Conphips J K atr Sae (TFTTVS,

The coer cive force spectrum of magnetite at high
temperatures, evidence for thermal activation
below the blocking tempemture

David J. DUh|Op @Gmphyslrs Laboratory, De;}nm‘nf"u'ofPhysics(
University af Tmont& Taranto, Canada

Mohammad-Mansour Bi Napépdartement de Physique, I‘aculté des

Sctences Umversité de ‘Téhdran, Tche’raﬂ Iran

Kcceived 1977 February 15; in original tritm 1976 October 12

Summary. Therma activation of magnetization is the mechanism proposed
by Ned to explain TRM (thermoiomancnt magnetization) and VRM (viscous
rcmancnt magnetization). Ned's thcoiy is difficult to test because in a smdl
constant field, magnetization changes occur only at or near particle blocking
temperatures. By increasing the field, the blocking temperature can be lowered
.to any desired temperature, including room temperature. Isothermal hys-
teresis or demagnetization data, paiticulaily coercive forces, therefore provide
information about thermal fluctuations at temperatures well below the usud
blocking temperatures of low-fidd TRM or VRM.

7 We ' apply- thenmal ﬂucruaﬂon arialysiv (Dunlop) to high-temperature
‘ measurements of average coercive force and of the coercive force spectrum-;
7 (from alternating-field . demagnetization),” The - Samples incorporate repres.;
“sentative fractions (avermpegealn slics. from 0.04 t0 0.22 fim) of the lowers ﬁ
i pseudo~smgle-domain (PSD) range of nngnetlte and- one fraction (1-5 um
“isize spread) from. the upper PSI) range. The ordinary coercive farce Hg has .
* the same temperature dependence as the softest 2030 per cent of the coer:
. cive’ force spectrum, whereas the remanent coercive force HR has the samé"
f"temperature dependence as the’ ‘median demagnetizing fi field. Hy is, therefore,:

_ a more meaningful average over ‘the coercive force spectrum than He. The

-

. predicted” dependence ‘of Néel's “fluctuation’ field’ i, on temperature, o .
! grain size and on microscopic. coercive forcc Hy are followed quite closely -
o by the smaller PSD. grains, but not by the 1-5 um grains. By extrapolation, -
. the critical size for (room.temperatme)superparamagnehc behaviour in mag-
" netite is found to be (25013 A, it good, agreement with prevxous experi
- mental and theoretical estimates, ' : -
"{,."On the basis of fluctuation analyens dnmain wal)s with 4 minimum width
f\'»MOIum Larry “the “ pérmanent. ma;,netic momeht of small multidomain
. magnetite’ graing’ This wall moment, thermallv activated as a unit, rotates in
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single- domain-dike fashion, Wal i (lnpt m,ment plays a secandary mlc in two

- domain pariicles, at least in thuse < 0.22 g in size: ﬂu«.tuatwn fickds at.the
TRM Jlodcmb temperaturt, as inferred from the Néél wall dlsplawmcm

=~ model of TRM, are incansisient with obseived (and. predicted) magnitudes

e and size variation of Hy. However, in - 5. grains, although PSD moments

" are penerally accepted as the cxplanation of thelr crihaniced low-field TRM -

" intensity, hysteresis and alternating, field dcmagnchzation results do not give

[ unvquivgcal evidénes of the existence of PSD mamento,amgh fi8ld Inothermal
ST magnetic processes n these lar){er ‘}’SD’ gralns are: equ:my well accounted f‘m
e by wall dhpldccmcnis alone.. - : ~ '

I Introduction 5 - B
Supcrparamagncmm, magncnc vxs:,uxny, and [RM (thegmoremanent magnematmn) are ;
classic. manifestations of thermal fluctuatipns in ferromagnetic fine particies. All three are
- threshold phenomena, in that magnetization changes are thermally activated to a measurablc
extent only below a critical volume (the supupar.mpgnct‘ volugne, ug) of above a crmcal

tcmpcrature (the blockmb temperature, 7y). A

" This paper shows that thermal activation effects are easily measurab!e in stably magnet

izad particles (v vy, T « Ty) when a magnetic field, alternating or steady, comparable.to

the microscopic coercive force, Hy . is applicd. The coercive force, He, détermined from

hysteresis or AF. (alternating-field) demagnetization measurements is.in effect the ‘threshold
~field” for thermal activation of -stable particles. The fluctuation  field (Nécl 1955),
- Hy = HK ~ H, i8 substantial. In 760 A magnetite particles (v = 25v) at room temperature,
for example He turns out to ﬁe 15 per cent lower than the intrinsic or zero-fluctuation coer-
“eivity Hg. : »'
-~ High-temperature - hysteresns and AF dunagnehzatmn measurements are still more'
strongly influenced by thermal fluctuations. We report data of this type and use the Néel
- (1949) thermal activation theory to estimate the volume, v,y , involved In a single uctivation
~event for magnetite particles in two size ranges, 370--2200 A (0.037--0.22 um) and 1--5 gm.
These particles have multidomain structure, but ‘pseudo-single-domain’ (PSD) moments
_(Stacey 1963; Parry 1965) must be invoked to explain the high intensity of low-field TRM
(Dunlop, Stacey & Gillingham. 1974; Qtacey & Banerjee 1974), Comparing vye with grain
'size_observations is @ possible means of dx%tmgmshmb betwecn domam wall activation and
" activation of PSD moments. s

2 Thermal ﬂuctuanon theory »
7‘21 Mrcnoscomc cowcxvmoucr , PR -  ; v

cIn the absence of thermal fluctuations (\ e. at GK) Y single domam (SD) particle exhxbzts
i step-;\mct;on responise to an applied m agnetic field A. The threshold field for domain rota-;
uon is HK, the microseopxc coercive force. HK has twc prmcxpal sources

: (l) Shape amsotropy of elongatcd partxdns HK aANJs (%< &< 1 dependmg on
:."pamcle orientation). Heré AN Is the difference between the demagnetizing factors along the ‘
'ﬂshortest and’ longest particle dimensions and Jg is spontaneous magnetizatiom &

(") Magnetocrystalhne amsotropy Hy = ﬁtK | l/Js, where K, is the ﬁrst-order amsotropy

I

N "\.-. '
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H:gh tl’mpcul e coereive jor(‘e ,spt'ctrum " 1’3 '

F rhrough {1 10) (mtcrmcdldtc) or (lOO) (hard) axes (56 avey & B.merjce 1974, p 47) Substh

*tuting K, = l36x lOSergcm“? J:, =485 crau o tor FoyDg, ' Hye - lies’ between : 0. and :

' 370 Oc. The Js vector will follow  the cawef pnla possible’ within the cons’rramta of | peo-

o
metry and the direction uf H HK -~ l(lO GO i e amed ute but probably not unreason- 2
able ﬁguxc .

’l‘lm e“t.bﬁ ol slmpe and cryslallme anisotropy o supe nmposed n any SD pamcle
However, beeause AN increases rapndly with elongation, shape anisotropy’ predommates in’

 purtivies whong lougent tmd ehortenl dlmenslenr (H[lu by more than about 10 per sent (cf ‘

Nagata 1961, p.70).

At 0K, mulhdomam (MD) parncles also exhibit v.tepwnse changcs m magnctuatlon .
Three processes -are -involved: domain wall motion (low fields), sdomain’ rotation (high'.”
lrclds) and nucleallon of reverse domains (foliowiny xalummm) Ouly. the first will concern -
us. Stacey & Wise (1967) dnﬂbute low ficld coercivity in MD mal,mlude to xmpedance of -

- domain wall motion by dnloeatrons Fora parhcuhu’ Burkhausen ;nmp, they find Hy= 7>\u/ 5.

where A is.the: magnetostnctron constant and u is the shear mbdalus,y is'@ constant of value

~such that Hy ranges from about § Qe (single dislogation) te about 50 Oe (dlslocatron pile» -
- up). Other approaches are taken by Vrcena (1955) and Shive (1969).. :

H(D)e

; .actrvatcd chdng,es must have a characteristrc relaxation tlmc e
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Above 0K, the mxcroseoplc coercive force ‘decreases because Jg. A,, 7\ and 1 are functlons
of temperature, Jg (7). is well known for magnetite (Pauthenet & Bodrirol l951) Koy varigs.
approximately as J§*. (Fletcher & Banerjec 1969) between 20 and. 580°C, the range. overk

~which- the experiments int, this paper were carried out. l\m(T) and’ Aroo( T) have been, meas’ i
* ured. for iagnetite by Klapel & Shive (l974) They decrease: somcwhat Tess strongly Wrth, :
: tempemturc than does Ky u(T) presumably mmcrms wrth tcmperature but in enunknown '
: way To summanzc ' : : : '

;Jg(T) SD, shape dmsotropy
J”(T) SD, crystallme arllsotmpy

v ' tJ" (T)’ MD dlslocauon pmmm,

: The tempemlure dependence quoted l‘or shape armottopy holds whelher domam rotatlon ls\ :
g coherent or «ncoherent ~'e g curlmg mode lm, Shtrrkman & Treves ( 1957) e

1

»"I‘he threshold fi cld for magnetxzauon ehdngce decreases wlth temperature for & secom!

reason, namely thermal agitation. For SD particles; Néel: (1949) showed that thermally

" ‘;{%"’bﬂx(nlmxﬂx)’] L
.#.—- pr - P .

where Jow I(}" -1 (McNab Fox & Boyle 1968) vis parhcle volume and k 13 Boltzmenn 5
: constant ( Lquanon ) is approxrmate Foran exact analysrs see Appendrx Yr~t,a typlcal :
. expérimental time, if v-is sufficiently: small or T ‘sufficlently high. This is the underlying B

cause, of . superparamagnetxsm magnetic viscosity and TRM.. However, even'if u» by, the ;
zero-ﬂeld superparamagnetrc (SPM) threshold, and F < TB, ‘the zerq~ﬁeld blocklng tempera-

“iture it s elear that 7 can b ‘mnde arbltrarrly small by allowmg H to approach HK m .
‘f‘“equatlon Q). e

.~ The' observed coercwe force of a p'\rtlcle is’ thcrefore ] ‘threshold ﬁeld’ for thermal acti-z

ff*vatron and may be c:onmderably less (han Hy, \low Tt whcn H= Hc whence we hnve from ‘
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Hq is termed the ‘fuctuation field’.(Néel 1955). In magnmc viscosity studnes whcrc ”ls -
wnall or zeio, H, has often heen called the viscosity field (Neel 1950;3¢c suminary in Dun
lop 1973a, p. 871) l‘he umdmon for suporpufnnugncusm is thut II( = D whefce” :

- wm(f,,r)//w.(. R

lc.u{mp to the a:mp]u (!m exprohnentally oss u. !ul) ptcselon (Kmllu & Iuborsky

1063), : R .

(1 \/«ﬂu‘i SRS T ; e *; ke (4)

I{,\ and H ‘are dxﬂcrem functions of temperature. The temperature dependence of He at
very Jow tcmpcmtun,s is due almost entirely to anisstropy, but thumai fluctuations become
“all-important near T, /\* we shall see, however, #H, is appreciable for T« Ty, at room
~temperature for example. Eqgation (4) md\u(es that H; is likewise substantial for particles
* well above SPM size. For example, if v = 10v,, A, is abuut 30 per cent of Hy.. :

I \prcssmns analogous to equation (2)and (3) describe the thermal activation of domain
walls in MD particles (Street & Waolley 1949 Néel 1950). Indeed the term ‘fluctuation
field" was coined by Néel (1955) in conncction with MD, not 8D, particles. The only changes
are that Hy now refers to impedance of dumain wall motion and v is the volume of one
Barkhausen jump of the domain wall. (fn 5 slightly different, but 1t occurs in eqhation (3)
“only in a logarithmic term.)

Wohlfdrth (1961) points out that v‘qudti()m (2) and (3) dcscnbe the thermal actwatlon of,
still ore complex domain structuies, provided v is replaced by vy, the volume affected by -
- a single activation process. The significance of this observation to rock magnetism is the
following. ”Ihere is a distinctive change in the TRM and initial suscoptibility of magnetite
particles around’a size of 15 um (Parry 1965). Particles smaller. than this size arc MD but
- have only a few domain walls.. They are apparently characlerized by ‘pseudo-single (mmam ,
(PSD) magrictic moments which impart a remanent magnematlon intcrmedmte in mtensuy
~and coelcivity between that of SD and large MDD particles. The nature of these moments and
“the process by which they change their magnetic state are. uncertain. Among the suggestions
- have been Barkhausen discreteness of wall positions (Stacey 1963), domain-wall moments in
~two-domain graing (Dunlop 1973b; Stacey & Banerjee 1974) and regions of SD size sur-
roundmg surface defects in larger grains (Stacey & Banerjee 1974). Dependmg on the mecha-
* nistn, Hy (T).may be SDike, MD like, or something quite unknown. va. is quite different
“ifor the different mechamsms and provides a possible muans of choosmg orte model ovet: the
o(hers : T : . :

i

""2,3 IHE (ommvn FORCb SPEC num e
\

“ No real sample exhxblts a smglc goercive forue AF demagnehzahon DC magnetization (i.e.

~TRM) and “DC demagnetxzation (Roquet 1954). curves: all indxcate a spectmm of coercive

forces The spectrum anses for three reasons. : ‘

(1) In both SD and MD' pamcles Hy depmds on the onematmn of the apphed ﬁeld
‘relative to the magnetization, = T T
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(2) The r.mrnal d:‘maunctmng field (MD casej o the mtemcuon Fcld of othcr parhclcsl'
S (8D case) is Jdded veetorally to the.applied field. - .
" (3) There is & grain: dxsmbutron ]'(u Hic ) (Néel 1949, Dunlop I%S). reﬂectmg thc dmr! :
L bution of sizes and shapes of 8D particles o the d\smbutxon of Barkhnuscn jumps and :
‘ »"bamers {o wall motiun in MD particlcs s

The ﬁrst offect cat, i prmciple be. calculch for fandomly’ orlenk‘d partxclcs The sccdnd

effect’ is not culculable and; desprte its importance, is generally rgnorcd On the assumption‘

(u posr one. for MD’ partrcms) that" me distributions of orientations-and internal ﬁelds are..
‘about -the same for all (v, HK) the:eoercivity speetrum observed xperimentaﬂy, via’ AP,’.'
“demagnetization: for example; largely reflects the grain- distribution f(v; Hy):: Near OK it
“would: refleet f (IIK) only. but'at normal trmpuaturm, He dependw (equauon (3)) on v as',
wcll ag IIK ~ S " , L i

24 ﬂ,_,rs m 'IHF mmr{v

he Néel (1949) thcory has bcen drmcult to {est hecause f(u ilk) is nevcr known i detm!
DunIOp & West (1969) examined total and partial TRM and VRM (viscous remanent, mag.
ncmamm) data. Since. TRM and VRM are thicshold phenomena, the observed spectra of -
dcuy times and dcmagnetlzmg temperatures and ficlds are not intrinsic to the phenomenn ‘
“but merely reflect f(u, Hy). Indeconvolving the results, Punlop & West were forced to° use Af
- grain; distribution inferred from other. magnetic measurements. Theirs was, therefore,
uecesaary but not a sufficient, test of the theary. e .
-~ In equations (3) and (4), we have the possibility of a tundamcntal tcst ofthe Néel theoryt,
E,qu.ztron (3) describes an effect intrinsically observable, for a single (v, HK), over 4 broad -
“range of T and not at'a smgle threshold “temperature. Dunlop (1976) has described the-
andlysns of high- tcmpexature coercive force data in the light of equatnon (3) a process he.
" terms ‘thermal fluctuation analysis’. Srmrlarly equation (4) covers a broad. range of v.for a -
smg,lo T The g,mln distribution of course still tends 1o’ spread the data but the intrinsic.
- trends ‘of cquation (3)-and (4) should be obsuvablu u“ the fnllowmg z.onditiom hold (cf:
Dunlopl970) S R o s S T A “f’-,',

( 1Y Hy has the same temperaturc dcpendena, werywherc m the coercrvxty spectrum (e g
- all particles have the same type of anisotropy). o
(") P (v)is re asonably narrow and is: the same everywhere in the coercwity spectmm jel
LT H) = ) ¥ (). = - ,
(3) prmments are cunﬁned to tcmpcratum be ow the !owast TB of the sample (GquVa-*;
1cnt1y,v‘> Uy fOr all partxclts) L 4 ‘

Thesa condmum are expcnmenlally rcah/ablc b_y careful Sclcctron of samples and des;gn:
of expenments The effect of ¢(v) can then be simulated by rcplaung v in eqbations (3)
and (4) By a suitable average (v)-and thc effect of y (Hy) by cxummmg either some average
‘over the coeréive force spectrum (ef, bulk coercive foree) or various l‘ractions of the spec- .
trum séparately. Both approaches are described in the present paper. :

. Kneller & Luborsky (1963) tested equation (4) using bulk coercive force meaSurementsf
".at 4,77 and 207 K. The fits were convincing for SD fron - cobalt pamcles less 5o for SD iron’
paruclcs with broader’f (v, H). Deviationsfrom the sm»pk thwry were parmularly evxdent.‘
when v~ vy, in violation of condition (3) above..

Kneller & Wohlfarth (1966) compared the. differcnce AHU in H‘ values ét 77 and at :
BOOK “determined lrom AF demagnetization cuives al these tgmpcf‘ ures, with thc prbdl(.‘.'«;
 tions of equ,mcm (3) Ag,reemem was reasonable provided AH (H 18" cak AF) was aScribcd
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eutircly to Al That is, Hy wak assumed not 1o yary apprcuahly bctween 77 and ”300 K.
The result is snspuct because we have argued that Affx probably outweighs AH, in the low-

‘temperature thermal. variation of He. Kueller & Wohtfarth also noted that for- dnfferent*'

fractions of the coercivity spectrumy A, (le. J‘\II in txur cxpenmcnh) varted approxi .

matcly as 1173 as equation (3) predicts,

Gustard & Késter (1967, 1968) Lmnpdn d both I)C magncmmg and ‘DC demagncnnng 3

fcurves of IRM at 20 and at 70 or 80°C for seven- dispersions of bDﬂc,O, and CrQ,. Like ©

Kneller & Wohlfarth, they did not in genseral attempt to separate H, (T) from Hy(T). For'
“one:- ceerciwty fruetion of ene sample they atfempted a separatien ever the' range 77420 K.

“(shape dmsotropy was assumed) and found- i, =84 Oe at room. temperature as compared
with the 35 Oe predicted. Their average ;,min slze, howcvcr was uncértain by a factor 3 v

This uncertainty ‘cotld account for most af the Jisa; greement,

Both Gustard & Koster (§967, 14964) and hneller & Wolilfarth (]966) ulti matcly chose a
‘vp.nr of temperatures at which they mm;raped coercive. force data. Dunlop (1976) instead -

“tested the temperature dependcnce of Hy (awumm;, shape anisotropy in making the separa: :

ftmn from Hy ) at six temperatures bttwcen 20 and 560° C His sampies SD2 and SD3 con- .
‘tained clongated SD particles of magnetite, natural inone case, synthetic in the other. The -

predicted temperature dependence was followed and (v) values from the curve-fitting were -
“areasonable although the grain disttibution was not known very accurately. .
1t is apparent that all the previous experimunts, while they substantiate the. theory ina

geneml way, leave something fo be desircd. In some cases, the effects of H, (T) and Hy (ry -
“were not scparated. In others, it is clear that a substantial fraction of particles unblock .
between the lowest and highest temperatures used. In all cases, uncertainty In the%hean grain_ -
; size compromises the results. For these reasons, particular’ care: was taken in the present”
;ﬂ experiments to use only samples with well characterized and narrow grain distributions, $Q., -

a8 to ensure an accurately defined (v), and a narrow spectrum of TB s conﬁned to tempera \‘
;.tures weu above room tempcrature

3 Eicpcﬁmental proéedure” g

~3.1 eroee RTIES OF THE SAMPLE&; ! ¢

. Experiments were carried out on four vacuum-sedled 1 per cent depersmns of shghtly (3- 15
.per cent) non«stmchxomemc magnetite crystals, roughly cubic in shape. The preparation and ",
. properties of these magnetites are described in detail by Duniep (1973b c). Properties
~.germane to the prescnt experiments are given in Table T in the next section. The gmm size ©
" distribution is known with fair precision from electron microscopy. Mean particle su:es by
“-this method and from surface area measurements by BET nitrogen adsorption (Adamson
1967, pp. 506-8), range from 2200 A (0.22 um) for sample 1 to 370 A (0.037 um) for
;;s*tmple 4. The dxstrxbutxons are relatively narrow. Standard’ deviations 04 about the mean
size are 25--40 per cent. By comparison, in the vnly previous study where size dnstnbut:ons

. were determined, Gustard & Koster (1968) found > 100 per cent’ standard devnations for

+ their commercui-grade ¥ Fe201 powders. . 8
" The mean sizes quoted for samples 1- 4 are actually upper timits, The partlcles conmsted
- initially of a core (85»—97 per cént of the particle volume) of Fe404 and a surface layer near
j}jylezO; in’ composition. After 750°C vacium anncaling, designed to stabilize magnetic
‘;Apropcrues i ‘subsequent heatings, saturation magnetization decreased in proportion to the
A-initial non-stochiometry, as yFe,0, inverted to practically non-magnetxc aFe,0, 0 ;
“+ " Heat* treatment’ had ‘little effect on the particle sizes or ¢onditions of internal stress in
:}j,samplm 1~3 Thelr structure~sensztivc pmpemw qcarcely changed with heatmg On the
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Jother nu u.L bulk wcmvc force: of saniple 4 increased about: 30 per ccnt aftc; heatmg
Unlike tie mher saniples, sample 4 contained 4 sizeable fraction of SPM partlcles The finest .
of these were probably. initlally wholly oxidized to 7[(:20, and- mvcrtcd upon heating. The .
'hr;,er SPM purticles may: have’ grown to stable 8D size, tven after heatmg, blocking tempcrad
tures in wnp!e 4 are’ widely dlstnbuted from .550°C down to 20°C. The Ty spectra of
samples i+ 3-are narrow (Table 1 and Fig. 1), Despite its drawbdcks however, samplc 4
was retained in the: study because it is. the only sumple that contains pnmanly SD matenal ";
Virtually all p.lrtu,les in’ samplcs 13 are larger than 500 A, the critical SD's size for magnet:tc
‘(Dunlop 1973¢). Their values of J, /g (4, is saturatjon IRM) range from 0413 to 0. 242
"only 20 to 50-per cent that of mndcm]y oriented SD particles. (0

In a later cwun we analyse the results of f'xpunnuns camed out by Bma (1971)Qn 2
Vacuum sealed 3 per cent dlsperston ot very pure mugaetite particles, I*c3()4 was produced by
decompusition of FeO.at, moderate ‘temperaturcs. The FeO matrix was then dissolved and. "
the Te;04 pamcies recovered electrolynca ly (Bina, Manenc & Vocltzel 1966). This tech:
nigue yields strain-free’ particles with a narrower size dxstnbutmn than. grinding and centn- '
.fugal S(’pm’ltlon (Pany 1965 Gillingham & Stacey 1971) Tkmas sample is not as Well
characterized ‘as sampies 1-4, but the particles are in the - S l.tm size range below the PSD.,,
thrcshold of ]5 20 um (Parry 1‘)65 Ballcy 1975) ' : N

-"32 Lxm RlMl‘ NTS AND lNSl‘RUMFNTA rmN SRR R

’Thc key expenments in- thns paper are hlg,h tc‘mpcm mt’ hysteresm and AF demagnetlzatmn -
:Smce all fields were apphed and all measurements were made at elevatéd temperatures a‘f,‘

specialized instrument mcorporating a ballistic magnetometer,: whose sensitivity was ‘en-
“hanced by a feedback amplifier, a high-field solenoid (AC to 3 kOe peak, DC to, 2 3 k()e) .

and’a {urnace was used (West & Dunlop 1971) Bina uqed very smnlar equxpment for his -
'.expeumcnts (Bma 966) DR o L

4 Actlvatmn volumes from hlocking tempemmre dam

- Dunlop ( 1973b) rcported blockmg tempcratme data and (u,c,) for samples l«~4 Thcse
’;resul(s will be reviewed briefly because they set the stage for what follows, By subst(tutmg
rEtif T= Ty, equation (2) becomes a formula for v, in terms of Ty, as.observed in the
thermal denmgneuzatmn of TRM. Fig. 1(a) reproduces the appropriate expenmental results. -
. The blocking temperatures Of samples 1 -3 ate cmlf ned tod narrow. range below the Cune_'
”pomt and above 545°C.
To calculate vy, we need to knqiw how I{K varics thh temperamrc (cf: equatxons (1))'
and its value Hyq at one referex‘nce temperature. Dunlop assumed Hy (T) & Jg(T). This turns .
wout a3 we will see later in this *;ectxon,,to be a reasonable description, despite the fact that
_the partxclm are neither elongated nor, for the most part, SD. Substituting for He at 20°C
Hyjps the median demagnetxzmg field of 1—O¢ TRM (we will obtain better esnmates of HKO '
later), one obtains the mean activation sizes given in Table 4, v
The figures for. (dm) are m\wexghted arithimetic averages af the activatlon sizes corre :
jspoudmg to minimum and: maximum values of 7j. Even though the range- of TB is only .
~10-:20°C in samples, 1*3 the range of gt is 200--300 A and, the methad of. averagmg is.
~important. For sample 4, the ranges of 7y and ¢ are of course much broader and (dyq ) is
bracketed to mdxcate ns Xarger uncertainty. By way of contrast, ’thermal ﬂuctuatmn analysns‘
Jof coercive. force data usmg ‘equation (3) yields 1 single wcxghted averagc ﬁgurc (dm) in-
wwhl(:h the welghtmg is done automahcally "md always in lhe same way, .
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Flg\ue 1. A compansrm of blockmg tempetatares determined from TRM and from coercive foree data
(a) Thermal demagnetization of 1-Oe TRM's - adapted from Dunlop (1973b). The measurements wcre.
made at high temperatures, not after cooling. Hence, the Jg—7 gurve 'of magnetite forms an envelope to -
the curves. The blocking temperatures are narfowly distributed, gxcept in sample 4 (370 A). (b) Tempera«"
‘turc Hependence of bulk coercive force (experimental points) and attempted curve fits (after Dunlop
1976a). The data for sample 3 ate omitted for clarity. Shape anisotropy (equation 1) fails to explain the."
‘data. Shape anisotropy plus an appropriate fluctuation field (equatipns (3) or (5)) fits the daia qulte well
The blocking tcmpcmtures in (n) and (b) are in‘agreement.
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5 Thermal fluctuamm analysvs of hlghatempemture hysteresns d'lta

“Two pararpeters are.commonly used”as measures of the mean of the DC c0erciv1ty spectrum. ,
:One is-the bulk coercive force, He, the reverse ficld that reduces the induced magnetization *
to zero following saturation. (Unfortunately H is genera!ly used to symbolize both bulk -
coercive force of a sample and, as in equation (3), the coercwe force or threshold field ofa "
smg!c pamde In what follows the comext wm make clear. whxch meamng is imended 2 The
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othe.r is the remdnem cocrcwe forcc HR, thé reverse ﬁeld that reduces the remaneme to'[
-zeto following saturation, or the coercive force observed i a DO demagnemanon curvc ‘
“Hy s a sort- of median’ ‘demagnetizing’ field, in that- it réverses- one- -half ‘the’ saturatxon"
~remancnce Jrg of a-sample. He is always less than Hy because less. than one- half of‘ Jrg 15
“reversed, magm.iiiation induced in the reverse direction by Hg makmg up the balance He'is ™
thcrefow only indirectly. related to averabe womwty . ‘

" Dunlop- (1976) reports He and fy data for samples I -4’ measured at Tn and at exg,ht or’
-nine’ elevated temperatures. The Hg results plotted- in Hg l(b‘ are” reproduced from’ his
. 'paper. Their most stnkmg feature ‘is the vanishing of coercive force” 15:40° C below the’
“Curie paint, at the same blocking tempetatures obscrved for TRM in Fig. 1(a).-No thetmal .
“variation of Hy can explam this observation. The dashed curves in ‘Fig. 1(b) indicate the
thermal variation. expected lf Hc were dug entirely to shape amsotropy (HC==HK &Js, v
equanous (). S '

i “Somewhat 1mproved fits to the data are obtsined” usm;, combmatlons of shape and
crystalhm anisotropy (curve fits. not shownj, but none can account for the data at both
ugh and low" temperatures. Hy (7} dus t6 magnetocrysta lline anisotropy- goes ay ‘a high -
" power of Jo (T (equation (1)) and effectively vanishes well- below the Curie: point. Pure
crysmlhm (perhaps also magnetdelastic) anisotiopy could, in prmuple explain the vamshmg ,
- of coercive force below the Curic point. However, the lower temperature data require thatk‘
}IK be predominantly dueto, shdpe anisotropy qnd 50 /[,(, hke 1hc ferromagnetlsm itself, can‘
vamsh Jonly at the Curi¢ point. . . - -

Usmg Il Tunctions appropnate to domain mtatmn to ﬁt data for larger than SD partlcles
requues some justification. The(dyep) values derived from TRM data (Fxg~ l(a) and Table 1),
indicate activation of virtually the - entire domain srxucmrc In samples 2—4. That is, rotation’

. rather than wall motion”must be’ ‘occurring in these samples. Iy any case, HK(T ) for MD.
parudes {equations (1)) is likely intermediate in its dependence on Js (T) between shape and”’
crystallmu amsotroples so that the prescnt ca culat;c\m provxde upper and lower bounds

xfl'UL I‘UAT!ON FIELD Flt

When the affect of a ﬂuctuatlon ﬁeld is 4ddcd to I{K, rhc vmxshmg of HC below the Curiel‘
-point i explained in a straxghtfor\vmd way. Also accounted for is the fact that He vamshesj
~at lower n.mperatures in finer grains: (The only way of explaining this. observed grain size
dependcmc without mvokmg thermal agitation is-to postuiate.twa competmg anisotropies, ,
" both, going as high, ‘but different, powers of Jg. One could. pcrh;{ps appeal to the increasing '
role played by surface amsotropy in. vérv fine. p'imcles, although there is no ev:dence of:
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“surlace pmnmg‘m" thie” saturation magnetization, Yhe IW(T’) wrvcs ()f J“ thc %ampies
nm tehed Jg (). for bulk magnetite very closely )

The solid curves hiFig. 1(b) are the best [its of cquarmn (‘3) to the data assummg HR
“arised entirely from’ shape anisotropy. This approdch clearly does not give 2 unique solution,’
"but it has the merit of simplicity. We ac not sysoiting th.x( crystalling anisotropy plays no’

‘rolein our. samples, but low-temperature fits iell no doubt” that ‘its contribution was a’
_ sccondary ore. Within the precision of the present data, assuming mixed anisotropy ;,reatly
amplicated the curve: ﬁltmg without mm,h hnpmvm;,, thc match to H ¢ data at cmwr hxglhf
or low temperatares. R '

Since both sets of curves in Fig. TTH i %hape amsnnopy for HK‘ thc difference
between the curves 1§ a measure pf the =1uuu.nmn field, 1, at any’ temperature, (The
cditference My He Detween the dashed and solid cutves is ol n fact equat 10 Hy because
the My data have been multiplied by /5 (290114 {0; to produce a, match dt;"‘)O‘K ther than
<O K). It is apparent that the fluctuation field, unlike other activation: phenomena is not
“confined to a threshold region'of vor 7' 4 is the ¢ase for cxamplc with the TRM unblocking
sof Fig. Wa). H, is substantial for all the particle sizes gxamined, cven for 2200 A ‘particles
whose volumes are 400 times vy. (v, {0t magnetite corrusponds to. a, grain-size of about
300 A - Dunlop (1973¢).) H, is likewise substantial well below Ty, even at room tempera- .
mec and below.

f Hy can be ascribed entnrely or p:cdommdntlv to shape dmsotropy, f{k/lg is tenrpera~ '
ture mvanant and eguation (3) can be writien in the Hneqr fonv :

m o [2k(fen)? f e
< <HK0> [,.__l@__)] <11,'<’§>( ) e N O
: /! ‘ : S ! N

117
s = Jso'_

where I = Jg (T)/Jgo and thc; ﬂubiulpf 0 re fen to (m) ((mvemcnt refercnce tcmperature
‘here 290 K. Fig. 2. shows the data ploticd m this jonn. Hoth M« and Hy are utilized as
“estimates of (Hp b As annpxpdtc,d, the data dcmah., from straight lines at temperatures near,
Ty, but linearity is otherwise reasonabiy vood. Saiopile 4, with the broadest size spectrum,
«dispiays the poorest ingarity.

6 Acnvatmn volumes by thermal fluctuation amly

'Ihe vulucs of (HKO) and (dae) in Table 1 were ¢ aiu:latml from the ntercepls and slopes of
“‘the " best-fitting lmes through the dam of Fig. 2, assuming (HEZ)~ (Hygg)'? and -
(v;ﬂ{ P (vm)’ - Js0 =485 emu cm” and m (fo!) 23.6 wer,e assumed and 15(T) followcd
,_’fPaurhcnet & Bochtrol (1951).
. Activation sizes calculated from He and from Hiy dita are prachcally adcntrcal }or these
"samplz s at least there is little to choose between He and Hy as eStimates of mean coefcivityi
P Adge) from coercwe. force data 1s in each case slightly but s;gmhcantly larber than (dm)
o “from H\)u\mg temnperature data.. The difference is probably due to the difference in the
“”avcmg,mg processes used to drrive at (d,eg). 1t may also be that the slopes in Fig. 2 are some-
f""whqt hiased by data points in the blockiup region. These points favour larger grains whose -
'mag,nct /mon pu‘smts after smal!en gmm* have been hcatcd thmugh thclr blocking tempera-
‘ tUl‘ea i . : : . : v
((14(,) caleulated by any method greatly exceeds (d§ ob’scrved for sample 4. One reason
1s that (dycp) is:a magnetically determined average. It excludes 3PM particles, which comprise
about 15 per cent by volume of the magnetite in sample 4, whereas (¢ from electron micro--
gmphs or surfacc area measuremcms mdudes these ﬁncr parhc!es Even s0, the (d ,u)

tod



.hgurc 2 'lhrrnml ﬂuctu.mon .malysm of femancnt .md mdmuy coercive forbe’ data ,for“"sémﬁl'cszci 4, .
~usipg equation (5) Linearity - 6f the data: Configms the predicled tempaalute ‘dependence of the fluc.
Auation ficld fly. Intercepts.of the lines are-estimates of Hya: stopes of the lmcs yleld cshmatcs ofméan
acnw(lon vuiume IIR data tor samplc I are. ommed fm dtmlv RN g

:éstxrndtes seem lngh smce the larg cst pamcleu ohsuvui are only about 650 A in sxze Pos-,»
",',31b!y nexghbounng particles interact and to: some extent act co Icctively "Craik & Isaac
*(1960) have nioted such mteract:on domains” in fine- parmle agércgates and Knellcr & Wohl.
g farth {1966) dxscuss the pos‘sibtlny of thermal activation volumee g,xeater than the volume of
a single’ particle:. Interautxons due- to ‘particle clumpmg could of courSe oeeur in all: theo
' samples but would be espeually severe in sample 4 Imamc the ﬁnc grain snze permzts much
vsmaller cefitre-to-centre separatmns el ‘ ‘ ;
© 7 Insamples 2 and 3; practically the: emm partlclc volume is actwatcd as a umt Neverthc-j
less, there is no. doubt that the magnatuduon in the remanent stafé is mhomogeneous
" Domain structuré just’ above the SD ‘threshold must be a compronnse between the uniform
“magnetization” of SD particles. and the broad dormiin, narrow wall condmons inlarge MD.
particles. Neéel (1956) suggested lhat the transifion 1.3 S structure occurs when partlcles
“become too small to accommodate d doxmm wall, Tl caleulations of Amar (1958) foriron-
“and Butler & Baneqee (1975) for magneutﬁ, and utrnomagnetite snmrariy support the -
“notion that the domain’ wal fills” aﬁr‘ SRR particles )ust above SD. size, Displace:.
" ment of the wall ‘then involves a small rotation of practically all the spins‘in the' particle: :
. That ib MD and SD magneluahon processm inerge into nnc.HK wouid be close to lhat for;;

v
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i nnr-mnt mtumm (l rei e al 1757y in pmh les ;ust bvluw SI) mze sn that HK o .I‘, as
ob:erved, L »

Only satple 1 has ({(,".1) wmlu antly im ihan the” nbered mcan ;,ram si/g Soffcl
(1977 1) has observed twodomagin structure in high-Ti manom.q,nemcs nmvfa_r, above SD size
and we will ussume 1 similar structure i dnvolved here. Two<lomain particles have a perma-

nent net motent perpendicular Lo e denain mugnetizations due to the uncompensated

muinent (2/1)Jg Uy of the domain wall (Stacey & Banerjee 1974, p: 61) The reason for

~the disagreement (Table 1) between (dyy ) estimated from He ot Hiy and that found from -
T is not known, but we will favour the fornier. ’lhen Uwali is about 40.per eent of the mean

particlé volume and the wall moment is about 25 per cent ‘that of an SD particle of equal
size. Thus we would predict, for randum vricntations, J,o/fs = 0.25(/,4/J)sp = 0.125. The
observed value is 0113 s0 that the micaded o5 T lnm.lm pJ!HL’C\ in wlmh th(, domain wail

. mnmem is. therm'\ﬂy acuvated seeims ruxon.\hlc

7 the grafn §i7é depéﬁdence of (IIK )

f samples 1- -4 contained SD particles wiih mmhr 5lmpe, distr'ibutriyoné, He, H,{ and (Hd)

~ would vary with the grain size but (//;;) would not. The size dependence of (Hyo) in Table 1
" is further gvidence that the particles in uost of these samples are above SD size. Curling

“reversals in large SD particles, predominantly in rather clongated particle$, impart a size

- dependence Hy o d* (Frei et al. 1957), but the (/o) data in Table 1 vary asd ™", a trend
. reminiscent of MD pamdss (Luborsky 1961 Parry 1965). The value of the powes- !aw index

is diagnostic of the mechanism of cocycivity (Stacey & Banerjee 1974, p. 67). An interpreta-
+ tiow taking into account the probuble domain structure of these pdrudes is given ekcwhere

rd
(Dunlop 1977, in prepamuon) We should note in passing, however, that 3 much Amatler

¢ index (about 0.4) ‘describes the size variation of M. Using raw coercive force data, as is the

v kusual practice, can lean to a quite erroncous diagnosis. The size variation of Hy must: always

\Ibe suparated from that of the ﬂuctum«w ficid, by the mcthod 0( Fig. 2 for example.

- 8 The ﬂucmation fleld at To and at T

i

: Table 1 tecords a notable difference hetween abserved room tcmperature coercive forcos‘

""‘.Sumplc“_ .‘ f_(d)”'

,1(11‘135 = {(n “ 1)"“‘ln U’bn,ak (te,xt equatmn 1)) R

© Heq and Hye, and the corresponding miciascopic coercive forces (Hyg ) that would: be

observed in the abisence. of thermal {istuatians. The difference in cach case is the ﬂuc-'
tuation ﬁeld (H, >at To (l{qo) is ubw wed ot the M datain Tablo 2.1t varies rrom 7 pet

Tabk 2 1 shmaus of (hc ¢vemge thermal s tua g tield #, ut room (cmpcrat\uc 1, and at the blockmg i
temperature Ty’ from thermal fluctuation analysts of cout tve Torce data and from the TRM indﬂctlon.

‘u”am uf l)unlop (l973b) Symbolx deﬂmd in iext.

",‘ .

% - :jl luctuatmn an.xh'm ol HC llata P TRM mducﬂnn data

R ;'ulKo) <HQO> qu)* <Hq|;>’; L Hhmk (Hqpt*
SNo T (ARY e SOy o (Oe) L (Qe) . {0e) | 0y (Oe)
IV R 220007 108 8 . 65 . :
[T CI0000 ST TS . 220031 46 58
A N ; f; 76070 2100 31 s 1778 18
A 30276 s 98 Lo 110}'

o H)—(H 0)(Tg/7’)(text equamm (6.,
: o ”qli) = [”kTB In (fof)/Jsal"’(HKﬁ) (n‘”2 y (text, c_quatmn (7})

ohs
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Ceentof ¢ HM> in 2 OO A pamclu m > > 20 per ceot’ of <flm)in 370 /\ pdrtlcle« Consldering
that 2200 A particles hive- volumes more than two orders of magnitude larger than' the SPM-
yolume g, tins is s mmarkablc manifestation of therm: al fluctuations (Levi (!974), on the -

. other hand, is able to account for’the tempgrature dcpcndmcﬂ of: median demagneivmg
“field in ma;}hc‘tms with . mean grain slze 2100 A without' appmling to thermal agimtmn
He finds (Hqu“(Y) 4 result tlmt we find, in a iater %ctxon holds for much largcr
“grains (1--5 um in size.)

' The average fluctuation field (IIQB) at the blocking tcmpcmturc can be calculated frcm

- the data of mg*z and ‘Table | in o yugsi-indepgndent ways, Usm intap spts (ﬂga)

‘l'from Flg 2, we can extrapolatc (H 0) accordmt, to uquat:un (3) 01 (5):' ;

i . . A.(6) o
Altemauvely, by dlroct calculat:on usmg the same equanons and observed average grain -
sizes;; S : A o e

Uy (’ﬂm)(Tu//o)m = (<HK0> - Hu)) U};/Tﬂ O

<H(,B> [szB ln(fot)/Jso] i <1{,<o“2><um'2> )
Agam thc apprommatxons (flm)m (!{M))"2 ( u,',{,’f, ~ (wo,,.,)' “were made Shape anmo- :
tropy. was assumed in both caleulations. The second calculation is Very unceriam for sample .
-4 because the value { uobs) to be usedis uncertain. "The comparison estimates of (Hqg)agrec
_about as well’ as (d.m> and (dm) values agec in: ]ahh, t (thc compansons are, m fact

" analogous).

L (Hyy) enters the Néel (1955) thcory of TRM in small MD grams bor sman values of the
-applied field 4, thermal Muctuatiosis dominate the bl ocking process and TRM: mtensxty
_should be proportional to H.. At high fields, wall oppasition is dominant and TRM e 1= -

“where 7 is the powei- Jaw index in equation {1). The break- point between thests dependences
‘has been observed expenmentally (Dunlop 1973b; Day 1973). Theorctxcally the break-pomt‘
‘ﬁcld Hb,enk is relatcd to <Hqﬂ> by the equatmn (Dunlup & Wnddmgton 1975) '

' <an>— un - 1)" "n"] H.m.k R

Usmg values - of n.and: Hbrenk from Dunlop (197% lx;j 6) We arnvc at Values of only
2-30e for (Hyp)ind all the samples While granting that the m values may be somewhat high;
;'smce théy were determined from the raw H: (T') data and not frony HK (T) (Hq;;)certamly
. cannot ¢xceed H,,m,k‘ A’ residual difference  of un order of: magm‘mde -at least: remains
- betweert {Hyp) vaIubs esumated from coercive, force dm and (H, B) values mferred, fromf
. TRM induction.. Ly
. We ‘canpot cxplam ThlS dnscrepancy by appualmb to the dependence of Ty :tsa‘lf on
dpphed field (Schmidt 1976). The obsdrved blocking temperatutes of low-field TRM (Table
1) yield (4o estimates in-quite: reasonable accord with {dyet) values determmed by fluc-
. tuation analysis of Iarge-ﬁeld hysteresis data. That is to say, our pxctura of thermal ﬂhcma‘ ‘
© tions” does p;cdxct about. thc -right (i, the observed) blocking temperatures for. TRM
* Indeod; the (H,;3) values-in- the last ¢olumn of Table 2 can only be reCOncﬂcd wﬂh (qu}
, ebservauom by mvokmg blocking temperatures below toom tewmperaturels

- A further point is that the (Hyp) values froni cquiation (B) have esqentlaﬂy no gtam size
depeﬁdence ‘whereas cquanons (3), (4), (5) and (7) predicta stxong size. dependence whx(,h
i unmistakably manifested in-the slopes in Fig. 2.( Thc fact that TB
s quite insufficient to offset this size dependonu ) .
: Then seern to be three possmlhhes o

(1) The Néel ( 1955) wal 1splacemem thmry i dmmm
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2 The Nécl (1055) thcmy does describe nomal MDY gr.nm but not g,mms ;mt dbmc ‘%D
size. (Nowever, sample 1 comains two-domain g grains like those yodelled by Néel and the
discrepancy here, a!though less than that (ot samples 2- 4; renains significantl)

{3y The Néel (1955) theory duseribes MU giains, large or smally but the brcak pomt
observed expetimentally al infermediate fields is not appropriate to equation (8). (Conceiv-
ably, break-points  observed by Dy (1973) and’ I\mlm & Waddmgton (1975) around
100 Oc are (he break pom{ CHVHJLLu u. nc‘d ER n,my ) : ‘
9 A Ldlculallon of auperpammaylcm thre shuhl stre’ ‘ . ‘

The dcpcndcncc of (Hq) on g{dm size s &IVCH quanm'mvcly by equatlon (4) which can bc
rewritten ‘

<H.,/1'<HK> ((H,( - He )/<11K> (u,/(um})"" SRR ,"(9)

‘Lquatmn (9) also pmwdes a means of ¢ xpemmntally dctenmmng the SPM thrcshold size dy
at reom temperature (or any temperature for that matter) by non- threshold ‘measurements.
Fig. 3 is a test of equation (9), using (/{,0), (Hyo and (Vi) data from Tables 1 and 2. The
data are fit reasonably well by a straight line whose slope yields an SPM size 4 of 250 A.
This estimate’ is. within the uncertainty of the figures (290 ?60)+ 50 A obtained by an
mdependent expenmental metlmd {Dunlop 197 3(:) : : :

'béf
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+<Hgo>/<Hio>"
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hgure 3 A tcﬁt of the pmdlcted fequations (4) ami (9)) graln’ size dcpcndence of the ﬂuuummn field
< The stope of thq graph yields a value for the superparamagnetic threshold sizc d, ln magnemc of appro'xi
) iwly 250 A. - N

TR e e ;

The- umertamty in the present estinate, due to uncertamty in the slope in F:g 3 iw“(
,(,2, A), much less-that the uncertainty with any previous method of determining ds. The‘,l,
‘great advanlage of the present method is that only He and T need be measured. (vm) isa-
-calculated quanﬁty Grain sizé determinations, which are notonous]y imprecise, need not be
‘made.-On thc other hand the method is indirect, in that it re]ics on the Néel (1949) actfva- .
‘btxon equattou SRR A ‘ FEIRER v

N

,‘10 ngh-temperature AF demagnematmn

"ngh temperature AF demagnetxzmon makes it powb}e to0 ref' fe the studies of the prevmus
_sections’ by examining separately the thermal cvolutipn,of different parts of the coercivity
'spcctrum Several previous studies (Larson er al. 1969; Dunlop & West 1969; Bina 1971;.
“Levi 1974) have investigated in this way the relationship bctwef,n average coerclve force andg
‘thc spectrum of coerc;vitnes The experiment is not an easy one, pamcularly at temperaturgs
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Figm:e 4. Altematmgﬁeré demagnenzatmn af the satufmon remncncr: of sampiei L 'y meamred at h:wh tempe;amues'
Honzoatal Iines denote the seven remancnce fmctxons whosc average cocrclvmes are zmaiysed separately in the te\t
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within i00° ¢ or so-or the Curfc poim whuc tuz.;vmamrc non- uniﬁ)rmlty and drift must bc
Tield o a few degrees. (Note, for example, the replicaie curves, both nominally ‘meastired at’
.SSI C o Fig: 4(¢)) Particularly high precision and ropeatability were sought in the present .
work, since sometimes small diffesences betw.en demagnietization “curves. were 1o be -,
'anaiywd in the same manncr as. the bulk coercive uice data of the previoussection, :
~The results are showit in Fig. 4. in each case, a saturation remanence {in 2.3 kOe¢) was
mduu,d and pmg,rcsslvciy AF demagrictized at tlic temperature shown. Demagnetization of
wmalltield TRM ur ARM (anbysteretic remanentinagnetization) gives equivalent but noisier -
results and makes for less accirate differencing of curves. With occasional exceplions e g,',"‘i'
‘the low-field' data at 130°C in Fig. 4(b), the results are of high precision, o far as one can”
judge by the smoothness of the curves. Seven fractions of the coercivily spectrum were .
analysed. As indicated in Fig. 4, these que at Lined semanence levels of 90, 70, 50, 30, 20, 10
and 'S per cent of Jug; cnsunng, as faf a3 p-mxb}c ) at the same pamrlcs are bemg measured
_at different tcmpcratuxcs 1 e : L

"-l 1" Activation volumew hy flucmahon analysis of AF d'na

hg. 5 shows the resu!ts of an anulys:s like that of Fig. 2, again assuming HK o« /g and using -
‘the AF demagnetizing fields H. of the various fractions as measures of He in equation (5).
‘Features that were lumped logether and averaged out in Fig, 2 are resolved in Fig. 5. The'
-non-ideality of sample 4 can no longer e plossed over. s distribution of blocking tempera-:
- tures means. that some remanence is lost between low and high temperatires, so that coeru-‘
-vity fractions selected on the Basis of their remanence fraction are ‘not’ compamhlc at
<dnfermt lemperatures. : : ,
. The reasons for-the failure of the theory to fit the sample | results is not known ln the
.‘.A1< data, hg 4(d), and in Fig. 5(d), there s a supgestion-of two types of moments wtth
different properties. The hardest fractionz (10 and 5 per cent) actually have higher coercivi-
, ties thuit the cmreqpondmg fractions for smaller particles, and they seem to have adistinctive
“theimal dependence as well, Periaps we an seoing msolved here the characteristics of PSD’
momestis of. iwo quite different types, otic of which is absent.in gram‘s oo sman to have -
\‘welmexmed two-domain structure. ' — : ~
,' Saniples 2 and-3 appear to have lincar trends for all weruvity ﬁacuons with comldcrable
“scatter that was presumably : averaged out in- Fig. 2. Usmg Hyqo:for, each fraction from thc
“intercepls in Fig. 5(b) and (¢), the slopes were analysed to give the values of (d act) listed in”
"Table 3. The resuits for the 10.and § per cent {ractions are rather uncertain, but the general:.
“agreement in (dm) values for the various fractionsis reassuring. - The mean values for <dm Wi
':'faverag,mb all the fractions, actually agn,e better with the observed mean grain sizes than dxd
«'the bulk’ coercivity results’ of Table 1. This close agreement. may well be fortuitous. It is’
E“mtuesnng that (d,M) tends to be. smaller for. hatder (i.e. more- clongatcd or irregular) par-"
"‘_%tlulcs One of our initial assumptwns that f(u, Ii, )= rp(u) gl/(HK) is lherefore violatcd but
’;'not senously cnough to mVahdute the appmach of I'ig. 2 b

L'_‘ 2 ‘ l)ependence of the ﬂuctuatmn field on II,\

;‘f‘ Yhe slopes’in Hg 3(‘0) and (c) m&rcaw with inen asing Cnercwtty Thls is an expeucd effect
“since #f, depends on. Hy (cquauon (). I Yae, dcwrdmg to- equation (5), the slopc
“d (Heljs )/d(T”’//q) is propmtional o (My.0)"* W effect; wé have alreddy. testcd this pre--
f«"drcuon it was nmphc:t m lhe t.aiculatmms that fed 10 thé reSuhs in Table 3. hg 6 shows an’,
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' Flgure 5. "‘hum.\l ﬂucluation dnalysxu, in the manner ol l i, 2 of the high tcmpe,mturc‘l\l cverthies
of seven dnffcrent remanence fractions of samples'}--4 (data from Flg. 4).'Non-ideal’ behaviour (i, € fon-
lmcamy} may reﬂ'.ct the influence of ‘erystalline anisgtropy or the experiménial’ difﬁcutty o( mcasming
, the tail of thc AF demugncmatmn curvc wnh sumcwnt accuracy at, hxgh tempem!ure.,
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Figure 6. A tvst of the predxctcd dépendence of, Uu flnctuation field on microscoprc coetelve force, HK(,,
for the two samples (2 and 3) that showed d ‘ideal’ behaviont in fig. 5. Note'the log—log scale. The harder
fractions of sample 2 exhibit a slope close tothe expected 1/2, while the softer fractions define a slope
closer to 1, the value expect'ed for magnemuyxmmm amsotropy. without 9hape unisotropy or a ﬂuc—
tuation field. The data for samplc 3 are too scatlered to druw any conclusions.. :

cxphcrt test a brlogamhmxc plot of SInpe versus mtercept field HKo for the data of Fig.
5(b} and (c). . \

The results are rather scattered for samiple 3, but the slope lies between the expected 0.5
and an upper limit of 0.7. The softest fractions of sample 2 yield a slope of about 0.9, the
Larder fractions a slope near 0.5, There is 3 simple cxplanahon for slopes » 0.5, Fquanon &3]
assiimes shape anisotropy, so that the only /f dependence enters via the Hj'? variation of
H,. I, however, Lrystalhnc anisotropy alsa wvhitiibutes to Hy, both terms on the right-hand
side of (5) are temperature dependent. The crystalline anisotropy is, of course, proportional
to Hyo, not (Hyo)""?. Such a contribution is most likely in the least clangatcd partlclcs,i,e 3
the «oft frautrons as thc results for ‘;dmplc 2 seem to attcst , : .

: 13 Cc)elcmty fmctrons and bulk cnerclvsty cumpared

It is mstzuctxve to plot the normatized temperature dcpmdencc of the He data aq in Fxg‘
The tabulated v.llueﬂ fllustrate the well-known fact that the bulk cocrcive force is fumeri-
cal)y a poor indicator of the: average of the coeteive force spectrum . As explained earlier, ”C
i by. iis very nature is always less than the median value of the HC Spectrum It is also well
known that H is biased towards softer fractions (particularly SPM particles) because these
“fractions have high susceptibility and low remanence. Fig. 7 illustrates just how strong that
fbms can be, even in samples with fairly nartow spreads of sizes and coercivities.

- The temperature dependence of f. is quite clearly nof the. average temperature dupend
“ence of the various {ractions, Our choice of fractions does not of course cover the remanence
“spectruim umformly (rt would if the 20 and § per cent fractions were ehminated) Neverthe-
“less, it is cloar that He(T) strom,]y rescmbles H~(?“) of the softest fractions. In sample 2,

we_evenhave the anomalous. situation where He decreases more rapidly thah even the:90:
_per cent fraction; and dges ndt in any sense vonstitute awaverage. Although the undetlying
cause remains gbscnrc,ft‘he,, results of Fig. 7 explain why the {d,{) estimates of Fig. 1, based
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Fxgure 7 A companson of the temperature vanauons of AF coercxvnty of seven separated fractxons af the coercive forcc spamum mth’ ]
* the-temperafure variation-of bulk coercive force. Ordmary coercive force is a3 poor spectral: average. In mag,mtude and kmperatu:ef
dependence, it matches the. ‘softest 20--30 per cent of the spectrum. However, the remanent coercive force Ag (datz net shown) is .
: »closely represeutatzve of t.he medxan demagnenzmg field of the spcctrum. The harder fractions of sample 1 (2200 A) are mpectedlv~f
har{ and'have-an unusual temperature dependence They may reflect the onset ofa new type of magnetic moment in two-dnmam grams :
vnth weﬂdeveloped walls. o - . e e ;
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on \mlk coerelve !orcc';. match thc values ealeulated f‘or the softcst (‘)O and 70 pcr ccnt)
!/ fractions in Tdblc 3 and not the mean of alf ’I, fractions. .

Fig. 7.also allows us to cheek the assumption of shape anisotropy. H(« (7’) for the h1rder
fractions does indeed resemble: Js (T, hut for the ofter fractions, f. varics as tncreasingly
higher powers. of Jy. "Ihat is, shere is oy lnercasing contribution due to magrietocrystalling
anisutropy i more nearly cq&ant particles, just ‘as one would expect. The results for the
‘harder fractions (20, 10 4nd § per-cent) in sample 1 are anomalous. The 10 and § per cent
fragHans hive tempmutu}@ vatlaions ton drregular {u join with B smooth curve. As mert:
“tioned before, these fractions seem to behave in a unique manner nnd may reﬂect a mecha-
nism of PSD behaviour riot prctcnt inn smatler particles. o :

o »
14 Thermal ﬂuctuatmn analysus of hrge PSh pamdcv .

[ The pubhshcd hxgh-temperatum hyv.tcrms and AF dcmagneti?atlon rcsults of Bina (1971)
‘lend themselves to a thermal-fluctuation analysis. Morcover, the experiments were carried
“out on magnetltc that is unusually pure, strain- free and narrowly sized (15 um) for the
‘micron size range. The object of the analysis was 10 determine, if possible,.the nature of PSD
- moments in fairly large particles not too far below the PSD threshold size (~ 15 um). :
Lither the moments are related to enlire domain walls (waﬂ moment or Barkhausen
_discreteness mechanisms), or they arise from regions of approximately SI) size (surface
“moments, bending of segments of a domain wall around individual defects). These alter-
natives have very different activation volumes. For a 2-um particle say, even if the Bark-
“hausen jump is only 10 A (approximately the unit cell dnmemlon), Uaet 18 about 30 times -
Uyet fOr a SD particle of critical size (500 A). This contrast has been remarked upon by
-Dunlop (1973a) in connection with the magnetic viscosity of MD particles. Paradoxically,
the VRM of MD material should be much less than that of SD material because of the large
S Ve Of domam walls, yet the conmon experience in paleomagnehc studies is that suft
low-H) rocks wnh MD charactcr are frequently very wscous .
f4.] BULK COERCIVE FORCE ANALYSIY . e ‘
“Fig. 8 is a plot of Bina's bulk coercive force data, in thc manner of Flgs 2and 5. H is !
“normyalized to;m. he = He (T Hep. The convex downward curve in Fig. 8 is reminiscent of a

[

s I
STy, Adoth from Bina, 1971)
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Flgum 8. Attempted t‘t of cocrczve forco data for o large PSD mngnetite aample to equatmn (5) The

_.simple thermal Mluctuation analysls fails, PSD roments in these grain ate either too large to be thcrmal!y
attlwﬂé dto any appreuab!e cxtent or else they have 4 very broad drstnbudon of écnvatlon volumés L
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L0 e OBSLRVED DATA :
o FLUCTOATIN FIELD  TRCDRY
w - POWER LAW 11T

‘ 3 Temmu?ue T("C) e i
:‘ [~u,ur<~ 9. \orm.mred smumnon mag,nmmtmn and bulk cuercm forca dam for the large PSD sample

: Oppuimon {o domuin wall motion, with a puwer law dcpendence on temperature fits theh data befter
" than t}ncrmal at.twauon of ‘small PSD momcrm -

>resuit reported by Dunlop (1976) for s SD sample Wthh dxd not ﬁt equatxon (S) elther
because its grain size- sputrum was 100 broad or because HK was niot proportional to J‘S
(the particlos were essentially equant and crystalline anisotropy was kn0wn to be 1mpommt)
One or both of these cffects is rellected alsu in Fig. 8. L

) An ' average fit: to the data indicates (Hyo) = 125 (Hgp)- meg the medxan demagnetxzing
Afﬁeld Hm to appmxlmate ((’co ).(in view of the conclusxons of the previous section that bulk -
“cocreive ‘force constitutes a poor numerical average), we have (Hyg) = 345 Oc: Using ‘this-,
.value throughout, (d,e) =550 A for the low- -temperature data and (dm) 850°A for ‘the
"‘\.hxgh -temperature data. (Cubic regions were assumed, but cquivalent sphere d:ameters could
“equally well be quotcd) Remembering the powerful averaging effect evidenced by Fig. 28
- campared with Fig. S when fairly narrow size distributions are involved, we recognize that;
“the present spectrum is very much broader than 550 850 &. These are merely slightly dis~~
" placed- average figures in a spectrum 5o broad that the same average does not describe both
. low- and high-temperature results, ic poot, fit obtaired w1 ‘h a sing]e (v,c,) of 650 A at all
_temperatures is shown in Fig. 9. : 4o L .
,© When we ‘consider’ the othu possibk mplanat:on ‘of the results,vthat HK is not propot-;
“ tional to Jg but to some power of Jg, we Fmd a close f‘ t to the data at all temperatures if
f.hc 2 SE0.1(): L E R
"Y' This mechamsm would 1mply that tlwmml acnvatmn is ms\gmﬁcant, presumably because
;;,llwhole ‘domain walls are involved and (Ugey) fs 80 large that in equation () H, < Hy even at:
- high temperatures, and that nn equation (1) is about 2.5. Since n-is controlled mamty by
_v‘magnemstmnon which js knpwn 1o have a consxuerab)y weaker temperature dependence
;‘;:th‘m (.rystalhne amsotropy (S ono 1965 Klapel & thve 1974), this ﬁgure s riot unreasdm

"v.an.ﬁysed m the manner ot Fxgs 5 and 6 lmtcad we will anaiyse AHC between each of Biria s
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four hig,h tcmpernlum cupves and the - room. n‘nmeramrc cnrve, rnthcr in the manner ol -
Kneller & Wohlt.nth (1066) and (;mmul & Kaster (1967}, Huwcver, where these workers “
examined only. twoy tempcrnturcs the highest being 80°C, we examine five temperatures *
from 20 to 400°C for the same seven coeicivity fractions studied in the Jast sc®tion.

- Since we are attempting to distinguish between two alternatives, ) thermal fluctuations
of small reglons with different averape sizes at different tempetatures, and (2) domain-wall
pinning in which thermul activation pmv s a .nmnr rolc :t is useful to recast equatnon (3) '
,mm e ahwwtwvg fuman D :

log A(H(v//‘) % logHm Hog ‘(U)HS[/\U,Q:”“) A(I'”’// )] \

‘ ‘ (iOa)
logA(ﬁ(‘/j,) lngllko + k)g A([ SN L e" B o TERSTERRR L (mb)
Equation (ma) is appropriate to moocl 1, provided Fy c:JS Graphs. of Iog A(Hclf,) versus
log Hyo for different temperature intervals may have different intercepts, because of differ-
ent (v, but they should all have slope 3. The saine plots lf mode 2 (equahon (!Oh)) is -
appropriate, should have a'slope of 1. ‘

These ideas are tested in Fig, 10, whxch is % !og plot The lmcarity is not nnpressive,

“but the slopes seem to incredse with tmtlpcmum..trom 0.45 for the 130-20°C curve differ-
encing,.to 0.57 for 210~20°C and 300.-20°C, to 0.75 for 400-20°C. The upcertaintics are
large. For e‘(ample 10.45 18 not 4 reasonable slope, since no model can generate a slope < 0. 5.
On the whole, the results would scem to fovour thermal fluctuati ons. of small regions. at

:tempuatures Just above T, with domdin wall effects becoming more prominent: at high
ternperaturé. There is no reason to erect such a frend nnd o thc resu!ts of Fig 10 are
probably not dmgnosuc. ~ : S

".x

#

7 o300-200, o

250r‘ : »'a»-’j; T LT S
AR !:5}1.1“ s A00-20°0
200‘ o {dota from. Bma, 1971 / ‘

210-20%¢ "

G A 500 800 800 00 . il
Fico el VL e
Fxguro 10, I’cst ot the mcchanmm of Tm,h -tewnperature coercnve {mce in largc PSD grmm of magnetite
- Pairs of high -tcmperatuae AF demagnetization curves = for data see Bina (1971) - were differenced at '
+the sane seven rémanence levels used with samplos 1--4 to tesf the predictions of equation {10). Note the;
Clog~jog scale. A$ with' the analegous method of Tig. 6, a elopc of 12 indicates thérmal acnvatmn of—,
"Gl size momems while'a shape’ 'of T fadicates negligible mﬂuéncc of thermat ﬂuctuations on cocrcv
“Vity. The slopes hoxe are mostly nearet 112 than 1, but are net considered deﬂnmvc ‘ S
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Theé bulk cocreive f'orce of a- mnxturc of fcrmma;,m-m grdms ac.uordmg to Bean (1955) *15 :
less than’the wcxghted ‘average of the individual coercive forces, Just haw strong the bias
towards the soft cnd of the coercive force spectrum can be is illustrated by Table'4 and Fig."
7 Hco of each sample is only slightly greater tlmn the AF necessary to: erase lO per cent of -
the saturation- rémanence. In other words, Heq i8: toughly equivalent to the average coerci-
ity Hoo af the softest 20- =30 per cant of the coercivity spgetmm “This same equlvulenee :
“applics at }u;,h tempcraturcs to Judge by the tcmpemmre varm ions of Hé and Hc shown in-
’Flg'? e : v ‘i :

Table 4. A cumpanﬁnn of room- tempemture bulk mrmvc force #c, remanent. coermvc force HR and Al '
demugnetizing fields A requlrcd to- dcstroy 10 and . 50 pcr ce nt uf the.saturation ‘rémanence ef,samples»
‘4 (370 ’200 A mean gram slzes) . EANEN :

e o)lopermn Hyg'! o

Sumple : Ii@-_

I\o;.‘,: ; (Qc¢) ACe) S0y
| 100 3 36. S s
L1830 A6 o 279
178" vUUL68. N 308

185 s

Hpo is cntxrely unrepresentatwc of the median demqyuen/mg ﬂeld H, /2 (l.e (Hco)so percen!) ‘
“The remanent coercive force, Hygo, however, is verp nearly: equal to Hyg Furthermore, the
temperature- dependence of Hy, although it is ot shown in Fig. 7, lies above that ofHC and
resembles that of the edian (4060 per cent) fraction of the saturatlon remanence HR is
‘lm ail respu.ts a. bettet estxmate of ave;age werdw; force than HC‘._‘ , :

15, 2 THE NEEL 'rmaouv OF thRM AL, [ LUCTUAT JONS TES TED

: Samples 1--4; although they contain grams that are § for the most part above SD size, seem 'm_
. change their magnetization by domain rotation ip the: SD manager. 1f this js the: case, even.
~though (he volume affected by thermal agitation may "he less than the total partlcle volume,
the,- predacu,d dependence " of - Neéel’s fluctuation” field: on temperature o mxcroscopnc»
cOeruve force, and on grain size (equations (3), (4) and (5)) can betested. : '
The pmlu:ted (equatxon (5) temperature dependence of” Hy was, foliowed by the harder
;ﬂfracnons of the cogrcive force spectrum (¥ig. 5) and by the avetage ‘over ‘all fractions (Figs
" land 2) despite the fact ‘thit the -average represented by £l favours the soft ftactxons Actis
“vation volumes. inferred from: Thb slopes in Figs 2 and 5 were: reasonable (Tab]es 1 and 3).
_Magnetocrystalhnc amsutrom is the probahlc SQUrce:” ot dcvmtnon from theoreucal pedu,-v
"-'tlons in the soft fractions. . o ‘£ R N
The prec xctcd ‘(equation (4)) size dcpend&,n“ of II (avera;,ed ‘over. all fractions) was
V'followed (Fig. 3) The, superparama;,nenc threshold size inferred from the slope of Flg,,3:
.agrees closely with mdependent experimental and theoretical estimates.”
. The predicted (equatmn (5)) HK dependence of H, was’ approxlmately venf‘ ed for'
}samplcs 2 and 3 (Fig. 6) by examining seven different {ractions-of.the. coercive force spec-
-~ trum, Such a test can,’dnly be-made if the data for each- fractfon dxsplay the expected:
;,tempcra{uu dependcnce. A nummum fest | rcqmrcq coercive, torce data at’ two d\fferent
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waperatives (g, hnc.ncr & Wohtfartl 1 l(‘(») fui all the fractions, but a test of this sort fot -
103 umemagnetite graing: (ng 10) gave anhignous results, chmheiess such a test is worth“_g
(attempting because i1 1§ capable, in principle, of Jnhnmmhmg between crystalline aniso-
Aropy and fhumal fluetuations as the dominant mechanism in the decrease of coercive”

~foree upon hcatmg and. the blocdng of TRM upon conling (zf cquaﬂon (10)).

3
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,‘;The superparamagnem threshuld size dg obtained by t.‘:tr,\poldhon fmm the pmpcrtles of -
-grains mostly. above SD size (Fig. 3) is (”90*;‘,’) A. This figure is indistinguishable from an -

experimental estimate of dy = (200 7 601 S0 K (anlop 1973¢) based entirely on SD

<tnedsurernents, By inference, even the furgest £50 gmmb irg the present study, with activa- -

“ton volumes two orders: of magnitude larger than the mlume of a pamclc of critical SPM .

size, behave in a manner reminiscent of SD particie s S
The activation volumes of the grains in sampie 1 are, hmvever{

mbstamxally less than the -
‘ total volume of each grain (Table 1). A two-domain stpuctire is hypothesized, the domain

wall itself carrying an uncompensated magunetic moment, The Barkhausen discreteness effect

(Stacey 1963; Stacey & Banerjee 1974) may contribute to the moment, but the magnetiza-.
~tion does not change by wall displacement. Wall displacement in MD grains, large or small, .

-is limited by the- internal demagnetizing ficld created when the wall moves from a central
."position, whereas sample 1, like samples 2--4, behaves in an SD-like manner. Wall moments
“in small PSD grains, whether Intrinsic or due to non-central Jocation of the wall, mparem]y .

* respond to a field by rotating, presumably in the plane of the wall.

S0 the grains are less than about 1000 A in sive, essentially the entire domain structure:

-v'?romcs us A unit (Tablc 1, {dy ) results for samples-2-and 3). The domain wall and its
" neighbouring domains are tightly coupled {n this case: Since the wall’s behaviour deter-

-

“mines the behaviour of the domains, it is teasonable to suppose the wall fills much of the,

- gram

”;sxze Although a wall«dnsplaoement model may fit the behaviour of larger MD grains, we
behcve domain rotation is dominant in 0.25 wm and smaller magnetite grains.

The Néel (1955) theory of TRM, based on wall displacements in MD grains, predicts
‘;valuw of Hy at the blockmg temperature that are an order of magnitude or more less than.
; H (Ty) mfern.d from ﬂuctuatmn analysis and that lack the expected dependence on grain:

© PSD behav;our is evidenced in the hysteresis and TRM of > | um magnetite grains (Parry’
{'1965 Day 1973; Baﬂey 1975): Fluctuation analysis of {--5 um magnetite grains failed to"
 elucidate the nature of the PSD moments in these grains, however. In fact, the data of Figs -
- 9-and 10 can be accounted for adequately by attributing the decrease in coercive forces -
_upon heating entirely to- the temperature varlation of Intrinsic opposition to wall mation.’
- Thermal activation of domaip walls may be occurring, but the large activation. volumes.
~ involved result in a fluctuation field too small to he resolved with certainty, PSD moments '
.{wnh a broad dxstnbutxon of submicron sizes would also explain the data but mexr presence

’ -cannot be dgmonstrated unambiguously. - ‘ SRS

We arrive, thercfore at a'curious paradox. The gram siz‘é’ dependcnce of Hv below ~ 1Sum:

';i'(Parry 1965) suggests ‘that PSD moments makeé an important contribution to hysteresis, just -

(f,'as they undoubtedly do to low-field TRM. The remperature dependcnce ‘of He and of the .

-coéreive foree spectrum; however, can.be actountad for if hysteresis is entirely -an expression

-of conventional field-afded (non-thermally-activated) wall displacements. Our understanding

“of ‘domain structure and magnetizanon processes in maguetlte in the crucial 1 15 um slze-f_

interval clearly has a long way to go:.
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Appendnx The Nee! relaxanon equatwn < emu analysts

Néel (1949) nges expressrons for the' relaxanon limes 1(0 i), r(n O) for thermal}y actxvatcd'-f
. rotations reqpectwely AWay frbm and towards the direction favomed by ] posmve apphcd .

ﬁeld ‘
1, 1 H) l
!fx

‘z[ ,/1(0 1()

1/ 2 i (A1)

ﬁ(rmm exp [ ~~%};~’1 (1 Ay
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'whxch is ides mv.ul wnh equatx\m (2) 0xaept for the Cactor LA )= l *exp(» Zvl {Hl/kT)

Vs 2 1&7/04. = 1+cxp( -4.0) w101, dnd to wuhm 1 percent. equatxon

, (AZ) reduices to cquation (2). IFH = 0,0= 2and for0 < [}« 2. 3IcT/v. ol < Bic 2, ln the -

‘text, § = Uis.assumed for all H. ,L{.t us see ‘what mar?mum error in the calculated actlvatlon
volmm is introduced by this 1ssumptxon - v

Lqumon (5) slmuld he, rcplaced by

e AR - L
. [2}”“(%[?].;? . K,g,(,u:{z Lg_ i

I!xgh Aemprratie fm‘rrne, ﬂm‘e §prctrum

i Jso

!A#summb jﬁbl{)" ~Faind = 100 s, ln (ﬁf,,t) dmngcs fmm 25 3 (as assumed- n,the text) to
“260 if =" instead OF 1, an mcrcase of about 3 per cent. For a given dctermmahon of,slope
- from u graph of {HeYjy versus TV (c.p. Figs 1 und 5), (u,) s, therefore, low by 3 per
cent at most and (dm) is i per cent k)w at most. (As in the text, (v ”’) s (vm> 7 has becn
“assumed.) - : . /

The error. made m assummg ﬁ = 1 for all i is cmnpurable to that made m 1gnor1ng the
dependence. of Joon H and T (Neei 1949). Lq\mmm (2) md (S) ate'sufficiently exact for
practical’ pvrposea, m vxew of the mhcrent nmse m the. data. from whxch sIOpes are dctt}r- '
mined.” :

There: is one, further possxble comphmtmn Por a mvcn !{ of HC, cquat ons (‘2) and (S)
may ba exict (8= 1).at low temperatures but inexact (8 >1) at high tempemtures A graph
in. the: form of ‘équation_ (5) will :then beé slightly. non-linear. kor interest, Table 5. shows
values of the figld [H|=2 3kT/uJ below which equations ( 2) and (5) become mexact for
magnétite cubes simjlar‘in size to- thos«, in the pmsmt \tudy Calculatmns wcre done both f'or

{room tcmperaturc and for 500 C wherejg o O 5. L

. ‘Tablc 5. (‘nlculatud nummum flelds’ bdnw whlch equauons
i (2) and (.‘.s) should be rcplagud by lim exuct tqumiom (A’l)

v _',;mr'z 3K/ t0e) 4 7 g
e - T s00°C
s RS
208 s
L SR AT S
P T T B S

The nunimum H(. values plottcd lf’l l"lb 2. werd 10 “0 Oc at T 550 C. The only dew-
,auon from vquauon (5);-and that a few per cent’ a\ most, wﬁuld he expected in the ﬁnest'
grmns (sample 4) at: temperatures above 500 C Sl ‘ ; e

ﬂuctuahon mal sxs ,tcchmque



