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Co-cluster-assembled films have been prepared using a size-controllable cluster beam deposition
system, by which monodispersed Co clusters with a mean diankt€s—~13 nm are available.

Their morphology and magnetic properties have been studied by scanning electron microscopy
(SEM), small-angle x-ray scatteringpAXS) and magnetization measurements. The SEM images
show that the film has a porous structure consisting of fine grains without a columnar texture and its
density is about 25% of the bulk Co. The SAXS measurements indicate that monodispersivity of the
incident clusters is maintained through their assembling process onlg=#dr3 nm. All the
specimens exhibit ferromagnetic behavior at room temperature and the magnetic coercidg field
rapidly increases with decreasing temperatug:=168 kA/m (2.1 kOg at 5 K. Such an
enhancement ifl is ascribed to the exchange anisotropy which arises from the antiferromagnetic
Co-oxide layers covering the Co clusters, and to the assemblies of single-domain ferromagnetic
clusters with the structure modification and magnetic interaction among them. The monotonic
increase inH. at 300 K with increasingl is simply understood in terms of the single-domain
particle theory. ©1999 American Institute of Physids§0021-897@9)04722-3

I. INTRODUCTION glow-discharge vaporization(sputtering and inert gas
condensation® This method can be used to produce refrac-
Nanometer-scale geometrical and chemical controls aréive metal clusters because all metals can be sputtered. We
important to obtain novel magnetic materials such as softhave succeeded in producing monodispersed transition-metal
magnetic nanocrystalline materials with a high magnetic fluxclusters whose sizes are controlled between 6 and 13 nm in
density’™ spring-hard magnets with a large energy diameter and whose standard deviations are less than 10% of
product** magnetically perpendicular thin films, €té-’  the mean size§*** In our previous articlet®*8 we pre-
Their nanometer-scale chemical and structural heterogeneigented the results of transmission electron microscopy
is usually formed by precipitation from supersaturated solid TEM) observationsin situ electrical resistivity and magne-
solution initially produced by vapor-, liquid-, and solid- tization measurements in the early deposition stage of
guenching methods. Apart from these metallurgical and connanometer-sized Co clusters on substrates, and discussed the
ventional methods, by which the concentration and morpholeharacteristic aspects of the assembling process in terms of
ogy cannot be independently controlled, laser or electrotwo-dimensional percolation theory. It was found that a mag-
beam micro/nanolithography techniques permit the fabricanetic transition from superparamagnetic to ferromagnetic be-
tion of submicrometer-scale magnetic dots, wires andhavior starts prior to the geometrical and electrical percola-
arrays®® However, the lowest fabricated size obtained usingtion thresholds. This result strongly suggests the presence of
lithography is about 20 nm. Submicrometer- to nanometera long range magnetic interaction between superparamag-
sized fine particles have also been produced by inert gagetic Co clusters; magnetic dipole interactions are longer
condensation and colloidal methofsand intensively stud- range than the interactions giving rise to the geometrical and
ied for magnetic recording media and micromagnetic deelectrical thresholds. Even far below the geometrical and/or
vices, although it is difficult to obtain monodispersed par-electrical percolations, there are partial connections of clus-
ticles less than 10 nm by these methods. ters, which lead to the ferromagnetic behavior in these small
The cluster-assembling meth&dwhich directly depos-  Co-cluster assemblies.
its or arranges nanometer-sized clusters on a substrate, is a When we produce a magnetic material whose size is
good alternative process to fabricate ideally nanostructuresmaller than about 50 nm, a multidomain structure changes
controlled magnetic materials. Throughout the assemblingo a single-domain structure. In such a small specimen, a
process of the clusters, it is desirable to maintain the cluster®agnetic domain wall is unstable because the interfacial en-
initial size, structure and properties. In this context, we haveergy loss exceeds the magnetostatic energy. If the magnetic
constructed plasma—gas-condensation-typ&C cluster — anisotropy energy of a single-domain magnetic cluster is
deposition equipmer£=** which is based upon plasma- smaller than the thermal energy, the cluster becomes super-
paramagnetic at ambient temperature, obeying the statistical
dAlso with: Core Research for Evolutional Science and Tet:hnologyth(:"rmOdyna‘mlcs of classical spins. Looking at the rapid de-

(CREST) of Japan Science and TechnologysT) Corporation; electronic V_GIOpmem of magnetic recording media, the memory unit
mail: yamamuro@imr.tohoku.ac.jp size will be comparable to or smaller than 100 nm in the near
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Deposition Chariber through the small nozzle and two skimmers by differential
Sputtering Chamber|

Sample Holder pumping, and then deposited onto a substrate fixed on a
Gas inlet |I Region

sample holder in the deposition chamber whose pressure was
m Li‘h Skimmer temperature during the deposition. The effective thickness of

about 1X 102 Pa. The substrate was maintained at room
Nozzle . . . .
the deposited film, which corresponds to the average thick-
: ness of a dense film, was estimated at 100 nm using a crystal
quartz thickness monitor. To check the accuracy of the thick-
ness monitor for measuring the effective thickness of depos-
Mi;p C]fﬂ, its, we examined the initial deposition stage of Co clusters on
TEM microgrids by TEM and measured the cluster coverage
™P Thickness TD‘AP by an image analysis of a TEM micrografhAssuming that
spherical Co clusters with the diametdr are randomly
= placed on the substrate without any overlapping, we can cal-
FIG. 1. Schematic diagram of the plasma-gas-condensation{§Eo culate the effective thicknedsfrom the cluster coverage,
cluster deposition system. TMP, MBP and CMP represent turbomoleculayising the relation ot=(2d/3)p. We found that the esti-
S\ll‘gl'p' mechanical booster pump, and compound molecular pump. 1espefaiay effective thickness is about 40% smaller than the
4 monitored thickness for all the specimens. Taking into ac-
count a lot of partial overlapping of the clusters in the real
future. Superparamagnetism is a serious problem because theecimens, however, such a reduction of the estimated effec-
magnetization directiofithe recorded informatignis elimi-  tive thickness will be attributable to the overlapping of the
nated by thermal fluctuation. According to a simple theoretclusters because it makes an apparent cluster coverage, i.e.,
ical calculation, the critical size of the transition from ferro- an apparent amount of the deposited clusters, small.
magnetic to superparamagnetic states at room temperature is We controlled the cluster size by varying the Ar gas flow
about 17 nm for an fcc Co particle, while it is about 10 nmrate v,, and He gas flow ratd/,,,. With decreasingV
for an hcp Co particlé® In our previous experiments con- from 8.3x10°® (500 sccm to 5.0< 10~ 6 m3/s (300 sccm,
cerning Co cluster deposition on substrdfesiowever, iy mean cluster diameter decreases from 13 to 8.5 nm.

nearly |§ollat<had Co clusfters \t/wtht the meﬁg'td;ameter of ?'q—mwever, the deposition rate rapidly decreases with decreas-
nm, mainly having an Icc structure, exnibit terromagne ICing V,: smaller clusters cannot be massively produced in a
behavior with a small hysteresis at 300 K. This is probably ure Ar gas atmosphere. This is caused by a decrease in the
caused by the magnetic interaction between the cluster :

and/or the coexistence of a small amount of the hcp cs uster formation probability because the number of colli-

phase sions among sputtered metal atoms decreases with increasing

On the basis of these studies, we tried to produce rathe¥ar (i-€- Par). To overcome this problem, it is useful to mix
thick films (three-dimensional cluster assembjiesom He gas with Ar gas, leading to efficient cooling of the sput-
monodispersed Co clusters with the mean diameted of tered metal atoms due to the high thermal conductivity of the
—6-13 nm, and studied their morphological and magnetidie gas. By mixingV,,,=9.2<10"°m®/s (550 sccn with
features; the morphology by scanning electron microscopyar=4.2<10 °m®s (250 sccm, for example, the mean
(SEM), the medium range structure by small-angle x-raycluster size could be decreased to 6 nm. To minimize the
scattering(SAXS) and the magnetic properties by a super-oxidation of the deposited films, we covered the specimens
conducting quantum interference devi@QUID) magneto-  with carbon films of about 10 nm thickness.

meter. We observed the morphology of the deposited films on
silicon wafer substrates with a high-resolution scanning elec-
Il. EXPERIMENT tron microscope(JEOL: JSM-6320F operating at 3 KkV.

Prior to the deposition, the silicon wafers were cleaned by

Figure 1 shows the PGC-type cluster deposition systeMy,c rca methof to eliminate contaminations and surface

wh|ph mainly cons'ls.;ts of a sputtering chamber, a growthoxide layers using NEDH/H,O,/H,0 and HCI/HO,/H,0
region and a deposition chamber. A large amount of inert gas _, ..

. O . Solutions. SAXS measurements were performed for the 200-
(pure Ar or Ar/He mixturg was steadily injected into the

. . nm-thick films deposited on mica substrates using a point
sputtering chamber from a gas inlet, and evacuated by a m?- , ,

chanical booster pumMBP) through a small nozzle. In the 1ocused CKa beam which was monochromatized by a
sputtering chamber, two Co targets with 70 mm diametersmall piece of pyrolytic graphite and then coll'lmateq by two
were sputtered in a facing target mode at a high pressure &Pertures0.5 mm<0.5 mm. Scattered x-ray intensity was
about 180 Pa. The input power for sputtering was 400 Wwdetected by an imaging plate as two-dimensional data, which
The growth region consists of a copper tube which wagvere then transferred into the one-dimensional data by cir-
cooled by liquid nitrogen. This low temperature atmospherecular averaging. We measured magnetization curves for the
causes the vaporized metal atoms to become supersaturatétins deposited on polyimide film substrates using a SQUID
The clusters formed in the growth region were ejectedmagnetometefQuantum Design Co.: MPMS}5
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FIG. 3. Small-angle x-ray scatterif®AXS) intensity | (h), vs the scatter-
ing wave vectoih for the Co-cluster-assembled films with the mean cluster
diameterd=6, 8.5, and 13 nm.

FIG. 2. Plan-view and cross-sectional scanning electron microS&pyl)
images of the Co-cluster-assembled films with the mean cluster diameter,

d=6, 8.5, and 13 nm. The effective thickness of the deposited film is . _
100 nm P d=13 nm reveals an oscillatory decay for0.2—1.0 nm'L.

This arises from the monodispersivity of the Co clustérs.
However, the scattering intensities fd=6 and 8.5 nm re-
Ill. RESULTS veal no oscillation, indicating that the deposited Co clusters

. do not maintain their initial monodispersivity after deposi-
The external appearance of the Co-cluster assemblies P y P

sooty, without any metallic luster. This is a typical charac-
teristic of a thin film consisting of fine particles or clustéts.
Electron diffraction measurements for Co clusters deposite
on TEM microgrids indicate that the fcc phase is predomi-
nant ford=6 nm, while the fraction of the film that has an
hcp phase gradually increases with increasii§ This trend
is qualitatively consistent with the result by Kitakagtial 22
Figures 2a)-2(f) show the plan-view and cross-sectional
SEM images of the Co-cluster-assembled films with 6,
8.5 and 13 nm, deposited on silicon wafer substrates. The
plan-view images reveal very bumpy film surfaces contain- 10°
ing inhomogeneous aggregations of Co clusters. In the cross-
sectional images, we detect no distinct columnar structure
(texture as has been observed in thin films deposited by
thermal evaporation or sputteridg.Instead, we observe a
random stacking of Co clusters. Individual Co clusters are
distinguishable fod=13 nm, while they are not so sharp for
d=6 and 8.5 nm. This suggests that smaller clusters more
easily coalesce to form larger particles because a cluster’s
melting point decreases with decreasing $fzéloreover,
the film thickness estimated from the cross-sectional SEM
image is 350—450 nm, although the planned thickness was
100 nm. This implies that the cluster-assembled films are
very porous, being consistent with the results of the plan- 00 05 1.0 15 2.0x10°
view images. h? (hm?)

Figure 3 shows the SAXS spectra of the Co-cluster as-
semblies withd=6, 8.5 and 13 nm deposited on mica sub-FIG. 4. Guinier plot[logI(h) vs h?] of the SAXS spectrum for the Co-
strates. The scattering intensityh)increases exponentially cluster-assembled film with the mean cluster diameter6 nm. The solid

with decreasing scattering vectobelow 1 nni L. indicatin circle is a raw spectrum and the open circle is a retained spectrum after
9 g ! g subtracting the straight line correspondingRg, from the raw spectrum.

T[he presence (_)f nanometer's_cale electron-density fluctuatiofhe straight lines fitted to each spectra correspond the gyration Raglii
in these specimens. In particular, the SAXS spectrum foandR,.

Figure 4 shows a typical Guinier plflogl(h) vs h?]

épr the specimen witld =6 nm. The measured spectrifthe

olid circleg exhibits a curved manner, indicating that the
specimen consists of different size scatters. To estimate the
gyration radiusRy of the scatters, the spectrum was analyzed
by the Fankuchen methdf,which assumes thak(h) is
comprised of the sum of multilines corresponding to differ-
ent size scatters. The Guinier plot fd=6 nm provides two

® raw spectrum

4
10 o after subtracting the R, line

10°

102

Intensity, Ih) (arb.units)

10!
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FIG. 5. Magnetization curvegrelative magnetizatioM/M; vs applied T is decreased from 300 to 5 K. AlthoudH. is almost
field H, along the in-plane directiormeasured at 5, 100 and 300 K for the independent ofl at T<20 K. it becomes |arger for Iarger
Co-cluster-assembled films with the mean cluster dians:te nm. sized clusters af =300 K; theH, values aff =300 K are 6
kA/m (75 08, 14 kA/m (180 O¢ and 25 kA/m(315 Og for

. - the respectived values of 6, 8.5 and 13 nm. The largk
‘R;1=3.7 R,>=6. 'R R " . S
gyration radii: Rg; =3.7 nm andRg,=6.6nm; Ry; and Ry, value at low temperature is ascribed to both an intrinsic

probably correspond to the incident clusters and aggregations L : .
of clusters, respectively property of ferromagnetic single-domain particles and an ex-

Figue 5 siows typical magnetization cunbe rela- (T OREY O U8 eee WERRS S
tive magnetizatiom /Mg versus magnetic fieldl) along the 9 P 9

in-plane direction of the Co-cluster-assembled film withlaye_:_covirf'i?r%%e ferrromnagne;lct:hclusxférf. N nisotr w
d=6 nm at different temperature3:=5, 100 and 300 K. 0 co € presence of the exchange anisotropy, we

The Mg value is defined as a magnetization value measure ?:a(l:s)u;g ftiz%_rgg(gzzt;gtfgng;tjgfs Il:1 n&in;tetggslsde{@gled
atT=5 K andH=4MA/m (50 kOs&. The film exhibits fer- ' '

romagnetic characteristics at<300: a magnetic saturation cooled the specimens froffi=300 to 5 K withH =800kA/m

. o 10 kOe. Figure 7 shows typical ZFC and FC magnetization
and hysteresis. The magnetization curve becomes magneti- . e
. . curves ford=6 nm atT=5 K. A negative shift in the hys-
cally soft with increasingr.

Figure Ga) shows theT dependence oM (T)/M(T
=5 K) for d=6, 8.5 and 13 nm. Thd4(T)/M¢((T=5 K)

values for all the specimens gradually decrease with increas- LOF

ing T, however, its decreasing ratio from=5 to 300 K is

only 2%—3% irrespective dd, indicating thatM is insensi- 051

tive to T andd in these ranges. In the present experiments, it @

is difficult to determine the saturation magnetization per Co § 0.0

mass directly from the magnetization curves at high mag-

netic field, because we were unable to measure the weight of 05F

the deposited Co clusters due to their very small amount.

However, it was confirmed that the magnetic moment per Co 1.0 lero—o=g=0880p®™} ! )

atom in the clusters is in good agreement with that in the -15 10 05 00 05 1.0 15
bulk Co by a Langevin fitting to the magnetization curves for Magnetic field (MA/m)
isolated Co clusters witd=6 nm, which were deposited on

a substrate with the average thickness of 1¥Am. FIG. 7. Zero-field-cooledZFC) and field-cooledFC) magnetization curves

; : - - : (relative magnetizatiom /Mg vs applied fieldH along the in-plane direc-
As shown in Fig. @), the coercive ﬂeldHC rapldly tion) at 5 K for the Co-cluster-assembled films with the mean cluster diam-

increases with decreasinig for d=6 nm, for instanceH, eterd=6 nm. The specimens were cooled from 300 to 5 K with/without
increases from 6 kA/nG75 08 to 168 kA/m(2.1 kOe when  H=800kA/m (10 kOe.
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FC FIG. 9. Magnetization curvegrelative magnetizatiorM/Mg vs applied
2001 field H) along the in-plane and perpendicular directions of the Co-cluster-
assembled films with the mean cluster diameter6 nm at(a) 5 K and(b)
10 2pc 300 K.
Okt ] { ]
0 50 100 150 This indicates that the Co-cluster-assembled films are mag-
Temperature (K) netically rather isotropic in comparison with the convention-

FIG. 8. Magnetic coercive fieldd. of the zero-field-cooledZFC) and a”y vapor—deposned films due to the random StaCkmg of

field-cooled(FC) magnetization curves of the Co-cluster-assembled films asSmall clusters without preferential orientation.
a function of temperaturgi@) the mean cluster diametei=6 nm, (b) d
=8.5 nm, andc) d=13nm. TheH_ value of the FC specimen is defined as
the average of the positive and negative field values. IV. DISCUSSION
As described in Sec. lll, the coercive fidlt}, is strongly

. , . . influenced by the cluster size, temperature, and surface oxi-
teresis loop along the field axis is detected in the FC specis y P

men in comparison with the svmmetric feature in the ZI:Cdization of the clusters. These results indicate thatensi-
P L Y . . tively reflects the nanostructural characteristics. Thus, we fo-
one; the exchange bias field for the FC specimen is 72 kA/

(0.9 kO®. This suggests the presence of a surface layer o used on thél . behavior to characterize the specific features

CoO on the clusters. We also measured the maanetizatic f the present Co-cluster-assembled films. In generaldthe
u ) u gnetizat (Jj]ependence oH; in nanocrystalline magnetic materials is

Curves f?f both ZF.C and_FC}:( s'g_emmens at severr]al tekr;nper%'xplained in terms of the competition between the ferromag-
:_lljrevsaﬁjeesr gf?ﬁ;@gﬁ;fer 'asfsgeurﬁs”f:)\;ﬁ(g; 805\?/ atmil netic exchange and anisotropy fields. In bulk ferromagnetic
1§ Am as a function off. For the EC speCim7ens.H is materials consisting of large grains, the magnetization pro-
defined as the avera f . e F_ess is dominated by the domain wall movement, Hnds

ge of the positive and negative field Varoughly proportional tod~1.2° On the contrary, smalH,

ume:r.]sngcglrfr:erer:ﬁgrlemsci a?évc\l:stnv:/?tﬁ iggezg'lqn;icipzc'- values have been observed in nanocrystalline ferromagnetic
bifurcation effect starts ga11'=50 K for d=6 nrﬁ and at m_aterial; produged via anneal_ing of amqrphous alfbys.
T=100 K for d=8.5 and 13 nm. This feature indicates thatSlnce this superior soft-magnetic property is very useful as
- . mentioned in Sec. |, there have been many experimental and
the exchange amsotropy a}ppears/ disappears at these temp%"ﬂtﬁforetical studies of these materittd3 It has been
ngi)s Ia\tNTe—OSb ti'r}(e;? ttr:]: Eg]hselsrc yalue O.f rgi48k5A/m(4'|3 proposed that the local magnetocrystalline anisotropy is av-
S “C specimen witlu=8. M. N eraged out by the exchange interaction between the
addition, the exchange bias field was largeder8.5 nm; it nanometer-sized magnetic grains, leading to a small net an-

ach|eyed 200 kA/m2.5 kOg at T=>5K. o isotropy. In a smaltl range H., increases in proportion t®
Figures 9a) and 9b) show the magnetization curves as follows3!

measured at =5 and 300 K along the in-plane and perpen-

dicular directions of the Co-cluster-assembled film with K‘l‘dﬁ

d=6 nm. The magnetization along the in-plane direction is Hc=pcm, (1)
more easily saturated than that along the perpendicular direc- s

tion due to the shape anisotropy of the film as a macroscopiahereK is the magnetic anisotropy constant, alds the
platelet. However, the difference between the in-plane anégxchange stiffness constant. Thg value is a constant de-
perpendicular directions is not as significant as those in théned by the crystalline symmetry, orientation, and shape of
Co thin films produced by sputtering or thermal evaporationthe grains: for example, is 0.64 and 0.96 for ensembles of
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Grain size, d (nm) FIG. 11. Magnetic coercive fielth, of the zero-field-cooledZFC) and

field-cooled (FC) magnetization curves for the Co-cluster-assembled films

FIG. 10. Magnetic coercive fielt, as a function of the grain diametdr g a function of the mean cluster diameter

for the Co-cluster-assembled films and nanocrystalline materials. The dott
and dash-dotted lines indicate the results for fcc and hcp Co nanocrystalline
materials estimated from E€L), respectively.
(2.3 kOg¢ for the hcp ones. AT=300 K, theH, values
observed for the present Co-cluster assemblies are compa-
randomly oriented cubic-crystal particle§cc Co and rable to the theoretically estimated ones for a porous assem-
uniaxial particleghcp Co, respectively’? Using these ideas, bly of single-domain fcc Co clusters.
we tried to clarify the characteristic features of the cluster-  Figure 11 shows thél. values for FC H=2800 kA/m)
assembled films. and ZFC specimens measuredliat5 and 300 K as a func-
Figure 10 shows the dependence ofi. at T=300 K tion of d. For the ZFC specimen, th¢. values aff=5 K are
for the present Co-cluster-assembled films, together witimuch larger than those &t=300 K. As described in Sec. I,
those for other nanocrystalline materi&tsthe H,, values of ~ such a large enhancementh, is ascribed to the exchange
the Co-cluster-assembled films increase from 6 kA/fB  anisotropy effect; the antiferromagnetic coupling in the inter-
Oe) to 25 kA/m (315 Og with increasingd from 6 to 13 nm, face between the ferromagnetic core and the antiferromag-
indicating that the thermal fluctuation is more marked for thenetic shell(surface layergives rise to an extrinsic unidirec-
smaller cluster assembly. This is mainly due to the singldional anisotropy because the antiferromagnetic phase does
domain particle regime and partially due to the increase imot easily align along an applied field direction. According to
the ratio of hcp to fcc Co with increasirg It is also noted our TEM experiments, the thickness of the oxide surface
that theH values for the present Co-cluster-assembled filmdayer is less than 1-2 nm and diffuse diffraction rings in-
are much higher than those for the usual nanocrystalline matexed to the reflections of CoO are detected in electron dif-
terials. We also drew the lines for the fédotted ling and  fraction patterné! As shown in Figs. &)—8(c), however,
hcp Co nanocrystalédash-dotted lineestimated from Eq. the exchange anisotropy effect disappear$-at0 K for d
(1) using the reported values g&=1.3x10 ! J/m, K;, =6 nm andT=100 K ford=8.5 and 13 nm, although it has
=—7.5x10" J/n? and M,=1.8 Wb/nt (1420 G for the  been reported that the Wletemperaturd for CoO is 290
bulk fcc Co andA=1.3x 10 1 J/m,K,;=4.6x10° J/m? and  K.?” Since Ty for Co;0, (=40 K) is much lower than that
M¢=1.8 Wb/nf (1420 G for the bulk hcp Ca The data for CoO, one possible reason for the depression of the ex-
are located between the two lines estimated for the fcc andhange anisotropy effect is the coexistence of CoO and
hcp Co nanocrystalline films. However, the slope of the dataCo;0, surface layers in the present Co-cluster-assembled
is estimated to be 1.8, which is much smaller than the exfilms, as has been reported by Gangopadhstzgl >’ More-
pected value of 6. This implies that the magnetically coupledver, recent extensive studies on an exchange coupling be-
region is three dimensionally nonuniform due to the contri-tween ferromagnetic and antiferromagnetic layers also re-
bution of the magnetic dipole interaction among thevealed that the exchange anisotropy effect is considerably
clusters’3 weakened with decreasing antiferromagnetic layer thickness,
According to the simple theory on a random assembly oparticularly below a few nmi’~3° Since the thin oxide layer
single-domain particles, the magnetic coercive field is exieads to a thermal fluctuation in its antiferromagnetism, it is
pressed abl.=p, K;/M,.?>%Thus,H.. is independent offi  highly plausible that the oxide surface layers become super-
in this relation;H is about 27 kA/m(0.34 kOg for the fcc  paramagnetic even below 290 K and the exchange anisot-
Co clusters and 248 kA/rt8.1 kO#@ for the hcp Co clusters ropy is weakened even at low temperatufes.
using the above-mentioned valuesppf, K; andMg. More- At T=5 K, the H. values for the FC specimens are
over, sinceH. depends on a packing density of magneticmuch larger than that for the ZFC ones. In particuldy,
particles, the observeld . is empirically related to the ideal provides a peak value of about 344 kA/f#.3 kOg¢ for d
H. as follows: H,=(1—P)-H., whereP is the packing =8.5nm, although théi. values for the ZFC specimens are
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