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This state-of-the-artreview is a selective ratherthan anexhaustivesurveyof currently active areasin fine-particle
rock magnetism.Thetopicsconsideredaredomainstructuretransitions,pseudo-single-domainmechanisms,diagnostic
tests of domainstructure,chemical,detrital, thermalandviscousmagnetizationprocesses,andmagnetostaticinterac-
tion. Proposedfuture directions for researchinclude: high-temperaturethermoremanenceand magneticviscosity
measurementsanddomainobservationsto examinethedetailedmagnetizationblockingprocess;hysteretic~andthermal
propertiesmeasurementsanddomain structureobservationsin the 0.25—1~sm(small multidomain) size rangeof
magnetitefor comparisonwith domain structurecalculations; experimentalcalibrationof the time or cooling-rate
dependenceof blockingtemperature;andsystematicstudyof theparticlesize,field andprocessdependencesof detrital
andchemicalremanences.

I. Introduction Magneticpropertiesthereforeremainthe key to
interpreting domain structure. Many simple iso-

For the rockmagnetist,domainstructure,rather thermalparametersandtestshavediagnosticvalue.
thanparticlesize per Se, is the defining character- They are evaluatedand comparedin Section3.
istic of a fine particle.A 10 ~&mhematiteparticle Subtledomainstructuresthat maybridgethe gap
anda 400A magnetiteparticleareanalogs,in the between single- domain and multidomain be-
sensethat they areboth single-domained.For the haviourare alsoconsideredin thissection.
purposesof this review, smallmultidomain par- Oncedomainstructureis establishedwith some
tideswith enhancedremanenceandsingle-domain confidence, one can begin to codify magnetic
-like stability andhardnesswill alsobe treatedas properties that have paleomagneticsignificance.
fine particles. Chemical remanence(Section4), detrital rema-

Domain structuresin fine particlesareusually nence (Section5), thermoremanence(Section 6)
known indirectly, either by reference to size- and viscous changes(Section 7) are discussedin
dependentmagneticproperties(with or without this paper.Domain structureand magneticprop-
appeal to theoreticalcalculations),or else as a ertieschange,sometimesprofoundly, if magneto-
reasonableextrapolation from domain observa- static interactionamongparticles is strong. Such
tions in largerparticles.The evidenceis reviewed interactionis the subjectof Section8.
in Section2. More refined methods of probing The present review is a brief treatment of
ultrafine particlesmaybe developedin the future selectedtopics in fine-particlemagnetism.More
(e.g.,Brecherand Cutrera,1976; NewberryetaL, comprehensiveaccountswith alternativepointsof
1980), but short-wavelength “pseudo-single- view are found in a numberof recent reviewsor
domain” regions and similar fme structure will collections of papers: Kneller (1969) on fine-
probablyneverberesolvable, particle theory; Shcherbakov(1978) andMosko-
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witz and Banerjee (1979) on domain structure thedataindicatesomecompromisewith stableSD
transitions;Merrill (1975)on chemicalremanence; behaviour.The explanationmay lie in particle-size
Verosub(1977)andBartonet al. (1980)on detrital dispersion,as Kneller andLuborsky assume,or in
magnetization; the “Origin of TRM” volume collective behaviour of interacting SP particles
(Dunlop, 1977a, 1978) on thermoremanenceand (Radhakrishnamurtyet al., 1973; Deutschet al.,
domain structure; Dunlop (1973a) on viscous ef- 1981, thisissue).
fects; and Wohlfarth (1978) andDay (1979) on SD particlesonly slightly larger than d

3 have
fine-particlemagnetismgenerally. saturation remanence~rs = ~ .~1 (-‘s is saturation

magnetization),a value that is maintainedup to
d0, the SD—MD transition size. Coercive force,

2. Domain structures on the other hand, remainswell below the
expectedmicroscopiccoerciveforce (H~)m~,,up to

2.1. Domainstructuretransitions d = 5d~at least, testifying to the importanceof
thermalfluctuationsevenin SD volumes100 times

Figure 1 reproduces some of Kneller and the critical SP volume (Néel, 1949; Dunlop,1976).
Luborsky’s (1963) hysteresis data for nearly
spherical iron particles. The data are a classic
illustration of the subdivision into superpara- TABLE I

magnetic(SP), single-domain(SD) and multido- Experimental andtheoreticaldomain-structuretransition sizes
main (MD) size ranges.SP particles(particlesize d, (SP—SD)andd0 (SD—MD) at 20°C(equidimensionalpar-

d< d5, the SP—SD transitionsize) have, theoreti- tidesassumed)
cally, zeroremanenceandcoerciveforce, although

Mineral . SP threshold Critical SD
size,d, (~sm) size, d0(~m)

~rs”~s
0.5 Iron <0.008a 0.023 a

k 0.026”I 04 Magnetite 0.025—0.030c.d.e 0.05—0.06d,f

0.08~

I N . .3 Maghernite 006h

Titanornagnetite 0.08 0.2k
Hc/(Hc)rp~x .2 (x=0.55—0.6) .

.0 ,,... -~. Titanomaghemite
I _,e’( (x0.6,z0.4) O.O5~ 0.75’

08 7~ \ (x=0.6, z=0.7) 0.09~
~—___J / 0 Hematite 0.025—0.030’~” l51.m

0.6 7 Pyrrhotite 1.6°

04 1 KnellerandLuborsky(1963), experimental(seeFig.4).
JO b Butler andBaneijee(I975a),theoretical(seeFig. 2).
/ ‘... C. McNab et al. (1968),experimental.

02 / — ~ 0 d Dunlop (1973b),experimental(seeFig. 4).

Dunlop andBina (1977), experimental.
0 ...a...L.....J Evans(1972), theoretical.

05 lb g Butler andBanerjee(1975b), theoretical(seeFig. 2).
Reduced pcrt,cle diameter d/d Momsh andYu (1955), theoretical.

$ Soffel (1971),experimental(seeFig. 3).
Fig. I. Measurementsof saturationremanence(upper,right-, Moskowitz(1980),theoretical(seeFig. 12).
handscale)andcoerciveforce (lower,left-handscale)of essen- k Bandoet al. (1965), experimental.
tially spherical electrodepositediron particlesat 207 K. corn- Banerjee(1971), experimental(seeFig. 4).
paredwith SD theory(solid curves:eq.4 of thetext). Redrawn

tmChevallierandMathieu(1943),experimental(seeFig. 4).
afterKnellerandLuborsky(1963). “ Soffel (I 977a),experimental(seeFig. 3).
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Fig. 2. CalculatedSP,SD andMD fieldsfor magnetteparallelepipedsandellipsoidal ironparticlesof variouselongations.Theupper

andlower SP—SD transitioncurvesarefor 4.5x lO~y andlOOs relaxationtimes respectively.After Butler andBaneijee(l975a,b).

The onsetof MD behaviourin particleslarger creasewith temperature,d5 morerapidly thand0.
thand0 is markedby gradual,ratherthanabrupt, A directMD— SP transitionis a distinctpossibility
decreasesin J~andH~.Empirically, the size de-
pendencesof bothquantitieslie betweend 05 and I

d — ~, These“laws” arenot well explainedtheoreti- 0 T/tono.’nogne//te
cally, but they are of basic importance~in rock 6 x 055

magnetismbecausethermoremanence(Section6) ::~.
follows a similar “law”.

TableI summarizesourpresentknowledgeof d, 2

andd0 in commonlyoccurringmagneticminerals. -

Critical SD volumesspanabout9 ordersof magrn- I ‘00
G,wn at~,meter,a’ (#m)

tude.Thefigures in TableI were arrivedat in one .~ 30
of threeways: 20

(1) theoreticalcalculations; 5 Pyrrhoi/te

(2) extrapolations from observed MD struc- ‘h o 150ffI

tures; ‘~ 6

(3) transitionsin measuredmagneticproperties. ~ 4

As an example of the first approach, Fig. 2 3

showsthe resultsof someof Butler andBanerjee’s 2

(I 975a,b)calculationsof critical sizesin magnetite ______________________________________
I’’’’

and iron as a function of particleelongation.[See I 0 100

Kirschvink (1979) for anindirect confirmationof 6mm thcmeter d(#m)
the magnetitecalct~lations.]Time is relatively inef- Fig. 3. Observationsof numbersof domains in naturaltitanomagnetiteandpyrrhotite particlesof various sizes.The
fective in changing critical sizes: the 100s and SD—2D transition is observedin pyrrhotite andestimatedby
4.5X lO~y SP—SD curves are similar. Tempera- extrapolationin titanomagnetite.Redrawnafter Soffel (1971,
ture is important, however. Both d5 and d0 in- l977a).
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at high temperatures.In fact, for equidimensional data on titanomagnetitesof compositionsother
iron particles, an MD—SPtransition is predicted thanx = 0.4, see Day et a!. (1977)]. Thermal agi-
at room temperaturealthough the data (Fig. 1) tation resultsin a size-dependentcoerciveforce in
contradict this prediction.Slight departuresfrom SD particles.Very large SD particles,or any SD
equidimensionalityareenoughto ensureadistinct particleat 0 K, would haveH~= j1K~the micro-
SD range at ordinary temperaturesin all the scopiccoerciveforce arisingfrom shapeor crystal-
mineralslisted in TableI. line anisotropy.But at T> 0 K in an appliedfield

The extrapolationapproachis exemplified by H(< HK), the magnetizationof an SD particle
Soffel’s (1971, 1 977a) work, reproducedin Fig. 3. ensembleis not perfectly constant ~ut instead
[SeeHalgedahlandFuller (1981)andSoffel (1981) relaxes from an initial disequilibrium with a re-
(both this issue)for furtherdomain structureob- laxation~time‘r (Nêel, 1949)
servations.]Theseexperimentalobservationsareof — E
particularvaluein remindingus that real particles =f~exp~, b
of agiven size,unlike theidealizedperfectcrystals T kT
dear to theoreticians,have a range of possible VJSHK HI 2

domainstructures.Despitethis fact, extrapolating = f~exp — 2kT ~ — ~ (1)
averageobserveddomainstructurein the manner
of Fig. 3 gives an estimateof d

0 for titanomagne- In (1),f~~ lO’°s~,E,, is the energybarrier to be
tite that agreesremarkablywell with theory (cf. crossedto achievethermalequilibrium, k is Boltz-
Fig. 12(a),resultsof Moskowitz, 1980). mann’s constantand V is particle volume. The

final expressionassumesH parallel to the easy
2.2. Magnetichallmarksoftransitions axis of uniaxial particles, but quasi-analyticor

numerical expressionsare readily obtained for
Figure4 expandson Fig. I by addingH~data other orientationsand anisotropies(Stoner and

for manyof the mineralslisted in Table I. [For H~ Wohlfarth, 1948; JohnsonandBrown, 1959; L.D.

05 005 10005 l~m i0~m lOO~&m
1111111 I I IIII1I~ I 1111111 1111111 I IIIIIIJ I

Hevnc/,~e 300K

Iron 77K Thaivç.~eii~,x 04, (BonerJee,/97/,
-~ (2~4~Q/)fl/953 3()C~/((~y/977) Chevo//,er 8 Mcthieu. /943)

• Luborsky, /96/)

II000_ -1000

Mojnet/te,77K ~ 0~’- ~

ICC 7 (Dun)op,/973b) ‘\ - 00

I I \ (o~’rneo~&d) °/ 300K(Porry,/965)
“ Magnetlie furrovieo/&1

/ 390K(Gottschoik,/935)
+1~ 0

I I I 111111 III 1,111111 I I jitiji I I 1111111 I I 1111111 I (3
ocA iocoA I~m 1C~m l00~m

Particle diameter, d
Fig. 4. Coerciveforce asa function of particle size. Dashedlines indicatethe SD—MD transitionsin iron andmagnetite.Basedon
Luborsky(1961, fig. 2) with addeddatafor hematite,magnetiteandtitanomagnetite.
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Schutts, pers. comm., 1979). Relaxation to (Néel, 1955; Stacey,1963)
equilibrium (“unblocking”) is substantiallycorn- j ~ H, /N (5)
plete in a time t ~ IT. Thus the coercive force or
“unblocking field” is the value of H necessaryto (N is demagnetizingfactor) as for MD grainswith
makeIT ~ t, yielding (Bean and Livingston, 1959; well-developeddomain structureand to take into
K.neller and Wohlfarth, 1966; Dunlop and West, accountthe specialimportanceof surfacepinning
1969) androtationprocessesin verysmallMD grainsby

_____________ substitutingSD values of H~.H~= 500 Oe is a
H~(V,T, t) = H T2HKkT1n(fot) realistic figure for SD magnetitewith moderate

K — shapeanisotropy [seeFig. 11(a), SD curve]. It
implies~rS ~ 125 emucm3 ~ 0.25J

5in magnetite
= HK — Hq(V, T, t) (2) just above d0, whereas~rs = 0.5J~just below d0.

The expecteddiscontinuityin J~remainssubstan-
Hq is the “fluctuation field” or “viscosity field” tial even though continuity in H~has beenre-
(Néel, 1950, 1955): [Equationsanalogoi~sto (1) quired.
and (2) apply to domain wall activation in MD The observedhallmarksof the SD—MD transi-
particles(Street and Woolley, 1949; Nêel, 1950; tion, however, are similar d —n dependencesof
Dunlop, l973a; Gaunt,1977)]. bothH~andJ~over very broadMD size ranges,

Thecriterion for SPbehaviouris thatH~ 0 at with a smoothtransition to SD values at d0 in
room temperatureT0. Thus both cases.The SD—MD transition is well brac-
d, = cV3[2kToln(fot)/JHK]”

3 (3) kettedin iron and hematite(Figs. I and 4), just
barely coveredby the magnetitedata, and not

where 1 ~ C ~ 6/ir dependingon particle shape. reachedat all by the titanomagnetitedata. The
Equation2 thensimplifies to (Kneller andLubor- value of n in the d “ law is about 1 for iron,
sky, 1963) titanomagnetiteand unannealedmagnetite,about
H~(d,T

0) = HK(TO)[l — ~/d~/d~] (4) 0.65 for hematiteand 0.4—0.5 for annealedmag-
netite. Internal stressseemsto play a controlling

which fits the datafor iron andhematitein Fig. 4 role (Lowrie and Fuller, 1969), higher n values
reasonablywell, characterizingmoremagnetostrictivematerialsand

Saturationremanencej,~ is a more sensitive unannealedcrushedparticles.Theoreticalinterpre-
indicatorthanH~of theSP—SD transition. Except tationsof the d — ~dependenceof H~(e.g., Stacey,
at d= d,, where it increasesabruptly from 0 to 1963; Stacey and Wise, 1967; McIntyre, 1970)
~J~,J~hasno size dependencein SD particles, havedifficulty in explainingvaluesof n ~ 0.5.
For an experimentaldemonstrationof the sharp-
nessof remanencechangesat the SP threshold,see 2.3. Transitionaldomainstructuresand pseudo-SD
Banerjee’s(1971) datafor hematite.Quasi-SPbe- magnetization
haviour, which blurs the transition if magneto-
static interactionsare strong, is absentin weakly The variousmineralsconsideredin Fig. 4 have
magnetichematite. similar patternsof magneticbehaviour,although

At the SD—MD transition, one would antic- their absolutetransition sizes vary widely. The
ipatea less extremebut otherwisesimilar discon- logarithmic scale brings the SD range of each
tinuity in J~.An SD particleisalwaysmagnetized mineral into prominence.It tends to conceal the
to saturationbut oncerecognizabledomain struc- fact that the SD range encompassesa minute
ture develops,remanentstatesof lower magnetiza- fraction of the size spectrumof most naturally
tion becomeavailableand are strongly favoured occurring minerals (Evans, 1977). In fact, both
by self-demagnetization.A conservativeapproach Nèel (1955) and Stacey(1963) dismissedSD par-
that is likely to overestimaterather thanunder- tidesasbeing a rarity in nature.
estimatethe saturationremanenceis to assume In the interveningtwentyyears,a gradualreas-
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sessmenthas been taking place. The range of tidesbecomeSD, a domainwall whosevolume Vp.,

coercivities exhibited by paleomagneticrema- is sufficiently small should havea single polariza-
nencesextendswell beyondtheplausiblelimits for tion or senseof spin rotation and a permanent
pinneddomain walls, and frequently the intensi- moment (2/ii~)V~J,(Staceyand Banerjee,1974).
ties of weak-field remanenceappearincompatible For convenience,such walls will be called “SD
with self-demagnetizationin MD particles. The walls”, althoughthe single wall domain is not a
parallelevidencefor continuity of strong-field re- region of parallel spins. Subdivision of walls by
manencesand coerciveforcesacrossthe SD—MD Bloch lines is the norm in iron, but SD walls are
boundarywas discussedin the last section.The energeticallypossible in less strongly magnetic
SD affinities of small MD particles seem estab- minerals,magnetitefor example(Dunlop, l977b).
lished beyondreasonabledoubt. The y-componentof applied field (parallel to

Whereopinionsdiffer sharply is on the mecha- the main domains) produceswall displacement
nismof this pseudo-SDeffect.Someworkers(e.g., withoutaffecting the internalstructureof the wall
Schmidt, 1973)arguethat two-domain(2 D) par- or its moment.The z-componentof field (parallel
tides possessan intrinsically strong and stable to themomentof oneof thewall domainsin Fig. 5
remanencethat, in effect,bridgesthegap between andperpendicularto the main domains)exertsno
SD andlargerMD particleproperties.Others(e.g., pressureon the wall but doeschangethe structure
Dunlop et al., 1974; Banerjee,1977)arguefor the of the wall: one of the wall domainsenlargesat
presenceof identifiable additional momentswith the expenseof the other via Bloch line displace-
strongerpinning than (and some degreeof inde- ment.If the wall is SD,it mustinsteadrespondby
pendencefrom) domain wall displacements.The somerotationprocess,coherentor incoherent.The
two points of view can be reconciledif the addi- independenceof wall displacement(MD) andwall
tional moments are an intrinsic feature of the momentprocessesis discussedin detail by Dunlop
domainwall itself (StaceyandBanerjee,1974). (l977b).

Moskowitz and Banerjee (1979) argue for Figure 5(b) illustrates the rotation of spins
surfacemoments,appealingto the d 1 variation acrossthe Bloch line in passingbetweenthe front
of the surface/volumeratio of a particle. How- and back wall domains. Spin 5 rotates, in the
ever, in magnetiteat least, TRM goes as d “, planeof the Bloch line, .throughsuccessiveposi-
wheren = 0.6—0.7 (Day, 1977; see also Fig. 14), tions a, b, . . . ,g into the correspondingspin 5’ in
and ~rs and H~have even weaker dependences. the rear domain. Spin 4 rotates,again about an
Thesedependencesaremoreobviouslycompatible axis OP perpendicularto the planeof the Bloch
with the domain wall volume/particlevolume line, into 4’. Even spin 1 undergoes,in principle,
ratio, sincewall area/particlevolume goesas d —‘ the same set of rotations about its own axis,
and in addition both the number of walls (or nowhere breaking exchange coupling with the
equivalently, wall spacing) and wall thickness neighbouringmain domain.
slowly increasewith increasingd. Notice that at each position a, b, c, ... within

The modelof Fig. 5, an outgrowthof Dunlop’s the Bloch line, the angles between 5a and 4a,
(1977b)“psark” model, illustrateshow a 2 D par- between4a and3a, etc. (or betweenSb and4b, 4b
tide can haveboth MD and SD behaviour.The and 3b,...) are the sameas the anglesbetween5
180°domain wall is subdividedby a Bloch line and4, 4 and3, etc., or between5’ and4’, 4’ and3’,
(Shtrikman and Treves, 1960) into two wall do- etc., within the wall domainsthemselves.This fact
mainsin whichthe spinsrotate(in theplaneof the is easilyverified in the seccindpart of Fig. 5(b),
wall) clockwiseandcounterclockwise,respectively, where spin 4 is seen to rotate through a cone
in passing from left to right betweenthe main making aconstantanglewith the x—z plane,which
domains, containsthe successivepositionsof spin5.

The particle pictured hasno net moment,ex- If the spin conesarenowimaginedto represent
deptthe verysmall uncompensatedmomentof the successiyetemporal statesof all the spins in an
Bloch line. However,just as sufficiently fine par- originally SD wall, insteadof the successivespatial
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Fig. 5. (a) A cut-awayview of a 1800 Bloch wall in a2 D particle. Progressiverotationof spinsacrossthewall is representedby spins
1—9 and l’—9’. Theselines of spinshaveoppositepolarizationsor sensesof rotation,characteristicof thetwo wall domains.Large
open arrowsareschematicrepresentationsof mutually orthogonalnetmagneticmomenriof main domains,wall domainsandBloch
line (arrowsnot to scale).(b)Progressiverotationof variousspinsin (a)acrosstheBlochline is representedby spinsa—g. Rotationin
eachcaseis aboutanaxis OPperpendicularto theplaneof theBloch line, formingconesof spins.

positionsof individual spinsin the Bloch line, the MD (self-demagnetization-linlited)displacementof
anglesbetweenall neighbouringspinsare seento walls or Bloch lines from a zero- or near-zero
remainconstantthroughoutthe rotation.Thispro- magnetizationstate,and SD-like rotation of per-
cessis coherentrotation of an SD wall. Incoherent manentwall momentswith little or no changein
processesare alsopossible.They amount to pas- overall intensity of magnetization.Other transi-
sage of a virtual Bioch line acrossan SD wall, tional structureshavebeenproposed;circularspin
transformingit into an SD wall of oppositepolari- structure(Morrish andYu, 1955)andstablecurled
zationandmoment. state(Dunlop, I973c) areexamples.They are anal-

Thusthe SD—MD transitionmaybebridgedby ogous to broad walls without recognizablemain
2 D structureswith a combinationof responses: domainsand their field responsecan bemodelled
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by extendingthe approachof Fig. 5. presenceis difficult to prove or disprovethrough
An entirelydifferentexplanationof theparticle magneticmeasurementsbecausethey cannot be

size dependenceof .J~,has been advancedby decoupledfrom the main domainsand from wall
Halgedahiand Fuller (1980), basedon their ob- displacements.
servationthat 40% of x = 0.6 titanomagnetitepar- The attractive feature of transitional domain
tides 5—15 ,.tm in size (well aboved0 ~ 0.6 hum, structuresin particlesjust abovecritical SD size is
TableI) fail to nucleatea domain wall following the predictedmutual independenceof their MD
saturation. Since the probability that a particle andSD-like responses.In the nucleationmodel of
containsa defect or surface irregularity strong Halgedahl and Fuller (1980), MD and SD-like
enough to nucleate a wall decreasesin smaller responsesareexhibitedby physically distinct MD
particles,the size dependenceOUrs is explainedin and metastableSD particles. In this section,hys-
a naturalway by the varying proportionsof MD teresispropertiesareexaminedfor evidenceof this
and metastableSD particles.The size dependence anticipateddual response.Theevidencefrom ther-
of H~(Fig. 4) is not obviously accountedfor, un- mal properties has been reviewed elsewhere
less nucleationfields are themselvessize depen- (Dunlop, I 977b).
dent. It alsoremainsto be seenwhetherparticles Saturationremanencedue to pinned displaced
remain in a metastableSD state following TRM walls or Bloch lines is limited by self-
acquisition. demagnetizationto a value ~ H~/N (eq.5). This

MD relation is plotted as the dashedlines in
Fig. 6, with N taken to be

41T/3. The data for

3. Isothennalmagnetic properties 1.5—120~zmmagnetites(Parry, 1965) agreerea-
sonablywell with MD theory, but the 0.22 ~tm

3.1. Hysteresisand transitionaldomainstructures particles, whose structure is inferred to be 2 D
(Dunlop, 1973c), havea decidedenhancementof

In 3 D and larger particles,SD wall moments remanenceover and abovethat allowed by the
tend to mutually cancel and other pseudo-SD internaldemagnetizingfield. An alternativeinter-
mechanisms,e.g., surfacemoments,“dislocation- pretation is that N< 4~r/3,since the domains
line moments” (Verhoogen, 1959), come into themselvesarenot equidimensional(Merrill, 1977).
prominence(see e.g., Parry, 1981). While these Then a matchcan be producedbetweenexperi-
undoubtedlyenhanceboth theremanenceandthe ment andMD theoryfor thefine particlesbut not
averagecoercivity of small MD particles, their for the coarserones.

Initial susceptibilityx
0 dueto MD processesis

alsolimited by self-demagnetization:
Mogneti/e I

d~O.22~,.m • d~/.5-/2O#m Xo = 1 +N (6)
40 ‘~u~00,/98/al (Par,~y,/9651 X j

A the limiting value 1/N being attainedwhen the
30 /~‘ intrinsic susceptibility x1 >> l/N~0.25 emu

/ ~ ~ 20 ~ cm
3 0e ‘. SD susceptibility is (Stoner and

-• ~ Wohlfarth, 1948; Dunlop, 1969)
.~ ~- I = 0.349J~/HR (7)

0 20 40 60 80 $00 CO 20 40 60 80 00 (HR is remanentcoerciveforce), and can be either
Coercive force, Hc (0~’) greateror lessthan0.25 emucm3 Oe—

Fig. 6. Measurementsof saturationremanenceand coercive Dunlop(1974, fig. 1) foundx > 0.25emucm3
force for 0.22 ~m magnetites(at various temperatures)and — 0
1.5—120urn magnetitesat room temperature,comparedwith Oe for the 0.10 and 0.22 ism magnetitesfea-
the predictionsofMD theory(dashedlines; eq.5 of the text). turedin Fig. 7. This observationis still compatible
Redrawnfrom Parry(I96~)md Dunlop (1981a). with eq. 6 if N is somewhatlessthan4ir/3 because
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Magnetite Shcherbakov, 1978; Moskowitz and Banerjee,
20L 1979).At the 2 D—3 D transition,wemightexpect

d~O./O#m I
a discontinuityin magneticproperties.The only

/ hint of such a discontinuity is the pseudo-SD/
.5 / thresholdnear0.2 ~tmproposedby Levi andMer-

rill (1978) on the basis of the Lowrie—Fuller test
(Section 3.2). There is no striking evidencefor

.0 ~ MD discontinuoussizedependencesof eitherH~(Fig. 4)
or TRM (Fig. 14). On the otherhand, thereis a

0.5 total lack of datain the crucial0.25—I ~smregion.

~ c I I I 3.2. Diagnosingdomainstructure
~ 0 200 400 600
a

.5 d 0. 22#m • Whereasthe last sectionconcernedthe induc-
tive useof isothermalmagneticpropertiesin learn-

‘SD ing more abouthypothesized.domain structures,
•—

.0 z~*__t.~_~MD thepresentsectionconsiderstheir deductiveusein
— — diagnosingthe presencein rocksof particleswith

well-establishedstructures(SP,SD andMD). This
0.5 is a subject of enduring practical interest (e.g.,

Deutsch et al., 1981; Murthy et al., 1981;
C0 200 400 600 Radhakrishnamurtyet al., 1981; Senanayakeand

Temperature, T ~C~i McElhinny, 1981; Wasilewski,1981; all thisissue).
The temperaturedependenceof initial suscept-

Fig. 7. Measuredinitial susceptibilityasa functionof tempera- ibility Xo hasbeenwidely used(in the mannerof
tare for small MD magnetites,compared with the predictions Fig. 7) to discrimihate SP from MD behaviour
of SD andMD theories(eqs.7 and6, respectively,of thetext). (see,e.g.,Deutschet al., 1981; Radhakrishnamurty
After Dunlop (1981a). et al., 1981; both this issue).The interpretations

are not unambiguous (Senanayakeand Mc-
of either slight particle elongationor subdivision Elhinny, 1981,this issue).
into 2 D structure.However,the temperaturede- A simplealternativetest is the valueof Xo’ at a
pendenceof Xo in Fig. 7 favoursan SD-like sus- single temperature,normalizedto saturationmag-
ceptibility (eq.7) ratherthan an MD one (eq.6). netizationJ~to removetheeffect of concentration.
Of course,if x1 is considerablylessthan0.25 emu (In practice,,whole rock values rather than the
cm

3 Oe ‘ in fine SD particles[its valuein bulk mineral propertiesx
0 andJ~are used but whole

magnetite is about I emu cm
3 Oe’ (Stacey, rock andmineral ratios arethe same.)Fromeqs.6

1963)], thenthe temperaturedependenceof x
1 ~‘~11 and 7, Xo/J is ~ (Ni) ~‘for MD particlesand

compromise the dimple decompositioninto SD 0.349(HR) ‘for SD particlesbelow their block-
and MD functionsimagined in Fig. 7. Further- ing temperatureTB. In either case,for magnetite
more if N dependson domain structure(Merrill, at room temperature,Xo /J~~ 0.7X io~Oe—‘

1977)which is in turn temperaturedependent(e.g., (H~= 500 Oefor SD magnette assumed).
Butler and Banerjee,1975a,b; Soffel, 1977b), the For SP particles(i.e., SD particlesat T~TB)
MD susceptibility is no longer temperaturein- Xo/~~ V.15/ICT (8)
variant.

Thepermanentmomentsof transitionaldomain (BeanandLivingston, 1959).SPbehaviourof wall
structuresare important in a limited size range, moments,MD particles,etc. is also describedby
extending,in equidimensionalmagnetite,from d0 (8) if V is interpretedto be V.,,, Barkhausenjump
(0.05—0.06 ~m) to 0.2—0.3 ~sm(Dunlop, l977b; volume, etc. For magnetitewith d d8 = 0.03 ,.sm
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~00 Ce

ICeARM
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(b) 4/ternahng field, /1(Oe peak)
~. ( Fig. II. (a) AF demagnetizationc~esof weak-field TRM of

Leg 37 .4 ~ ~ Leg30 gcô~~C C SD. small MD andlarge MD particles of magnetite,illustrating
seflzed ~ 1Hff
~ (•), ~ the progressive change towards soft exponentialand subex-
9~0S C.) ponential curves with increasing particle size. After Dunlop

- Leg 45 se,*ized
(I 973c). (b) A semi-logarithmicplot of AF demagnetization

~(,h~s (+) curves for fine and coarsemagnetites.On either side of the
dashedline (correspondingto an exponentialcurveon a linear

_____________________________________________ scale) relative stabilities of weak-field andstrong-field rema-C, I
15 ao 25 3~O nencesare reversed.Redrawnafter Johnsonet al. (1975).(b) /4’Wc

Fig. 10. Domain-structure diagnosis using both .J~/J~and
HR/HC. Values of J1~/J,corresponding to SD—PSD (pseudo- Bailey andDunlop(1975) believethe test is an
SD) andPSD—MD transitionsareindicatedby lines superim- indirect expressionof the very different shapesof
posed on the data for synthetic titanomagnetitesin (a). Differ- the AF demagnetizationcurvesof largeMD par-
ent rock typesin (b) have different relations betweenthe two
diagnosticparameters. After Day Ct al. (1977)and Dunlop and tideson onehandandsmallMD andSD particles
Pr~vot(1981). on the other(Fig. 11(a)). In an MD particle, the
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observedAF coercivities(H~)0are reducedfrom DSDP bosc//s,
intrinsic values (I~)~by the internal demagnetiz- Legs 37 8 45
ing field NJr of the remanencein question 0.8 - (Bailey, /980)

(R~)0=(i~0)1—N./~ (9)

Thestrongertheremanence,themorethe intrinsic

(Section8) can producea similar effect.) An ex- increcsL ~AF demagnetizationcutve is shifted to lower 0.6 -coercivities. (In SD particles, interaction fields
ponential curve (suitably renormalized) is in- oxidationvariant under such shiftsalong the J~-axis.Sub- /
“MD-type” and “SD-type” Lowrie—Fuller char-
exponentialandsuper-exponentialcurvesgenerate 0.4
acteristicsrespectively.That theseshapesof curves
correspondto different domain structuresis for-
tunatebut fortuitous.

Figure11(b) showsdatafor magnetiteby John- 0.2
sonCt al. (1975)4hatsupportthis theoreticalmodel.

respondsto an exponentialAF demagnetization 1fThe dashedline on this semi-logarithmicplot cor-
curveon a linearplot.The SD-typeLowrie—Fuller

100 200 I I I

Curie temperature, T~.(°C)
I~ I I I

(b) 0 0.4 0.6 0.8 1.0

Oxidation parameter , zt’/tloskow//z, /980,~
(approximate)

10 - Ti/anomcqhemi~e, b predictsa changefrom MD to SD behaviourin micron-size

J.6.I0
Fig. 12. (a) CalculatedSP—SD,SD—2 D and2 D—3 D transi-tions in x~~0.6titanomaghemite,afterMoskowitz (1980).Line

for theprocessproposedin (a): in DSDPbasaltswith vaiying~J b titanomagnetiteupon low-temperatureoxidation.(b) Evidence— — — —‘- — — — - degreesof low-temperatureoxidation,J~/J,rises steadilywith
Curie temperature,which is a measureof oxidation. After
Bailey (1980).

2D characteristics(stability decreasingwith increasing

intensity of remanence)correspond to super-
exponential(convexup) curves,and the MD-type

curves.o.~~ ~ - o.~ characteristicscorrespond to sub-exponential

4. Chemical remanence(CRM)
SR

C I I’ Domain str~icturecalculationsare relevantto
0 0.2 0.4 0.6 0.8 .0 the propertiesof CRM. Figure 12(a)showstransi-

(a) Oxidation parameter, z tion sizesin x 0.6 titanomagnetiteas a function
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of low-temperatureoxidation, as calculated by .~ Magnet//c

Moskowitz(1980). The SD—2 D transitionis pre- “~ ~ /98/)

dicted to occur about 0.5 ~smin unoxidized .

titanomagnetite,in agreementwith Soffel’s (1971) 0.15

experimentalestimate(Fig. 3). All the transition
sizestendto increasewith maghemitization. .!~ 0 I I’

Butler (1973) suggestedthat oxidizing SD / °/ C~

titanomagnetitein submarinebasalts(following a b

line like a in Fig. 12(a))could result in unstable 0.05.

SD behaviour.More important, perhaps,is the .

oxidationbehaviourof somewhatlarger particles, ~ I I I’

whichfora broadrangeof startingsizesin the 2 D C 10 00

and>2 D regionscan eventually(following aline P0,/ic/c d,ome/er,d (#m)

like b) acquirea CRM of SD stability. Fig. 13. Particle-sizedependenceof normalizedDRM intensity

There is a good deal of experimentalevidence for artificially sedimentedmagnetites.RedrawnafterAmerigian
that this latterprocess,or somethinglike it, does (1981).
occur in submarinerocks.Figure 12(b), after Bai-
ley (1980), showsa clearprogressionfrom MD to to removethe size dependenceof 4,, a sizedepen-
SD valuesof 4,/4 with increasingoxidation.Curie dence intrinsic to the DRM alignment process
temperatures> 450°C cannot be producedby persists.At largesizes,alignmentefficiencydrops
low - temperature oxidation of an x = 0.6 becauseof mechanicalsettling effects. Of more
titanomagnetiteandare irrelevantto thetrend. interestin a fine-particlecontextis the decreasein

Except for Johnsonand Merrill’s (1972, 1974) submicronmagnetites,where thermalfluctuations
work on maghemitizationof magnetite,therehas perturbperfectalignmentof the momentsof set-
beenlittle recent systematiclaboratory study of tling particles.
CRM..The burning practicalquestionis whether Both these effects have long been predicted
CRM is field-controlledor coupledto pre-existing theoretically (Collinson, 1965; King and Rees,
remanencein the parentmineral. Exchangecon- 1966; Stacey,1972). Amerigian’sresultsrepresent
trol seemsto be the rule, to judge by Porath’s the first convincingverification of thesepredict-
(1968) work on inversionof maghemiteto hema- ions.
tite, Wilson and Smith’s (1968) study of high- Barton et al. (1980)have investigatedin detail
temperatureoxidationof titanomagnetite,Marshall the time andfield dependencesof DRM intensity
and Cox’s (1971)work on low-temperatureoxida- in redepositedmudscontainingmicron- andsub-
tion of titanomagnetite,andnumerousstudies(e.g., micron-sizeparticles.Thefield dependencepredic-
Evans and Wayman, 1977) of the inversion of tedby Stacey’s(1972) thermalfluctuationmodelis
titanomagheniite.The key may well be Johnson followed in the caseof dilute slurries,but not in
and•Merrill’s (1972, 1974) observationthat in the concentratedslurries, where additional gravita-
maghemitizationof magnetite,exchange-coupled tional andfrictional torquesbecomeimportant.
CRM resultsif parent anddaughterare SD size
but field control holdsin MD particles.

6. Therinoremanence(TRM)

5. Detrital remanence(DRM) 6.1. IntensityofTRM

There is a great need for careful, systematic The particle size dependenceof TRM in mag-
studyof the field andparticle-sizedependenceof netite is shownin Fig. 14,whichis anextensionof
DRM. Figure 13 showsimportantrecentwork by Day’s (1977) fig. 8 to incorporatedata by Levi
Amerigian (1981).After normalizationof the data (1974)on largesinglecrystals.Thereis a remarka-
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I 0 Dun/op (1973c)

I - • Rohmon eto/.(/973)• Levi (/974) - I
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I000~ I~m I0~m I00~&m mm 10mm

Particle diameter ,o’
Fig. 14. Particle-sizedependenceof I Oe TRM in magnetite,betweend’0.05 ~m (dashedline at left) and5 mm. Most of the
submicron datafall well above theaveraged 06 line throughtheotherdataandbarelywithin thedispersionlimits (shadedarea)
suggestedby thespreadin thelarger-particledata. Basedon Day(1977, fig. 8) with theadditionof databy Levi (1974).

to

— —z — ————-c-: ble continuity in the size dependence:a single
/ 0.2~— — — — — — — power law holds, to a first approximation,over

f // ~I6~L~— five decadesof d, or 15 decadesof V. The threshold
08: / / for pseudo-SDmomentsaround 15—20 ~tmsug-

gestedby Parry’s (1965) datais not supportedbyIll
‘‘ subsequentmeasurements(Rahmanet al., 1973;

I, / Levi, 1974). Onthe otherhand,theredoesappear
l /

ii, to be a thresholdin the titanomagnetitedata(Day,
I I C ~ 0076 1977,fig. 9). Uncertaintyaboutthe existenceof an

I // 0. — — .— — upper limit fpr significant pseudo-SDeffects in
~ 041’ // — — MD particlesmakesthe relation of the Lowrie—

— Fuller test (Section3.2) to domainstructuretransi-

~02 ///// — tions tenuous.

fl/f- — Dunlop’s(l973c)data for 0.076—0.22~tmmag-/ netiteslie well abovethe best-fitting line through/ ..‘/ ..- — — — — — — the 1—250 ,~mdata.Whetherthis “excess”TRM is
/—. —————o ,~ —,~ significant and indicates a sourceof pseudo-SD

20 40 60 do momentsumqueto 2 D particles remainsto be
App//ed magneticfield, H(oe) seen.

Fig. 15. MeasuredTRM induction(pointsandsolid curves)of
SD and small MD magnetiteparticles,comparedwith SD A long-standingpuzzle has been the field de-
theory (dashedcurves;eq. 10 of the text). Particle sizesare pendenceof TRM in SD andnearlySD particles.
indicated.After Dunlop (1975). Néel’s (1949) theory of aligned uniaxial particles
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in an axial field predicts range of temperaturesbracketting TB. An exact

I VJ,(T~)H (10) expressionis given by Dodsonand McClelland-
~TRM =4~tanh( Brown (1980). Setting ~r~t* when T T~in (1)kTB ) yields animplicit equationfor T~

Thetheoreticaldashedcurves in Fig. 15 graph this TB
function for variousvaluesof V. All the measured F( T8)F’( TB)
curveshavea steepinitial slopebut saturateslowly,
as though a broad range of particle sizes were — JSOHKO V 1 — HI 12

(12)
present.Averaging over random particle orienta- — 2k log( fot*) I. HK( TB) j
tions changesthe theoreticalcurvesin this general
way (Staceyand Banerjee,,1974). Reformulating whereJ~~4(7~), HKO HK(To), F~J,/J,0, F’
the problem at the outset using the Stoner— HK /HKO. TB is thusa function of particlesize,
Wohlfarth(1948) theory,beforeangularaveraging, time or cooling rate,andappliedfield. Analogous
resultsin excellent fits to the data (L.D. Schutts, expressionscan be written for blocking of wall
V.A. Schmidt,pers.comm., 1979). Particleinterac- moments,domainwall displacements,etc.
tions, which were formerly invoked (Dunlop and The size dependenceof TB hasbeenexamined
West, 1969) to producea fit, must play a minor by Dunlop(l973c)andClauterandSchmidt(1981,
role. thisissue).A perennialdifficulty in trying to match

The lack of any very markedparticle-sizede- theoryto experimentis the spreadof particlesizes
pendencein the datais strongevidencefor rotata- in any test sample,leading to a spectrum(albeit
ble SD or SD-like momentsof similar volume narrow in well-preparedsamples)of TB values.
(e.g.,V~for wall moments)in 2 D magnetites.The Within this limitation, the dataappearto confirm
theoreticalcurves,whichassumethe entireparticle eq. 12. Certainlythefinestparticleshavethelowest
volume is activatedfor SD, 2 D and > 2 D par- blockingtemperatures.
tides alike, are strongly size-dependent.Day’s Everitt (1961, 1962) was probably the first to
(1977, fig..6) dataconfirm thelack of a strongsize examinethe field dependenceof blocking temper-
dependencein 1—140 ~smtitanomagnetites;TRM- ature. He showed,as (12) predicts and Sugiura
field characteristicsin this size range are well (1980) andClauter andSchmidt (1981, this issue)
explainedby MD theory (Nêel, 1955; see also havesinceconfirmed, that the blocking tempera-
Dunlop and Waddington, 1975, Tucker and
O’Reilly, I 980a,b). _____

.0

6.2. Blockingtemperatures

0.8
The blocking temperaturespectrumof TRM, b.I~ _______

and particularly the mutual independenceof dif- j o.~
ferent TB fractions of TRM, is of fundamental ~

t~,a characteristiccooling time, given by (York, 0.2 ~ ~importance as the basis of paleointensityde- ~termination(Thellier and Thellier, 1959). At TB, )~ 0.4 Magnet//cthe relaxationtime ‘r of an SD particleis of order ..~ (Sugiupo /98l978a)

2kT~ IdT ~ _____________________
______________ 0 200 400 600= V4(TB)HK( TB) ~ (11) ° Tam~etature,71°C)

A similar expression is given by Stacey and Fig. 16. ContinuouscumulativepartialTRM spectrameasured
during cooling of SD magnetite (points and solid curves)

Banerjee(1974).Equation11 supposesthat .1, and comparedwith theoreticalstepwisespectrafor threevaluesof
HK do not changesignificantly over a narrow appliedfield. AfterSugiura(1980).
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ture spectrumshifts to lower temperaturesas H hemites.Wohlfarth (1980)hassuccessfullyuseda
increases.“Unbiocking” temperaturesduring zero- similar approachto test the field dependenceof
field cooling are therefore always higher than the ordering temperatureof a number of spin
blocking temperaturesobserved during in-field glasses(Wohlfarth, 1977, 1979).
cooling (e.g., Dunlop andWest, 1969). A formerly neglectedquestion which is cur-

Figure 16 reproducesthe results of Sugiura rently beingactivelypursuedis the dependenceof
(1980). By assuminga singlevalueof Vandsubdi- (weak-field) blocking temperatureon rateof cool-
viding the HK spectruminto II fractions, he ob- ing (York, I 978a,b; Dodson and McClelland-
tameda close match of theoretical (eq. 12) and Brown, 1980; Halgedahlet al., 1980). This is a
experimentalTB spectra. questionof practicalsignificanceto paleomagne-

An alternativeapproach,which circumventsthe tists studying slowly cooled orogens(Pullaiahet
problemof dispersionof V and HK, is “fluctua- al., 1975).Figure17 (calculationsby Dunlop,based
tion analysis” (Dunlop, J976), in which H~(T) on eqs. 11 and 12) illustrates theoreticalpredict-
dataare comparedto eq.2. Sinceit is immaterial ions of TB and the width of the 5—95% blocking
whethera particleis unblockedby increasingT at interval(York, I 978a) for SD magnetitewith vari-
fixed H until T= TB or by increasingH at fixed T ous values of the product VHKO. [Thecurvesare
until H = H~,H~(T) datagive informationequiva- not materiallyalteredin the MD case,sincef~~
lent to TB(Hj data. Dunlop (1976) and Dunlop lOb s_1 (Gaunt,1977) for bothMD wall displace-
and Bina (1977) find excellent agreementwith ments and SD rotations.] TB is sharpand time-
eq.2 using SD and 2 D magnetitesand mag- insensitivefor high TB values(larger SD particles)

Mognelite
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I I I I I I I I I I I 111111 I I 111111111 I I I I I I I I I I .“~T”T Go
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~Ih

I ~ ~ I~\~ ,\\ I. lOs
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S/ockinq ~ ~bAxkinq tempercttiv7~(DC)
Fig. 17. Theoreticalrelationbetweencoolingrateandblockingtemperature(weakfieldsassumed)for SD magnetite,calculatedfrom
eqs. II and12 of thetext. Eachset of curvesdescribesanensemblewith asinglevalueof VHKO. The upperandlower curvesof each
setcorrespondto 5 and95% blockingor unblocking(relaxation)of remanence.
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but blocking occursoveras muchas a300C range 50 Hematite ./

and is sensitiveto cooling rate for low TB values (Dun/~,a S/ithnq,

(ultrafine, nearlySP particles). -~ /977) ./
There is some indirect confirmation of these

predictionsbasedon geologicalevidence(Dunlop /
and Buchan, 1977) but detailed testing on a /
laboratorytime scaleis just beginning. /•.

It is worth mentioning that both Dodsonand 7. • QO7-O/5~am

McClelland-Brown (1980) and Halgedahiet al. .~ so ,i~ £
/ • 38-59,,un(1980) predict that TRM intensities, as well as .~ 7

blockingtemperatures,arecooling-ratedependent.
The predictedeffect on intensity seemsto have
beendocumentedin recentveryrapidThellier-type ‘~ zo S io

paleointensitydeterminationson archeologicalmi- £

crosamples(Fox andAitken, 1980). •

7. Viscousmagnetizationchanges 0 5

Any ferromagneticparticle near its blocking I
temperatureexhibitsmagnetizationrelaxationon a j
normal timescale.The spreadof 5 and95% curves 0 I I 0

along the time axis in Fig. 17 gives an indication Thne in hours (logarithm/cscale)
of the time scalefor viscous changesin particle Fig. 18. Acquisition of VRM by hematitesof various particle
ensemblesof a single size. Viscous effects are sizesin a field of SOc.Theleft-handscalecorrespondsto the

normallysmall at room temperaturebecauseonly 0.07—0.15~mdataandtheright-handscaleto theother data.AfterDunlop andStirhng (1977).
a smallpart of the TB spectrumlies nearT0 (i.e., is
nearly SP). Rocks that haveprominent SP frac-
tions, suchas somesubmarinerocks,red bedsand Only thoseSD particlesthat are very nearSP
lunar soils and soil breccias(Section3.2), are of size are significantly viscous at T0. Consequently
courselikely to be viscous, viscousmagnetizationshould be strongly size de-

It can beshown(e.g., Dunlop,1973a)that if the pendent.This is clearly the casefor SD hematites
distributionf(V, II~~)of SD particlevolumesand (Fig. 18). In fact, Dunlop and Stirling (1977) at-
microscopiccoerciveforcesis reasonablyuniform tribute the viscosity of the coarsersamples to
overtherangeof VHKO affectedby viscouschanges contaminationby finer particles.
at T0 The viscosity coefficient of SD and transitional

dJ . magnetites(Fig. 19) goesas d —n with n = 1—1.5, a
dlo = s (13) much stronger size dependencethanH~,~rs org TRM (Figs.4 and 14). There is a suggestionof

a constantcalled the viscosity coefficient.A log t relatively high magneticviscosity in the 5—15 ~im
dependenceof viscous changesis very frequently range, presumably originating in thermally
observedexperimentally(e.g., Fig. 18). However, activatedwall motion (Gauntand Mylvaganam,
significant departuresfrom log t behavior have 1979). However, the trend of increasingS with
beenreportedfor lunar rocks(Goseet al., 1972), increasingparticlesizecontradictsthe observations
achondrites(Nagata, 1981, this issue),submarine of Zhilyaevaand Mimbaev (1965) over the same
basalts(DunlopandHale, 1977; LowneandKent, sizerangeandis suspect.
1978), and fine- particle magnetites (Dunlop, Viscously acquired isothermal remanence
198lb), andareabasicpredictionof sometheories (VRM) representspaleomagneticnoise. VRM is
(Walton, 1980). normally thoughtof as “soft” or easilyerasedby
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Fig. 19. Observedparticle-sizedependenceof theviscositycoefficient for acquisitionof inducedmagnetizationin magnetite.After

Dunlop (1981b).

AF demagnetization.Unfortunatelyihis is not al- 8. Magnetostaticparticleinteractions
waysso (Fig. 20). Startingfrom eq.2, Dunlop and
Stirling (1977), show that the maximumAF coer- Theconcentrationof magneticmineralsin rocks
civity exhibitedby VRM acquiredin time t is is usually <1% and quite frequently <<1% by

J
volume.Theparticlesare far from beinguniformlyln( f0t0) (14) dispersed,however. Primaryoxides,magnetite,in

= HK [1— ln( fe’) particular, are commonly concentratedas inclu-

wheret0 is a time characteristicof the AF demag- sions in silicatehosts(Evansand Wayman, 1970;
Murthy et al., 1981, thisissue)or in clustersin thenetizing process.All other factors being equal,

mineralswith high intrinsic coercivity HK (iron groundmass(Newberry et al., 1980). Secondary
and hematite, for instance)will havethe hardest oxidesareconcentratedin fracturesand cleavage
VRM values, planes. Deuterically oxidized titanomagnetites

consist of interactingmagnetite-likeregions sep-
aratedby ilmenite lamellae(Larsonet al., 1969).
Even nominally homogeneousgrains, when ex-

4. Redlimestone amined by transmissionelectron microscopy,are

O’Reilly, 1976; J.C. Briden,pers.comm., 1980).
InteractingSP particlesbehavecollectively as

SD particles (Radhakrishnamurtyet al., 1973).
Collective behaviourof SD particles(“interaction
domains”) are also observed(Craik and Isaac,‘~‘ often subdividedby microlamellae(Mansonand

5hr 1960). Magnetostatic interaction increases d0

(Morrish andWatt, 1957)but decreasesd5 (Clauter
and Schmidt, 1981), therebybroadeningthe SD

~ OQ ~500~o 500 tiesof SD andPSD particleshasbeenknownfor asize range.I I I I I I The effect of interactionson hystereticproper-

4/,Wnat,ngfield, M~’i’Oeifl?Si~ long time. Initial susceptibilityincreases(KOster,
Fig. 20. MeasuredAF demagnetizationof VRM acquiredby a 1970; Davis, 1980),coerciveforce decreases(Davis
hematite-bearingsedimentaryrock in various times I of cx- and Evans, 1976; Corradi and Wohlfarth, 1978;
posureto a 5 Oe field. After BiquandandPrévot(1971). Schmidbauerand Veitch, 1980) or remainscon-
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Fig. 21. Observedhysieresisloops for threesamplescontaininginteractingmagnetiteparticlesor regionsof particles.Theintrinsic

loopsthat wouldbemeasuredin theabsenceof particleinteractioncanbedeterminedby replotting thedata, usinganinclinedI axis,
shownin eachcaseasadash-dotline. Intrinsicvaluesof.Jrs/Js areclose to 0.5 in eachcase.Redrawnafter DavisandEvans(1976).

stant(Davis, 1980)with increasingconcentration can be producedby strong magnetostaticinterac-
or packingfactor. tion. Veitch and Stephenson(1978) and Veitch

Figure 21 illustrateshysteresisloops measured (1980) have measuredTRM acquisitionin two-
by Davis and Evans (1976) for a p = 40% by component “macroparticles” that simulate the
volume dispersionof syntheticSD-sizemagnetite samemicroscopicsituation. -

particles~nd for natural magnetite—ilmeniteand The intrinsic AF coercivity (H~)1of a rema-
magnetite—ulvOspinelexsolutionintergrowthswith nenceJ~is depressed,in exact analogywith eq. 9,
comparablemagnetitepackingfactors. The aver- by the meaninteractionfield — NpJ~
ageinternal field H, is relatedto externalfield H0 ~ = (~‘~ — N .j ~16
as plottedby “ C /~ ~. C/, P r

H. = H — N J ~l5~ If magneticparticleswereumformly dispersedin
1 0 ‘ ‘ rocks,p would be 1% or less and (H~)~~ (He),.

whereN is the demagnetizingfactor of either the Segregationand clusteringof magneticparticles
sample or the grainscontaining intergrowths. If resultsin interactionfields which arelocally much
the observedhysteresisloop is representedby J= greater than the average[“local fields” or the
1(H0), then solving with eq. 15 [i.e., replotting “fluctuating” internalfield of N~el(1954)].Signifi-
J =f(H0) with respect to an inclined J axis of cant reductionsin coercivity resulting from inter-
slope (Np)~] yields the intrinsic hysteresisloop actionsare inferred by Dunlop and West (1969)
J =f’(H1). The appropriateinclined axesneeded for TRM, ARM (anhysteretic remanence)and
to “unshear” the loops are indicatedin Fig. 21. saturationremanence,and by Dankers(1981) for
Intrinsic values ofJ~/J~areall closeto 0.5, dem- saturationremanence,and are directly shown by
onstrating that the magnetiteparticles or inter- Schmidbauerand Veitch (1980) for ARM and
growth regions are SD and have uniaxial ani- saturationremanence(seealsoCisowski,1981,this
sotropy. issue).

As the ultimate in magnetostaticinteraction, Of greatestpractical impact is the predicted
StavnandMoi-rish (1979)havecalculatedtheoreti- effect of interactionson the intensitiesof ARM
cal hysteresisloops for two-componentSI? par- and TRM (Dunlop and West, 1969; Jaep, 1969,
tides, one entirely enclosing the other. Wasp- 1971; ShcherbakovandShcherbakova,1977). Since
waisted, and re-entrant hysteresiscurves, shifts discrepanciesbetweentheoreticaland experimen-
alongJ or H axes,indeedall thefeaturesnormally tal TRM field dependencesin SD particles(Sec-
associatedwith exchangeinteractionof two phases, tion 6.1, Fig. 15) seem to be accountedfor by
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MCgnellle pursuedas vigorously as it was then.It is hearten-

08 (Am/op ci 0/. /9751 ~ ing to see that ProfessorNagatadoes not regard
ARM p-25~IO~~~ the subjectas laid to rest and is himself a con-

~ 02 ~ tributor to this volume in his honour.~ /“L~007~—~ Fine particleshave always been the focus of
0.4 / / I ~ ~ / /1 C42%~’’~’ rock magnetic theoriesand experiments.Indeed,

~ / / ii~r.~ ~, /7 ,~..._ the successof paleomagnetismdemands some
0.2 ( / 20’C 2.3% sourceof ultrafine particlebehaviour,whetheras-~ / ie,-octmoo ( ocoo~’s sociated with visible opaques(Parry, 1981, this

~ nu 0 2030 issue)or with finer submicroscopicphases(Murthy
0/red field, H (Oci et al., 1981, this issue). We have an excellent

Fig. 22. Theeffect of particleinteractionon ARM induction in first-order understandingof domain structureand
magnetite.Interactionsarechangedby changingeither temper- its relation to strong-field isothermalproperties
atureor concentration.The TRM induction curve compares (Sections2.1, 2.2 and 3.2). Thesequestionsare
poorly with theARM induction curvemeasuredat 538°C,the relevant to magnetic recording and permanentmeanblockingtemperature.RedrawnafterDunlop etal. (1975)
andSugiura(1979). magnettechnologyandhavebeenstudiedexhaus-

tively (Wohlfarth, 1978).But the habitsand habi-
tat of fine particlesin rocksaremoreelusive.

random particle orientations, the role formerly Domain observationson micron-size natural
ascribedto interactions(Dunlop and West, 1969) particles(Soffel, l977a,b, 1981, this issue; Halge-
is now questionable.Furthermore,Sugiura (1979) dahl and Fuller, 1981, this issue)emphasizethe
finds only a weak dependenceof TRM on con- comparativesimplicity of domain patternsresult-
centrationin dilute magnetitedispersions. ing from strong fields and the subtlety of

There is no question,however, of the control- weak-field remanenceand thermally nucleated
ling role played by particle interaction in ARM structures.Displacementsof simple plane walls
acquisition (e.g., Dunlop et al., 1975; Sugiura, seemlargelyirrelevantto weak-field processes;the
1979; Schmidbauerand Veitch, 1980; Cisowski, hardest remanenceresidesin irregular regions
1981, this issue).Figure22 comparesARM induc- pinnedby irregularitiesand defects,often at the
tion curvesmeasuredin independentstudies. In particle surface,and defies theoreticalmodelling.
onecase,interactionswereweakenedby measur- Pinning is even strongerin submicronparticles:
ing ARM at high temperatures,in the other by the H~—d relation is continuousthroughout the
diluting the dispersions.Notice that the TRM MD rangein all commonmagneticminerals.
curvein theleft-handgraphdoesnot resemblethe What is surprising is the similar continuity~of
ARM curve measuredat the average blocking remanences,strong-field and weak-field alike.
temperature,538°C.The divergenceis particularly Bending of pinned walls should permit efficient
severe in weak fields; ARM analog methodsof “screening”of remanenceunder the influenceof
paleointensitydetermination (e.g., Banerjeeand self-demagnetizationin MD grains of all sizes,
Mellema, 1974)are thereforedubious.The coerciv- with a discontinuousincreaseto unscreenedvalues
ity spectrumof ARM, on the otherhand,is anear in SD particles.SD-like momentsof walls them-
replica of the TRM coercivity spectrum(Dunlop selves(Section2.3) are thereforeof interestas a
et al., 1973; Levi andMerrill, 1976). potential“remanencebridge” acrossthe SD—MD

transition,althoughexperimentalevidencefor their
existence(Section3.1) is equivocal.Herewe might

9. Summaryandfuturedirections learna greatdeal on the theoreticalsidefrom the
extensiverecent literatureon domain wall struc-

Although it is now almost 30 yearssince the tures in thin films of interestin magneticbubble
first editionof Nagata’sclassic“Rock Magnetism” technology (e.g., Hubert, 1975; MacNeal and
appearedin 1953, rock magnetismtodayis being Humphrey,1979).
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A very general“remanencebridge”mechanism, andusuallya smallfractionat that, of anypopula-
demonstrated experimentally for x = 0.6 tion of magneticparticles is viscous under given
titanomagnetiteby HalgedahiandFuller (1980),is experimentalconditions. To comparetheory and
the persistenceof a metastableSD state in par- experiment,one needsto know at least broadly,
tideslargerthancritical SD size following satura- the granulometryof the sample.It is the detailed
tion, dueto the difficulty of nucleatinga domain magnetizationrelaxationphenomenonitself thatis
wall. If a similar SD state tends to persist in revealedin viscouschanges.In TRM experiments,
particlescarryingweak-field TRM, it mustbe the the details of the blocking range are cavalierly
principal causeof enhancedPSD remanence.The ignored,eventhough it is clear (e.g., Fig. 17) that
comparativelyhigh coercivity of PSD particles is the notion of a single blocking temperatureis a
not explainedby this model. The reversefields gross oversimplification.Perhapsmagneticviscos-
appliedin thecourseof AF demagnetizationshould ity deservesre-examinationas a meansof probing
aid in nucleatinga domain wall, whose pinning the“fine structure”of the TRM blockingprocess!
will thengoverncoercivity. Many questionsabout viscous magnetizationre-

“Diagnostic” testsof domainstructure(Section main unsettled.The relativeimportanceof nearly-
3.2) arenot all of equalvalue.HR/H~is lesswell SPand moderatelylargeMD particles(Deutschet
understoodandlessdefinitive thanJ,~/J~.Suscept- al., 1981,this issue;seealso Fig. 9) is anexample.
ibility is thebesttestof SPbehavior.The Lowrie— Another is the importanceof “hard” VRM as a
Fuller (1971) test mayrespondto differencesbe- noise contributor in hematite-and iron-bearing
tweenthe coercivityspectraof coarseandfine MD rocks.
particles,andonly very indirectly to domain struc- The issue of interaction fields in rocks
ture. If so, the spectralshapesthemselvespossess (Section8), after lying largely dormant for a de-
more directdiagnosticvalue. cade,haslately revived.This is anintriguing area

The current lack of fundamentalstudies of of research,wherecompetingtheoreticalformula-
DRM and CRM (Sections4 and 5) is unfortunate tions may be diametrically opposed(e.g., Davis,
in view of the effort beingdirectedtowardpaleo- 1980) and intuition frequently fails. The recent
secularvariation recordsin lake sediments(Lund experimentalevidence’showsvery clearly that re-
and Banerjee,1979)andpaleomagneticstudiesof manences,both weak-field and strong-field, and
thermally and chemically remagnetizedmetamor- coercivitiesaresignificantlyweakenedby the mean
phic rocks (van der Voo, 1979). Barton et al.’s interaction field arising from a magneticcon-
(1980)andAmerigian’s(1981)studiesof the field, centrationof a few percentby volume or by local
time and particle size dependencesof DRM are interaction,fields of similar magnitudein particle
encouragingfirst steps towardscodifying the ex- clusters.EvenVRM maybeinteractiondependent
perimentalcharacteristicsof DRM. (Creer et al., 1970). Of particular interest is the

TRM (Section6) retainsits centralposition in experimental d~monstrátionby Clauter ,and
rockmagnetismandits fascination.Recentstudies Schmidt(1981, this issue)of collectivebehaviour
of how the spectrumof partial TRM’s changes of interactingSP particles. The oft-cited ARM—
with particle size, applied field, and interactions TRM analogyis called into questionby Levi and
(Sugiura, 1980; Clauter and Schmidt, 1981) are Merrill’s (1976) observationof wide variationsin
very important. Still more measurementsare ARM/TRM ratios, including values > 1, and
needed,particularly measurementsmadeat high Sugiura’s (1980) evidenceof very different con-
temperaturewith the aim of following the TRM centration dependencesof ARM and TRM. If
growth process.Much recenttheorizinghasbeen ARM and TRM are analogous interaction-
devotedto the effect of time or cooling rate on controlledprocesses(Jaep,1971),oneoccurringat
blocking temperatu,res(Section 6.2). This ~key 7~and the other at TB, theseresultsare inexpli-
questionmustsoonbe testedexperimentally. cable.

Viscousmagnetization(Section7) is experimen- Stresseffectshavenot figuredat all in thisbrief
tally and theoretically difficult. Only a fraction, survey. In view of the difficulties we have in
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&— ‘°~ The ratio HR/H0 of remanent to ordinary
444~~’8SO-MO OSOPkilrusive rocks

I .~‘594ebl ~ Am/qo 8 Presvt, /980 coercive force (sometimescalled T or RH) has
I ~ilx4,,4,~&e ~P~C~8 ~

-J
IV O6w,w~ diagnosticvalue (e.g., Dunlop, 1969; Wasilewski,

P50-MO • L~v30 q4bMs~
0 • gsrqss~,,, 1973, 1981,this issue; Day et al., 1976, 1977).For

a LeO 37 ~ p,~l,ie,

8 I SD particles, 1.1 ~ HR/HC ~ 2 (Stoner and
V I

- I + L~4d,~n*,8, Wohlfarth, 1948; Gaunt, 1960). “True” MD par-
&iVV•+i

I a ,, +1
6 I a_ L.V I tidesshowingno pseudo-SDeffects(d~15 ,~tmina Slat I

I a~ • a.II a aL~ I

a~i::1 magnetite)haveHR~ ~ 4 (Rahmanet al., 1973).
~:~. ~ Very high values(HR/H0 > 10) often indicatethe

2 I ~
a .• ~ presenceof a large SP fraction. Figure9 showsa

+
~•. ,•. I.• ..r.I++

1 ~•:. :• :• :• ~ ~ 2~ ~ practicalexampleof thisclassificationscheme.C’ __~~ ~.i t•~...l~++ •• The ratio ~rs/J~(sometimescalledR~)is defini-
0 0.2 04 08 0.0 lO 12

1c~o~edfèrrsnogoe//c susceph~//,ty,k,~m/4 tive. If Jrs/J~~ 0.5, SD particles are indicated.
Fig. 8. Histogramof initial susceptibility (total susceptibility According to eq.5, J~/J5~ HC/NJSfor MD wall
less paramagneticsusceptibility),ktm (mXo of the text), nor- displacementslimited by self-demagnetization.
malized to .15 for drilled submarineintrusive rocks. Very high Realistic MD values are Jrs/J~~ 0.02 for iron,
susceptibilitiesindicate SP material.After Dunlop andPrèvot ~ 0.05 for magnetite and ~ 0.1 for x 0.6
(1981).

titanomagnetite.As Fig. 10 illustrates,thereis no
lack of intermediate~rS/J~values, in both rocks

at room temperature,x0/J5 ~ 300 X 10 ~ Oe—‘. and synthetic particle dispersions. These inter-
While this is an upper limit, it is clear that SP mediatevalues are evidence of pseudo-SDrema-
particlescan be one or two ordersof magnitude nencein quite largeparticlesand not just in 2 D
more susceptiblethan stableSD or MD particles, and transitionalparticles.
[SeeOldfield etal. (1981, this issue)for an applica-. Figure 10(a) suggeststhe existenceof a- single,
tion of high SP susceptibili~es.]Significant SP universalJ~/J~vs. HR/j~~function,but Fig. 10(b)
fractionsarefound in some classesof ocean-floor demonstratesthat natureas usualabhorssimplic-
rocks (e.g., Fig. 8), sediments (Creer, 1961) and ity. Each rock type examined by Dunlop and
lunar rocks(NagataandCarleton,1970; Goseet Prévot (1981) showedan inverse relationshipbe-
al., 1972; seealsoFig. 9). tween these ratios, but there was no universal

function. The magneticmineral in all the rocks
was nearlypuremagnetite.

600 HR//IC:
1 One of the most fashionabletests of domain

L
structureis the comparisonof AF (alternating-

o BoscH
~ . field) demagnetizationcharacteristicsof weak-field

A 0/or/fe and strong-field remanences(Lowne and Fuller,
+ Lunor rocks

~ 400 4 o 1971).This testhasbeenshownto discriminate,in
magnetite at least, between MD particles with

I :040 pseudo-SDeffects(d~15 ~tm)andlarger, “true”MD particles (Bailey, 1975), rather than between
SD and smallMD particles.Thetest is alsovalua-200

A ble in detectingco-existingpopulationsof fine and
A /0 coarseparticles(Dunlop et al., 1973; Murthy et

A + A 5P al., 1981, this issue).

200 400 600 800 Preciselywhy the test works, remainssomething

Rernonent coercive force, HR (Oei of a mystery. Schmidt(1976) cameto the para-
doxical conclusionthat, theoretically,theobservedFig. 9. A domain-structureclassificationschemebasedon the

value of HR/HC, applied to someterrestrialand lunar rocks. Lowrie—Fuller characteristicsof SD andMD par-
AfterWasilewski (1973). tidesshouldbe interchanged.


