' In both the CoFerOu and I'fnFer0o we found that the temperatu?e

dependence of the hyperfine field and thus the magnetíz¿rtion depends

on the nrrmber of Co, l.Ín or Fe nearest A site neighbors of a B site ion.

With the use of rnolecular fielcl. theory tìe can calcuLate fro¡i the

experinrental data the Fe(A) - Fe(B), Co(A) - Fe(B) and ÞIn(A) - Fe(B)

superexchange intera-ctions, Although the moLecula:: fielcl theory gives

the t,rong relation betl;een thc tr¿nsition temperature and the exchange

interaction for both ferro antl anti-ferro rnagnets lve should hor,¡ever be

able to get reasonable values for the ratio of the Co(A) - Fe(B)

pnd Iln(A) - Fe(B) superexchange inte-/auiions to the Fe(¡\) - Fe(B)

intera.ctions. These values ca.n tlien be coinpared to the values obtained

by conrparing the ferrina¡¡ne'cic I'Tde1 tû;nperature of CoFerOu and i\ínFer0u

to that of Li^ .Fo Ô...j'"2.5"bn

Su¡: crexchanze Interact ioils**r^ *.,.,*--*-'-ii"--%

CTIAPTER B

In the uolecnLar fiel.C approxinaticn, the nolecular field

acting on a B site ion c¿rn be rqritten as :

t47

where N^ o anci N aza rho r'r1-cular r"ielci coefficients coriesponding"'A.rJ *"* ''B.B *:
1l

H(B) =

to A-B ancl B-B st-iperer:change intcract:ionsu The su:,r is taken o.;er all

difr'erent kinds of ions j.n the ti¡o sites. Since ue are rneasuring only

the teiiìperatllre dependslce of the nagnetizaij.on for the Fe3+ ions lre rr'i11

be co:rcerned with c¿lculating NÀ., r,:l..ei+ B siLl iefcr to ail Fe3J'. ion"
I

t
1

N¡,. s Ih. +

11
r
L

)
NB.s s1g.

JJ
l1l



If the molecular fields are due to neat'est
;

$¡e can write equation [1] in terms of the

where we have neglected B-B interactions and have assumed that there are

only trvo ki¡rcls of ions lin the A sites. Jl and J, are then tlie exchange

i

integrals corl'esponding to the trvo types of A site ions. I is the

nunber of nearest neighbor A site ions of type l and (6 - I) is the

number of nearest neighbor A site ions of tW?.2. .Sz(A)> is the average

value of the z corûponerrt of the spin for the trvo types of ions refelred

to witlr subscripts l and 2. Fr:om equation [2) ve'see that if Jr f Jz

.'then the nolecular field v¡i1l depend on I.

H(Bi) = zJrt,.tr(Ar)t

neighbor interactions only

exchange intergrals J.

+ 2J, (6 : I) <Sz(42)>

The temperature dependence

ion with f nearest neighbors of tlpe

givcn by :

148

5

<Sr(Fe(B))>i = ,*

l¿v?rere

again

shot'n

us i.ng

q

B; is the Bri11o'-rin function for spin f "

various ma.gnetization curves as found

the I'ln(Ii) ma.gnetization curve as found

f +¡hrrì ¡rloc!s,+¡¡¡¡¡ugvJ.

l2l

the

iJ

Nil!ì

of the rnagr¡etic rûonent of an Fe

I and (6 - I) of type 2 will be

þ;, rl.s, (4, )' a 2Jz(6 - i);

KT

<sz(A2)

In figure B-1

for trlnFerOu.

by Ì1" Yasuoka

¡
¡

I
_!

r¿e show

Also

et al (107)

l3l



Plot of the hyperfine fields versus f/Tf¡¡ for MnFerOa"

A refers to FesT or Mnss in A sites" B:1, 2s S, 4

refer to Fe57 in B sites wíth 3, 4, 5, 6 nearest

neighbor luln A site íons respectively, The curves

drawn are theoretícal1y calcul.ated curves as descríbed

in the text.

-t"49

Figure 8-1
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The solid lines drawn are the theoretical curves calculated

using equation [3].

For (Sz(Ar)> we chose the values we measured for Fe in A

sites and for <Sz(42)> we chose the val.ues determined by H. Yasuoka et al

(107) for lrfn in A sites. The parameters J, and J, were then varied

untÍl the best fit was obtained. The values for the curves drawn in

figure 8-1 are J, e 18.4tO.6oK and J"=!2.1t0.4oK. The ratio'of the
J

Mn - Fe to Fe - Fe A-B superexchange interaction is then -3. = 0.66 t 0.04.
t,

In figure 8-2 we reproduce the coFer0o data together wíth the

theoretical!.y calculated curves. Since we did not have any informatíon

about the Co A site magnetization curve rue used for this the sane values

as for the Fe A site nagnetization except for using a spin 3 for the
2

co ion. The values of J, and J2 were found to be 2o.lto.6 and 13.7t0.44K

respectively. The ratio of the Co - Fe to Fe - Fe A-B superexchange

interaction is then 0.0gtO.04. It should be noted that the value for J,

determined for CoFer0u is close to that determined fron the MnFerO', data.

Ihis is expected to be the case because the lattice parameters for lrlnFer0u

and CoFer0o are almost the same which wouLd índicate that the Fe - Fe

exchange interactions shouLd be nearly the same. The Fe - Fe superexchange

'interaction calculated fron T¡'¡ for Lí ferríte was J = 22o Ku A

decrease in J is expected in going from Li to Co to Mn ferrite because

of an increase in lattice parameters. The lattice parameters increase

from 8.33 to 8.38 to 8"51 Ao respectively. This shows that the values

found for the Fe - Fe superexchange ínteraction are in qualitative agreement

with the Fe - o distances in the materials considered.
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Plot of the hyperfine fields versus r/TrN for coFeroa (e) 
"

A refers to Fesz in A sítes" BzL, 2u 3, 4, refer to
FesT in B sites with 0, l, Z, Se Co A site nearest

neighbors respectívely. The curves sholn are theoretícallv

calculated curves as descríbed in the textn
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Figure 8-2
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l

, 'The ratio of the Co - Fe to Fe - Fe superexchange interaction

tças found to be 0.68 uhile the value found by conparing Tr* of CoFer0.

to that of Li^ ¿Feo-*0, yielded a ratio of 0.43.ur f ¿. J ì

I

It nust, ho',+ever, be pointed out that the value of.0.68

refers to the Co(A) - Èe(g) interaction uhilc thet of 0.43 refers to
i

Co(B) - Fe(A) interaction. That these tir'o values are considerably

different is not une:{pected because the Co2+ orbital levels are very
!

- sensitive to the syriu:retry of the immediate surroundings.

It is rather surprising that the nolecular field theory seens

to fit the nagnetization curves so v¡e11 since it has been shol,rn in

ser¡eral other cases that the molecular field theory can be quite incorrect

ín describing quantitatively the nagnetization versus te,qerature data

G9tr110). It has hc:+ever, also been found in the case of lln ímpurities

in Fe netal Cll1) that the I'in nagnet|zation curve can be quite satisfact-

orily described by the noLecular field theory if one uses the bulk '
I

uragnetization data of pure Fe netal to detenrine the nolecular field.

lsz

It shculd be poin-"ed out that a nore eloqusnt theory developed

. by Hone et a1. 012 ) coul.d be useC. This theory iakes into account 4 '
the changes in the t'irostt'naguetízation rihere the t'hostrt ion is a nearest

neighbor to the t'ir'.pulity" ion. It was, hol*ever, sÌ..oi'n in the section on

: CoFe.Or. and l.ínFe.Oo that tìre A site Fe }Íössbauer lincs Here relativel.y

narrcr,t etrien at relativ.:ly high ter,peratures. This indicates that these

changes in the "¡o.¡" äegnetizatiorrn t;heie in our case.ti'ie frho.stt' is an A-

--- :---site ion, are ncù very ir,rortatt. '

-
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fir"t ti',. A site ¡nagnetization curve for Fe3+ ions se€ns to be

quite independeni of the kind of B site nearest neighbor is evident fz'om

the relatively namoi,¡ 1i¡res found ín tlie llössbau.er spectra for NiFer0u,

CoFer0o and l'ÍnFerOu. This resrrlt Ís quite unexpecteC and v¡e do not

have a fu11. explanation for this. l'Je rnu.st horvevere îemenrber that since

the A site has 12 nearest B site naighìrors replacing 1 of these by a

different ion tuil1 not ha'v'c as large aü er"fect as replacing L of the 6

nearest nei¡;hbors of a B site ion by anothel ion" It seenìs hoivever

unlikely tirat this ca':r be the sole explanation'.



9.1

Tbe results on the ter,rpel'ature dependence of the nagnetization

of the variolrs B site ions indicate that the hyperfine field at 0" K

is dependent on the kind of A site nearest neighbors. Also rve and

others (el ) have found tlìat the hyperfine field and isorrer shift of

¡*e s 7 nuclei in A. sites are less than those of Fe s 7 nuclei in B sites ¡

In this section we suggest several possible explanations for these

observed results also use these j.deas to correlate sone of the hyperfine

field data obtained by other investi.gatois for scine ¡raterials other

than srrj.nels.

trntroducti on

!Iggr_å

Fieids at 0o K

There are several rnechanisms r,;hich could explain the depenclence

of the hyperfine fieid (Hnpf) on tlìe kind of nearest neigìrbor effects.

If horr'ever h:e asslr-ine that the Fe(B) - o distance ís independent on the

kind of A site nearest neighbor in a particular ¡¡tateriaL l,re can perhaps

conclude that this effect is not due to delocalization of the Fe(B),

d electrons oï to the nuniber of p electrons transferred frcin the ligand

to the 4s orroi.tals of the iron ion. These effects r,rould clrange the

hyperfine field but Co nor seem to explain the depcrrclence of Hno, on

the kinC of A site ion.
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'ihe dependence of i{no, on tire

can also not be explainecl by z^ero poirrt

shot,:li by \:an de Bz'¡¡.k ancl Caspers (it:)

kind cf A site nearest neighbor

spin rleviations. It has been

that a nraclnetic vacanc\¡ jncreases



<Sr> at 0" K of its neighhorsn Although for l'{nFerOu or CoFerOu we

are not introducing magnetic vacancj.es we are however decreasíng the

Á,-B superexchange interaction by replacing an Fe(A) ion by a Mn(A)

or Co(A) ion" l'le rr'ould thus expect that <Sr> at 0o K would increase

with the nunbe:: of l'{n or Co A site neaïest neighbors an Fe B site ion

has. This rr,ould rnean a corresponding increase in Hhof at 0o K which

is in contrast to our results.

9.2

The concept of covalency may serve as an exfilanati.on for the

distribution in hyperfine fields at 0o K. Thi.s phenonenon has manl'

aspects. In thjs section I want to discuss the super-transferred

hyperfine interactions as a possil-.le explanation for our results at,0o K.

It is knoln that the lr{össbauer effect, l'$'tR and EPR can be used to

measure the product A<Sz> . Locher and Gerschwind (114) have shown

that this product is nearly indepen<lent of lattice snacings. fn a

concentrated antiferromagnetic spin systen one would expect a value of

<S"> less than that ohtained in a dilute parana.gnetic system because

of zero point spin deviatjons. Exnerimentall)' however an increase in

<Sr> was observed (115, 116). Owen and Taylor (117) Orbach, Haung

and Simánek f1I8, 119) have explained thi.s cliscrepancy in terms of the

super-transferred hyperfine fields (STI'IF). STHF may be clescribed employing

the concepts of covalency (ltZ¡

l'll-L-M2

Super-transferred ljynerfi ne Fields
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assune an ionic configuration rrìetal lU, - ligancl L - metal I'f , as shot'rn

above. As a free ion ll¡r has one electron ín a singly occupied dr2

orbital with spin up ancl an empty dr, orbit The wave functions are

df and d* respectively.. fr" ligancl has paired electrons in orbitals

pf and p*. In the actupl conpound the threô electron systens IIr - L

I

will shoH' overlap and covalency. Because dt and pt are wave f,unctions
.

corïes1roilc.ling to different ions the overlap integral S =< P lcl>' rtil1
i

not be zero resulting in an increase<l spin ancl charge density at the ¡netal

as well as the ligand ion. Covalency i"e. a 5pin transfer from the p*

orbital into the etnpty d* orbital v;i11 influence the spin atrcl charge

density at 1.11 ancl L in a different way. The nero'wave functioirs including

'overlap and covalency flray be t+ritten as (120)

The overlap is given by S = .¿4 lpft and y is the covaiency factor.

The influence of overlan and covalency on the spin and charge density

at I'1, and L are sho',+n in table Sþ1.

tl
(1 - 5e¡-z [d+ - sp+] ; p+; (1 + 2S1 + yz}-z [p+ + yd+l

1s6

Overlap and covalency, both create a spin density at the

ligand r''hich can L,e measured r,¡ith NìilR or ltfE as a so ca11ed transferred 1

hynerfine fiei<i. I'he transferreC spi.n l density at L rviil produce via

overlap and covalency with 1 ,2 or 3 electrons of I'f, a spin cíensity

at ll2. The ¡ro;rrent, of this spin dcnsity at I1, is paralleL to thc rnonent

of lif' ancl consequently this supertransferred hyperfine field is para11el

to the nagnetic dipole nornent of trÍ,. In an antiferrornagnetic material the

riagne tic rio¡ìcnts cf l.l, and 11, uru 
",raiOaraI1e1. 

Thc eff cctive nra¡rnetic



Change in the spin and charge density at the ligand

(t) and metal (M) due to covalency and overlapu

+ indicates an íncrease and * indicates a decrease

in spín or charge density"

LS7

Table 9-l
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field lln', Produced by the contact interaction at the nucleus of trlrr

is antiparallel to the magnctic monent of I'lrr so paralleL to the nagnetic

nonent of Ìt11. Thus tln't is increased by STHF and this field is usually

considered as an extla contrihution to the hyperfine coupling constant A.

This means that A, of an antiferronagnetic naterial is larger than A2

of a dj.luted naterial. Besides this indirect process also a direct

spin transfer 3d(l-lr) + 4' (M2) may occur rvith the same sign for STHF.

Beside the dominant negative A B superexchange interactions in

tlrrimagnetic spinels hhere are also present the v¡eaker positive or

ñegative B-B superexchange and the much weaker A-A surerexchange interactions.

The last one will be left out of the discussion. The effective nagnetic

'field at a B site nucleus can be written as a sum of the contact term

and super-transferred hyperfine terms :

STHF(B) = A0.SB> * fAri .SAit
1'

A relatir¡e1y strong B-B interaction rvi1l

in case this interaction is negati.ve, it
spin configurations. Both effects have

Frankle (BB ) in
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where they found I'lhpf (A) = Hhpf (B) = 498 t

configuration in which the magnetic rnonrents

parallel to each other will shorv a smaller

as the individual moments are not affectecl,

(Nio. rF"o. r) [Nio.rF"o. rc"r. r]ou

* \^z: <sBj> 'J.

lead to a smaller I-I¡O¡(B) and

may also lead to complicated

been observed by Chanpert and

5 KOe. A triangular spin

at the two B sites are not

total magnetic noment. As long

a recluctíon in Hnnt would not



'

,159

be expected. But a super-ira¡rsferrecl field frorn the B site should

t ' /h\ -! ^ - ^^ 
Àt- - .n -requce r,--r.tÞJ. .{lso since the STIIF from the A site to the B site is

' ¡¡¡'À

l1 also be redtrced in a triangular spin

amangenent because. of the angle between l.f(A) and I1(B) ô .

A direct obse¡vation of a fie-lcl (STHF = 2!0 KOe.) has bee¡i

reported by Belov et al. (121) in 117 Sn in

' 
tCa*Yr_*1 (Fe3) [rer_*Sn*lo¡2

and rnore reccntly Evans èt al. (L22) have found STHF of 300 Koe. for Sb':_

in Sb substituÈed ferrites. Goldanski (123) et al. have sho',*n that the

direction of the super-transferred hyperfine field at octahedral snl17

nuclei is indeed parallel to tÌre n,agnetic nonents of ions in tetrahedral

sites. PreviousLy rr'e have shol,'n that the total superexchange

strength felt by a central octahedral ion is reduced by replacing an Fe3+

ion in a neighboring tetrahedral position by a Co or l,ln ion. 0r in other

woqds spin density transferred frorn Co or lln to the ligand via overlap

and cot,alency has decreased and consequently STHF(B) has decreased. Since

STHF and H.-s have the sane sign, snaller nagnetic fields r+ill be fcund
¡¡Pr"

at octaheCral ion nuclei having more Co or I'ln ions ín the nearest neighbo¡;

tetrahedral positions. The A-B superexchange strengths of the Co-C-Fe,

Ir!n-0-Fe bonds relative to the Fe-O-Fe superexchange strengths can be used

io calculate STIIF in the fo1lol,'ing r*ày'. By using the notation of Sir,ránek

(118) r*e can rçri te : -:.

STijF = zlngußl.! l-xrns êns (o) ] 
2



v,'he::e Z is the nurnber of nearest

¡.1for spin {r Br, ír defincd by the

to the core orbi.tals to be

'*here

Uns=SprnrAo-srrnrA,

neíghliors, g,JgFfs is the magnetic rnoment

orthogonality of the antiboncling orbíta1

where p and s refer to the ligand crbitals. ônr{o) are the core

orbitals evaluatecl at the nucleus" The term in asó4s(0) present in the

paper by Simánek (118) has beeii ncgl.ected, For the ferrites we trant

to cal.curlate H¡o¡(B) " This r¡il1 be gi-verr by :

tp, n, = <P 
I dtns > a¡rd Sr rn= = .? | ónr,
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where we have rreglected any effect from the neighboring B site ions"

Also we have assumecl that the 3dA u 4sB transier ís negligible and that

Ar.rlónr> is snal1 compared to Aocplönrt, The surn is taken over all

nearestneiglrborAsiteio:rsrç}richh¿ivccova1encyfactorsA.-,.(A)ancl
í.

the directions of the rnagneii-c n'.oment given by lfr. (A). For CoFer0uand

l.lnFer0u there are'seveïaL different kinds of n""tlsÈ A siie neÍ.ghbo::s.

If -we assl:jÌìe that each kind of nearest neighbcr colrtríbutes to STHF in

the same þ;ay we can virite :

sTtrr(B) = lriuìr6 [ilts(Ar).\å(A1) + (6: i) ],Ìs(nr)Aå(i\r)i

?,Rn
[-r *plö >ò (0)]2 l2l

n=L '"ns 'lls"'

6
srFIIr(B) = årsuß ,1, 

ttrr(A) Aåi(A)
3BB

t-nl, 'plôn, ons(o)12 tll
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r+here we have as.sur¡ed that <plónr{n)> is independent of the nearest A

ciro'noình!'n- I denotes the nu¡nber of A site neighbors of type 1 .and.tvvL a

(6 - I) is the nu:rber of A site neighbors of. tyve Z.

From eou,ation L2l it is easy to see first of all horv the

hyperfi.ne fjelcl at Fett(g) at 0o K can be nearest neighbor depenclent"

If in fact the neìghbors

l'ls(At) = 0 and o:re should observe a

I -. ,. t.r.. 
5

i neirßrr, (A2)Aå(A2) t- x- n*l

,for each lon of type 2 replaced by a diairagnetic ion. This reduction

in hyperfjne field has been observed in NÞlP. stucjies of Zn*Ni1-xFe2O4 OZù,
where a decrease in hyperfine fielcl at the Fe(B) nucleus of L2 KOe. per

Zn nearest neigiibor rvas observed. This then corresilonds to a STHF of

12 KOe, per Fe(A) ion or 72 KOe" for the totat STHF in (Fe)[NiFeJ0u.

Taking a hyperfine field of 555 KOe. for Fe(B) in NiFerO4 one then expects

a hyperfine field of 483 KOe. for znFerou. This is in good a.greeinent

rçith the value of 485 K0e, as obsei-i,ed for znFerou (izs). Also in the

caseofCa,Iìe..}'f*o5(1'26)tv.here&lrefer.stoGa3.|orSc3+adecreasein

hynerfi'e rr"ïn."i ,'*,-t.n inci:easing x r,,,as observecl. Thi, "f;".; ;;, 
'

also beelt obselved in Ga *cubstituteC YiG (tZl). One mus'L horveve:: be care-

fr"r1 in interpreting the clecrease in hyperfine fielcls as bei.ng so1e1y

dlle to STIIF since l,r'ire;t di;rnagneti c ions are subs.litrrtecl for rna.gnetic ones,

one can also get changcs jn thc dipole fielclsô

of type I are di arnagnetic then

clecrease j.n the hyperfine fiekl of

.p | óÏr' ol, Col I'
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Also in the case of Ga stibstituted YIG one can ha''¡e a non-

colíliçar spin ar::angcnent at high Ga concentrations rvhích rvili also effect

the STllF.

For CoFerOu and IInFerOu the situation is slightly more cornplex

bec¿ruse the Co ancl I'ln ions will contri'oute to the STHF as r,.,e11 as the

Fe ions. Herc r,re find a decleasc ín hyperfine field of 6-10 KOe. per

liÍn or Co iori . This is consistent rvith a hyperfine fieid of 525 KOe.

at 0" K for fesT(s¡ in NlnFerOu since the average nunrber of l.ln A site

nearcrst neighbors is 4.8. Since in NiFerOu there are a7.1 Fe A site

nearest neighbors one l:orrld exirect a'fiel<i at fesT (a) in }fnFer0u to be

555 - (4.E) 6 = 526 l(Oe. in agreeneirt r,rith the observed va1ue. l'lnFer0u

is perhaps the nost suitable to cliscuss in this t,,'ay becattse the I{n2+

has the sarrre morneni as Fe3+ so dipolar effects should be negligible.

Although our results are not accurate enough to compare the

superexchange interactions to the STHF it is interesting to note that

under certain conditj.ons such a relationship does exist.. If vre assunìe

tha-t the A.-B superexcliange interaciioll is given by 132

Then

EO

. EFe _ Fe Aå(Fe (À)

Âqcrrrri nn r-h o nr.np6¡f iOnality COnSte.ntS

tlo STIIFfs is also

.4å(A) Aå(B).

tr Â2fti,,fâì
"itln - ïr e r'O \¡ r¡ ¡ \'a/

Aå (ìun (¡,) )

Aå (F'e (A) )

to be the sane. The ratio of the



This relation of course holcls onLy in

<plOB > is indeocndcnt of the kinct of' "ns
aor(B) is negli gible. The ratio of l\fn

interac lions t.Ias founcl to b e 0.6ó i . e.

STHF is 9*+:lg = 0.5 ++ 0.87

ià

So far l*'e havc only considered the B site fields. It is seen

from table 9-2 that the A site hyperfine field seeas to be insensitive

to the kincl of B site nearest neighbor. This is rather surprising because:,
the A site has 12 nearest neighbor B site ions and also the Fe - O

distance is shorter for thc A site so one nay ex-pect

,.4 , R
<P lÓns > > <r'l l alr t

Hoivever the STFIF is given by the pro.duct

AHr.*c o <nlô f/\1.,2 a2fSlr'yJ. ¡'IYnS\'"/'''Ot";

the special exanple wher:e

A site nearest neighbor ancl

- Fe to Fe - Fe superexchange

see section 8. The ratio of
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lYe exirect a-gain fron Fe - 0 distallce coi'ìs jcieraticns that Aå(B) < Aå(A).

It ís thei'efore difficrrlt to say n'hether or not rve l+ould expect STHF(A)

< S'ftlF(B), this h.or.'ever would be the case if h'e use Sinánekrs (128) 
./

sttggestion thaL .ll+flr> = (Dl0lrt rvhich coìires about beca.use of tire oì,,erlap

reptrl.s j on of tire s and p electrons.

So far r+e ha'/e sho":n th¿rt the hy;;erfine field couid be rel.ated

to the nuli'ber of nragnetic nea¡est neightors in the case of .diarnagnetic

substitution" If one couid assr-rrìie tìiat tire di¡'ro1ar'. fields and contact



List of A site Fesz hyperfine fields extrapolated

to 0o K for several ferrítes"
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Table 9*2



I

l

I

i

t_
I

I

I
I

i

I

I

I

I
I

i,f ateri a1

Li¡ o 5Fe2.50a

NiFerO*

Ni6.9Zns. ¡Fe20q

CoFe20a

I'lgFe2O¡

Fe30¡

tfnFe20a

. Tnor(A) 
(x0".)

s18

51s

51s

sl0

495, 505

508

511



165

field t+ere independent of the nu¡nber of diaînagnetjc nearest neighbors

one can deternine the ST|IF by measnring the hyperfine field a.s the

function of the nunber of diamagnetic nearest neigi-rbors. In the case

of lrfnFe^O. vre shot¿ed that the STHF field r¡as related to the superexchange24

interacticn if one assurred that the strength of the superexchange

interaction h'as proportional to the procìucL of tire covalericy factors

of the trio ions i.nvolved.

The ferrites ancl the dianagnetically substituted garnets are

hotvever a special case bacause only'one of thè trvo cations in'¡olved in

the STHF and superexchange have becn changecl. the relations betr,,een the

STIIF and the superexchange jnteractjorrs seel:is hû',,¡ever to be more general.

In figr-rre 9-1 vre have plotted iln'*. versus T¡ for tlie orthoferrites (129).

The interesting characteristics are that tl¡O¡ decreases in a linear

nallner rr,ith the irldel tenperature. Since the isonrer shj.ft re¡nains constant

Ín going fron La to Lu orthoferrite this decrease in hyperfine fielcl

cannot be attriìrr-;ted to a:r increase ín ihe 4s coni:ribr:tion.

Since it has tree:l siioun try'l,ocher et al. (1i4) that the

hyperfine couclirtg constant is nearly i.l:dcnencÌcnt of Fe - O crjsianc¿ r.;e

conclude that ihe clccreasc in h1'perfj ne ficlcl' ís nliirari 11r due to a 'l

dec-,:ease in srl-IF.. As pcinted out by Sinránol( (118) one rrright expect an

increase in going fio:ir La to Lu because af the <lecrease ín lattj.ce

paraine'leïs, r"Ìricìi suggests an j.nci'case in <(,n. lf,>. one rnust however

take into accollrt the angle bet,¡:een tlre F", - o an,c F", - c bonds. 'lhis

a:t.q1e ch,rltges i:r going flcn L: to Lu atr<l it lias hccn suggestcd by Eihschiitz

et- a1" (1?'i ) tÌìât thj-s is the catise of the clec::e ase in thc sr.ri-rrÍcxchanoe

interacti ons.



Plot of the hyperfine fietd versus T*

orthogexrítes" The v¿Lues are taken
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Figure 9-l

for the

fron ref. r2g 
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The f.inear relaticnship betws"n Hhpf and T* courLd then be

explained if the transfer frcn d(¡.1r) to s(l'lr) i+as proportional to the

transfer from d(Þfr) to d(l'lr) l,rhere the former is responsj.ble for tÌre

STHF and the latter for, superexchange, By using this relationship vre

i

can calculate STHF for LaFeO, by extrapoiating H.-^-" to T,, = 0o Ko This
| 

- ttPL ¡r

gives us the value of 110 ! 20 KOe.'¡hich is a factor of tt+o iarger

than that calculated by Simánek (118). This suggests that the assurned

i

li.near relationship is probably an oversiräplification. That the linear

relationship does not Þrork. is probably due to-the different angular

dependence of <plQnr, than the p + d transfer.

9.3

Iron ions at A and B sites shor^r nany distinct p"operties vizo

Hhpf(A) < I{hpf(B)r IS(A) < IS(B), fA t f* and aLso the iron oxygen

dista:rces in the tetrahedron ãle sho::ter than in the octahedron. 1'his

is f:'equently expre'ssed by calling the A síte ions nore covalsnt.

Van Loef (61) has intez'prered the differences bett+een A and B sites

using volui:le anC pressure effects. hte prefer to discuss these from

different asF''âcts of covalency.

Sthel Contributions to llno¡

t67

It nay b.e mentioned that overlap and cc,vaLeircy have dj,fferent

effects on the sl,jn éensity, rvhich means that <Sr> rray aLso d+i:end oil t1-re

degree of covalency'" This of couÌ'se will be reflecied in FI¡o¡ since

lt = [($-).
nÐL



i

has been ernpÌiasized by I'larsha.l1 and Stuart (t¡O). Th.e overlap of

thò 2p ligancl eleqtrons and the 3d nretal electrons procluce a 2p electron

densitl' ai the nctal nuclci¡s. T'Ìiis eff eci -ç creens the Scl elec trons f rom
i

the parent nucleus and ,these rvi1l consequently nove raclially outrrards.

In this picture r*^.. Crldl is larc,cr for A site ions than for B site ions,-nax t-,-'-- -'--è-' o

It is difficirlt to estimate r*hat the results on tlr*r(Â) and Ffr-"(B) will
. npr - - npr- -

be. The 1s and 2s conlributions ru'i11 become snaller negative and the

3s contribution smaller positive or even negative for the A sites"

Becausê rrux (3s) is close ao rr"* (3d) a 
"hungu 

i.n rr"* (sd) rnay be

nore strongly reflecteð in the 3s.contribution. This hor"ever would result

.'in a larger negative field at the A sites, in di.sagreement rr'ith the

expetinrental results. On the other hand the effecc on the isomer shift

r,,'ould be cor::ect. A more delocalised 3d electron cloucl at the A. site

will produce weakei'shielding for the s electrons! so a higher s electron

dens ity r+i 11 b e measured 
"
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Simánek and Srouhek

electronj.c configurations 3ds

ions respectj.,'e1)'. Inle:rpreting these densities in STHF terms as

originating fron a direct 3d (l'1rJ -" ¿-s (].ir) and 3d (t'tr) + 4s (ilír) spin

tla,nsfez: rioul<1 give lHr-.(A) | t ll't"-"(B) l. This js in conrradicrion rr,jth' ¡rl,¡ ¡lI)I -

the observed fi cLCs " llorvever in aCcli tion to tlre above rnentioned and

the 2p(L)* + Sd(Il)* spin transfers there are also spin transfers to th.e

4s (ll) .orbits pcssible" Let us assune that 2pt (L) * asf (ti) and

2p+(L) + ^is'f(Il) arc ecrual.!.y nroirahle. Tirus fron the contr.i.butic¡r to the

(i 28 ) ha.¡e cal. cul atecl fro¡n

4sa. 2 and 3ds 4s0.32 for B

ïS da.ta the

airC A site Fe3+



contact field as calculated by lVatson and Freeman (19) rve estimate a

value of, +1000 KOe. for a closed 4s she1l i.e. for tlo electrons.

Consequently the 4s electrons contribute + 100 and + 160 KOe: to \pf
for B and A sites nespectively. The difference in 4s contributions

together rvith the dífference in STHF could explain the observed difference.

Combining the estimated contributions from STHF and the 4s electrons we

obtain from the measured effective fields the Fenni contact contributions

Hc(A) = - 590 K0e. This value comes close to thpr = - 630 in FeF3 (13i)

a highly ionic material and consequently with much smaller covalency effects.

For the garnets we found that the difference in A and B site

isomer shifts was about 0.21 nm/sec" This is considerably larger than

'the difference of 0.13 nm/sec found for NiFerOu, I{e thus expect that the

electronic confjguration i.s 3ds 4so.',;for Fe3-+.in tetrahedraL sites of the

garnets. Since the isomer shift of the octahedrally situatecl nuclei in

the garnets is approximately the same as that for the ferrites hre expect

the electronic configuration of these ions to be 3ds 4s0.29. fne difference

in the A and B site hyperfine fields would then be 100 KOe" This value is

in reasonable agreement with the value of 90 KOe. we obtained for YIG.

We think that an important conclqsion fron the discussion on

the differences betr,¡een A and B síte properties is that the occupation

of the as (M) levels explains qualitatively the differences in ïrpf. This

aspect of covalency ví2. the 2p(L) -r 4s(M) spin transfer has usually been

neg 1 ected.
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In the discussion of STI{F we have assumed tirat the superexchange

interaction fs proportional to the product of the covalency factors of

the two ions involved. If this rqould be so simple then one would expect

an increase of Tp* i.n going from fluorides via oxides, sulfides to

chlorides and so on. In this sequence the tendency to transfer electrons

to the metal ions increases. Consequently the covalency and also Tr*

increases. ft is well known however that this is not the general trend

in fact only the oxldes have a higher Tr¡ than the fluorides " Here it
seems indeed correct to consider the metal-oxygen bonds more covalent

than the metal-fluoride bond. Holever the effective fields are larger

negative in the fluorides compared to the oxides.

As we have shorvn in the foregoing paragraph not only the overlap

and covalency between 3d(l''l) and 2n(L) electrons are larger in more

covalent materials but also the transfer 2p(L) -n 4s(l.f) d_s larger causing a

decrease ir 
"nnf.

The breakdown of the covalency superexchange relation for more

polarizabLe ligands is evident. This breakdorr'n nray be due to several

effects. First, in going to more polarizable ligands the n bonding

will increase as well as the o bonding. This can eventually lead to

ferromagnetism if the n and o bo.nding become comparable" Also th e 2p -+ 4s

transfer will increase in going to more polarizable ligands which will
decrease the hyperfine fields and the isomer shift. Also the s electrons

in the 4s level can eventually form a conduction band which can lead to a

ferromagnetic direct exchange interaction via s-d exchange" This nay lead

to metamagnetism as in FeClr, or even ferromagnetism as in l''ÎnSb.
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9,4

The hyperfine field at 0o K of Fe3+ in anti.ferromagnetic

insulators will be due to several contríbutÍons, first of all there is
the contact tem H = A<sz> which takes into account zero point spin
deviations and also the spatial d electron spin distríbution. The latter
wiLl depend on covalency and overlap between the d orbits and the ligand.
The effect of this delocali zation of the electrons is difficult to
estimate because as htas pointed out above, there will be both positive
and negative contributions 

"

Another contribution to the hyperfine field is the STHF. This

we have shown is related to the superexchange since both effects depend

on the L +'+ d spín t?ansfel. In the case of dianagnetic substitution the
sTHF would be sirnply proportioned to the nr¡nber of nearest neighbor magnetic

ions. In this case diamagnetic substitution can províde us with a neans for
neasuring the STHF.

Another contribution to the hyperfine field is the contact field
produced by spin polarization of the 4s electrons. These 4s electrons come

from p't 4s transfer. The effect of thís can be found from the IS data

which provides, ín principle at least, a measure of the number of 4s

electrons present.

Summa of Various Contributíons to the erfine Field
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10. 1

1o ÏJe

nuclei in A

v¡e obtained

Sun¡la¡y of Conclusions

CUÔ¡IEL-'q.

have sirc,,+n in section 3 that the recoilless fractions for FesT

ancl B sites in both Fe,Ou anC YIG are diffeïent. The values
f¡

for *[ at various tempeîatuïes can be used i¡r conjqnction
fl

A

u¡ith area ratio measurements to detennine the eation distribution in

feuites and garnets, h'e also describe a methocJ of obtaining the cation

distribution in crystallographically inequirralent sites without knol,¡ledge

.of the ratio of recoilless fractions. This is done by extrapolating high

temperature rneasure:rients (T > 0D) of the arsa ratios to 0o K. In ttris

t+ay the zero point fio'cion of the nucler:s is coi:rected for.

2o In section 4 we harre sholvn that the hyperfi-ne coupling constant

for irori ions in b¡th A and Ð sites nf Fe3Or, is teinperature independent

over a 500o K terinerâtllre ineer¿ai" This is tione by conparing the

Mössbauer effect hyper'"in* i'lc1cl data to the sublattice magiretiza.tion as

determined by neutron diffraction nea:iure¡i:ents.
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Since th.e crystal structure of other ferritcs is sinilar to

that of FerOu ?rc use this resuLt to deterilìine irr part the su'olattice

nagnetizaÈions in other ferrites.

3. In section 5',r'e Ìrave shoirrr that NiFerOu is a-:r inverse spinel

and the l,lässbauer spectïuÍr crn be er:i:Ì.:rinlC in ter;ns of tr,¡o six line

hype-i'fine patùerirs col'resÐondiug to irc57 i,: À and'B sitcs-



4: -- - In ieótiol 6-iué ¡åve shor,,n that-'coFerou is nor- a cornpletell,

inverse spinel and that the degree of inversion depends on the heat

trea.tment. The usefulness of the lrtössbauer effect in determining the

cation distribution is displayecl. The cation distribution is found for

two materials which have experienced djfferent heat treatment. lr,lagnetic

nonent neasurements together rvith the measured cation distribution are

used to calculate the nagnetic noment of co'*(g). The low value of

3.1 <-+ 3.2 Vg is explained i.n terns of covalency effects on the effective

orbital angular ¡nornentum and the reduction of the sÞin contribution clue

to spin orbit couplingo

5. The cation distributíon of lt'lnFerOo is founcl using the l.{össbauer

'effect. The djstribution obtained agrees rvj.th that found by neutron

diffraction techniques.

6. I'tössbauer spectra of lufnFerOu at 7o K in an applied fielcl of

55 KOe. show no evidence of any Fs2+ jn the B sites. These spectra also

shot^r no evidence of a Âm = 0 transition. Therefore it is concluded that

the low observed nagnetic noìlÌent cannot lle explained by,the p::esence of

Fe2+ or by a canting of the Fe(B) spins with respect to the l.tn(A) spins.

773

7, Using free energy calculations rr'e have .shorr'n that a spin

arrangement r*,here the Fe(B) and I'ln(A) moments are nearly coli-near ancl the

Ian(B) monents make an angle 0 rvith respect to these is energeticarty

possible. In order to staÏ.ilize such. a ground state, however, the Fe(B)

momel]ts must nake a snall angle rvith respect to the I'tn(A) mornents. In

orcler to justify this moclel rve need, horseverr infornation about the
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I\1rr (A) - lfn (B) and l:n (B) - Fe (B) superexchange interactions .

is explained as being due to several kincls of A site ions. The cletaj-ls

of these spectra can be explainecl by assumiilg several different B site

lines u'ith intensities proportional to the probabilitj.es of hav,ing various

clistlibutions of ¡\ site nearest neiqhbor-s -

9. F¡'on tlie ten',perature dependence of the various B site hyperfine

fields and also of the A site hyper;Fine fields ru,e have calculatecl the

Fe (A) - Fe (B) , Co (A) - Fe (B) ancl lln (A) - f e (g) superexchange inieractions

usingasin:p1eextensiontother¡o1ectt1arfie1dtheory.

'10. The distribtrtion in B site irypcrfine fields at 0o K can be

exllained by using super-transferrerl hyperfine fielcls rçhj.ch are depenCent

on the amount of spin transferred fro¡n the ligand to an A site ion. The

axnount of spin transferred rii1l clepencl on the type of A site ion so that

the B site hy¡rerfine field rvill Cepenri on the kind of nearest neighhor

A site ions it has.

11" It is sh.o',çn thaL reasonabLe values for STifF can be founcl b;r

rneasuring the hyperfine field at 0o K as a.function of the arnount of

stlbsiitutíon of nagnetic ions b¡' dianagnetíc ions. It is also shor.rn that

under certain conciitj.ons the Sl'l'iF can be used as a neesure of the super-

exihange inter¡tction. This prope::ty is useC to atteirìpt to explain the

hype::fine field data at 0o K for the orthoferrites.



12. It is shor.¡n tha't the differenee i¡r

of Fe"'in A and B sites can be exnlained at

of 4s electrons transferred fi'om tte iiguna.

4s electrons can be obtained fron the isomer

t0,2

I

I

$uggestions for Further Investigations

Since the ferrites and garnets are quÍ.te complicated systeiits
i

as far as the ¡\lössbauer effect is concerned a lot pf the data cannot be

obta.ined accurateiy enough to discuss the hyperfíne fields at 0o K

quantitatively. f t rvould be interesting to stu.cly sinplcr systems like

say (Rh 
rû r)* (FerO r) 1_* tvhere the I'fössbauer spectruin is quite sirrple and

the lines in pure FerO, are quite rìarro'rr. A study of this system at low

temperatures should yieicl j"nfornration about STIíF since as found in the

ferrites the hyperr"ine field depends on the number anC kind of neares t

neighbors.

Since tìris vrould be an obvious suggestion for further study it

shor-¡IC be pointed cut here that rçe have also studieci ÞlgFer0u and lrÍg*Ifn1-*Fero,,

for x * 0.25 and 0.50. The ìrlössbauer spectîa ai'e ho",+ever very colirpLicated

in that the A site lines are also brcaclened especialTy at higher tenpelfatuîes"

Quali'ratir¡ely ihe.spcctr¿ coulcl be explained ín the sane v,'ay as was done

for CoFe,0,, ancl iÍnFer0,,

A mcre detailed study of the ten'o¿ratu-re dependence of the hyperfine

fields in fer:iites and gar:Tìets near the ci'itic¿.l point couid be qr-rite

inieresti.ng. The":ru:sti.o:r is. Jc i1',e hypcrfine fields at the tçro sites

hyperfine fields

ieast in part by

A measure of the

shift data.
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at0oK

the presence

nurrùer of



eventually have the same temperature dependence and how close to the

critical temperature rnust one be before this is so. FerOu and some

garnets would be suitable materials for such a study. :

I would also like to suggest a careful study of the diamagnet-

ically substituted garnets" The reason for studying these materials is

to obtaÍn information about the spin arrangement. With the l',!össbauer

effect one can obtai¡n the cation distribution and a1so the average

canting angle can be obtained from experinents in an applied field. These

data can be easily checked with magnetic moment measurenentso A detailed

crystallographic and magnetic monent study of some such materials has

been nade by Geller (133) " He found that the experimental data did not

agree with the yafet -Kittel theory. This is not surprising since the

yaiet'Kittel theory essentialLy assumes that all the ions have an

average nunber of nagnetic nearest neighbors. The yaf"t Kittel theory

will then give the same magnetic noment as the Néel theory untit enough

magnetic ions have been replaced by diamagnetic ones so that canting can

occur. rt is easy to see that this theory is not quite conîect. Even

at a fairly small concentratíon of dianagnetic ions there is a finite
probability that a magnetíc ion say in an A site has all dianagnetic

nearest neighbors in the B sites. Any ions like this will then have

magnetic ¡noments antiparallel to the other A site moments because of the

antiferromagnetic A-A superexchange interaction. In an exact theory then

one must take into account all. the possible combinations of nearest

neighbors and take into account that each of these monents can have a

different spin orientation when one mininizes the free energy in an attenpt

to determíne the ground state spin arrangenent.
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, Ia sho'"rld be ¡rentioned that these e:çerimeiits would also show

vrhether or not the ti11eo theory Qsa) is correct. Gilleo asslrnes that

any nagnetic ion in the A or B site wi th only zero or one mag¡retic

nearest neighbors in the B or Â sítes respectively will be paranagnetic.
I

One shoulcl then observe a païaiiìagnetic peak in the llijssbauer spectruïr
i

the i¡ltensity of r"hich rvould be proportional to the sun of the prcbabilities
i

that an ion has zero or one magnetic nearest neighbors. The Gilleo theory
i

is however based on thelassunrptio¡t that the intrasubLattice exchange

intera.ction i-q zero'*hich is probably not the case for rnost ferrites

and garnets.
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I nearesi

type 2.

Here v,'e have

neigÏrbor ions

The probability is given by :

ÞfTl = æ.*jÐ^ L^,'
(6-r) I 1 r

tabulated the probabilities that an ion has

of type 1 and 6 - I nearest neigttlors of

where x is the concentTation of jons of type 1.

APPENDÏX A
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x

0 "02

0.04

0 .06

0.08

0. 10

0.12

0. 14

0. 16

0"18

0.20

0.22

0.24

0.26

0.28

0.30

Ip"_

0. 89

0. 78

0.69

0,61

0.53

0,46

0"40

0"35

0.30

0 "26

0,23

0. 19

0 .16

0"14

0.r2

I:L

0. 1l

I=2

0.20

0.26

0.32

0. 35

0.38

0.40

0.40

n '{rì

0.39

0. 38

0,37

0. 35

0.33

0.30

P(I)

l=J

1.s *04

1. 1 -03

3.6 -03

8.0 -03

0 .015

0.024

0.0 35

0.049

0.064

0.082

0.10

0,12

0. 14

0. 16

0. 19

0. 055

10"020
I

J,0 ,042
1

0.069

0.098

0. 13

0"16

0, 19

0,22

0.25

0.27

0.29

0" 30

0,32

0.32

EI_-

2.4 -A5

3.5 -05

7.7 -04

5"2 -04

1.2 -03

2 -4 -03

4.3 -03

6.9 -03

0. 011

0.015

0.0 21

0.029

0.038

0 .048

0.060

I=5

L.g -08 6.4 -11

5"9 -07 4.1 -09

4.4 -06 4.7 -08

1.8 -05 2.6 -07

I=6

5.4 -05

1.3 -04." -3.0 -06

2.8 -04 7 .5 -06

1.0 -06

5.3 -04

9.3 -04 3.4 -05

1.5 -03. ' 6.4 -05

1,7 -C5

2.4 -03

3.6 -03 1.9 -04

5.3 -03 3.1 -04

7.4 -03 4.8 -04

1.1 -04

0"010 7 ,3 -04
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