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PREFACE

In solid state physics, there are two main approaches

to describe the outer electrons 1n solids, namely crystal fíel d

theory and band theory, which descrÍbe Locallzed and collective

phenomena resDectlvety. The appllcabilicy of these theories

to any solld depends on mainly iÈs physical characteristics"

In this Lhesis, an attempt ís made to examine the magnetic

behavior of some sysLems whlch can be adequaÈely described by

one or a combi.nat.ion of t.hese tvlo theoriss" The experimental

methods fall rOughly into two categories. Firstly' measurements

r¡/ere made of the following macroscoplc properties: el ectrical

r:eslsLlvlty, using Ehe convent. lonal four-probe method, and

magrretizatÍon and Curle temperature using a vibrating sample

magnetometer, Secondly, Nuclear Magnetic Resonance (NUn) and

MUssbauer techniques are used in probing the microscopic behavior"

In chapter I, a brlef introduction to the magnetic

exchange lnteractions appllcable to this study is gÍven. ChanCer II

1s devoted to the system L"l_*tb*MnO., with 0.26 L X É O.44,

and concerns lts single crystal growth, structure determfnatiort,

magnetization, Curie temperature, and NMR sPectra. Chapter: lII

descrlbes the results of MUssbauer, NMR and oEher measurements on

thís system wlth various amount, of F.57 substituted for Mn"

Chapter IV concerns a different(but related spin str:ucture)



sysËem Nit-XZn*FuZO4" Here MUssbauer specEra with and wfthout

&n exLernal field are reported and dlscussed" Finally a sunmary

of the mcre fmporÈant findíngs is given ln the lasL chaper.
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for the meny precious hours he had gfven up in our numerous dis-

cussfons and the guidance and encouragement, during t.hls study.
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AtsITRACT

In thfs thesís we report on experiments wfÈh three com-

pounds of the lron transition group. rt is suggested thaÈ the 3d

elect.rons are responsíb1e for the magnetic and electrical properties

whlch dfffer greatly dependfng on whether the charecter of the 3d

elect,rons fs collective or locellzed.

Sfngl.e crystals of Lar_*Pb*MnO, wirh 0 "26<X LO"44 have

been grown by the flux technique. X-ray fluorescence, rnret. chemical,

and elecEron mfcroprobe analyses indicate the crystals are homogen-

eous and stoíchiomeË,ric" The crystal structure was determlned to

be a rhombohedrally disEorEed perovskire wÍth double celr edges.

the statfc magnetízatÍon has been measured from close t.o absolute

zero Èo about 8oooK. The compounds are ferromagnetÍc, wÍth curie

temperatures ranging from 315 to 35ooK. At absoluEe zero, the

magneÈfzatfon agrees to r^tithin i% of. that, exnected from t,he average

spln per formula unit. The spontaneous magnet,Ízation decreases

more rapidly Ehan predÍcted by the Brillouin funcÈion for a normal

ferromagneË for 0.9 ¿T/Tc( I. JusE above the curie Ëemperature,

the recíprocal suscepEibllfÈy versus Ëemperature curve exhibits a

slfght curvâÈure; at higher ÈemperaÈures, Ehe susceptibilíty follows

Èhe curfe-weiss Law. The average spin obtained from the curie cons-

tånt agrees well wiÈh that obtained from the chemical formula. The

conductfvfty determined with the convenËional four-probe meÈhod fs

of the order of. ,vLOZ mho/cm. Together wÍth Èhe compelling fac¡ of

the thermal coefficÍent, of the resisÈÍvity below T^ determÍned by



Searle and Wang¡ qre conclude that the ferromagnet,ísm has iEs origin

prlmarfly ín rhe feinerant d-elect,rons thaE líe in a narrow double-

e:{change band" In other words, Ehe outer d-elect.rons have a collec-

tlve behavÍor. This fact ís furrher supporËed by the Mrr55 Nm.

result whfch shows a síngle absorpËion lÍne and this ís identifíed

Ëo associate wiËh neither Mr,3* rrot M.r4*Íor," but an average of Ehe

Ëv¡o f ons

WÍch Fe subsEÍtut,ion Ínto lhe sysÈem, the magnetízation

fs found Eo be lower and is explicable ff che Fe spín can be assumed

to be anElparallel Eo the Mn spin. The Curie Ëemperature is greatly

suppressed" A 1ínear exÈrapolaÈion of the saÈuraEion magnetízation

for different substitutions suggests thaË sysLem ceases to be ferro-

magnetÍc at about, 45 atomic percenË subsËitut,ion. The fe57 MUssbauer

resulË.s confirm the anÈiparallel spin arrangement, beÈween the Mn and

Fe spfns, but this is only true when t.he Fe ion has no other Fe ions

aË fÈs nearesË neighbouríng sites" The hyperfine fteld is n,510 kOe

for Fe fons wiEh all Mn Íons as Ëheír nearest neighbours ancl becomes

much lower as some of these Mn ions are substltuted by other Fe ions.

The concept of the t¡ supertransferred hyperfine fleld tr does not seem

to gfve a saEisfactory explanaEion in rhis case' The MUssbauer spec-

tra can be fÍcted reasonably well by a staEistical model based on Ehe

number of nearesÈ Mn neÍghbours being substÍtuÈed by Fe ions. Ït is

côncluded that this is sÍmply the result of Lhe core-polarÍzatÍon by

the d-band elect,rons. Thfs further strengthens the idea of the col-

lectíve behavÍor of the d-elecËrons Ín the undoped sysËem. However,



the Mr,55

one for

Erons fn

Nl'fR spectra whlch show three absorptÍon lines Ínstead of

Ehe undoped sysÈem suggesc some localizat,lon of the d-elec-

the Mn3* ard Mrr4* sÍÈes" ït fs found that Ëhe localization

fncreases as a functfon of the Fe substítution. tle propose the

formaElon of trapping cenÈres for the d-holes due to the presence

of, Fe lons whose d-electrons are known Èo be more localized than

Ëhose of Mn íons. This clearly indicates Ëhe simultaneous exisËence

of the localized and collective behavior of the d-electrons. In

other words, the transÍtíon of localizedercollectÍve can be regulated

by the amounË of Fe substitutions. The fact thaÈ the rapid decrease

of the magnet.ÍzaÈion versus temperature curve near the Curie Ëemper-

ggure becomes less obvious as the amount of substÍÈution increases

Buggests Èhe presence of other exchange mechanísm which is most likely

the tl superexchange int.eracÈion ru, a welL known fnteraction between

locaLfzed spins. this furcher supports the above fnËerpretaËion,

E'fnally, the Mössbauer results of Èhe mfxed ferríte system,

ZrXNff-XF"2O4, whích Ís known t,o be an insulat,or are presented. IË

fs f,ound that for XÉ0.5 Ehe Fe lons have a collinear spÍn arrangement

beËween the two sublattices and for X>0.5 a spin arrangement sÍmilar

Ëo that found by Chappert, and Frankel Ín their sÈudy of the NiCrr.r-

Fu'"304 sysÈem_. The average canEing angle of the Fe spins fs found

Ëo be smaller t,han the angle report.ed by Satya Murthy et al. using

the neutron diffract,ion L,echnique" An explanat,ion based on the

relative strengt.h of the exchange constants JAB and J* is gfven to

EccounÈ for this difference. tr{ichin Ehe limit of experimental errors

Èhe caË,fon distributÍons calculated from the well resolved spectra



ln a 50 koe external field are oroven for the firsÈ Èime t,o follow

Èhe formura (zn*Fei-xlINí1-¡F.1a¡]04 for 0(x ÉI" 
tr*u 

hyperfine

fleld aE Ehe A-síte Ís almosË constanE for the entire range of X

values and Ehis Ís consistent with Èhe finding of the Sb subsÈit-

uËed LiFerO, reporEed by Evans and Swartzendouber. The decrease

of the B-site hyperfine fÍeld is explained in Ëerms of the concept

of the t¡supertransferred hyperfine fieldt! whÍch is known Eo exisÈ

fn some weLl localized d-electron sysÈems.



I}{IRODUCTION

1"1 DOUBLE EXCHANGE

Thls mechanism was flrst proposed by zener [1] ln suggestlng

Ehat, ferromagnetfsm arfses from the lndtrect coupllng of lncompleEe

d-shells vfa Ehe conductlon electrons. He postulaEed thaE magnetic

behavior of translEion metals was deÈermined by the relaEive strength

of three Ëypes of spin coupling, namely, between d-shel1 elecErons,

d-shel1 and conductlon elecErons, and conducEion and conduction elec-

trons. The total spln energy was then

E"prr,: t^s3 -Ps¿s"

where 
^, þ and I were consÈanÈs in energy unf Es.

wfEh respect, to Lhe conducElon elecÈron spln S"

+ \ls2-c (r)

By minfmízlng E ---sp 1n

he obtaíned

E :\lc(- (
spln

(2)

11 be solely determfned by the

Ehat is

ferromagnet I sm
(:)

anÈfferromagnetf sm.

Eo the system ( t"r-o Ao ) MnO,

{ ríttsl.

Therefore t.he magnetfc

relaEfve magnf t,udes of

4

P

behavlor wl

92 ana ct l,

', c{d

He applted this concept
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ürhere A represents Ca, Sr, or Ba. Here, insËead of having direct

exchange betr.¡een d electrons E,here fs an oxygen ln the mfddle. He

suggested that Lhe ext.ra elecË,ron on the Mrr3* lon can move back and

forEh between the two Mn ions tf Èhe transfer does not change the

eleceron spin direction and ff the spfns of the lons are par411el"

The eNchange energy€ 1s glven by Lhe lntegral

Jt.( H - €,)Y¿dr t O spins parallel
(4)

: Q oÈherwise

where S, t" Mr,3*-o-M.r4* u.dol', urr4+-o-M.t3f" Thts he called tr Double

ENchange t0" Anderson and Hasegata [3J have investigated Lhis mechanlsm

f.n greater detaf I and wlË.h considerably more general assumptíons.

They, using a semfclassical approach, derived the energy of the

system to be

E:-JS*b(cosø12) (r)

for JS>)b where J is Èhe fntra-aEomfc exchange lntegral, b the

transfer fntegral, S Ë,he spin of Ëhe fon and 0 the angle beÈween

Èwo lonLc spins in adJacent sfËes. Here the energy 1s llnear

1n S while for superexchange interaction It fs quadraLlc fn S"

The angular dependence ls also different.

T"2 SUPEREXCHANGE

This exchange mechanlsm was orlgfnally proPosed by Kramers



J

t+] and subsequently lnvest'lgated by other workert IS]' No attempt fs

made here Eo dfscuss it in deËall excePt Eo pofnt out some of the

maJor contribuEions Èo thÍs exchange. We consider only the case of

fndlrect exchange. (i) Correlacion Effect: This mechanlsm [6r7]

takes fnÈo accounÈ Èhe simulLaneous partlal bond formatlon on each

sfde of Ehe anion. Thls formaEion occurs whenever Ehere ls an empty

catlon d orbftal overlapplng wfth a full anion p orbftal" This can

be explalned slmply as follows. If the caEion has an orlented net

magnetic momeng, Ehe tv¡o p electrons wf]| not have an equal proba-

btllty of befng shared by the caEíon. According Eo Hundts rule, if

Che d shell is extended by the s and p orbftals to form hybrid orbit-

els fn the lattfce, Ehe anlon electron whose spin is parallel to the

net caÈfon spfn wfl| spend more time on the catfon than Ehat with

anËfparallel spfn. Thls bond 1s predomlnated by a single electron

and Is someÈlmes called ?¡ semlcovalent rr' For exanple, in the case of

¿5-O-¿5, only pC orbitals with spins antlparallel Èo Èhe caÈlon spín

can.partfcipaLe fn bond formation fn accordance wÍth Hundrs rule and

thus the caÈfon spfns are coupled anEfferromagnetically' Of course

the p¡t orblta,ls also cont,ribuÈ,e to Èhe antiparallel couplfng but this

ls considerably weaker Ëhan Èhe 6; bonds. rn the case of d3-o-d3, o¡

the oEher hand only pø orblcals wíth spfns parallel to the

catlon splns can cont,rlbuÈe sfgnlficantly in the bond formation

and the caclon splns are anÈfparallel'

This coupling ls weaker than t'he firsc case because it 1n-
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volves a third-order rather than second-order perturbatfon theory [ 8l

The t,ransferred spfn involves a furcher exchange coupling wlthln

Èhe lon, Ëhat fs, the coupling between the eU and tr, orbftals.

Ffnally for the case d5-o-d3, Èhe spins on one sfde are paralle1

and on the ot,her antfparallel and consequenLly the catfon spfns

are ferromagnetically coupled.

(ff) Delocalfzat,ion: In this mechanism, an electron fs

assumed to drffË from one caÈfon slte to Ëhe other, so ft depends

sensiLivery on Èhe arnount of orbiÈal overlapping. since Èhere ls

no dfrecE overlapping between cations, Ëhe transfer integral, bij,

fs proporÈfonal to Èhe square of Ëhe overlappfng of the catfon and

anfon orbltals or J is proporËional Èo the fourth po\Árer of the ovêE-

lappfng" For Èhe ffrsÈ case discussed tn (f), the cation splns are

strongly antlferromagnetfcally coupled, s¿rme as Ehe direcË super-

eNchange between È.wo eg orblÈals. The second case is weakly antf-

ferromagneÈfc because only the 'it bondlngs contribute. The thÍrd

case corresponds to the direcE exchange between half-filled and

empÈy orbftals and is ferromagnetic but the weak antíferromâgnet.ic

bondfng fs also present.

0f course, we can have Índirect superexchange fnvolving

more or less Èhan half-filled orbicals snd Èhey can be dlscussed

1n elmflar terms.



IT Lar-UPbOMnO,

2"r "
INTRODUCTION

In early 1950ts, Jonker and Van Santen [9] studled

polycrystalline maLerfals w1Éh Ehe general formul" tr,"f1*{l

u"fj*ufO, where M is a divalent, catfon, eiË,her ca, sr, Ba,

Cd or Pb" These maEerfals crystalllze fn perovskfte sEructure.

The La and M lons are posftioned aL the corners (0,0,0) of the

sfmple fdeal perovskft,e cel1, rhe Mn ions aE Ehe cube centers

(414,4) and the o lons at the face centers (Z,}tU). The end

members, X : 0 or I are antiferromagnets and insulators"

For certain ranges of X, usually in t,he regfon X nr 0.3

the compounds r¡tere found Ëo be essentlally ferromagneLs

wfth a pronounced higher electrlcal conductivit.y Ig]. to account

for the ferromagneËic interactlon, Zener [11 fnÈroduced the t.heory

of double exchange wherein free or quasifree d-band carriers are

exchanged between Mr,3* 
"r,d 

Mn4* for,.. This Eheory was further

developed by Goodenough [01, Anderson and Hasegawa [31 and De Gennes

IfO]" On the experfmenEal sfde, transporÈ measurements of poly-

crystallfne (LaSr)MnO, \^ras reported by Votger [ 1tJ and neutron

dlffractfon measurements of polycrystalltne (LaCa)MnO, by Wollan

and Koehlur II2]" Lack of sÈoichiometry had been a serfous drawback

fn these earller sLudies. However, since then crystal growEh

technique has been greaEly lmproved, good single crystals in a

5
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lfmíred range of X could be grown by the flux technique [g+]. ttttrs

a more Lhorough study of this family of compounds becomes possible"

Perovsklces are a €amlty of compounds havfng a crystal

sÈ,rucLure sfmllar to thaÈ of Ehe mfneral perovskf Ee CaTiOr' and'

fn general, csn be deslgnated as ÆX3 where A= larger caÈlon,

B = smgLler caÈlon and X = anfon" ln order to have perovskfte

sÈructureo the fons have 8o satfsfy cerEain condltfons. Usually, the

B cat,fons occupy cornêr-shared oct,ahedra and Èhls requires Lhat

the B caEfons have a preference for ocËahedral. coordinaElon and

have an effecefve charge sfnce thfs sÈrucËure fs stabtlized malnly by

el.ect,rost,atf c energy, These stable, pol.ar octahedral- slte buf lding

blocks form Che skelet,on of Ehe perovskf t,e sÈruccure" The relaEfvely

Large anlonf c fnË,ersÈfce r,¡hfch Ëhe A caEfon musE occupy created

by these blocks fn Èurn requlres e cerEsfn sfze for Ehê A cetfon.

TheEe condfÈfons are sr¡mnerfzed by the Èolerance factor [2]

e : (ru * r*) ¡lz!u+ r*)l* (l)

where "A, "8, rX are emplrfcal. radlf

rolth che added condfÈlons for oxides

t,hls sEudy Ëhar rO ) 0"90 g and r, Þ

be sÈabl.e ln Èwelvefold and sfxfold

of fons A, B and X respecÈfvelY

whfch concern us mafnlY fn

O,5lBsinceAandBmusË,

coordf naÈfons respecÈivelY "

2"2 STNGLE CRYSTAL GRCXùTH

Sfnce t,he phase equftfbrlum dfagram requfred for the

selecc,fon of sulcable sEarclng reagenÈs for Ëhe growth of
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(l,apU)UnO, single crysÈals \^¡as not known, a number of comporttlor,"

and growlng conditfons were Èried.

The 100 cm3 platinum cruclbles were loaded wlth selected

amounËs of LarO3, MtO2 and a PbO-PbF2 flux' These materíals

were ln powder form and compressed wlEh a rod under fÍnger

pressureo Each crucible r¿as fiÈted wfth snap-on lids whfch,

however, led to a varLable evaporatlon of flux. The cruclbles

were placed inside a muffle fnserted 1n a large toP-loading

furnace heated by four palrs of Norton globar resfstence elements.

The system was then brought to e chosen soak tempereture between

1165 and I250oC f.or 24 hours to ensure that all constituents

were in solutlon. ThereafÈer, cooling at Ëhe raÈe of loC per

hour wfÈh a stablltty of loC was achieved with a Leeds and

NorEhorp progranuned controller thaË, fed a saturable reactor'

which 1n Ëurn controlled the lnput Èo a 10 klJ autotransformer'

The Èempereture wes sensed wlth a platinum-platúnum

10% rhodium thermocouple beneaÈh the furnace fnserÈed through

a hole fnto the muffle where the ttp vras positioned close to

Ëhe bottom of Ehe cruclble. The purpose of the muffle was to

reduce the thermal fluctuatlons and to ect as a fflter ln reducing

contamfnatlon of the furnace wit,h flux (usually lead) fumes.

i,Ihen the EemperaËure reached 980oC, the power was

turned off and the furnace top opened sllghtly. The crucfbles

T¡rere removed about 24 hours later when the furnace had cooled
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almosE Eo room Eemperat,ure"

A Eyplcal run would be using l2O gm. of PbO, 120 gm.

of PbF' 19,85 gm" of LarO, and 21.15 gm. of MnOr. The purlties

of PbO, MnO, and LarOa were 99 "97", 99.87" and 99"99% respectively.

No speclflcaÈlons were avallable for the PbF2' For different

values of X, dlfferenÈ quantftfes of Lu2O3 ¿nd MnO, were used

but the amount of flux maEerial was kept usually const.ant.

The (LaPb)MnO^ crystals fÁrere removed from Ëhe solidiff ed flux
J-

by boflfng ln glaclal acetfc acid for a mfnlmum of 100 hours'

A total of 35 runs !,tere made and each run Èook, on the average'

18 days, The crysEals r.rere found throughout the f lux lndlcating

that the two densltfes were abouË, equal. The total crystal yteld

from one run Is shown in Ffg"la. The largest cryst,al volumes

were about 0.15 c*3, big enough for the present series of

experf-mencs. The growth habic produced cubes wfth {1001 faces,

Ffg 
" 
1b.

Twfnnfng was often found, partlcularly for those

crystals formed near the crucible botEom (nfg"tc). However,

slzable cryst.als can only be obtafned fn a llmited range

O.26 4 X S 0.44. outstde thfs range Èhe crysÈa1s were very much

smaller and poorer fn quality" Several aEtempts had been made

but wlthout success,

Ffg.ld shows the photomfcrographs of t.he surfaces

of'eome sfngle crysËa1s. In a, b and c, Èhe surfaces show



I

t*

rylcmr

F,Ì*l',Mm
Syntheric single crysrals of (Lap6)t'lnOo. (a) The yield
from one crucible. (U) e rypical cube-éhapea crystal
wirh 100 faces. (") a multirwinned crystal.

Fig. 1 .
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grooves of one Lo two mlcrons deep whlch are belleved to be

etched by Ehe flux, beceuse d shoüts a surface whfch ls shfny

f.or a run 1n røhfch all the flux had evaporaEed" The etch pattern

such as EhaÈ brlck-lfke sËructure shown fn c does gfve us some

Ideas about, Èhe growÈh process.

2,3 COMPOSTTTON ANALYSTS

x-ray fluorescence was used to deEermfne x" The samples

\¡rere prepared by gr{nding about I gm. of slngle crysÈals fnto

fine powder whfch were cleaned 1n acfd to remove possfble remalnfng,

flux and Èhen pressed lnto a dfsk, wfth the addftlon of 0.3 gm.

of BrO, as a binder" Standard dfsksr used for comparLson, were

mede from mlxt.ures of LarOr, PbO, and MnO, Powders.

MeasuremenÈs rilere made in duplfcate and averages r¡rere

used to determfne the ffnal result, Typfcal plot for deËermfning

La and Pb conEenË.s fs shown in Ftg.2" The two weight percents

were then normâIfzed such that the sun of La and Pb etomlc fractlons

equalLed one, Ehat Ís, no defects were assumed to be present"

Results on ffve selecEed runs are gfven in column one

of Table I, The total mang&nese content end the relative amount'

of Mr,3* atd Mrr4* were determfned by sLandard volumeEric techniques

I r¡],
Prfor to any weÈ chemlcal analyses, t,he crysEals were

botled for 3 hours ln 6:3 HCIO¡HNO, solutlon to remove any

flux fncluslons" The tocal amounË of manganese present was
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[-ANTHANUM o/o

EO 60 /.0 20
10

I

20 40
å- E AD o/o

60

Ffg. 2. Determinatfons of lead and lanchenum conÈent by x-ray
f luorescence t,echnf que 

"

(n
h
z.
= 6

ú.
\¡-
x.
[-
0ntr4-t
a
z.
=C)
CJ

0

Lur-o PboMn O,

x=0.2 6

x = 0.31 STA NDARD

SAMPL E

x= 0.31

x = 0.26
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deËermíned by Ehe bismuthate method tf Z]. The Mr,3* 
"r,d 

Mt4*

cont,ents were deÈermfned by addfng an excess of sEandard

ferrous an¡nonLum Sulfate Eo the samples díssolved ln a dllute

sulfurlc acld soluLlon, filterfng off the Pbso4 precfpftate,

and oxfdlzfng the excess ferrous lons wlth standard KMnOO'

The wefght percçntages of total Mr,, M.,3+ 
"td 

Mn4* thus deÈermined

are llsted ln Table I. I^ltthin t.he experfmenEal errors fnherent

ln Ëhe fluorescence and chemlcal meEhods, Èhe agreement ls

saLl sfactory.

Elect,ron microprob" If+] wigh e beam diameter of about

l mlcron \^ras used Eo determlne the homogenelty of the crystals'

T.Ë was found that the La and Pb contents were consEant to

wlthln 1'l. along pat,hs about 3 mm fn length, Therefore, the

lead doptng can be assumed to be very uniform throughout the

cry sLal s.

2"4 CRYSTAL STRUCTURE

The lattlce constanÈs of (LaPU)MnOa were determined

wfth a Phtlfps 57.3 nrn" radius Debye-Scherrer camera and

dlffractometer uslng boLh Fe-Mn and Cu-Ni radiation. A slllcon

standard r^ras used to correct the llne positfons in the diffrac-

tomeEer Èraces. To avoid any varfations ln llne intensities

from preferred orlentatlons, Ehe powdered Samples I^rere mixed

w1Ëh gum tragacanth. The sLructure was found to be rhombohedral ly

disEorÈed perovskfte. Goodenougn IO] has poinred out that the
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orderfng of Mn-O-Mn covalenË bondlng fn our composfEion range

rdould produee e cooperaË,lon elasËfc strafn to rhombohedral

gyllEneEryo

The compLeÈ,e powder dlffracEion daËa for LaO.O2PbO.3gMtO3

are glven ln TebLe II. The presence of Èhe weak 131 llne

{ndl.caces ËhaE the cel1 edges are doubled. The lattfce constanÈs

are lfsted ln Table III for ffve composft,lons. The average error

fn d ls esËfmaËed Eo be less chan * 3 mfn. The theoretfcal
r_h

-adensfty for one componenE, L"0.60Pb0"4OMtO3 is 7.5i2 gm. cm '

wh{.ch Ergrees well wf th 7.451 gm. cm-3 whfch was determined by

us{ng t,he Berman balance,

2"5 STATIC MAGNETIZATION

The magneLfzaLfon of ffve represent,aÈfve composÍtions

has been measured from 4.2 to 77iof [gS] which is well above the

Curfe Ëempereture, Tco

2,5"L MPERTMENTAL APPARATUS AND METHODS

' A vfbraËfng-samPle magneËometer I l4a] manufacÈured

by the Princecon Applted Research Corp" (PAR) was used for

Èhe measuremenËs" The electromagnet used Èo produce t,he sEaÈic

ffeld was manufactured by Magnion Inc"
a

The low sample Eemperatures were achfeved wfth a ltquld-

helfum dewer (made avaflable Eo PAR by Andonlan Corp.) equipped

wlch a needl.e valve to cont,rol Èhe helfum or nlËrogen f low



Table ïI,
l6

Powder Dlffracclon DaÈa for LaO" 
O2PbO.lBMnO3.
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inEo Ëhe sample chamber and a heating coil just outside che

serrple chamber. The temperatures from 4.2 to 77o K were measured

wlEh a gold 2.1% cobalt-copper thermocouple and from 77 to 3000 rc

ç¡iEh a copper-consEantan thermocouple"

TabIe III. Lattice Constant5 qf Perovsklte (laeU)UnOr.

Sample Formula .rn tl) d,rn

1"0. Z¿PbO " Ze 
ho¡ 7 "799 I 0 . 010 90 o 28u

&.O"egPbO.:thO¡ 7"798 t 0"010 90o 23'

L"'"eZPbO.gghO3 7.815 t 0,004 90o 240

L*0..6oPbo . ¿oho: 7. 801 t 0 " 010 90" 23',

&.'"SZPbO.¿¡hO¡ 7.776 t 0.005 90o 19u

For measuremenLs above room Eemperature, Èhe apparaLus

fnclilded a boron nlEride sample rod and a heatíng coil enclosed

fn a vacuum Jacket, manufactured also by PAR; Èhe temperature was

measured r"rfth a chromel-alumel thermocouple,

Some samples were ground inEo spheres ln order t.o take

EccounÈ of demagnetlzaEfon effects" The grlndÍng was done on

Èhe ultrasonfc cutt,er. The grfnding t,ip was made of brass and
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rÂtes JusÈ e flaË surface v¡f Eh e setnlspherfcal fmpressfon {n Ehe

cenËtrc. Thle fmpres8fon could be sfmply made by presslng Ehe

flsË surfsce agslnst ø sulteble sfze steeL bell. However, ghe

Èfp had to be changed qulÈe ofÈen because Ehe abrasive ground

Ehe crysLal as well Es the mould aË Lhe same t'fme

In Ehe case of single crystal, the sample was glued

Ëo the end of a long sample rod with G.E. No. TOjt adhesive

whfch worke well even at hellum Eenrperat,ure. In Èhe case of powder,

an alumfnum holder was used for low t,emperature, a Boron-Nftrite

hol.der for hfgh t,emperature. The sample was placed ln Èhe centre

of the pole gap and was magnet,fzed by the staÈlc nragnetlc fleld"

By Lenz law, es the sample vfbrates, a current proporÈfonal to

the magnet{.c moment of Èhe sampLe Ls fnduced fn a sensfng cofl

whfch was poslËloned near Èhe vibraÈfng sample"

A emall specLropure nlckel spherer58.5 emu/gm, aË

4"2o K (or 55"07 ernu/gm, [t+U] ac 2980 K),was used for Ëhe

calfbraÈlon of Èhe magnetomet,er"

2,5¿2 MAGNETIZATION BELO!Í T
c

The temperaËure of ehe sample fn Ëhe magnet,ometer was

aLways hel.d const,snt, t,o wfthfn ! zo} and for some lmportant

regfons, for exarnple, near che Curfe terûperat,ure, to bett,er

thcn j loc"

NormalLy, Èhe magnetfc ffeLd, ll, was Ehen varfed

from I eo L8 tr<Oe and the magneÈfc momenË per gram, 6M,
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recorded. However, Èhe magnet.ization was so sensitive Eo

Ëhe change fn t,emperature especially when the temperature

was about 50oC from Èhe Curie polnt, ËhaÈ even lo change

causeâa large change fn the ext,rapolaLed moment as well as

the susceptlbility in thls region" In order to avold Ehese

pitfalls, lire hacl to record the Èemperat,ure ¿5 well as the

magnetfc moment aE each applied field sÈrength so that we could

ploË Ëhe magneËÍc moment versus the temperature at ôonstant

ffeld value" A typlcal plot is shown in FÍg.2a. From this

ploÈ we could Ëhen obtain C" value at flxed Eemperature

accurately. A typical set of 6" versus H curves for one

chemlcal composiE,fon is shown in Ffg.J. The curve f.or 4.2o K

has been lowered at H : 18 kOe by alrnost I% to correct for

a weak moment, induced ln the thermocouple; Èhe correctíon fs

neglfglble for t,emperetures above 20o K and for lor¿ flelds aE

aLl temperatures"

A value of the sponËaneous magnet.ic moment per gram

was obtained by extrapolaÈing the 1Ínear porEion of Ëhe curves

of the type fn Fig.3 to zero fnternal magnetic field. Curves

of 6¡{ (H: O) versus temperature are ploEEed fn Flg.  for the

flve select,ed composf Eions. The magnet,fc moment per gram aÈ

T':0o K was obtalned by extrapolaEfon, and is listed fn

Table IV. A theoretical value assumfng compleÈ.e ferromagnetlc

or{er of the manganese spfns can be calculated from the average

spfn (S) based on the t't,r4+71t,l3+ ratlo" These values, also listed
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i.n Table IV are Ín reasonable agreemenL wlEh the experlmental

ones, the largest dffference belng 3%" Ir is of interest Lo

note thar the magneEfzatfon curves cross. Also 1n the vlcinit.y

of the Curfe temperat,ure, the curves dfsplay Èhe well-known

r¡taf1!r whfch fs possíbly due to some short-range ordering

peculfar Eo a ferromagnet.

2"5.3 SUSCEPTIBILITY ABOVE T

The suscepttbilfty per gram, X* h"" been deLermined

above T" rp to about 6000 K for Ehe five composftions from

t,he llneat 6V versus H curves. The reclprocal of the suscepti-

btlfty in unlts of (emu/gmoe)-l is shown as a functlon of tem-

peraÈure tn Ffg.5 for the Lwo extreme compositions (x:0'26

and 0,44)i Èhe curves for Èhe other composftions lfe in between

and have been omfÈt.ed for clarity. The curves are simíIar to

Ëhose observed for che normal metallic ferromagnets such as

lron and nickel, exhibftfng a curvat,ure jusE above T" and

becomfng 1Ínear aÈ higher temperatures. The Curie constant,

c: Ns2 l r' 1s> ( ( s > + r)/3k, Q)

deÈermined as Ehe lnverse slope of the linear portion, yiclds

{s> " The values of (S ) obtained for dif f erenÈ 
"n4+-7¡1r,3'È

raLios are also llsted in Table IV; Ehe agreement with (S)

for the chemlcal formula ls lncredfbly good. Indeed, to the
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besÈ of

magnefs,

2"3"4

our knowledge, of the known elemental meLallic ferro-

only for gadolinlum is Èhere comparable agreement.

suscEPlrBrLITY BELOI.I Tc

The susceptlbflÍty derermlned from rhe llnear portlon

of Che set of curves similar to that shovm fn Fig"j is ploÈted

as a functfon of temPeraÈure in Fig"6. The value aÈ low temperature,

-t.nr I x l0 " emu/gmOe, is unusuaLly large when compared Ë.o met.als

such as lron and nlckel" The anisoÈropy of Che materlal 1s snall'

and hence, 1t would appear thaÈ technfcal saturation, between

fteld srrength of I0 ro 18 koe, had been reached. sínce the

Van Vleck and Paull paramagnetlc suscepLibility is noË normally

Èh{s large, lt may be that Ëhere is a canting of the manganese

momentso However, slnce t.he ext.rapolated saturation moment f s

so close to Èhe theoretical moment, asstrmfng toÈal spÍn alignmerrt,

the canËfng angle Íf lt exísÈs' v¡ould be quíte small.

2.5.5 CURIE TEMPERATURE AND CRITTCAL EXPONENT DETERMINATION

. In order Eo determfne the Curfe pofnt and to examine

Èhe magneEization Just belot T", because of the rrtailrro che

daËa was subjected to furrher analysls. FÍrst,o the ful1 curves

of Fig.7 were obtained by applytng Èhe Welss and Forret ItS]

måchoA of consËanL magneËization. A typfcal ploË fs shown in

Ffg.B. Three curves show, and the oLher r\.¡o hint at, a small

¡¡brmrpco near T.; the Curle temperat,ures obÈained by exË,rapolaElon
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5CO 52C 34C 56C

THIVIPERATURH ("K)
Saturatfon magnetlzaEion near Ehe Curie Eemperature. The
ful1 curves are obEained by the method of consEanÈ. magnefi-
zation and the dashed curves by the thermodynamic method,
The data poincs refer Ëo dffferent composltions, and
these have the same meaning as given fn t,he inset to Fig. 4.

Fie, 7,
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ere gfven ln Table IV. Second, the dashed curves of Ftg.7 came

from a mecho¿ [10] besed on Ehermodynamfc reasoning, (Appendfx A)

q
fn whfch 6*' f s plotted agafnsÈ tl/6U" Now both che bump

and taÍ1 are abeent; Èhe Curie t,emperatures found are also

Lf sËed f n Table IV. Another met,hod deveLoped by Kouvel and

Flsher It91 yfetds resulËs close Ëo Ëhose of Èhe second method.

The Curie temperatures could also be deEermined by usíng

rhe relatlonshrp [97] % - rt/6(T) if S(T") was known'

Regardless of the meEhod of analysls, the Curie tenPerature

fs almosÈ a llnear funcËfon of composiËfon X over the range

of trlnæ¡lln3* rarfos studfed.

The crltlcal exponenr P defined by

M(T)/M(o): o(1 -rtrcf (g)

was deÈermlned usfng the data on Flg"7 over the temperature

rÊnge 0.95 < f/Tc ( Iu0, A Ëypical pLot ls sho$m fn Ffg.9 and

the resulÈs for Èhree sarnples are llsÈed ln Table V"

TabIe V" CrfÈlcaL lndfces for Lar-*Pb*MnOr.
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2.6 CONDUCTIVÏTY

The conductlvlty was measurad by the convent.lonal

four-probe method at room Eemperature" However, because of rhe

slze problem as well as Èhe characterfst,fc of hlgh conductivity

fn this range of X, Èhe result, \^tas accurate only up Ëo order

of magnltude. It was found thaÈ conductivfty for 0.26 L X < 0.44
tfs ru l0- mho/cm" Thls problem was laÈer carried on further

by Searle and l,Iang [22] ustng the Van der Pauw's techniq,r" IZg] 
"

ConsfsEenÈ results were obtained and a typical curve of resisEivity

es a function of temperat,ure is shown in Fig.10 reproduced from

S. T" WanBos thesi" [2e1"

2"7 NUCLEAR MAGNETÏC RESONANCE (N}ß)

2,7 "l il,ÌTRODUCf,TON

NMR has been wldely used fn chemisEry as well as

fn Solid SÈate Physics. The theory has been discussed in many

excellent, text,r [:O]e so here no aÈtempt is made Èo discuss

fÈ ln detall. Baslcally, fn nuclear paramagnetlc resonance,

as a result of the spatial quantlzaEion of the nuclear magneÈic

momenÈs when a magnet,fc ffeld H is applfed, the 2I * 1 sÈates

are splfÈ fnÈo levels wfLh energÍes *fBn fn¡¡H. Then transitions

between the levels can be induced by the applfcatlon of an

alËernat,lng field wtLh a frequency given by
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&@=

or oÅ-

-s¡{ hH
-B¡,eH/ ZMOc.

G)

(s)

There are many metho¿s [ ¡t] Ëo achleve N]lR and they

ell have Êheir own advent,ages as well as drawbacks. For a

narrokt absorpÈfon Line the steady staÈe method fs most conrnonly

uËed. However, fn sol.ld sLaee physfcs, largely owing Eo

fnhomogenefty ln the ffeldo broad lines are usually expected,

and the pulse meEhod ls more desirable. Thus only the 1aËter

meËhod ls furËher discussed"

2"7"2 SPTN-ECHO METHOD

T'he prfncfple of the spfn-echo meÈho¿ [fZ] can best

be explalned by descrfblng the precessfng magnetíc moment, ln

& rotsËfng frame at the same angular speed as Èhe roEating of

ffel.d. The rf poÌder fs supplfed as shorÊ pulses with a duratfon

whfch fs short compared Èo the relaxatlon times /Fr(spin-1aÈËfce)

and fr(spfn-sptn)" In general, the equatlon of mot,ion of a

nucLear momenË Ë, wfth angular momentum ô fn a field H fs glven

by

r*p¡ = Fuü

ofGfnThe tfme raËs of change the roËaÈlng frame, denoEed



Usfng equation (5) ana i 
: $ d, te obtain

[1l*]'=F.ñ.

= Lflw+ifu rtinå
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by ( # i, rs relaÈed Ëo f $$l uv [r:1

{g} = t*g}'+ ôx6 (o)

o)

where ffi-= ñ-?

The appllceËfon of a ffeld of magnftude H, r Lying along the

Xl-exis and rocaË1ng about, Ëhe Z- (or 2¡-) axfs wlth frequency

14, , Ln additfon t,o Èhe sÈeady fteld H, produces a nett effectfve

ffeld of magnirude

ü-ü*
(B)

end makfng an angle 6 with the Z-dlrecËion gfven by tan O --

III/(H+ wl8)" At resonance, thaÈ fs, t¡r:- EH, the effecËfve

ffeld fs H, and Èhe magnetfc moment p n"u"..ses at an angular

speed

(e)

'rr: v",
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about the Xl-axls.

The spín-echo experiment starEs from a siEuation

wfEh no rf ffeld present and Èhe magneËizaLion at rest along

the Z-axis (Ffg"l3a). At time E:0 a rf pulse is applied

{ur'lng a time ét shown f n Flg.12" The magnetlzation Ehen rotates

ln Èhe YZ-pIane (Flg.f?b) towards the Y-axis by an angle

d: 6t (lo)

The rfme 6 t fs chosen such that €g - fr /2" lJe call rhfs a

tt90o pulserr" Then at the lnstant of the removal of the pulse,

the moment ü wfll lte in the X', Y' plane (ffg.Ijc). A signal

will be lnduced ln the recelvlng coil because of the roEat.ion

of ü fn the laboratory system. Because of inhomogeneíties in

the applled ffeld fi and Ehe disLrfbution in local fields through-

ouË the sample, certafn reglons of the sample wlll have slightly

hfgher and other regions slighcly lower precession frequencles.

Suppose that the sample ls composed of flve regfons, each

called a spfn lsochromat IcZl. Suppose one isochromaL (tabeLed

0) precesses wfth frequency dd ( : -ðH), whereas tto (labeled

+I and *2) precess faster and the other two slower (labeled

-1 and -2) Èhan ta, . In tlme Ëhe i sochromat.s wi 1I f an ouL as

shown ln Ffg.13d. Note thaL there will still be a net momenL

fn the -Yr-directfon; however, it is smaller Èhan before, hence

f,Ã)
Ht
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Ëhe induced slgnal will begin to decay. At a later time t'-- al

the spfn lsochromars wfll be fanned out further (Flg.t3e);

Èhere ls no net moment ln Èhe X, Y plane and the lnduced slgnal

w111 have decayed to zero. Now, we apply a pulse durfng a Eíme

2 ét (180o pulse) along X' axls. Atl the lsochromats wfll

thus be rotaEed through 1800, as shown 1n Fig.tjf. An induced

slgnal wfll appear ln the receiver at the tlme of this rotaLion.

The fsochromats wlll sE1l1 be precessing ín the same sense'

hence as tfme goes on, the fsochromats wlll tend to become

f¡unfânnedtu (FÍg.lfg)" A resultant moment wiII be produced and

a signal wtll begfn Ë.o be induced in the receiver. At t =" 2t1

the fsochromaLs wlll be fn phase agafn and the echo slgnal

w1ll reach lts maximum value" Then as tfme goes on, the spins

wfll agaln fan ouL and Èhe phase coherence wfll gradually be

lost. Thls rnethod works only it lZ ls short compared to f.

and more speclflcally tf 'f, ts malnly limlted by spatial

fleld-fluctuat,{ons.-rather than by spin-spin lnteraction"

The latter ínteractLon causes, by lts random character, a

loss of phase memory that cannot be resËored. However, Èhe use

of a 90o-180o pulse sequence is not essential; induced spln

echoes are observed for any palr of pul"st [121.

2"7 "2"1 DETERMINATION OF RELAXATION TIME

The height of the echo observed at Èfme 2t, is proportlonal

Èo exp( -Zt, I fr) ' Therefore by repeated application of pair
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pulses wfEh dffferent t,, a semf-logarfEhmlc plot wfll provlde

a measure of the spfn-spfn relaxatfon Eime, "tr2. A typicat

ptot 1s shown fn Flg.14, thfs corresponds to the met,hod A

dfscussed by H. Y" Carr and E. M. Purcelt [f+].

2"7 "2.2. MUTTTPLE SPTN ECHOES AND A}IPLTTUDE MODI'JLATION

The phenomenon, multiple spfn echoes, has been observed

In many magneË1c maÈerlal" IlSJ at Ztr, 3Elr.oo, where t, ls

Èhe tlme fnt,erval beÈween the Lwo excftfng pulses. The spin

sysÈem can be descrlbed by the followfng general Hamllt,onfan

in the roÈat,f ng frame,

(rr)

where Che flrst term represenÈs the Zeeman energy, the second

term Ehe quadrupole interact,lon, and Èhe Èhlrd and fourth t,erms

descrlbe possfble spfn-spln lnteractlons. Theoretlcally, fE

ls flrst dfscussed by Solo¡non suggesËfng that the formaEfon

fs due to quadrupole lnteraction or, ï127 
"ptr, 

echo signal

1n KI" He assurned t,hat the Zeeman energy ls consÈant end the

quadrupole coupllng constantls lnhomogeneously dlstrlbuted.

Recently, Abe g,¡! g!" assumfng JusC the opposf Ee predfcÈs,

for the case r{here Lhe exclt.atfon fs carrfed ouE by t,vro succeed-

H'= 
,q ",o*ar¿,j 

* 
,å""r(f*i 

n 
,Ð, 

t,, I;s1¡e

- 
'ä 

e ;¡ (î;"i; )
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lng arbituary rf pulses, Ehe maxfmum number of echoes to be

2I where I fs the nuclear magnetfc quantum number" The spln

echo amplftude has an oscfllatory behavlor obeyíng ÁyqTm =' I

where 1* the modulaElon period and Aüq Ehe frequency fnterval

between two adJacenÈ quadrupole splft 1lnes" These predfcLlons

agree very well wfLh the results t,hey obtafned from Ehe ferro-

magnetlc maEerials MnB and FerB"

More recently, Searle and Davfs IfS] in their mfxed

ferríte studles, manganese ferriEe doped wiÈh nickel, observed
,1-

MnÆ mulriple i'trMR spln echoes up to 22 at l.60 K and this is

much bfgger than 2ï. They suggested that the formation of multiple

echoes in Lhfs case fs due to, instead of che quadrupole inÈeraction,

a nuclear spin-spln interactlon, very llkely the Suhl-Nakamura

fnÈeracÈ1or, IgO] playfng the part of the refocussing. The number

of echoes Ëhus predlcÈed fs fnffnfte. Of course, the sensitfvlty

of the lnst,rumenL limfts the number of observable echoes.

2"7 "J" EXPERIMENTAL APPARATUS

The baslc electronlc set,up ls shown fn the block df.agrarn

(Fig.I5), Ttre modulatlon controls the magnitude and the duration

of the pulses which ere generated by the pulse oscillator upon

the trlggerlng of the modutrat.lon. The cavlty and the rf receiver

are tuned flrsË by usfng V.H.F. sfgnal generator model 6088,

and Èhen the pulse oscfllator 1s tuned by obtafnlng the maximum

echo hefghÈ on the oscllloscope. The dual pulse generator and
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recelver, model 6600, Ì{ere manufacEured by Matec Inc. The

cavlty used for nf t,rogen and hellum t,emperat.ure measurements

wfE,hout exÈernel ffeld as well as the glass-dewar manufactured

by Pope Scfentlffc Inc. used for low Eemperat,ure work are both

shown in Ffg.16"

The tømperature below 4.2o X was achleved by pumping

the lfquld helfr¡n wfËh e meehanfcal pr-,p and was determined by

a manomeËer connected Èo Èhe lfqufd helltnn chamber. 1.6 1 0.Io K

can be atEafned by thls simple meÈhod. The cylfndrical cavlty

desfgned Éo be used fn Lhe electromagnet (maxfmum ffeld 18 koe)

and Èhe superconducËlng solenoid ( SO lcOe) is shown tn !-ig" 17"

The capacltor used fs Èhe afr paddfng Èype manufacÈured by

Flerunarlund ¡rfd. co. s rncn Because of the ltmiÈed space available

fnslde Èhe Èall pfece of the dewar, the dlamet,er of the cylfndrlcal

cavlÈy fs flxed Whfle Èhe lengrh is deÈermlned by rrfal and

error meEhod"

2.7"4" METHODS OF DATA TAKING A}ID AI.IALYSIS

Ïn secÈlon 2.7"2"I., we have pofnted ouÈ that the amplltude

of the echo at rfme 2È, fs proporr,fonal to exp( - 2rtl f)"
Howeveru Èhe relaxaLfon tfme '1, ts ftself changing wfth frequency.

Therefore, ln mekfng the measuremenÈ, fE fs not enough to use

fixed c, and vary Ëhe frequency only, but rather we have t,o change

the t, as well, the data takfng thus becomes qufre Èedfus,
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In order to lllusÈrate the lmportance of this step Fig.18a

shows the daËa poinÈs taken at, a fixed t, while Flg,l8b shows

the daEa pofnËs for the s¿ìme sample taken wlth various t.l

and normaLtze¿ llTf ln such " 
way that the product of t, and ry2

equals a chosen constant. The phenomenon that relaxat.lon time

varles as a funcÈ,lon of frequency fs also clearly lllustrated

1n Ftg"14" Since the power outpuE fs noË very constant as the

frequency fs changed, cerLafn precautfons have t.o be made.

The gafn of Ehe rf recefver and the pulse oscillat.or must be

checked and kept constant at each frequency. However, slnce all

these components are lnterconnected and interrelated and there

are many other factors Lhat will affect the pulse shepe, the

data thus obtalned cannoÈ be sald to be completely free of

error,

2"7.5. EXPERIMENTAL RESULTS

MeasuremenËs ürere made malnly on Ehree samples of

X values 0.261 0.3I and 0.40 at temperatures 77o K, 4.2o rc

and 1" 60 K.

2.7 "5.1" MIJLTIPLE SPIN ECHOES

Multtple echoes were observed at 4.2o rc but not at

77o K, In order to get the maximtr¡n number of echoes, Ëhe

EemperaEure was further lowered to 1"6 + 0.1o K by pumping

on the helfum" For X:0.26 five echoes r¡rere observed and for
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X:0"31 only four echoes and thrù{r recorder traces are shown

fn Ffg.19.

2.7 "5"2" Ð{TER,NAL STATIC MAGNETIC FIEI,D DEPENDENCE OF SPIN

ECHO AMPLITUDE

Ffg.20 shows che behavlor of Ehe echo amplltude, I,

under the fnfluence of an external fleld, H, for echo one ancl

two. Flg.21 shows Ëhat tf Ëhe data are plott,ed differently,

the portfon, at flelds sÈrong enough such Ëhat Èhe complex

contrlbutfons by domain walls can be removed, can be fiEted

nicely with a stralght line.

2.7 "5.3. RELAXATION TIME

Ftg"22 fs a plot of relaxaEfon time versus frequency

at 77o K and 4.2o K. It 1s also observed Èhat the relaxatfon tfme

fs affected by the external sÈatic magneÈlc field and becomes

longer as demonst,raEed ln Table VI. Furthermore, Ehe amplltude

shows a slntlsoldal behevlor and 1t becomes more promlnenE as the

external staËfc field 1s fncreased as shown in Flg.2j. ïf rhls

modulation whfch has a perlod of ^20 Fsec. fs fndeed due to

quadrupole interactlon- the valfdÍty of whlch wilI be dlscussed

fn the folls¿fng sectlon - t,hen accordfng to A. Abragam ICO],

the Hamlltonian for the quadrupole fnteractlon

M^=*{#-,j [* t, cofô- | ) ( 3 f;rtt+r )) + ] sin 0 cosÐ

Ir*(ryt-) + trr+I-)]*l u å sifs (l]* 111
(tz)
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Table VI. The Resonance Frequency and Relaxatlon Tlme fn Dffferent
Applfed Fields"

.4,pp11ed l'ie ld
(t<oe )

Frequency
(t"tc/ sec )

("1rc-6sec 
)

()

2

4

6

B

lo

380

37rÙ

36'
36o

36{o

36C.

10*1

2L t z

!+6+2

9L J 5

19o J 1o

232 J 10

and by sËandard flrsÈ order perturbation

@)

and

Fl = * huu (3 É- rX*L å
(t¡)

(r+)

where

au*= 
g$,= -va('-å)aÉfl.4lt

$,r - 3&qã
'e- hãfür.-rî

, a= X(f + t) ; fi4= Cos0
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Now ff we assrrrne the axls of hyperfine field

axfs of elect,ric field gradient beÍng paralle

and use Èhe relarlon obÈained by H. Abe eu -al

and the symmetry

l, í.e. 6:0,

.[rs],

-1 (rs)

then from f ,u2O psec. e v¡e flnd- -m t

7
e'qQ/h g 0.17 Þlclsec (to)

2"7.5.4. EXTERNAL STATIC MAGNETTC FIELD DEPENDENCE OF

THE RESONANCE FREQUENCY

The enhancement of the nuclear resonance signal of

a multf-domain parrfcle 1s mainly due Èo nuclel Ín the domaln

walls and partly due Ëo t,hose ln the domalns. Here for (LaPb)t"tnO,

whfch fs known to have exÈremely low anlsocropy [221 and sErong

exchange, Ehe resonance frequencies due to nuclel in Èhe walls

and fn the domafns are expected Eo be almosE the same I fgl 
"

As Èhe applied magnetic fleld, H, ls Èurned on, the domafns

st&rt Èo allgn Èhemselves along H but the effect of H is at

ffrse compensaËed by the demagnetlzing fieId. Ftg.24 shows

thaE aE n¡4 kOe applfed ffeld the sample fs saturaÈed, and

from then on, Ehe shffts ln resonance frequency 1s due Èo

dfrect lnteractfon bet,ween H and the ouclear moment and can

auq îm
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be described by Ëhe equatfon

;t : rrtfn, + (ñ- ñoll (r;')

where \f is the nuclear hyperfine field and HO the

demagneÈlzing field. HO can be est,lmated to be betr¿een

4ry/3MS and 4tMS, whÍch are, fn rhis case, d 3 koe and

ru 9 k0e respectively" The slope of the curve gives a gyromag-

net,fc raËlo of nuclel Vl¡ Ê 2îx 1000(oe-sec.)-I. The

negatfve slope fndÍcat,es thaÈ the hyperfine ffeld 1s índeed

negaËfve as expecEed.

2"7"5.5. Ð(TERNAL STATIC MAGNETIC FIELD DEPENDENCE OF THE

SPÏN BCHO LINE SHAPE

The amplfÈudes of the echoes aÈ various external fields

have been normalfzed to the same magnltude as shown ín Fig.25

for the sake of easy comparison on the line wfdth. The líne

wf dth at zero ext.ernal fteld is ¡v 3¿Ncl sec and it decreases

as Lhe field lncreases. Furt,her, it, ís observed thaÈ the amplitude

fs greatly reduced if lnsEead of powder, whole single crystaLs

are used.

2"7 "5.6. RESONANCE FREQUENCY AND SPECTRUM

The nuclear splns are coupled t,o the electronic spln

by the hyperffr¡e coupllng
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The nuclear resonance energy fs obtained by replacing S

by lLs mean value,

( Hnro : Ç arl <sr> (rg)

and Ehen

v. : A <st> /tta

whfch ls proportional to AM(T) and at, very low temperature Eo

AS. The resonance frequencies for the three chosen samples at

4"20 r and 77o K are taburated rn Table vrr and rhe specrra

Table VII. Results of Data Analysis of NMR Spectra for
Lar_OPb*MnOr.

X T ("r) l{esonance
Frequency (ittcrlsec )

A (.r-1xlct-3¡ urrf (r<oe)

o "26 lt .2

o"3r 4"2

o ".lsO 4 ,z

o. 31 77 "0

39orz
l8O+2

376 J z

')76 J 2

7 "O + ().1

6,9 j o"l -36'9 ! ()

6"8 + 0,1

-377 J 6

-)65 J (¡

-36j + 6
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@re shoern f n Frg" 26. From Ë,he magnet,izaËfon, (sz) is carcurated

and then Èhe hyperffne f{.erd couprfng consranÈ, Ae fs deduced

end elso tebul.aLed ln Table VlI. In the calculaÈfon g fs asstrmed

to equel

2"7.5.7. RELAXÂÎION TXÞíE OF Isr AUD 2nd ECHOES

The relaxaËfon t{me f, neat t,he resonance frequency

6or x = 0.31 was det,ermfned at Êemperatures 4"zo and r.7o K

for the ffrst and second echoes and the resulÈ,s Èabulated fn
leble vrrr. lt fs observed chat the relaxation tfme as a funcËfon

. Table VIII" ReLaxatfon Tlmes of LsË and 2nd Echo"

.Let ochs

Znr! erctro

ou t**our@ture fs almosÈ consÈant s¡fghfn experímen.al error
end the relaxaÈfon tfme of the 2nd echo fs much fas.er rurl1
of that of the lsÊ echo.

385

38()

385

380

l$ "2
L.7

''!- .2

L"7

1t2"6 t o.5
l+4..2

15'l+

14,9
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2.8 DISCUSSTON

2"8"T STATIC MAGNETIZATION

The shape of the magneti zation versus t.emperature curves

was consldered wiÈh respect to standard theories " Tn Fj-g.27

the Brillouin function for (S):I.84 fitted to the experimental

data on t"O.U9tb0.3tMrO3 ar T:0 and 250oK, is plorred as a

dashed Iíne. The agreement is respectable below 300oK (T/Tc< 0.9).

rf the data had been fitted at. absolute zero and the curie temper-

ature, the theoretical curve would obvíously have fallen welL

below the experímental poinÈs, A rather good fit was obtaíned for

0 *< T/Tc 6 0.9 by using an equarion [:g] of rhe form

[u(o)-M(r)]/M(o):Arx (zoa)

where x has a value or. nt 2"7. The rapíd drop in magnetization

near the curÍe temperature \,ras thought to have íts origin in latËice

dlst,orÈfons. This lead to a calculatíon done by Oretzkí and Gaunt

lZd 1n whfch they fitÈed the magnetízatfon versus temperature curves

uslng a molecular fÍeld approach wít.h an exchange energy given by

E : - -1 -q- krc [c # l2 + o.lzs ( # ,ol (zL)ex 2S+

and Lhe fit ís reasonable. rn order to explaín thís quartic

coefficient of 0.r25, a few percent change in volr¡ne ís needed.
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However, uslng a powdered sarnple of LaO 
"ø2PbO.3gMtO3, 

they

dfd not find any volume or dlstortion anomaly of order 17.

Just belor^r the Curle Èemperature and Èhey concluded thaL Èhe

qusrEic Eerm requfred to explafn the magnetlzation can not

have lts origfn fn a volt¡me-or df stort.ion-dependenc exchange

energy constanËu

The correlatfon beËween the spontaneous magnet.l zatíon

and Èhe electrical resistlvfty was ffrsÈ noted by Van Santen

and Jonker [g] and fn t.urn led Zener [1] co proDose Ëhe

double-exchange lnteracEfon, In Ftg.28, the spontaneous

magnetfzatlon aÈ a given temperaÈure for tu0..U9tb'"3lMrO3

fs ploÈËed againsc the corresponding reslsÈlvÍty for Ëhe entire

range from 77o K to the Curie pofnt. Near T", the magnetízaËÍons

obtalned by the t,hermodynamlc meË,hod are used, Clearly, Ehe

relatfonship between tr" and I ls close to llnear, although

Ehe devfat,fons may be slgnlflcanÈ.

The hfgh correlatfon between Ëhe magnet.ization and

Èhe electrical conductfvfty suggesÈs Ëhat Ehey have similar

orfgfns , vlz, in electron double exchange betweer, the Mn3*

and Mn@ ions lnvolvfng the lntermediat,e Ots forrs. For Èhe

ensemble of M.,3*- Mn4* ior,", Ehere wfll be a large number of

conffguraEfons thaÈ have Ehe same or almost the same energyo

The'electrons lnvolved 1n che double exchange will have Bloch-

Llke wave functfons that, extend over Ëhe entlre crysË.al and
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vttll lle fn an unfllled, albeit narrow, band. The inceractfon

beÈween the Localfzed 3d electrons of the Mn# lorr" vfa an

fÈfnerant electron, whfch fs JusË Zenerts double-exchange

lnt,eracÈfon, ls fertomagnetlc" The rapfd decrease ln the

magnetizaÈlon on che appìoach to che Curfe pofnt would, ln

Ëhfs ptcrure, be Ehe result of a collapse of the double-

exchange electron band, implfed by the rapld correspondlng

Lncrease fn resisËtvity,

A model based on Èhe reslsË,lvfty and magneto-resisÈance

data was developed by Searle and Ws¡g [46] Ëo explafn the

correlaÈlon between resfsÈfviËy and magnetizaÈfon. They argued

t,hat since Ehe conducÈion bend was strongly spin-polarlzed

suggesËed by the daËa, the average effective exchange energy

(between the band spfn, S, and the lon-core spfns SO,)

- Â E : - t( ( SZ) ( Sd; was requf red ro be greaÈer r,han rhe

Fermf energy E* t,hat f s,

AE/EF (22)

However, most of the oÈher rlgorous calculat,iorr" [4t]

assume Just the opposfte and Èhus cannot be used. Based

thfs, Èhey arrfved at an equat,fon,

on

Ð-!) -¡g
r_(M(r\/M(o) )I + ( M(r)/M(o) ), ' (23)



67

whfch gave a good fft wlEh Èhe magneÈfzaÈ1on data shown J.n

Ffg"28 and Ffg"29.

In the theory proposed by De Gennes I tO] , bhe

compeÈiLfon between the ferromagnetlc double-exchange

fnt,eractfon and Ehe antiferromagnetfc superexchange fnteractíon

will lead to a canted ferromagnet,ic arrangement for certafn

composlÈ,ions" However, the agreemenÈ between the magnetlzatlon

observed at I : 0o K and thaL expected from the chemical

composltfon (Table IV) lmplies Ë,haÈ any canting must be sllght,

provfded of course Èhat there fs no appreciable orbltal

cont,rlbution to the magnetlc moment. By Ehe same coken, the

electrons 1n the double-exchange band must be fully polarízed

at absoluÈe zeroo

2"8.2" SUSCEFTIBILITY

The susceptfbilfty above the knee of the magnetÍzation

curve (M versus H, Ffg.3) is about tf4 e*u/goe at low temperatures.

Thfs large value could poösibly have its origfn in a small

canting of the manganese moments. ExperimenËs aÈ hígher applied

ffelds should be informatfve.

At the Curf e t,emperat,ure, the collapse of the double-

exchange band would be compleÈe, and hence at hfgher temperatures

all the magnet,fc elecÈrons would be localized aÈ a gfven lnstanE

of Ë1me t,o forrn a random discribution of Mn3* and M.,4* for,".

Under these circumsÈancese ft ls reasonable to expect a Curíe-



o"
9

oe
o E e ¿
- o tr N i- Lr
J 7: (9 ã Ê t-
tl

C
) :f o Lr
-J E

o.
6

o.
4

o.
3

o.
2

o"
r

N
.4

O
LE

C
U

LA
R

 F
IE

LD

P
R

E
S

E
N

T
 M

O
D

E
L

LE
U

¡\
iG

 e
t 

ol

ob
o.

I

F
ig

. 
29

" 
R

ed
uc

ed
 m

ag
ne

Li
za

tio
n 

as
w

ith
 Ë

he
or

et
ic

al
 f

it 
do

ne

o.
'ô

/T
c

T

a 
fu

nc
tio

n 
of

 r
ed

uc
ed

 E
em

pe
ra

tu
re

by
 S

ea
rle

 a
nd

 w
an

g 
[4

0]
"'

O
B

\ T I

@ @



69

Þtreles behavlor, es fndeed has been predfcÈed by Anderrot [42J,

who has wfÈhdrawn an earller lncorrecc predfctfon [¡]" e

ernal1. curvâËure {n Ëhe recfprocal susceptibtlfty versus

Ëemperêt,ure curve above T- (Ffg"5) 1s predlcted by the serles

expansfon end che Beehe-Pelerls-Í,Ieiss theorf es of ferromagnetism,

and Is essentfelly the resuIE of short-range order persistfng"

2"8.3, CRTTNCAL trPONENT

The velues 1n Table V agree reasonably well with

Èher found fn YFeo, [Zol ( P= 0.55 I 0.04, D =- 3.9) and

reuoo IztJ ( þg 0.53, D g 3"5). rn 1965, D. c. Howard eÈ at.

lZù reporÈed thaÈ Ehey found for Fe ln Ni a þru 0,3 for

TlTcÞ 0"99,6 and É: 0.51 t 0.04 for 0.996 4T/Tc< 0"9995.

Ae far as Ëheoretlcal rqork 1s concernedo Landauts Eheory

Itø-tZ] of second-order phase transltfons predicËs that lnde-

pendene of model , p:0"50 although t,he assumpÈfons used fn

Ëhe derfvatfon are not unfversally vali¿ [el]. Calculatfons

baeed on I5{¡g three dimenËlonal model all gfve pu 0"3"

However, Gallen and Catfen [24] dfd predtct such a change fn

P for Ílefsenberg ferromagnets as the Eqnperature approaches

To" Kadanoff [25] ec aI" suggest,ed thst thfs change couLd be

dt¡e Èo Èhe dfpole force whtch ls rnuch weaker than Èhe exchange

forces aÈ lor¡ temperêÈure predomlnaÈfng at t,emperaEure near T".

Sfnce the dlpole force fs long-range, fË mfghr be expected Eo

produce qualftatfvely dlfferent, crfÈfcaI behavfor from rhat
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produced by Ehe short-range exchange forces. This could be

the explanat,ion for our p value' The sudden drop in Ëhe

magneÈfzatfon curve could lndicate the dÍsappearíng of the

double-exchange force whlle the long-range dipole force perslsts

since Che rhombohedral dfstortfon remafns far beyond the Curle

pofnË l2øf ,

208"4. NMR

2.8"4.1" M1JLTTPLE SPIN ECHOES

The nt¡mber of echoes aÈ Eemperatures 4.2 and 1.60 K

fs aLways less Lhan or equal Eo 2T and does not change drastically

wfth temperaLure. For the composltlonr X: O.26, there are four

at 4"2o K and only five at 1.60 K. However, in the manganese

ferrite studfes [¡S], Searle and Davis observed two or three

aÈ 4.2o K and about tvrenty-Ewo aE 1.60 K and Hlrai and Fukuda

fn Japan observed eight at l.60 K and about twenty-tvro aE

O.40 K" The Suhl-Nakamura int,eractfon is lmporEant only at

very low temperaEure, Èherefore, we would expect it to be

extremely sensftlve fn ÈemperaÈure change. Furthermore' r^te

observed modulaÈion on the spin echo amplitude when an external

magnel-ic ffeld was applled as shor^rn tn Ffg.23. The ratÍo of thê

relaxation Èimes bet.ween the ffrsE and second echo 1s a¡ 3 whlle

tn [35] ø 2" Atl Èhese suggesÈ that the mechanlsm of formlng

multfple spin echoes fn this parÈfcular compound (larU)uno,

fs qufte different from that of the manganese ferrlÈe and

favor the mechanfsn thaÈ is due Èo the effect of quadrupole
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fnteracËfon.

2.8o4.2" EXTEâNAL STATIc MAGÑETIC FIELD DEPENDENCE oF

SPTN ECHO A}IPLITUDE

The reductfon of Èhe spin echo amplfEude fn rhe presence

of an external applfed fietd ls 1n fact due Ë,o the reductlon

of the enhancement facËor, 1 , whlch can be worked ouÈ slmply

as foLlows. The effecE of Èransverse of fleld, k, ls t,o turn

- the elecÈron magnetlzacion M through an angle H*/(tt" - HD 1 H),

Ëhus establf shf ng a t,ransverse magnetlzat,fon

H

M :M X

x H-H-+H
Ll)

The Èransftfon probabllity, and thus the absorptlon raÊe,

wfll chen be enhanced by Èhe factor

Q4)

where H_ fs Ehe statfc anfsotropy field acÈfng on the electron
a

HO ls che demagnetlzing fleld and H is the ext,ernal applfed

fleld. Slnce the hyperfine field pofnÈs to the opposiËe

dfrectlon of the magnet,fzatlon M, 1L also ls roÈated through

thfs same srnaLl angle. The nuclef Lhen see an effective transverse

ffel d



v2

1':ot*ffi)2:(roq)2 Qo)

as the ext,ernøL ffeld becomes strong enough such that H" and

HO may cancel each other and since I\f/H is of order 100,

Ëhen to a good approxfmatfon,

q'e ( hr ,, (27)

I{e heve shor¡n fn Ffg.21 thaÈ thls f s lndeed Ëhe case,

2. B. 4"3. RELAKATTON TIME

Frg.22 shorr¡s that there f s a mfnfmum in the effectfve

relaxatfon tfme near the resonance frequency at 4.2o K but

thfe effecÈ fe not observed at 7zo R. similar effecÈ was also

observed fn Ëhe ferrite str¡dles [ ¡5] wtrere a model based on

t,he cluseerfng of spln was used for the explanatfon. of course,

ln a mfxed oxfdes as thfs, clusterlng fs known to exfsÈ quiE,e

frequently. However, we belfeve Ëhet chls effect connects wlEh

the spfn-spfn relaNatlon mechanfsm fn E more basfc way because

at 77o K where the epfn-lattfce relaxation can no longer be

neglected thfs effecË fs compleÈely washed ouÈ" The absorbed

energy et such low EemperêÈure can be dlssfpaEed only by direct



73

or lndlrect, nuclear spin-spin fnt,eractlon, ln oÈher words, via nuclear

spin wave or elecËronfc spin vtave respecË1vely. The Suhl-Nakemura

lnÈeractlon is a Èyplcal example of lndlrect lnteraction' AE

resonence frequency, most nuclei wfll resonate' and lt is reasonable

to say that, at Èhfs parÈicular frequency' the relaxation ls mosÈ

effectfve and Ëhus Èhe relaxatlon time fs Lhe shortest. AË frequency

off resonance, only a small number of nuclel--by staElstlcal reasoning

and/or nuclel which are near Ëhe domain wal1 or actually lnsfde the

domain--can absorb energy. Thus, fE wfll be more dtfficult to flnd

the rlght nelghbors Èo dfssfpaEe the absorbed energy' As a consequence'

r^re !,¡ould expect g longer relaxatlon tfme when Èhe frequency ls off

resonance. However, Èhis does not happen when the energy can be

dlsslpated through spfn-lattice relaxatlon for the case of Frfgher

t emperatur e.

The lfne widEh and the relaxâtfon tfme may be expect.ed to

follow Êhe relaÈfonshlp

1"1:t (28)

In solfds, relaxation fs not the sole contrfbutor to the llne

wtdth buE many other factors such as disÈrlbutlon of fields'

presence of conducEion electrons lqll, and so on. Therefore, Lhe

apparent width, F , 1s quiËe dífferent from the true width, l-.

Hor,rever, we may expect that the overall effect should still follow
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a relationshlp

Ç":. (2e)

where C ls a constant" Therefore, the change fn relaxatlon Èlme

as observed fn Table VI fs slmply a consequence of the narrowlng

of the absorpÈlon llne wldth ln the presence of en exËernal ffeld

dlscussed fn a later sectlon, 2"8.4.5.

The slnosofdal behavior fn Èhe presence of an exLernal

ffeld may be understood as follows. The prfnclpal magneÈfzatfon

process at radfo frequencies ln mult,idomafn ferromagneÈlc metal

ts known [43] to be the dfsplacement of domafn walLs, and Ëhls

suggests Èhat the nuclef fn Ëhe domaln walls wfll contrlbute Èhe

mosÈ Eo the absorpElon line shape. tJfthln,the domafn.walls, because

of the spln arrangement, a spectrtmr of dfpole ffelds result,s and

fn Èurn gfves rl.se t,o a spectrtrrn of resonance frequency across the

r¿all. lherefore the sfgnal due Eo nuclel wfÈhln domafn walls, does

noÈ show dlsËfncÈ quadrupole spltttlng buÈ is exÈremely broad.

However, this lnhomogenelty ln flelds does noÈ apply Èo nuclel

wfÈhln the domafn, and a single quadrupole splfttfng may be expecÈed.

The effect of the externel ffeld Ís to svreep the dornaln walls o-uÈ

of the sample and expose those nuclei fnslde to the radfo frequencies,

The sfnosoidal behavfor can then be observed.

The cotal quadrupole spllttfng fs only 0.7 l{.cl sec and
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thls 1s extremely small compared wlth the half widEh of 34 Mc/sec.

Thus, this quadrupole snlitting can never be observed with Èhe steady

staÈe method.

2"8"4"4. EXTERNAL STATIC MAGNETIC FIELD DEPENDENCE OF THE

RESONANCE FREQUENCY

The gyromagnetfc ratio d* detertnÍned experimentally

agrees weII wfth Èhe known value 24i- x f055(oe-s".)-1. However,

the demagnetfzfng ffeld determfned from the intercept of the solid

lfne at H - 0 fn Ffg"24 ts only about ru2kOe which is smaller than

both ( 4m ll)U, and 4rlrMr. NoLe also that we have used only the last

four polnLs Èo deËermfne the solld lfne. The other data points

aL lower applied ffeld are all below the solfd 1íne. The reason

ls Ehat we belfeve the resonance frequency for the nuclei'in t{re

domafn wall fs not exactly the same for the nuclei ln the bulk of

domafns--Justfffcatfon fn the following secÈion--but ís sltghtly

lower ll+/*). Therefore, the observed frequencles at low fields are

lower than what they should be.

2"8"4"5" EXTERNAL STATIC MAGNETIC FIELD DEPENDENCE OF THE

SPIN ECHO LÏNE SHAPE

The decrease of lfne wfdEh ln the presence of an external

applted field is belleved to be Èhe result of removal of domaln

walls from the sample. Note that in Flg.25, the spectrum at H'" 0,

Is sllghtIy asynrnetrfc and has a small hump on the right hand side.
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Thfs may suggest the presence of anoÈher small absorptfon peak

owfng to Ehose nuclel ln Èhe bulk of domafns suggesËed fn the

previous secElon. Another possfbtlfty ls that thts hump Ís due to

Èhe presence of localfzed Mn3i nucleí. However, thfs proposal

fs disregarded, because tf thfs fs Ërue, Èhen the hump should

persfsÈ even fn the presence of an external fteld but hls ls not

ob served 
"

The reducÈfon of ampllEude when slngle crystals are used

ls due to the presence of skln depth effecE whlch can be estfmated

by using Èhe equatfon [+S]

S: (2 e"cz¡r.tÐ)\

where å fs the skin

frequency" Uslng 6 a¡

a value w 2"6 * ro-2

of the single crysÈal

(ro)

depth, 6 fs the conductivity and u¡ ls the
t

l0¿ mho/cm, lÐ at 2fr x 400 MHz, then ,6' has

cm whlch fs fndeed smaller than the di¡nenslons

u sed.

2"8"4"6, RESONANCE FREQUENCY AND SPECIRLM

The peak posltlons of the resonance spectra correspond

to the resonance frequencfes for Mn*3'5 [+o] whfle the hump ls

lnÈerpreted as the contrfbuÈfon from Èhe nuclef 1n t,he bulk of

domalns. The hyperflne ffelds for dffferent X values shown ln

Table VII can be easfly calculated uslng (¿): V*(\f - to) where

8* r" asst¡med to have the value 2Í x 1055(oe-sec)-l. The hyperffne
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ffelds decrease as Èhe X values lncrease. Thfs is consisÈent wlth

the observed magnetization behavior for varfous X values.

The hyperfLne constant. A fs constant wfÈhfn experlmental

error for dffferênÈ X values as expected"

2"8"4"7. RELAXATION TIME OF lst AND 2nd ECHOES

The relaxatlon tlmes of the lsÈ and 2nd spin echoes may

be expected to be dtfferenË because t,he lst echo is produced by

the two rf pulses whfle the 2nd spin echo is produced by some

oLher mechanlsm--here lt ls proposed to be due t.o the effect of

quadrupole Lnteractfon. However, no quantltative Eheory ís known

t,o us for comparlson.



III " L"t-*Pb*M.r-VFnog

3.1 SAMPLE PREPARATION

Three serfes of polycrystalllne samples, X:0.44, 0.03gY60.17;

0.14dXS.0. 65, Y:0.1; and X:0.30, 0" 306Y10.15, rùere prepared by the

convenÈlonal ceramic technfque. Appropriate amounts of oxfdes

(Pbo, Mno2r Mr2o3 o L"Zo3 ard FersTor) according to the chemfcal

formula were well mixed by weÈ grindlng fn acetone" The mixtures of

powders $rere pressed into pellets and ffred ar 800oC fn a Eop-loaded

furnace. The pellets trere quenched fn alr, ground fnEo a fÍne powder,

repelletfzed and refired at 1000-12000C; thls sequence of operaËlons

was repeated untfl a slngle phase maÈerfa1 was obtalned, as determined

by X-ray powder dfffractomeÈry"

Sarnples ütere also made by slow coolfng fn the furnace.

However, Ëhe MUssbauer spectra (discussed 1n a later sectlon) aL

room EemperaEure showed small magnet,Íc absorpEion peaks besldes

the cent,ral paramagnet,ic peaks sholùn 1n Fig.30a. These peaks can be

removed by reheatfng Lhe samples Eo a much lower temperature (900oc)

and Ëhen quenchfng ln afr as shown ln Ffg.30b, The central paramagnetic

peak ls made up of two quadrupole split pafrs; the inner pafr

fs due Eo Fe lon in the Mn sfte and the outer pafr Fe lon fn Ëhe La or

Pb sfte. (JustificaËlon of these ldenÈlffcatlons ls gfven In Lhe

78
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discussfon secEion). A closer examfnation of the spectra in Fig"30

reveals Ehat the out,er pair of fhe paramagnetic peaks becomes more

fnËense afcer Ëhe sample fs quenched. Thfs suggests thaE the Fe ions

ln Lhe La or Pb sfÈes, possibly due to thelr smaller lonic slze (O"O4R

?+.for Fe- ) compared Lo Ehat of La or Pb (f.OtOl for La3* atd 1.201 for

pb2+) and the unfavourable bonding angles wiEh the other neighbouring

Lons, are qulte loosely bound to thefr sites. As Ëhe sample fs slowly

cooled fn the furnace, aÈ .a 
certaln temperatureo obvLously even

below 90OoC, the Fe lons Èend Eo bond EogeËher to form clusEers

which give rfse to the observable magnetic splitting shown fn Ffg"30a'

The samples analyzed in the foLlowing secËions \4tere quenched in alr

Of r.tatef .

3"2 CRYSTT\L gfRUCfURE

The crysËal strucËure was deÈermfned fn Lhe same way as Ehat

described fn secÈion 2.3. It is found ËhaÈ Ehese polycrysEals have the

same structure as Ehe slngle, undoped crystals' Table IX shows the

complete powder diffractlon daÈa of Lao.74Pb0.2oMtg.9Feg.tol' However,

besrdes the weak line II13rIJ, there are tI^Io more weaker lines [:'i'rl

and [3,3,?], These may be fmpurlty lfnes but, none of the d values

freim the sEarting maÈerials maEches them. We suspecE EhaÈ these

cot ¡:espond to superlattlce lines due Eo a possiblY non-

random dfstrlbuUfon of Fe fons in the 1aÈtice. The lattice consEants

f'or all Èhree serles are shown fn Table X" They do not seem to follow

any regular pagtern as a func¡ion sf X or Y and Ehis |s also observed

fn the undoped compounds
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Table IX" Powder Dlffraction Data for LaO 
"Z4PbO"Z6Mt0.9F"O.t03

IntenstËy d.oþs
d-csIc

hkl

60

100

r00

10

40

30

80

1

30

30

5

70

50

s0

50

30

30

10

40

40

10

20

10

20

20

20

10

3"902

2.772

2.745

2.354

2,258

2.232

L "949
| "795
1.750

1.736

1"663

1 .595

I .580

1"385

1 .373

1"306

I .300

L "292
L "237
I .230

1"182

1.178

1 .169

1.130

1.1_16

1.087

1.078

3,902

2.772

2.747

2.362

2.260

2"212

1"951

I .798

1 .751

L "739
1. 666

I I .600
lr"sss

I .581

I .386

1.373

1.306

I .301

t "290
t.237
1.230

1.181

L,177

I .170

1,130

1"116

I .087

r "078

200

zlo
220

rãr
2ñ,
222

040

¡ãr
o42

240

j{2
t 242
\zn

242

o44

440

247

060

442

o62

260

Ázz

627

622

4¿l+

444

?¿*o

640
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Table X. The Lattice Constant of trl_*tb*"rl_yF"yo3

v a*n (l) dnr,

0.44

o "44

0 "44

o.44

o.44

0" 14

0. 20

o "26

o"44

0. 55

0. 65

0,30

0.30

0. 30

0"03

0.05

0.10

o.L4

0,r7

0. 10

0.10

0"10

0" 10

0"10

0.10

0.03

0.10

0. 15

7.76110.001

7. 7 6310.00I

7. 77310.001

7.789J0.00s

7.794!O.OO4

7 "777!O.02O

7, 79340.008

7"79810.002

7 "773!0.OOL

7 "77 slo.O05

7 "77i!0.003

7. 82I+0.001

7.797!0"OOr

7 .797!0,00t

90045,+3 '

9oo28'lj'

90o17 '+j t

90o33'15'

90o45'+5t

9oo30'+5'

9oo4l '13'

9oo30'1i'

9oor 7 t+j 
'

goo48'+4'

9oo4o'13 '

9oo3 5 '1j '

9oo34t+3 '

goo 27 '-t j'
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3.3 ¡rärsuouu* sruDrES

3" 3.1. INTRODUCtrION

MUs.sbauer spectroscopy ls a wðl1-known technlque for magnetic

sLudles fn recent years and iÈs Eheory as well as lEs methoci of

applfcatlon has been dfscussed ln greaË deÊal1 ln many excellent

ÈeNts and revfer papers[4]']; so here we silJ- try Èo be extremely

brlef" Its basfc prlnciple is as follows" The partícuIar rdloacEive

nuclef[49] (co57 
"r,d 

sr,l19m in thfs laboratory) are dfffused into

suftable matrlces (Cr and BaSnO, respectively) so Èhat when they decay

by emfÈting a phoËon,the recoll momenLum is shared by the entire latt.ice

instead of the nucleus alone and the recoÍl energy is effectively zero.

Thus the energy corresponding to Èhe emlÈted photon is well deflned

and corresponds to the energy beÈween Ehe excfÈed stâte and the ground

sÈaÈe and can be reabsorbed by Èhe nuclef ln the ground sËate" The

decay scheme for Co57 fs shown in Ftg.3t" These MUssbauer nuclei are

mosËIy used as probes Eo examine the electronfc charge densltY,

elect,rfc ffeld gradient. and the magneEíc fteld in solfd sÈate physics.

In g.eneral, a nucleus affected by lts surroundings can be described

by the following Hamlltonian

$( = -*'t{+ô.G+T¿ålvroriR". (r)

The first Ëerm is due to Èhe nuclear magneÈfc dipole momênE , * ,

which interacts wfth the mâgneEfc ffeld, Ë , due Èo íÈs or^ln electrons.
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e 057

r

5/2
.0.6 MeV

91o/o9olo

3/2-

1/2-

Ffg. 31" Decay scheme of Co57

There are, in general, four cont,ributrorr" to f,. (i) Ferrnr contacÈ

lnt.eractlon: Ehis fnteracÈion arfses whenever the aEom has a

partfalty fil1ed magnetfc shell, êogn 3d-shell. This net spfn momenË

has a dlfferent effect on Ehe oore up-snfn and down-spfn and Ín turn

creates a net spfn densiÈy aÈ Ëhe nucleus. the sÈrength of the magneÈic

fl.eld forurrlt spfn is 2fO-250 koe for ferrlc lons. Lower values are cher-

acterfstic of oxides and hlgher values of fluorldes" (ff) Dlpolar field:
tt¡ls comes from the fnteraction of the electron spl.ns of lche surround-

fng aEoms as well as the nucleusr own elect,rons wiEh Ëhe nuclear

magnetic moment. If Che surroundfngs have perfect, cubic synnreËry And

Ëhe spfn-orbfc coupLing 1s absent, t,hls conÈrlbution vanÍshes. UsualIy,
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lLs contribution varfes from 1 to l0 kOe. (iff) Orbital contríbution:

Ehfs arlses wheñever the orbltal quantum number is different from zeroø

For metalllc fron Lhfs t,erm is esÈimaÈed to be n¡ 70 k0e. (fv) Internal

ffeld.- Èhis resulËs directly from the applfcation of an external field fio,

Èakfng fnto account the Lorentz and demagnetlzlng ffelds" All these

cont,rl.butions can be represented by Ehe following exiressfon

,= "rârå 
tryEtorS+ þ,.srçè¿å-få )*ffi.(fi"* T ü-p-rq) tzr

where S and L are operators for the spfn and orbit.al momenta of the
åó

elect,ron, and H and M the applied ext,ernal field and the magnetization.-o

However, for some oxfdes and fluorides, there ls also Ehe

contrlbuLlon from Ehe so called ?tsupertransferred hyperfine fiet¿" [50]

whfch ls a result of the t.ransfer of spfn and charge denslLy from

a catlon to en adjacent anfon by overlappfng and covalency. As a

consequence, the core polarfzatlon is modffied and so is Ehe snin

denslÈy at the nucleus.

' For the 14.4 keV ÈransitÍon in Fe57 which is the isotope

used in subsequenE experimentsrdue to Lhe existence of magnetlc hyper-

ffne lnEeractlon below the orderíng temperaEure, the excited Ievel

sp.l fts fnÈ,o four levels and Ëhe ground level into Ewo" For L:l , in

order t,o satfsfy the condiEfons of conservation of momentum and parlty,

Èhere are only sfx allowed cransitions, ArFO,+I, as shown fn Fig.i2a"

The seconci Eerm of the equaÈion (1) comes from the inLeracEion
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3/2

x/2

3/2
1/2
-1/ 2
-3/2

-1/ 2

1/2

(a)

3/2

1/2

*,3/ 2 ¡Fì

E= 1 /Ze'q}
t trl2

v1/2
S oulrce Absorber

( b) (e)

Energy level diagram of Fe57. (a) Magnetic Zeeman splitting
of the two lowesÈ sEates ln a magnetic fle1d" (b) Electric
quadrupole spliEtfng fn an lnhomogeneous elecÈric field.
(c) Isomer shtft.

Ffg" j2"
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of.Ehe nuclear electric quadrupole momenÈ, {, wfth Èhe elecrric field

gradlent due t,o the surroundlng charges, Its effecc on the nuclear

Ievels is to l1fË all or parÈ of thelr (Zf+t)-fotc degeneracy where

I ls the nuclear spln quanEum number as shown fn Ffg "i2b"

The nucleus has a ffnice radlus of electric charge which wfll

ln general be dffferenÈ for each nuclear staÈe of excitatÍon or energy

level. Thfs glves rfse to the third Eerm and fn Èurn rhe observable

so called rrlsomer Shiftrr or r!Chemical ShlfEtr whfch can be represenÈed

by the expresslon

Í.s.= i 7.f [tU"rl"- lY,to¡'Jtni- Kå ] (q)

where al{r(o)f, nl\t"ff are the electronic charge densfË,Íes of the

abso':ber and source, and R"*, Rgd the nuclear radii of Èhe excft,ed

and ground sÈate. It 1s shown graphÍcalty fn Ffg.32c. The electronÍc

charge densfEy aE the nucleus fs very sensftive to t,he valence state[5t]

of the atom because of the screening effect on e.g. ehe js-electron

by Èhe 3d-elecÈrons of Fe lons. Thfs effecÈ enables us Èo cell with

some certafnty abouE the valence st,ate of a certafn ßlUssbauer fon

ln a compound.

. [fnfortunately' the quant,f ties Ëhus determfnei; are all producËs

bf cwo unknownstÊ.Ê,ô.qË , andaPñê"K . ExcenÈ rhe ffrsË one which

can be resolved rrfthln the scope of MUssbauer spectroscony by usi-ng

&n external magneÈfc fleld, the others have È,o rely on oÈher €xneri-
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mentel Ë,echnf ques for Eheír absolut.e determínaEíons.

3.3.2 EXPERTME}NAL APPARATUS, DATA ANALYSTS AND CALTBRATION

The Mtlssbauer specEromeEer basically consisLs of a dríve on

whfch the radfoacElve source 1s mounted, an absorber containing Ehe

approprfaLe nuclef Lo absorb t.he monochromatfc radiatfon and a counter

Èo reglst,er Èhe radlatfon passlng through the absorber. A full des*

crfptlon of the electronlcs of the spect.rometer as well as the temneraturc

conÈ.rol seEup has been gfven elsewhere[52] and will not be reneated

here. However, one addicional remark has to be made concerning the

exact t.emperature of t.he low temperature spectra. AlI spectrå at

EemperaÈures near helfum were obtained using Ehe superconducting

magnet. The sarnple holder conÈacts the hellum reservoir via a Be-Cu

sprfng as shown ln Fig"33 buÈ there is no E.emperaÈure sensor at the

sample. However, by measurfng Èhe hyperflne fleld at Ehe unknown

temperature fn a sarnple that has an orderfng temperature near helium

Ëemperaturee and comparlng ft wtth published values, we can easlly

estlmate the unknovm t,emperature t,o wiÈhín j0,5o. In our câs€s one

of rhe materlaLs sLudied fn later secËfons has this properÈy; ZnFerOO

wfÈh T,,ø10oK ISgl" The cemperature is estimaEed to be 7,0 + 0"5oK.N-r-

The speccra at varfous Ëemperatures were Ieast-squares fitted

by a computer program developed by Powelt IS+] assuming aIl the line

shaþes Ë,o be Lorentzfan. BasícalIy, Ín order to ffnd the best Ieast-

squåres fit to & set of dat,a (o' Vr), the quantÍty

gü-
-JR. \' f,flJ= f JV.i !-¿. 5 /j
3s¡

(,q)
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musc be mrnrmrzed where /utrÄeu)= 
å fu. 

Here -{r,

are Èhe amplfEude, posltlon and half-wfdth of t,he fth peak.

goodness-of-fit fs deffned by the Parameter

(s)

where N ls Ëhe number of polnts fn the specÈrum. A spectrum Ís con-
p

sldered fttEed satfsfactory ff f*t'5N0. In case the spectrum fs mag-

netfcally splft , the hyperffne fleld, lsomer shift and quadrupole

sptitttng are calculaced from all six lfnes by redeffning the poslElon

parameEers P(f) fn the compuÈer program ês

P f
The

,Bi

F(o) = GH(1+3R) + E.q. + I.S.

P(5) : a¡¡11+R) -E.Q" +,I.S.

P(4) = GH(l-R) - E.Q. + r.s-

p(¡) : cH(-l+R) - E.Q" + I.S.

P(2) : GH(-I-R) - E.q. + r.s.

P(1) = cH(-t-$R) + E.Q. + I.S-

(o)

where a =goffi,/2rc and R: gelgo" Here 8or Bur ffi and K are the

gyromagnetfc ratfo of the ground stat,e and of Èhe excfÈed sEat'e, Èhe

nuclear magneton and Che normaltzfng constant such thaÈ the separatlon

of Llne lb.l and No.6 of an Fe gÞecÈrtsn oquals il0 koe'

An fron foll was used Eo callbrate the velocity scale of the
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specËrometer, 10,656 rmnr/sec correspondlng Èo 330 kOe was used as Ehe

separaEfon between the outermosË peaks and 0"16 uun/sec r¡ras used Eo

correcË Ehe fsomer shlfË value so EhaÈ Ëhe reported value ls wÍÈh

respecË, Ëo meÈ,alLlc fron"

3o3.3. FfyPERFINE FIELD DATA

Specera at 297oK were

serleg, At, other temperatures,

eerfes were used. 500 channel s

were all coLlected fn constanÈ

3,3.3.1 SPECTRA AT 2g70K

obtafned for all samples fn all three

only a few selected samples from each

were used f,or ell spect,ra and they

accel.erat,lon, the so called rrTime Mode't.

All specËra at Ëhfs c,emperature resemble the one shown in

Flg'34" they were fftced wftt¡ f,our lfnes wfth wldth constralnÈs

ñ = fl4 "na fle: f," rfre daÈa are tabulaË,eu in Table XI and

are plocÈed fn Ffg.35 and Ffg,36"

3.3"3.2 SPECTRA A1 70K

. The Bpectre at thls Èemperature are well resolved and Ehe

absorpËfon llnes show some sËrucÈures depending on t,he values of x

es shown tn Ffg.37 for Ëhe series wlÈh X=0.3 and 0.03eYg0.tS[gO].

Because of ehe Llne sÈructure, dffferent kfnds of consÈralnts were

used Ëo ffr the same set of specÈra. rn Ffg.j7, four slx-lfne paÈterns

ruere used wf th wf drh consrrafnrs, ürJ 
: 

[rr_, 
: [-o,, where f and k

sÈand for peÈÈern numbere (1 to /+) and J denoÈes the llne posfefons
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Teble XI" MUssbauer Data for L"l-*Pbr.Mr1-yt"y0j at T : lg7olK

FePb
t*

te'qQt ,4
(nrn/ s ec )

, *)k
äe'qQ2, I
(r¡mr/ sec)

fì,¿ Yz,,
(¡mn/ sec ) (rmn/ sec )

tnk* tt**t"t.r,o t"t"rr,
(nrn/ sec ) (nrn/ sec)

0 "44 0.03

o"44 0"05

0"44 0.10

0"44 0,14

0.44 0.17

0. 14 0.10

0.20 0.10

o.26 0.10

0"44 0,10

0 
" 
55 0.10

0,65 0.10

0,30 0.03

0.30 0.10

0.30 0.15

1 ,37

r "32

L "47

I "22

l.2L

0 "2@

0.338

0.144

0.348

0.336

0"284

o.292

o "299

0.344

0.366

0.378

o"236

0 "179

0. i37

0.55

0"54

0. 54

0. 53

o "52

0.54

0"55

0.54

0. 53

o "52

0. s4

o "52

0. 52

o.52

0. 53

0. 54

0. 53

0"5j

0 "52

0,54

o "54

0.54

0"53

o. 52

0.40 0"47

0. 54

0. s4

0.43 0.61

o"44 0"s9

0"49

o "24 0. 56

0,35 0"55

0.54

0"37 0.60

0,40 0.60

0.31 0.40

0.33 0 "45

0.37 0.45

1"34

r"35

I .55

1"33

1" 21

*Error: J 0.01 mm/sec

*ìkError: t 0'005 nrn/sec

*idr
Relatfve to fron met,al; error: j 0.01
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(t to O). The parameÈers f.or the final fttting is given in Table XII.

Flg"38 shows Èhe same seÈ of spectra fftted wfth sltghrly dlfferenr

sets of constrainÈs, that fs, besides the const,rafnts used before,

the fnËensities among the paÈÈerns vrere resÈrfcted according to the

probabilfty formula

p(n,x)=(:)x"(r-x)F" Q)

where n is the number of Mn sftes occupied by F"3+, and X Èhe amounL

of fron substftution. The ffnal fttting parameters fs given in Table XIB.

In order Èo obt,ain more lnformat,ions about the subsÈftuUed Fe spfn,

specÈra wlth 50 koe exEernal fleld were also obtalned as shown in

Fig.39. The final fftring paramerers are also 11sÈed 1n Table XII.

Ffg.40 shows a set of spectra for L"O.gtb'.2MrO.9FeO.lO3 
"È 

different

strengÈhs of applted magnetlc fleId.

3.3.3.3 SPESTRA AT VARIOUS TEMPERATI.IRES

Ffg.4I shows a represent,atÍve set of specÈra beÊween niÈrogen

temperaÈ,ure and room temperaÈure. Because of che Iíne broadening and

comparatfvely poorer resoluÈfon at these temperatures, only the average

effectfve ffelds were determfned and plott,ed fn Ftg.42.

3.4 MAGNETIZATION A}ÌD CURIE TEMPERATURE DETERMINATIONS

The magnetizat,lon of a fev¡ selected samples was deÈermlned

fn Èhe same manner as ÈlE.È descrlbed fn secÈlon 2"4"1 and t,he results

are shown fn Ffgs"43 and 44. The curfe cemperat,ures of t,he samnles
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Table XÏII. MSssbauer Data

wlÈh Ïntensity
for LaO.zPbO.3M.l-yFeyoj at 70 K

(bnstraint s .

uo(toe) Hr(koe) Hr(koe) ur(t<oe) H(koe)

0.03

0.10

0. 15

528

515

sL2

49r

478

480

458

419

433

389

i95

472

480

483

r.s.o r"s.t
(mm/sec) (nnn/sec)

t.t.2 t.t.l r"s.
(mm/sec) (m*/sec) (mm/sec)

0"03

0" 10

0.15

0"66

0. 60

0. 63

0. 5i

0" 61

0"65

0"90

0"59

o.64

0"49

0. 60

0. 66

0"58

0. 61

àu2qQ(t to4) à"20Q

(nrn/ sec ) (**/ sec )

[i,u(lto4) l-r,u
(rnm/ sec ) (mm/ sec )

0.03

0. 10

0"15

-0.01 8

-0.03 3

-0 "o24

-0 "294

-0"363

-o "3L2

o "44

0"66

0. 65

o"52

0. 57

0"45
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were obtaine¿ by exErapolation and tabulaÈed vtith the extrapolated

saÈuration momenEs at OoK in Table XIV.

Table XIV" Curíe Ternperatures and Saturation }fagnetizatio¡r of

Lar-oPb*M.t-yFnol

Y r ("r) c (o)emu/gmc exp
d. (o)""*,r/gt
theor

0.31

0.30

0. 30

0. 30

0.44

0 "44

0 .44

o "44

0"20

0

0. 03

0,10

0. 15

0

0.03

0" r0

0. 17

0.10

330

224

196

r t'4

350

2s2

220

t76

172

78. I

7r .4

60. 5

50. 7

7 4.8

61 .9

s2"L

40 "7

62.O

78. 5

73 "O

59.6

50.0

73.2

67 "7

54 "7

43"4

62.4

:k-- Spin-only value assuming iron anEíparallel Eo manganese spin

3.5 NMR DATA

The experimental se¡up is the same as that described in section

2.7" Because of Che lowering of the Curie temperature due Èo iron

subsLfruÉlon shown Ín TabIe XIV, the spln echo amplitude becomes

weaker and even unobservable for: Lhe highest iron doped (15 4t"7")

sample aE 4.2oK. Most of the data were collected instead at 1.6J0.ioK
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by pumping Ëhe helium wirh a large capacity mechanical vacuum pump

Here insÈead of one single absorpEion line as observed in the undoped

samples described in section 2.0 Eúro exEra side lines appear as shown

fn Fig.45. For powder sample it is reasonable to estimate the demag-

neÈ,izarion f-leld bv 4Î/3 Mr. From the line position, the hyperfine

1+ ,d Mt4t have been determined' usingffelds correspondlng to Mn" and Mn' have bee

("r) 4f for Mr,3* ..d j¡r for 
"r4*, 

the hyperf ine consLants are

Èabulated together with the hynerfine flelds ln TabIe xv. The idenci-

flcation of the absorpElon peaks with M.,3* atd M.,4t t"" done by

comparfng with other published results on oxides ISS-OOl. The comparison

ls shown also in Table XV. The relaxacion time T.f f ( *'2) ls shown

tn Fig"46.

3.6 DISCUSSION

The specEra aÈ 2gfrc show two pairs of absorption Iines. In

order t.o see if Ehey correspond to two dffferenc siÈes, we díd the

followlng experiment. The recoflless fracEion f in the Debye aPpro-

xlmation can be wriEEen "" 
I otl

. r - 6E -rlke2D lt:expL- r (8)

fo'r T > ADI 2" Here E, Ís Ehe recoíl energy and k the BoltzmarrìconstanE'

The f value ls proporËÍonal to t.he total absorpËion' or to Ehe area

of a Müssbauer spectrum' Therefore, a comParison of the temperature
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Table XV" Results of Data Analysis of NMR Soectra for
trO"TtbO.fMrt_VFnO, wiÈh other Published VaIues.

e (to3*"*-I) Hhf (koe) Freq.(MHz)Ion

â-¡-
Mn''

tr+
Mn'

7"1

7 "4

402+ 5

il7

422+ 5

ji2

Ion Mechod lAl (tO3*"*-l) Freq. (MHz) Ref "

Mr,3* NMR 53 and 83 250 430 (1"6oK) 55

M.,3* NMR 350 ß5 (4.zox) 56

M.,3* NMR 3oo 470 (+"zot<) 60

Mr,4-F ESR 7 "2 s7

Mr.,4* ESR 7"0 +.0"5 58'¡-
Mr,4r NMR -'7 "o it7 (oorc) 59

M.,4* NMR 7"2 :'zo (4.2orc¡ 56

dependences of Lhe areas of the two pairs of lines will indicaEe

whether or noE they can be described by differenc Debye temperatures.

If so, then ft ls reasonable Èo conclude that they correspond to

two dlfferent iron sic.es. Of course, Ehe existence of two siEes

is hoÈ disproved by a negative result. Spectra of tt'.ZOtb..lO-

MrO.g5a"0.tSOg were taken aE four temperatures as shown in

Fig.34 and the data are shown in Fig"47. From the slopes of the leasE-



30

20

30

3 ron
å
lQ)*ro

40

5

300

Ffg" 46.

2A

111

40cl 500
F REOUENCY (M Hz)

Ef f ecÈive relaxaEion Èime of LaO. 
ZrbO. r"tl-VFnOla function of frequency.

tr
qJ

10

v = û.03

T = 4.2oK

v = 0.03

T = 1.6oK

v = 0.10

T = X.6oK

v = 0.15

[ = 1.6oK

'"1{

A¿
or' ,

o/
t10 f

o9\-too\,oo \ Þol9
l,
l¡'
\.o.16

e!

oPo
)os þ 

o

ro aopu ioq,ro i.d
o \!r.ö\o

,{oo

6o ttn\ "l
l¿tp
bd

lorl
t,rf
b!\i
1rr{

?

- 0-o

r.

@o

as



C
N =z f t É
. F m t 3 Lt
J V
.

o

v-
v

o-
o

fir
ea

, 
,

l r
/+

fir
ea

23

0
10

0

F
ig

.4
T

.A
pl

ot
of

ar
ea

so
fth

el
'lU

ss
ba

ue
rs

pe
ct

ra
fo

r
t"

l " 
ro

to
o.

 3
0!

r'0
. 

e7
F

e0
" 
or

o:
 ii

*l
:i:

:::
:ît

;.ï
::i

t:"
i;i

:=
ar

e 
th

e 
le

as
t-

sq
ua

re
s 

fít
s 

of
 t

he
da

ta

20
0 

30
0 

40
0 

50
0

T
E

M
P

E
R

A
T

U
R

E
 ( 

O
K

 )

60
0

70
0

N
)



113

squares fftted lines, two Oo are found' They are 352 * IToK and

2g7 + 23oK corresponding to the inner pair and the ot¡ter ones resPecÉlve'ty.
I

Further, a hlgher value for eU suggests a tilnter boncllng to the latEicc'

Thus, the fdentlfication of sites in section 3.I is justiffed. The

constancy of isomer shifts shor^m in Table XI for different X and Y

values suggests thaÈ the s-electron density at the nucleus stays

qulte consEanL within experimental error. This is further supported

by the small change in hyperfíne field as a funccion of X shov¡n in
c+

Table XII" 'Ihe value n¡0"55 nrn,/sec suggests they are Fe" in both sites.

The quadrupole splitting of F"3f io.,, because of its spherical wave

functloq depends solely on its surroundings, From the data iE does not

seem to have any obvious correlation wfth the Iattice constant which

does nog follow any regular patt,ern as a funcÈíon of X and Y as

pofnted out in seccion 3.2. However, the quadrupole snlitting as a

funcÈion of X and Y does have some regularities as shor^¡n in Figs. j5
,

and 36. For constant, Y value, the quadrupole splitEing ("'qQ/r)r,O

assoclaÈed with the outer pair of lines sEays almost consEant while
,

the one corresponding to the inner paír (e qQ/r)rr., increases Iinearly

as a functlon of X. For rhe 5eries wiEh consEant X values, the splitting

associated wÍÈh the ouËer paÍr decreases sharply as a function of Y

whlle the one wiEh the ínner pair increases moderately. The irreg,ular-

ftles ln the lattice consEants and the complexiEy due to different

substfcutfons suggest thqÈ a Eusntitautve estiklerlssr of tha quådru-

pole splictfng is extremely dtfftcult ff nor ímpossible" Here no

such attempt fs made.
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As pofnted out in Section 2'1' the Goldschmidt tolerance

factor E concerning the relative Íonic radil of che components is the

condition for crystallization in the perovskiEe sEructure" In the

following, vre try to gfve a gualiEative explanation based on Èhe

dffference fn fonic radii of the component5' The íonic radii of

,"3*, Pbb, Fu3*, M.,3* a'd M.,4* tt" 1.0161 1'201, o'o+l' 0'oofl a'r¿

O. oOB respectlvelY.

Let us compare Èhe case th.r, Fu3* subsÈÍtutes for Mn3J- ot

Mn4t with the case rhe., F"3* subs¡i¿utes for L"3* ot Pb21-. Since rhe

ionfc radlus of F.3* is so close to M"3* and so 1s the charge' we

n
expect GzqQ/Ð2,3 Eo be small but this is not the case between

Fu3* 
"r,d 

L"3* ot pb2* attd ("2qQ/')r,, is expecred to be large' This

fs consistent,'iriEh the observed result. l'Ihen we change X, because of

Ëhe dlfference ln ionÍc radil of Pbb "td 
L"3*, the tolerance factor

t changes further from iEs value for a cublc strucEure ( i'e' 1'0),

(ezqelù is expecEed to increase but Èhe difference in radli is sn¡all

and che change rn (e2qQ/2) as a functlon of X is exPected to be small'

Thfs agrees qufte well wiÈh that shornm in Fig.35. when Y is charrged,

and since rhe ionic radÍus of F.3* is only half of PbF ot 
"3*',

¡,

A("zqQ/2) ls expecred ro be large and this f s indeed.observed as

shown tn Ètg.36. The decrease or (e2qQ/r)r,o as a function of Y seems

Èo suggesg thaÈ as more pb2* or La3* sit"s are occupied by F"3-F,

some sorË, of averagfng mechanlsm on t,he crystal sËrucÈure appears

and t,he F"3* 1r, the La3* ot Pb2* s1Ëe sees a less dfsEorÈed surr:ound-



115

t
ing" The (e'qQl2) shovm in Fig.i4 is almost temperaEure independent,

whfch 1s expect.ed of 
" 

F"3* ion and further supports Ëhe above sugges-

tlon that fn both sites all iron ions are of 3* charge" At temperatures

below the ordering t.emperâture, the average hyperfine field has

a dffferenË temperature dependence compared wíth that of the magnetÍ-

zatlon. Ftg"48 shows Èhe reduced magnetization versus Ehe Lemper-

at.ure and Fíg.49 the reduced hyperfine field versus the temperature.

Ït ls obvious that the magnetization varies very differently as a

function of temperature depending on its Y value. However, iE. is

not the case for Ehe hyperfine field which seems to follow a

Brlllouin function of s:5/2 whtch is simply Ehe electronic
1+

momenÈ of Fe" 1on"

A comparlson of Èhe spectra in Fíg.51, especially che

reglons shov¡n by the arrow heads, su€lgesLs that the Fe3* ions at the

La or Pb siEes have a much lower ordering Èemperature than those F'ei*

lons at Ehe Mn sites. This is noE surprising because Èhe bond ang,le

of the exchange interaction Fe-O-Mn is 9Oo which is known to be very

weak I o5] compared with che l80o superexchange and Ehe direct overlap

for the Fu3* ion with the Mn Íon is known [05] ro be negtigibte.

Furt,her, Ehe shape of the specLrum at 147oK (see Fig.41) typifies

a relaxation spectrum of tn,lO-n "u",

. The areas under different six-line patterns used to fit the

spectra at 7oK (see Figs.37 and 39) are Eabulated 1n Tabte XVI along

v¡fÈh a set of theoreLical values based on equaEion (7). The agreement
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Table XVI. Areas under Six-tine Patterns of LaO.zPbo.rlr.t-yFaOr.

Fe at "7"

Fe
neighbour

D
r neory

t(o ro") t( so too)

37"

ro%

Lfl"

0

1.

2

0

1

2

3

0

1

2

3

4

83.3

r5"5

L"2

53"1

3s.4

9.8

1"5

37 "7

?9.9

t7"6

4.r

0"3

81"4

12 "9

5"7

s3. 5

26"8

t9.7

48" 6

30.9

20 "5

8r .4

7 "4

rr.2

55 "7

22"1

22"2

44.1

35 "9

20"0

fs very good. Further, the fitting wiEh íntensity constraint (see

Ffg,3B) gave a chi-square value no worse Lhan t.he unconsErained fitting

as shoçrn in Table XVII. This indicates that the statisEical model is

baslcally correct. The fitt.ing suggesEs that the more the neighbour-

lng lons are substituted by Fe ions the smaller will be the hyper-
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Table XVII" Ctrl-square Values of Computer Flts of LaO.ZPbO.:Mtt-yFnOc
SpecLra wÍth Different ConsEraints'

IntensÍtY IntensítY
Fe Conten¡ Constrafned Unconst.raíned

37"

Lt7"

r 57.

568

r 285

L265

600

I070

1305

ffne field. A slmllar phenomenon has also been observed in many

ferromagnetic alloys [02J. Usfng a formula,

H(m,n) : HF"(I * an + bm)(t + tc) (e)

where H(mrn) is Èhe hyperfine field for an Fe aÈom wiË,h n lmpurity

nearest nelghboursrnn, and m impurify nexÈ nearest neÍghbours, nnn,

in an alloy of aLomlc impuriLy concentration c and a, b the fractional

change tn hyperfine field per nn and nnn impurfty aEom respectively,

llertheim eË al. I OZ] found ÈhaË, a has a range of values from

-0"065 t,o -0.08j, b from {.01 to -0.07 and k from 0 to 0"4.

For our case, we simply conslder the nn effecÈ" We believe fhis Ís

Just.f f ied. Flrst of all, t,he resisEivlLy of our undoped sample

-2(n, tO ' ohm cm) f s still much htgher than ÈhaÈ of metals (ttil6 ohrn cm)

"ni tr, Èurn ft lmplies that the d band is fairly narrovt. Secondly,

Èhe excellent, specÈra fiÈting furEher supports Ë,his" Using the ffrst
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Èwo patt,erns we obtafned a: -O.073+0.002 and k..- -0,25-+0.04.

However, a equals'v0"09 if the first and third patterns are used.

IÙe belleve tbre addtivity of neighbour effects observed in alloys should

sÈill be valld in our case. In our computer fitting, we considered

Èhe cases only up Èo two iron nn and thus ¿he third pattern is not

simply due co two iron nn buE rather a weighted average of two to

slx fron nn and this results in a higher a value. This observed result

ls qulte consistent with the símple band model proposed by Searle and

!¡ang [+ol" Here the subst,ítuted F"3* ion acts as a Erap Io3l or simply

a scaEt.erfng center for the mobile Zener electrons because of its

spfn dfrectlon being antíparal1el Eo EhaÈ of Mn spin. This fact is

determined from the spectra with external field as shown 1n Fig"39.

In thÍs v¡ay, the d elecÈron core-polarizaÈion which is belíeved to

be the dominant contribution Lo the hyperfine fíeld in this material

ls locally reduced and it resúlts in a lower observed hyperfine field.

The line wídËh increasing as a funcEion of iron concentration

suggests Èhat the nnn effect does exisË even though based on the

compuÈer flÈting result, it is going to be small compared with that

of ailoys. The daÈa of the spectra with exÈernal fíeId fndicate lhat

whenever an Fe ion sees one or more Fe fons as lts Drìr its spin becomes

canÈed at an angle -600 Ín the dfrection of the applied field.

As.presenEed ín Table XIV, the measured moment agrees well with the

calculaÈed moment assumlng all Fe spíns are antioarallel to the Mn

spin, whfch suggesEs thaE the Mn spins neÍghbouring the Fe site are



122

al so canËed. In addit ion, the spectrum shor.sn as dot ted curves Ín

Ffgs. 37 and 39 corresponding to the No. I and 4 absorption lines

in the spectrum at 2g7o* suggests that the large quadrupole split-

ting persisÈs even in the presence of an ext.ernal field of 50 koe"

Thfs can slmply be explalned by recalllng the HamilEonian for Lhe

quadrupole int,eracEion glven in section 2.6. 5.3. By st.anclard seconcl-

order perturbaEion theory, the second-order term ls given by

F3'= -h I
ut¡tnr,

) ^ltrz f t t- þ?)( e*

-Êf t-zn?+ za- r)J

- 4a-

+t)+3tïh
( 10)

where the same notat.ions are used as that in sectfon 2.6.5.3. It

is obvlous that Ëhis Ëerm will not be zero in the averaging process

for a powder MUssbauer sample" This term can be neglected only if

e2qQ (<fH.

In Ffgs. 43 and 44 che rapid decrease of che saturatlon

magneEizat.lon curve near the Curie Èemperature, fnterpreEed

as the collapse of the double-exchange band in section 2"7.lrbecomes

less obviousras the Fe concentration fncreases. This suggests that

the Fe57 doped materfal can no longer b.e explained by pure double-

exchange mechanism but rather a mixEure with superexchange-mainly the

MnoO-Fe3* lnteraction. This ties in nlcely with the MUssbauer

resuLÈ thaÈ the Fe3* spln ls antiparallel Eo the Mn spín. The decrease

of Che Curfe Èemperature as a funcEÍon of Fe substiLutfon is agiain

expecÈ,ed because Ehe competition bet,ween the double-exchange and
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superexchange would lead t,o a weakening Ín the double-exchange mechan-

fsm. Thfs 1s also consisËent, r^tiÈh Ëhe lowerlng of Ehe hyperfÍne

ffeld as a funcÈlon of Y, F1g.50 shows the saEuration magneÈization

aÈ T : O as a funcËfon of lron substíEutfon. If the llnearfty

suggesÈed by Ehe dott,ed llne shown in Fig.50 holds for hlgher iron

concentratfon, Èhfs suggests Èhat at Yâ' O'45 Ehe maÈerlal becomes

completely antif erromagnetic.

The NMR resulÈ aE lovr temperature fs very fnÈeresEing lndeed.

MaËsumoÈo [+OrSO] observed a slmilar phenomenon wlch t.he compound

(Lar_*Ca*)uno, aE very low X values, XÉ 0.175, where he explained t.he

s1ËuaÈlon by proposing the formeÈfon of a ferromagneÈic molecul

at low Èemperature due to the d-hole being sÈrongly bound co the siEes

neighbouring to " 
C"* fon, Of courser this could also apnty to our

caseo However, by examining Ehe daEa (see Fig.45) closelyr we notice

thag at ¡he same Eemperature (1.6oK) and the same X value (O.g) cne

e+ ¿L+

lnt,ensities of Èhe peaks assocíat,ed wlth Mn " and Mn-' fons increase

as a funcË,fon of lron subsgitu¿ion. This suggests thaÈ the Fe3* ion

plays an important role in the localfzaÈ1on of the M¡3* .nd Mr,4*

lonsror in other words, Lhe breaking down of the double-exchange in

1+this case. Fe'' has ffve d electrons' The iron substlEution implies

Èhat extra elecÈrons are introduced lnÈo the sysÈem and it has Just

the opposlÈe effect compared wirh Pb subsËftuÈlon which creates C holes

tn the sys¡em. rt fs thus reasonable to suggesg EhaE the Fe3-F

sites actfng as'traps for the d holes. Normally, for the fnteractibn

Mrr3*-O-Mn4* ah" elecEron can move freely from Ëhe 3* ion Eo the
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4* lon due to double-exchange. In other vtords, this implies that the

d hole moves from the 4* íon to the 3* ion" When the Mn3* íon is

replaced by " 
r"3+ iorr we have the situation F.3*-o-Mrr4*. Because

Èhe Fe spln Is anEiparallel to Ehe Mn spin ( a direct resulË of the

MUssbauer measurement) and because the d-electrons of the Fe ion

are knovm Lo be rnore localized than Èhose of the Mn ion Io:],

the double-exchange mechanism no longer applies' This results

in a localized d hole and in Eurn Ehe observable NMR peaks correspond-

ing to the M'j* 
"nd 

Mn4* fons. Furt.hermore, a comparíson of the specEra

for the 3% iron substitution at 4'2oN and 1'6oK indicates that the

ingensities of the peaks associated wlth the M''3* 
"nd 

M''4* lo"'

increase slightly as Ehe LemperaLure becomes lower and thls is consister'¡t

withtheEheoryproposedbyMaÈsumoEo.Wethereforeconcludethat,

forourcompound,bothmechanismsconE'ributewiththetrapning

mechanfsm seeming to play a more dominant and effective role'



IV Zn*Nil_XFezO4

4"1 INTRODUCTION

In recent years Lhere has been a revlval of conslderable

lnterest in Lhe local properties of disordered sysLems lOø'l+1"

In particular, there have been several neuË.ron diffractlon and

MUssbauer sËudles of the nickel-zinc ferrite, Ni I-XZ\Fe204

sysÈem IZS-Zg]. As a consequence of these studies, it has been

proven thaË, firs¡ of aII, Èhere is a canting of the B síte spins

and secondly, Ëhar Èhe concentratlon of Paramagnetic, Fe3-F íons,

elther as single ions or cl.usÈers, is nowhere near as g,reaL as

prevlously expecCed. In addiÈ1on, a local-molecular-fleld model

has been used to explain the saturatlon magnetization of the

NÍ-Zn-ferrite sysLem wfth considerable improvements over previous

aLtempts. Thfs particular treatment of Èhe saturation moments did

noL, however, allow for spin canting and Èhere are small, but signi-

ficant, deviat.lons beLween Èhe calculated and experímental moments

at high Zn cont.ents"

The considerable advancement fn our undersÈanding of Lhe

magnetic properLies of fhe Nl-Zn-ferrlÈes as a result of the above

mentloned studles notwíthstanding, there are still some cof¡ent

questions that remain t,o be answered" The correct interpretation

126
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of some of the recently generated result.s also need Eo be clarified

and conflrmed by additional independent measurements. In addítion,

it ís felt thar it would be desirable to establish the corroborative

aspects of the more recent results by performing a ser:ies of

nragnetic ancl Mdssbauer measuremenLs on identical specimens from

chemically and sErcturally well-characterized parent materials;

this has not been done in any of the studies so far.

Most lmport.ant among some of the unanswered questions,

1s the precíse meanÍng of the cantlng angles deduced from the ncutr()n

dlffractlon studies. It ls obvious that the neutron dlffraction

data permÍLs one to deduce only the average B site canting angle"

No lnformatlon ls obtained regarding the local canting angles of

the spins of the NIF and F.3* B site ions. ïn principle, the

canting, angles of the Nl2* and F"3* io.,, are expected to be different

on a local basis sfnce the B-B and A-B exchange Ínteractions,

Jou ancl Jog, are knornm to be clifferent [79] for N12* 
"r,.ì 

F"jt.

In this r:egard, it is significant that the extrapolatcd canting

angle of 9Oo based on t.he neuEron dif f raction results, for tlre
?+B site Fe' spins ln pure ZnFerOO is apparentl.y not in agreement

hrith the observed, rather complicated, spin structure of ZnFerOO

IAO-Sil" We have, therefore, determined the canting angle of the
a-l- ç 7

Fe " spfns by means of Fe'' MUssbauer spectroscopy 1n external

magnetic fields. I¡tre find Lhat there are indeed differences between

the (average) cantíng an¡¡les of the B sice F"3+ rpÍn", determined
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using, MUssbauer spectroscopy, ånd the average canting angles of

all the B site spins, determfned using neutron diffracLion. The

relative magnitudes of the (average) Ni2* a.,d Fuj* .".,ting angles

are qualitatively consistent with the predictions based on the

relative strengths of the exchange interactions within the Iocal-

molecular- f iel d approximaLion

Secondly, there is the quesËion for the cation distribution.

I^Ihfle 1t is wfdely accepted that the síte preference of NiF 
"nd

Zn2* fot the octahedral and tetrahedral sites' respectively, is

great. enough to assure

I a",.***t1_xl 04 f or al t

have ¡rot been proven to

one of the cation disLribution (Zn*Fer-*)

values of X, the cation distrJ:bt¡tions

correspond to the above formulation for

all val.ues of X. Through the lmproved resolution of the A and ll

,ítu Fu57 Mdssbauer spectra Ín external magnetic fielcls, we have

determined at 70 K the cat.ion díscribution. The accuracy of the

r:esulting cation dísÈributions ís not limited by differences in

the recoilless fractions at the A and B sites, fO and f' since

fA/fB is expected Ëo be very close to 1.00 at 70 K and inaccuracies

in the catlon distibut.ions deduced from the area ratÍos of t-he

MUssbauer spectra wÍ11 not be gr:eater than 1"0"4"

The possibility of Iocal f l uctuations it-t the magnetic

properties of rh. F"3* fons is also díscussed on the basis of a

local-molecular:-field model and local variatiorts i¡t the super:transferr:ed

hyperflne ínteractions. Line width consider:ations indicate that
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varlatlons in the hyperfine fields at Fe-' ions due to local

variations ln molecular field ParameËers are negligible' From

thelsot'roplcdecreaselnÈhemagnitudeofrhehyperfinefields'

however, 1È fs concluded that there are substantial variations

fn the superLransferred hyperfine inÈeractions as the Zn content

ls varied;

Finally,Eoessuret'heLthepresentdatahavesomerelevallce

Eo olher stUdles, \^7e have characterfzed each specimen in ter:ms of

íËs Iattice parameter, chemical composltionr saturation magnetization

end Neel temperaËuçs5. The resulËs, of these character:lzatlons

lndÍcate thaË the maÈerlals used in chis ínvestigaEion ar:e very

slmflar to those used Ín prevÍous studles. I,le can therefore be

confldent Èhat points of dlfferences and similarities betl^teen the

results of the present sÈudy and previous ones are substanEive

and noE due solely to dffferences ln the materials under investigation'

4.2 EXPERIMENTAL

Theferritespecímens\"¡erepreparedbyweEgrindingÍnto

intlmate rh1xtures ( specpure grade - Johnson-MaCChey) powders of

znco3j NiCO3 and Feror. The mlxtures of powders tôIere pressed into

pellets and flred at 100OoC in a muffle furnace. The pellets were

quenched in afr, ground into a flne powder:, repelleLized and

reffred at I200 - 1300oC; this sequence of operation5 wâs repeated

unÈll a slngle, phase materlal was obÈained, as determined by X-ra)
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pohrder dlf fractometry.

The chemical composiEfons of the samples vrere determined

usfng wet chemical techniques Igz]' since there was a possibility

of loss of Zn through volatilization, only the Zn content was

determlned. The closeness of the experiment.al weight percentages

of the more volaÈ,ile zfnc to the nominal weight percentages makes

lÈ unlfkely that Che Ni and Fe contents are very different from

t,helr nomlnal values.

The lattice consÈants, Ehe saturatlon magnetization and

Ehe Curie temperatures were arrived at in the Same manner as Lhat

described ln prevfous chapters. Also the same MUssbauer setup

referred Ëo in Chapter III was used.

4"i RESTJLTS

The results of che chemical and X-rays analyses are shown

fn Table XVIII and Figure 52 and TabIe XIX, respectively" The

Table XVIII. Data of Chemícal Analysis for Nf-Zn Ferrites'

Zinc weight Percent
Found ExPected

Nominal
Formulas

(zno.6Feo

(zno 
" TFeo

(zno. 
BFeo

(zno. gFeo

4)

3)

Ittio

lNio

,) [ni.o.

,) [Nio.

4Fet.6lo4

3FeÌ.lJoq

2Fe1. Blo4

tF'eI.9lo4

16"9 I

18 " 9 1

I

4

2L

24

2

I

2

I

0

0

0

0

6

5

16"5

L9 "2

2T

23
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Table XIX. Lattice Constants of Nl-Zn Ferrites"

Sample formula a* (8)

(Fe) [NiF" J 04

(zno. tFeo. 9) [Nio 
" 9F.r, r]oq

(znO 
"zFe0 " B) [Ni0. 8Fo1 " 2]o4

(zno. 3Feo. 7) tNio. ?Fer. 3lo4

(zno. 4Fe0 u ) [ni0. 6Fe1. 4 ]o4

( zn'. sFe0 " 5 
) tNiO. 5F.¡. 5lo4

(zno. 6Feo. 4) [Nio. 4]'el. 6 lo4

(ZnO" ZFe.. ¡) [NiO.3Fet.7]o4

(zno 
"zFeo. :2) [Nio. 2Fer. B 

]o4

(zro" 9Feo. 1) tNí0. lFeI" 9 lo4

(zn) [Foz.o]o¿

8"340 1

8" 351

8.365

9.378

B" 386

8"399

B" 405

8"417

8.425

8"432

8"442

0.û05

Determined from [5, 3o 3] rvith internal Si standard"

zinc welght percentages of the various specimens are quÍEe close

to Èheir nomlnal values, even though Ëhere does appear Èo be

some slight loss of zinc, as exPecÈed" The lattice constanËs

for the specfmens used in Èhis sEudy are given in Table XIX;

Ehey are compared with other prevfously reporEed values fn
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Ffg. 52.

The saturaEion moments, magnetizations and Curie

Ëemperarures are shown in Figs.5i, 54 and 55, along with some

prevfously reporC.ed determínatíons IAf-SS]. The agreement is again

seen Èo be rather good. Where Ehere are slight differences beÈween

Èhe values found in this study and Lhose of prevlous ones' r¡¡e

belfeve t.hem Eo be due to differences ln Ehe actual chemical

composiElons.

Mussbauer spectra are shown in Fígs.56 through 57. The

solid Lines through Ehe data points are the results of least squares

fif of the data Eo two míxed, magnetic and elecÈric quadrupole

hyperfine pat.Ëerns. In the computer fÍtting, the shapes of the

lf nes \.rere assumed to be LorenÈ,2ían and their inLensitles and

wldEhs were allowed Èo vary freely subject only Ëo Ehe consErainEs

that I. : I- and [i : f- For the zèto-fietc] specÈra Ehej t-J J t-J
relat,ive lntegrated intensities of the llnes between the two paLterns

ç¡ere furÈher constrained to have Ehe values according to the chemical

formula (zn*Fer-x)[Nir-xu.r**]oo. The Iinewidths, however ' \'Iere

allowed Eo be variable fn every case subject only to the

constralnt 
"

The parameters derived from Ehe least squares firs are

llsÈed ln Tables XX and XXI. They are also plotted in Figs"58

through 63. The area ratlos and anglesr 0, beÈween Ëhe external

fletd and B-"it" F"3f hyperfine field dÍrect,ions were derived

r:
J

r_t- J
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from t,he applied ffeld spectra shown in Flg.57. The angles have

been derived from the data by two independent meÈhods. In the

flrsE met,hod, the angle 1s deduced from rhe relative integrated

1nÈ,enslEies of the Ifnes. The inËensities of the llnes are related

to e by the followtng equations:

or,u:ftt*.o"20)
o2r5:3 stn2o (r)

or,4:ltt*"o"2e)

We have evaluaÈed the angle 0 from Ehe following relaÈionship:

9 : arcsi., [t. s Gz,5/ttru)l (t + .tr,r/4trrì) Q)

In the second method, we have used Ehe relaÈionship in the

following equaÈLon, which was also used by Chappert and Frankel

Ioo] fn a MUssbauer sÈudy of spin canting in NiFeroo and

NtFer_*Cr*OO:

where H-(B) fs the hyperffne field of the B site Fu3* io''' lt'
,n

Èhe presence of an external field and ls given by

0 : arcos CHlcnl - r3*. - {rtnll 2 HexrHhr(B)) (r)

Hn(B):\r(B)-Hexr (4)
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\f(B) is the hyperfine field aÈ Ehe B site Ftj* io''' in zero

exÈernal field 
"td 

H"*È is the external field' As seen in Tatlc XXIl'

TabIe XXII. Average Yafet-Kittet Angles for Ni-Zn FerriLes'

õrx{n) (rquation 2) 6rn {n) (Equation 3 )

0-r0. 5

0.6

0.7

0.8

0.9

1.0

0

I8o ! 50

320 t 50

39" I 50

520 + f00

5go t 15o

0

200 t 50

32"

410

6lo

'19"

there is excellenE agreement. beÈ.ween the angles deduced from

equaEions 2 and 3.

4.4 DISCUSSION

The chemical composlEions latEice consÈants and magnetic

properÈíes daÈa serve mainly Èo establish the relevance of the PresenE

sÈudy to previous ones. In the main' Ehe Nf-Zn ferrites of Ehis sÈudy

are comparable with the ferrites used in previous studles' The complete

ðelfneaflons of the physical properties s3rve the furEher Purpose

of permlttfng other ÍnvestigaËions Eo easily test the imporÈant

concluslons of Ehis sÈudY.

Our mafn concern Ín Ehis discussion, however, fs wiEh
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the cation distributions, magnetic sEructures, and their implicat.ions

for local-molecular-fieId models and exchange interactions in

dfsordered spinel ferrit.es. The remainder of our discussion will

be devoËed to Ehese topics. FirsÈ of all, as seen in Fig"59 and

Table XXI where correcLions due to slight Zn evaporaLion have not

been made, .excellent agreement is obtained betvreen the experimenLaL

lntegrated intenslty ratios of Ehe A and B slte Fe57 spectra and

those calculaLed on the basfs of Èhe cation disEribution (Oul-*r.*)

Inir-*n"r+X]04. Since these measurements T¡Iere made on thín

absorbers at 70 K, correct.ions for finite thlcknesses and dÍffer:ences

in recoilless fractions are negligible. Previous Mðssbauer sËudies

on Èhe spinel ferrites NiFerOO Izg], t.3o4 [eo], l-Fero. Isz-es]

and LiFerOU [eZJ have all shown f.A/fB9 t.O at 4.2 K. This is the

firsE tlme thaÈ the catlon distribuEion has been Proven Eo be

(t"f_*r"*¡ [ner*XNtr-*]OO in Nickel-Zlnc Ferrftes for all values

of X between 0 and l. This result permits a consideration of the

local magneÈic properties in terms of the statisÈics of the

caËion disÈributlon to be undertaken with confidence"

None of Ehe prevlous M8ssbauer measurements have succeeded

ln fully resolvlng the A and B site Pattern at several values of

X, as has been dore in the Present sÈudy' Most of the data ín this

study are theefore not directly comparable wfth thac of previous ones.

The t.wo mosE extensive MUssbauer studies on Ni-Zn Ferrites have

been those of Goldanskii et aI "llil and Daniels and Rosencwaig IZel"
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A1Èhough the workers in r"¡"¡sr',ss [7BJ took exception to Ehe depenclence

of Hhf on X ¿s deEermined by Goldanskli, they did not prove the

results of Goldanskli et al. Eo be erroneous since certain unproven

consËraints hlere ímposed upon the data analysis Lo obtain the

conErary result,s" trrle have proven in Ehe present study that lndeed

Goldanskil et al. were incorrect and t.hat the B-site hyperfine

ffeld decreases faster than the A-5ite hyperfine field at 70 K'

In general, Ehere fs good agreement between the present stu<Jy

and that of IZA]. There are some ímportant dlfferences, however,

ln Èhe concluslons regardfng the llnewídCh, isomer shift and

hyperflne fteld variations as a funcEion of X"

From I'1g.9, 1t is clear that the relaÈive variation in

Ëhe lsomer shffts for 0 ¿ X 1 .6 fs noË as great as that found

fn IZe]. The dífferenrial isomer shifr [1,S.(a) - I.S.(B)] is

essenElaIIy constant within experimental error up to xry 0.7"

There are apparently greater varia¡,Íons for X > 0.7, Chough sEilI

not as great as Ëhose seen by the workers in [ZAl. t^Ie believe the

variaÈíons for X > 0 "7 to be of ters sig¡ificance than those for

x < 0"7 slnce the lines have become serlously broadened" I^Ihile

there.fs agreement between the Ewo sEudies Ehat the B-site hyperfine

fleld decreases faster than the A-site fieId, the raEes of

decrease and the cross-over points are quite different. From Lhe applied

fLeld spectra, whlch is the most reliable for studying the variation

fn hyperffne fields, iE ls concluded (cf' Fig"6l) that the B-siEe
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fleld is ì.arger than rhe A-sire field up to X 4.7 and is onlv

slightly smaller than the A-sire field for X > 0"7, the difference

befng within Lhe experimental error and therefore of little sfgni-

ffcance. The cross-over point found in IZAl at 77o K was aL

X:0.4 and the B-site field was smaller than the A-site field

by almost 20 kOe at X:0.6" We believe t,he variations in the two

seLs of daEa to be due primarily to the difference in the temperaturcs

at which the measurements were made. Whlle the effecË of varíations

fn t.he reduced temperature, T/T*: TR, at 77o K was claimed in

IZA] Èo be negligible, Lhis is not precisely correcE sínce T*

varf es between .13 and "tB for 0"4 L X < 0.6 at 77o rc compared

to a variation of "007 { T* 4 '01 at 70 K' The poorer resolution

of the spectra in [ZA] is also expecLed to account for some of the

dl f ferenc es .

Of somewhat greater importance since iE relaEes to tl're ilrter-

pret'ationoftTreMUssbauerdat'ainÈermsofalocal-molecular-fiel<J

model is the variations in linewldths" Our results do not agree with

Ehose found in IZAl that the A-siEe Pattern has a significantly

larger llnewidLh at x == 0 than Lhe B-siEe PaEEern; at no value of

X 1s the A-site linewidth, FA, greater Ehan fB" However, Ehere

ls a dífference in the use of the term linewidth; the workers in

IZSl use Èhe ttaverage'c Iinewidth of a single pa¡tern whereas we

are using the linewidths of the ouË.ermost línes. It has been shown

ISgl thac the widËhs at outermost lines (1 snd 6) are 6 tímes more
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senslEfve than Èhose of the innermosE lines (3 and 4) to flu' Euation

effectsinthemagnitudesofthehyperfinefield,whereasthewidLhs

ofallofthelfnesareequallysensitivetovariationsinthe

quadrupole couplíng constant' The previous sËudy has therefore

over-esÈimated Ehe relative imporEance of caEion disorder on

fluctuations ln rhe A and B site hyperflne fields' The broadeníng

of che B-sfte lines at 70 K in NlFerOO due Eo the dlfferent values 
,

of e2qQ(3 "o"2 
e - 1) Ís apparently greater than any broadening of

the A-site Iines as a result of local variatíons in the Fe3*(n)-O2--Ue(¡)

exchange inEeractions. The resulEs of the present sLudy are supported

by recent MUssbauer measurements on liferO, [9Ol in whlch che

ouLermosÈA.siÈelinewldthissmallerthantheB-sitelinewldth

' even though there is subsÈantial dlsorder on Ehe B-síEe, no

dlsorder on the A-slËes and the quadrupole splitring of the B-site

pattern is very small. It ls also to be noEed that the linewidEhs

reporÈed fn [Zg] at 77o K for 0"4 L X ¿ 0.7 ate about four Èimes

larger chan those found in Èhe presenE study" 
, ,,,

. One surprlsing resulc is the rather large devlatÍons 
:

between t.he average canÈing angles of the average B-site spin moments'

determlned using neut,ron dlf fracÈ,ion, and the average canting

angle of the B-sít,e F"3+ =pít moments, determíned ín the presenr

study uslng MUssbauer resonance. hrhfle Èhe doubtful could raise

questfons concerning Ehe significance of these differences for

angles deÈermined from t.he M8ssbauer sPectra on Èhe basis of the
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relative lntensfties of lines 1 and 2 (5 and 6) because of.¡ossible

saËuratíon effects¡ Ëhe fact that Ehe same variations are obtained

from angles deduced from the magniÈudes of H,,(B) and \f(ts) definiLely

establf'shes these dlfferences as belng real . Ther:e is, in fact,

an obvlous difference (as ímplied above) ln the tneaning of angles
I

determfned by the two Èechnlques, aside from any conrnÍtment to

the deÈ411s of the t,hree sub-Iattfce model used in the neutron

dfffractlon study. From Lhe neutron diffracË,ion measurement, one

determfnes Ehe average B-slte canting 8ng1e, õyK, whích includes

some weÍghted sum of the averâge canEing angles of the Niæ spins,

õr*{llr) and of rhe F"3+ 
"pins, 

õro(re), i.e. e}fiCnl : õ"*{n) :

cre"o(re) + cÃK(Ni) where ,Ti ts the canting angLe determined

usfng neuÈ,ron diffraction. The canting angle õr* dot"tmined from

the M8ssbauer data corresponds Eo the average canting angle of

Fe sprns only, i.". e$flCB):6yK(Fe), wher" aiå is the canting

angle determined using MUssbauer spectroscopy'

The smaller value of O"o(Fe) compared to 0"*(B) can be

qualltatfvely understood on the following basis; since the strength

and sign of Ehe B-B exchange interactlons relative Eo the A-B

exchange lnteractlons determine Ehe can¡ing angte Ietl and slnce

iÈ 1s also known Ehat the r.3+(n)-r"3+(a) exchange interactlons

&,re Lhree Èimes larger than the NÍ2+(S)-fe3l-(n) in¡ergctio¡s IO5]

and in addirion EhaE the r"3+(¡)-ru3*(t) inEeractions are

ferromagnecic [65, 69, gzf, fÈ follows that er*{Ni) will in
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generel be greaËer Èhan 6r*(Fe). Both Ehe anÈfferromagneÈ1c

pu3+(¡)-ru3+(a) and ferromagneÊfc ru3+(g)-r"3*(t) exchange fnter-

eeÊlons favor a col.l.Lnear parallel arrangefnenË of the B-sf Èe spÍns"

The possfbft lcy thaC the hyperffne field dlrect,fons are not,

collfnear wiËh Èhe Locel spfn moment,s need noÈ' be gfven serfous

conefderaÈ1on for ah* Fu3O fon, whfch has lfttle or no orblCal

cont,rfbuÈfon Èo lts magnetlc momenÈ fn the nlckel-zlnc ferrf t,es"

Whfte Ëhe above explanatfon accounÈs qualftatively for

Ëhe relaEfve magnfËudes of 0"*(B) and o"n(Fe) there are st,ill

some f,urther pofnts to be consfdered regardlng the magnitudes and

precf se fnterpreË,at,lons of these angles.

xf fÈ ls Ërue ttrat õro(Ni) fs dlfferent from õr*(re),

Chen the three subla!È{ce model of Sa¡ya Mur¡hy is correcË only

ff Èhe Nl and Fe at,oms are randomlV dfsc,rlbuEed over the Èwo B-slte

megnetlc ¡;l¡Þ!-ê!g-!Ces. In Ehls case' Èhe Ewo B magneËlc sublaÈcfces,

B, and Bru will heve equal moment,s and the net B momenË r¿111 be

colllnear wfÈh Ehe A-sfËe momenË, The angle 6 beÈween Èhe hyperfine

ffeld and exÈernal fteld dfrecÈfons wlll Èherefore be equal Eo

6*tn), whfch ls noÈ the case. On the oÈher hand, tf the Fe3*

and l,llF fons are not rendomly distrLbuted on B, and Br, Èhen the

momenÊs of B, and B, wll.[ noÈ be equal and Èhefr neÈ momenË will

rþË be parallel Èo Ëhe.A-sfte moment. In t,hfs case the angle between

Ëhe eNËernal ffetd and Ëhe hyperffne ffeld dtrecelons, @ fs noÈ

equal to 6"n(B)o as observed. This spfn arrangement and the resulÈlng

øngles are deplcËed schematfcally ln Fig"64" The resulcanE
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magnetization, whlch lies along the external fietd dlrectlon, is

nelEher parallel to the A-siEe or B-site spin momenLs and Ehe

Èwo angle., ãr.{B) and õr.{n), must be determlned from the

MUssbauer data. The analysis of the MUssbauer spectra of

NiCrr.7F.O.3O4 it an external magnetic field was also carried

outuslngasimllarspinarrangement.ThatÈheabovespin

arrangement is índeed the correcÈ one for (FeI-Xt\)[*il-*uutnx]04

ls lndfcaLed by the very large widths for lines 2 and 5 relaEive

Èo lines I and 6 and Èhe fact that Lhe widLhs increase as a sfrong

functlon of X even Ehough the r¿ldrhs of lines I and 6 are only

weakly sensltive t,o changes in X. Thís Ís ln addirion to the vcry

compelltng facr rhar €-yK(B) I ãFe(B). If there is a single angle

ø, the wtdths of lines 2 and 5 should never be greater Ehan

Èhose of lines I and 6, yet from Table XXI we see thaE [-r,,

is at least as large as FrrU. The lines are also asyrmnetric

fndfcating again con¡ribuEions from two or more dffferenË lines'

For the spin arrangement, fn Ni'-*Z.XF"ZO¿, at least for large

values of X, we prefer Èhat depicted in Fig. 64.

The relaÈívely narrorrr widEhs of the Mdssbauer sPectra

for large X values and Èhe faster rate of increase in Ehe A-site

llnewidths are in qualiEaEive agreement. wiEh Ehe predicEions

of a local molecular field model" what is surprising though

1s the decrease 1n the magniEude of the hyperfine field at

the B-sife Fe3* ion even aC 70 K. This result cannot be accounted

for on the basls of a local molecular field model" We belleve
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Flg. 64, SchemaËÍc diagram of spÍn arrangemenÈ of Zn*Nll_*F"2O4
for X 0"5.

the decrease to be due Eo a change in the supertransferred

hyp.erfine lnÈeractior,. Igf]. thfs decrease can be understood

as resulEing from a decrease fn the A to B spin Èransfer as che

a+ aÈ
Fe'' fons are replaced by Zn'' ions. Note Lhat in Fig.6I the

decrease is linear for X g 0.5 but noË for X

i's also Èhe X value aÈ which the canÈing of uhe Fe spins becomes

observable. It ls reasonable Eo suspect that thfs nonlinearity

is due to a change fn the B-B supertransferred hyperfine lnEer-

act,lons as a consequence of the canting of the Fe spins in the
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B-sftes. From the linear porÈíon, ôHStHp(eB) pet Zn íon subs-

titutfon ls ar 12 kOe which agrees well with other publfshed

resul¡. Isz, 89, 79,90] (20 toe in LÍFeror; l2 koe in cuFeroo;

10 k0e ln NiFerOO; 17 kOe fn Lir.ZF"4.OSbO.ZOA).

From overlap consideratfons, it is llkely that the B-B spin

Èransfer processes are imporEant. but unfortunately in this case the

F"3*-o-F"3* 1f.,k"ge angles are 90o and very littte ls knor.¡n about

Èhe spin Èransfer processes.



v" CONCLUSIONS

5 " I STJI'IMARY

The NMR spectra t,oget,her with t.he high value and Ehermal

dependence of the conductiviÈy aE low È,emperature suggest that the

compound t"I_*tb*"no, wiEh 0.26 AX 90"44 is indeed merallic-like

and should be described adequately wÍth a convencional band theory.

Thfs ts further supported by Lhe Mdssbauer sÈudy on the Fe57 dopud

samples whose hyperffne fielcìs exhíbit a behavior similar to Ehat

of an alloy with impurlEy, and can be explaÍned by the concept of

d-electron core-polarization from a narrovr d-band. An int,erpreta-

tion based on Ehe concept of a " superEransferred hyperfine field '
does noE seem to give a consisEent explanatlon in Ëhis case. The

rapld decrease of the magnetizaË,ion near che Curie temperacure which

was fnÈerpret.ed as Ehe collapse of Èhe !t Double-exchange " d-band

becomes less obvfous as È,he íron subsÈitution increases. This suggesIs

Èhe presence of some oÈ,her exchange mechanism. This ldea is supported

by the NMR resulÈ.s which show some electron localizatíon aE the M.,3*

and Mnq- lon s1Ë,es due to Ehe Fe subst,itution. The MUssbauer spectra

wlth an external fieid and the magneÈization measurements indicate

that the spins of lln a'd Fe'J+ f ons are antiparallel and thi s is

conslstent wiÈh the superexchange spin arrangement. In other worcls,

160
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we heve here a ÈransfÈlon from a collectfve Èo a locallzed behavfor'

The syseem Nlr-OZtXFuZO+ fs known to be an fnsulator wich

s

frulO) ohm cm. The decrease of Èhe hyperfine ffeld of the B-slte

fons as a funct.lon of X ls eNpllcable fn terms of Èhe concept of

a e0 SuperÈransferred hyperffne fÍeld '¡, The nonllnear decrease at

hfgh X velues suggescs Chat the canÈing of the Fe spin has an effect

on the hyperflne field" From Che area retios obËalned from Ehe well

resolved M8ssbauer spectra, iE has been shown for the first tfme

ËhaÈ the caÈlon dfstrfbutlons of Èhfs mfxed ferrfte follow the

formula (z.xFur-x¡[nir-xFut+xloo wfËh ogxÉ1. Here the symbol ("')

denotes fons fn Ehe A-sftes and [.."] the B-sifes.

5"2 SUGGESTTONS FOR FURTHER !ÙORK

(f ) The Mössbauer and/or NMR sÈuciy of Lar-OPbXMtt-yFnO3

wfth hfgher Fe concent,raElon would provide an inËeresting Èopic

for further research. As pofnÈed out in the discussion secÈion of

Chapter III, sÈ Y&0"45 che compound 1s expected to be completely

antfferromagneEfc and Èhus Èhe resulÈ, may give new lnformatfon on

t,he Èransftion ilferromagneÈf sm,+p anÈlferromagnetismrr.

(ff) NMR specgra of re57 doped (l,ap¡)t'tno3 as a funct,ion of

temperaÈure would cerEalnly furnish some fnformat,ion on t,he energy

of che t,ransf tf on t¡local tzedæ coL lectivet0.

(f f f ) NMR sÈudy of doped (l,apU)ltno,, wf Èh df amagneÈlc or oLher

magneÈfc fons should provfde lnformaÈfon on the nature of the d-band"
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(rv) rne MUssbauer sÈudy

very informatlve because

x62

of snl l9 dop"d (l,aPb)l'tno., shoul d

sn119 does not have íts ovrn moment.



APPENDÏX A

THERMODYNAI'IIC THEORY OF THE MAGNETTC TRANSITION

The transltlons between ferromagnetfsm and paramagnetfsm

and beEween antlferromagneÈísm and paramagnetism are considered

to be phase translEions of Ëhe second kínd. This means that at the

transf t,fon polnÈ, not only Ehe t.hermodynamic potentials of the

two phases are equal, buÈ also the firsÈ derivatives of t.he

thermodynamlc poEenÈ,iaIs are equal; t,he second derivatives, however,

are not equal and have a dlscontinuity. The flrst derivatlves

f nclude t.he ent,ropy r volume, sponEaneous magnetÍzation, electríc

polarizaEÍon etc and the derívaÈ.ives of Èhese quantities are the

second derfvaÈlves whfch are speclflc heat, expansíon coefficients,

compressibilf ty etc. I¡Ie define an ordering parameter J '- %/%
where Q. fr Èhe specific spontaneous magnetízation at the t.emperature

ò

in quesLion and fro ls the specffic magnetízatíon at OoK. According

to Landan IfZl, near a phase transition point of the second kinci,

where J takes arbftrarily small values, Èhe thermodynamic potentials

6{t,t, J) can be expanded ín a power series in J, Í.e.

õ.- õ * aJ2 + bJ4'f"'"""-o
(terms in odd po$rers of J åre not included, since the expansion

of a scalar functfon (þ) in powers of a vector function (J) .an
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contain only terms of even degrees) Ginzburg Ifel nas included

fn thls expressfon Èhe magnetlc-ffeld energy JH due Èo an applled

field H, f.ne.
-ö:õ *aJZ+bJ4-JH

From Èhe conditlon for equilfbrium, €- : 0, we geÈ an equatlon
àf

for the descrfption of Èhe true magneÈizaË1on of a ferromagnetic

maÈerfal near Ehe Curle PofnÈ

ot6+ Pø3=H l

where 6 fs the speclffc magneÈlzaÈÍon ÈhaË fs measured experimentalìy

and ls equal to d, * Or, where d, ts the speclffc true magnetizatfon

caused by Èhe applicarfon of the fteld H; o['-' 2al6u and P 4bl1o1 .

Therefore by plott.tng H/O versus 6 2 
^t 

Ftg.96 r¡Ie can deÈermlne

Èhe Curfe pofnt accuraÈely and at Èhe same Èime Èhe coefflclents

d and p whfch are of great Ímportance from Èhe theoretical pofnt

of vlew because the nature of their temperaÈure dependency is

determfned by the structural peculiaritfes of rhe ferromagnetlc

maÈerial
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Ffg. 9a. A typlcal plot of Èhe magneLization using the Ehermo-
dynamfc method"
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