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We systematically studied structural and magnetic characteristics of size- monodispersed Fe and
oxide-coated Fe cluster assemblies with the mean cluster sizes of 7—16 nm. Transmission electron
microscopy and scanning electron microsc¢#M) observations show that the Fe clusters in the
assemblies maintain their original size at room temperature. In the SEM images, a random stacking
of the Fe clusters and a porous structure with a low cluster packing fraction of about 25% are
observed. For the Fe cluster assemblies, magnetic coer¢iifyat room temperature increases

from 4x 10" to 4x10? Oe by increasing the mean cluster size from 7.3 to 16.3 nm. Using the
experimental values of the coercivity B 100 K and the fitting values of blocking temperatiig

from H,=Ho[1—(T/Tg)"?], we estimated the values of magnetic anisotropy constaot the

order of 16 erg/cnt from Tg=KV/25kg ,which is larger by an order of magnitude than the bulk Fe
value (5% 10° erg/cn?). Such a large effective anisotropy =100 K is ascribed to the large
surface anisotropy effects of the small clusters and the low cluster-packing fraction of the Fe cluster
assemblies. For the oxide-coated Fe cluster samples, the coercivity strongly depends on the oxygen
gas flow rate during deposition, cluster size, and temperature. In the case of a high oxygen gas flow
rate(namely high surface-oxidized clustgrihe ferrimagnetic oxide shell crystallites also affect the
coercivity atT>50 K: The hysteresis loop shift disappears, leading to a complex change in the
coercivity and an enhancement of the effective anisotropy constan20@ American Institute of
Physics. [DOI: 10.1063/1.1501754

I. INTRODUCTION conductivity, enhanced magnetoresistaffc@nd quantum
tunneling-type magnetic relaxationin the core-shell type
Nanoscale magnetism currently provides a wealth of sciCo/CoO monodispersed cluster assemblies prepared by this
entific interest and of potential applicatichéWhen the size apparatus.
of magnetic particles is reduced to a few tens of nanometers, With the rapid development of magnetic recording me-
they become single domain and, as a consequence, exhibiigga, the memory unit size is going down to smaller than 100
number of unique physical properties such as giant magneym. Superparamagnetism is a serious problem because the
toresistance, large coercivity, superparamagnetism, anghagnetization direction is eliminated by thermal fluctuation.
quantum tunneling of magnetization. If these physical propin particular, the superparamagnetism and the coercivity of
erties were sustained in smaller magnetic particles, we WOU|§ing|e-d0main partic|e systems often depends on the size and
expect revolutionary changes in a variety of fundamental resjze distribution of magnetic particles. In order to optimize
search and practical applicatiofis’ Simultaneously, the magnetic properties of particle- or cluster-assembled ma-
nanometer-scale geometrical and chemical controls are reggrials, control of particle size distribution is also of immense
uisite to obtain novel magnetic characteristics. importance. In this article, we deal with the structure and
A number of techniques have been developed to synthemagnetic characteristics of the size-monodispersed Fe and
size magnetic nanoparticles, for example, colloidal chemistryxide-coated Fe cluster assemblies. We also study a correla-
method?** inert gas condensatiofi laser deposition? me-  tion between the coercivity and the flow rate of oxygen gas
chanical attritionl,4 and electrodepositioﬁ. We have re- (name|y surface oxidization degbeend discuss enhanced
cently developed the plasma—gas—condensd®@O-type  magnetic anisotropy in these monodispersed Fe and oxide-
cluster beam deposition apparatfisyhich is a vapor-phase coated Fe cluster assemblies.
synthesis of clusters. Since metal vapors are produced by
sputtering a target material, a wide variety of elements can
serve as source materidfsUsing this system, we can obtain !l EXPERIMENT

monodispersed transition metal clusté&r (Refs. 16 and The samples were prepared by the PGC-type cluster

18) and Co(Ref. 19] with the mean diametesfrom afew  poam deposition apparatus, whose details were described

to a few tens of nanometers and the standard deviation Ie%?sewheré.ﬁ'zz We can control the cluster size by changing
than 10% ofd. We have reported characteristic tunnel-typeine fiow rate of Ar gasR,,, and the flow rate of He gas
ro y

Rye. For preparation of oxide-coated Fe cluster assemblies,
dElectronic mail: pengdl@mse.nitech.ac.jp we introduced oxygen gas through a nozzle set near the
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FIG. 2. ED patterns for Fe clusters with the mean cluster diantetet3

nm prepared on a carbon microgrid(af the O, gas flow rateR5,=0 and
(b) 3 sccm, respectively.

(Image-Pro PLUS: Media Cybernetjcswe estimated the
size distributiong[Fig. 1(b)] of the clusters which do not
touch and overlap each other in the digitized images re-
corded by a slow scan charge coupled device camera in the
object area of 358 350 nnf. As shown here, the mean clus-
ter diameterd, decreases from 16.3 to 11 nm with decreas-
4 6 810121416182022 ing Ry, from 500 to 300 sccm, and further decreases to 7.3
Cluster diameter (nm) nm with mixing He gasRye=550 sccm with Ar gas (Ra,
_ S =250 sccm. The standard deviatior(@) are less than 10%
FIG. 1. (&) BF-TEM images andb) size distribution of Fe clusters prepared ¢  for these samples. These results clearly demonstrate that
on a carbon microgrid by varying the Ar gas flow r&@g, and the He gas . . .
flow rate Rye. monodispersed Fe clusters in the size range of about 7—-16
nm are producible by choosing the appropriRig and Re
values.
skimmer into the deposition chamber to form iron oxide  Figures 2a) and 2b) show electron diffractiofED) pat-
shells covering the Fe clusters before depositing them on thi€rns for the samples witth=13 nm prepared &,,=0 and
substrate. This process ensures that all Fe clusters are uii-sccm, respectively. In Fig.(@, the diffraction rings indi-
formly oxidized before the cluster assemblies are formedcated by the lines can be mainly indexed {440}, {200},
For constanR,, or Ry, + Rye, the gas pressure in the depo- {211}, {220}, and {310 of body-centered-cubi¢bco «-Fe
sition chamber can be adjusted lower thaxn B * Torr by ~ phase. There is a ring correspondingd3a1 of Fe;O, or y-
changing the flow rate of oxygen ganz). We used three Fe,O5; phase, where it is not possible to differentiate between
kinds of substrates for the Fe cluster deposition: transmissiothese two phases by ED because their lattice parameters are
electron microscop}(TEM) microgrids for TEM observa- Very similar. This is due to partial oxidation of the cluster
tions, silicon wafers for scanning electron microscopyassembly only by exposing it to the ambient atmosphere. In
(SEM) observations, and polyimide films for magnetic mea-Fig. 2b), it is evident thata-Fe phase and E©, or y-
surement. The effective film thickness of deposited clusters;&Os; phase coexist. The intensity and number of the oxide
t,, was estimated using a quartz crystal thickness monitoihase rings for the sample producedRay,=3 sccm[Fig.
which measures the weight of the deposited clusters. Mag2(b)] is much stronger than thoselﬁ@fo sccm[Fig. 2(@)].
netic measurement was performed using a superconducting Figure 3a) shows BF-TEM micrograph of the oxide-
quantum interference device magnetometer between 5 argbated Fe cluster assemblies witk 13 nm and the effective
300 K with the maximum field of 50 kOe. thicknesst~2.5 nm prepared aRo,=3 sccm. Almost all

clusters are characterized with a strong contrast in their
I1l. RESULTS “core”, but with a uniform gray contrast in their “shell”.
Figure 3b) shows a high-resolution TEM micrograph of the
core-shell cluster observed in the same aggregate. The lattice
Figure 1a shows bright-field BF)-TEM images of the fringe 0.203 nm shown by two arrows in the core is attrib-
Fe cluster assemblies with effective thickndss-2.5 nm  utable to thew-Fe phase while the lattice fringes 0.253 nm
prepared aRo,=0 scem. Using an image-analysis softwareshown by three arrows in the shell to tk@&l1} spacing of

A. Morphology and microstructural characterization
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FIG. 4. (a) Plan-view andb) cross-sectional SEM image of the Fe cluster
assemblies witld =13 nm.

i.e.,t, is about four times of,. This implies that the cluster-
assembled films are very porous and have a cluster packing
fraction of about 25%=t./t,=200 nm/800 nm

B. Magnetic behaviors of Fe cluster assemblies

Figure 5 shows the temperatuf® dependence of coer-

FIG. 3. (aBF-TEM micrograph of the oxide-coatedFe clusters vdth 13 civity H, for the Fe cluster assemblies preparedRags=0
nm prepared on a carbon microgrid at the @gas flow rateRy =3 sccm. N

; . scemd=7.3, 9, 13, and 16.3 nm. Their effective thickness is

Almost all clusters show a core-shell structufl) High-resolution TEM K
micrograph of an oxide-coated Fe cluster, found in the same cluster sampl&e™ _200 nm. For the large size C|UStQCF 13 a_nd 16.3 ny
The lattice fringe indicated by two arrows in the core region corresponds tdH . increases gradually with decreasiiig while for small
the {110 lattice spacing(0.203 nm of the bcca-Fe phase, while those gjze C|usterid:7_3 and 9 nm HC rap|d|y increases with
indicated by three arrows in the shell region are for{8iEL lattice spacing decreasingT at low temperature€T<100 K). For d=7.3
(0.253 nm of the FgO, or y-Fe,0; phase. Ing temp ' .

nm, for instanceH, increases from % 10" to 8.3x 10? Oe

whenT is decreased from 300 to 5 K. The large values at

Fe;0, or y-Fe,05; phase. These results also indicate that the
oxide-coated Fe clusters were covered with theQzeor -

Fe, O3 shells composed of very small crystallites. —v— 7.3 nm
We also observed the morphology of Fe cluster- 8 —4— 9.0 nm
assembled films with a high-resolution SEMITACHI: ~ —*—13.0nm
S-4700 operating at 15 kV. Figures(d) and 4b) show the T —=—16.3nm
plan-view and cross-sectional SEM images of the size- 3’»500 i %\.
monodispersed Fe cluster assembly with:13 nm. The > 400p T
plan-view image reveals very bumpy film surfaces contain- % 300
ing inhomogeneous aggregation of Fe clusters. In the cross- © 200} \
sectional image, we observe a random stacking of the Fe © 100k \\‘
clusters. In those images, individual Fe clusters are distin- ol L \'
guishable. This suggests that the Fe clusters in the assemblies 0 50 100 150 200 250 300
maintain their original size at room temperature. The actual Temperature, T (K)

thickness estimated from low-magnification cross-sectiona'L .

. . . . ) IG. 5. Temperature dependence of coercitdtyfor the Fe cluster assem-
SEM Image 1S about, = 800_ nm, while the effective thick-  pjies with the thicknesk,= 200 nm and the mean cluster diameder7.3, 9,
ness estimated from the thickness monitor was200 nm, 13, and 16.3 nm.
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FIG. 6. Hysteresis loops of the ZFC and FC monodispersed Fe cluster

assemblies witll=7.3, 9, and 13 nm. FIG. 7. Hysteresis loops of the ZFC and FC oxide-coated Fe cluster assem-
blies withd=9 nm prepared alR02=O, 1, and 3 sccm.

low temperatures are ascribed to both an intrinsic property of
ferromagnetic single-domain Fe particles and an extrinsi€oated Fe cluster assemblies witfr 9 nm prepared aRo,
property of the exchange anisotrapfyNote that the latter =0, 1 and 3 sccmH, (in both ZFC and FC casgand the
originates from the presence of an antiferromagnetic oxidéoop shift increases W|th increasirigp, . At room tempera-
layers covering the ferromagnetic clustéhS? although the  ture, howeverH, becomes smaller with introducing,@as
oxide layers were identified to be two ferrimagnetic phaseS(Fig. 8). These results indicate that the volume or thickness

To confirm the presence of the exchange anisotropy, wgf the oxide shells increases and the volume of Fe cores
measured the hysteresis loopeK after zero-field cooling  decreases with increasirp, . In addition, as is seen from
(ZFC) and field coolingFC) the samples from 300 t0 SKin gjgs 7 and 8, the magnetization is saturated more slowly
a magnetic fieldH, of 20 kOe. The direction oH used t0 jth increasingRo, at both 5 K and room temperature. In
measure the loops was parallel to that of the cooling field.

articular, at room temperature, relative magnetization

Figure 6 shows the ZFC and FC loops of the monodisperse M of the oxide-coated Fe cluster assembl
Fe cluster assemblies with=7.3, 9 and 13 nm prepared at H=1500 Oe y
Ro,=0 sccm. For two samples witti=7.3 and 9 nm, the
large shift of the FC loop in comparison with the symmetric 1.00
feature in the ZFC loop is detected, which confirms the pres- 075k T=300K
ence of the unidirectional exchange anisotr&byhis is due

to partial surface oxidation of the cluster assembly only by 1’0'50 [ _ 1
exposing it to the ambient atmosphere. For the sample with 20251 Ro, = 0 scem
d=13 nm, the loop shift is not so marked but the loop shape EI 0.00 A
is changed slightly. In addition, comparing the ZFC loops for S 025 \
these Fe cluster assemblies, we can see that the magnetiza- R,, = 3 sccm
tion is saturated more easily with increasidgThese fea- -0.50
tures are ascribed to the exchange anisotropy effect depend- -0.75
ing on the volume fraction of the Fe core and the oxide shell. -1.00 . . . .

-1500 -1000 -500 6 500 1000 1500
C. Magnetic behaviors of oxide-coated Fe cluster Magnetic field (Oe)
assemblies

_ ) FIG. 8. Hysteresis loops at room temperature for the oxide-coated Fe cluster
Figure 7 shows the ZFC and FC loops of the oxide-assemblies witd=9 nm prepared aRo,=0 and 3 sccm.
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FIG. 10. ZFC and FC magnetization as a function of temperature from 300
FIG. 9. (a) Coercivities,HEc andHEC, of the ZFC and FC samples afio) to 5 K for the oxide-coated Fe cluster assemblies with9 nm prepared at

exchange bias fielH ., as a function of temperaturg, for the oxide-coated (& Ro,=0 and(b) 1 sccm. The measuring field and the cooling fi¢tidare

Fe cluster assemblies with=9 nm prepared a‘ROZZO and 3 sccm. 100 Oe

(RO =3 sccm is decreased to about half of that of the Febroad peak at about 175 K, which may be related to a super-

cluster assembl{R,, =0 sccm. These features are ascribed paramagnetic behavior of the oxide shell crystallites whose

alzes are widely distributed.

Figure 11 shows the ZFC and FC magnetization as a

ction of temperature from 30®t5 K at applied fields

HFC H=100, 20 000, and 50 000 Oe for the cluster assemblies
s n With d=9 nm prepared aRo,=3 sccm. The low-fieldH

to the exchange interaction at low temperature mentione

herein as well as superparamagnetism of the oxide shell cry?-

tallites at room temperature. un
Figures 9a) and 9b) show coercivitiesHZ < and

of the ZFC and FC sample and exchange bias fitlg as a ) i
function of temperature for the cluster assemblies vdth =100 O thermomagnetic curvefFig. 11(@)] show the

=9 nm prepared Ro, =0 and 3 sccm. For the FC sample, Same features as these ‘r@c_r, =1 sccm[Fig. 1Qb)]. For the

HEC is defined as the average of the positive and negativ8igh-field (H=20000 and 50000 Qe thermomagnetic
field values. The difference iHZ7C andH"C becomes more  curves[Figs. 11b) and 11c)], the ZFC magnetization in-
significant with decreasing for both Ro 0 and 3 sccm.  Creases up to approximately,,=40—-60 K and then de-
Such a bifurcation effect starts at abd[it: 50 K. H,, also creases smoothly up to room temperature. On the other hand,

. He e . .

rapidly decreases with increasifigand becomes negligibly itis also ew_den_t from Figs. Iﬂ))_an_d 11c) that the ZFC and
small aboveT=50 K. This indicates that unidirectional ex- FC magnetizations do not coincide completely each other
change anisotropfUEA) disappears at abolt=50 K. even at much higher temperatures tfigg,,. These features

Figure 10 shows the ZFC and FC magnetization as énd|cate that there is a strong interaction between the Fe
function of temperature from 30@ t5 K for the cluster as- cores or between the Fe cores and the oxide shells.
semblies withd=9 nm prepared aRo,=0 and 1 sccm. For
the ZFC measurement, the sample was cooled in the absenBe Training effect
of an external magnetic field from=300 to 5 K. ThenH In order to further investigate the exchange anisotropy,
(=100 Og was applied and the magnetization was measuredie measured the dependence of the exchange biasHigld
with increasing temperature. For the FC measurement, thgn repeated magnetization reversals, namely the so-called
sample was cooled in the presencetbf100 Oe fromT  training effect which is a diminution dfl , upon the subse-
=300 to 5 K, and then the magnetization was measured witQuent magnetization reversafsFigure 12a) shows typical
increasing temperature Bt=100 Oe. As seen from Fig. 10, results from the loops measured along the field-cooling di-
a distinct magnetic cooling effect is observed for bothrection a5 K for the oxide-coated Fe cluster assembly with
samples. From 50 to 300 K, the ZFC magnetization monog=9 nm andRo =3 sccm. The successive loops do not
tonically increases foRo,=0 sccm and the FC magnetiza- yincide with each other and show a decreagd jp. Figure
tion does not change over this temperature range, showing #2(b) shows the dependenceldf,, and the training effect on
ferromagnetic behavior. Fd®o,=1 sccm, the ZFC magne-  the training cycle number at 5 K. Here, we define the training
tization rapidly increases from 50 to 150 K and then slightlyeffect as the fraction of the initial value which is lost after
increases with increasing the FC magnetization reveals a field cycling. The decrease &f,, is remarkable by increas-
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0 50 160 1;—,0 2(.)0 250 30 300 K in a field of +20 000 Oe along the same directiofiy) H.,, and
T t T (K training effect as a function of the training cycle number for the oxide-
emperature, ( ) coated Fe cluster assembly with=9 nm prepared aRo,=3 sccm.

FIG. 11. ZFC and FC magnetization as a function of temperature from 300
to 5 K for theoxide-coated Fe cluster assemblies width 9 nm prepared at ) _ ) _
Ro,=3 sccm. The measuring field and the cooling field are as follégays: ~ small crystallites and that a large spin canting characterized

H =100, (b) 20 000, andc) 50 000 Oe. the oxide phas&’~?°In ferrite nanoparticles, a surface spin
disorder has been experimentally discus¥ed¥ being cor-

: - - . roborated by numerical calculations. The antiferromagnetic
ing the training cycle number and the training effect is de'su erexchange interaction is disrupted at the surface of the
creased to about 30% after the 13th cycle. This result i P 9 P

is " . ! . T
clearly different from that of the monodispersed CoO-coatejemmalgneuc oxide crystal!ltes pecause of missing oxygen

. . . ions or presence of other impurity molecules. Such broken
Co cluster assembly, in which the decreaseHgjf, is larger

xchan n tween surf ins | t rf in
for the second cycle, and then become almost constant afterC ange bonds between surface spins lead to surface sp

S ) - ._disorder, being compatible with a spin-glasslike behavior at
further numbers of the training cycles; the training effect is . S
. the surface. Therefore, the hypothesis of spin disorder at the
only deceased to about 89% after the 14th cytiBhis sug- : . )
o surface of the oxide crystallites or the interface of the Fe core
gests that the training effect strongly depends on magnetic . . . )
) . . ! and oxide shell is applicable for the present oxide-coated Fe
properties of the oxide shells, namely antiferromagnetism of, bli di his h hesis. th ¢
ferrimagnetism Cluster assemblies. Acc_or ingtot |sZF)C/pot eS|§,Ct e onset 0
' loop shift and bifurcation betweerl;™ and H_.~ below
about T=50 K can be ascribed to a freezing of disorder
surface spins of the oxide shell crystallites. The presence of
As described in Secs. 11 B and Il C, UEA are observedsuch a disordered spin freezing state leads to not only the
at low temperatures. The bifurcation effect betwéeffc loop shift but also the largel . which is much larger than the
and HEC and the shift of the FC hysteresis loop becomeintrinsic value of the Fe core, because an ideal interface be-
negligibly small abovel' =50 K, which is much lower than tween the Fe core and oxide shell should have no effect on
the magnetic transition temperature of the bulk@®@g (T,  the enhancement &f.. Our measurement result of the train-
=858 K) or y- Fe,05 (T,=860 K). Similar results for oxide- ing effect(Fig. 12 also further supports such a hypothesis of
coated Fe fine particles were already observed by Gangdhe spin-glasslike state in the interfacial layers between the
padhyayet al?® and attributed to the superparamagnetic be+Fe core and oxide shell. The repeated magnetization reserval
havior of the ferrimagnetic oxide shell with very small at high fields makes the interfacial spins change to a new
crystallites above a blocking temperatB9—-40 K. How-  frozen spin state and decreases the net interfacial uncompen-
ever, for the oxide-coated Fe clusters, spin orientation at anslated antiferromagnetlike magnetization, causing a decrease
near the core-shell interface should be different from that foof H,, andH..
simple ferromagnetic/ferrimagnetic bilayers because of the We also observed in Sec. lll that, is also strongly
small size of cores and shell crystallites. For example, anfluenced by the cluster size, temperature, and surface oxi-
Mossbauer spectroscopy study on surface oxidized Fe nandization degree of the clusters. For the present monodis-
particles revealed that the surface shell consisted of verpersed Fe and oxide-coated cluster assemblies, the cluster

IV. DISCUSSION
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TABLE I. Coercivity values observed and values of the effective magnetic 700
anisotropy constari . obtained byH, versusT? law. - Fe clusters
600 |
H. (O¢ K. (erglent) 500 [ d=16.3nm
d (nm) (T=300 K) T=5K) T=100 @
( ( 9 O 400 13 nm
7.3 41 833 ~ I
9.0 84 748 3.66 10° 300
13.0 343 784 3.0810° 200 [ v 9 nm
16.3 401 807 1.9210°
100 |
- 7.3 nm v
0 2 L A 1 " ] A 1 A L A
8 10 12 14 16 18 20
size dependence ¢f, below aboufl =50 K becomes com- T (K"

plex because of exchange anisotropy effect, which is decided
by the volume fraction of the Fe core and the oxide shellFIG. 13. CoercivityH. at T=100 K as a function off*”? for the monodis-
Therefore, we only discuss the. value and magnetic an- persed Fe cluster assemblies witk-7.3, 9, 13, and 16.3 nm prepared at
. : ¢ . . Ro.=0 sccm. Solid lines show thel, versusT*? fitting. Except ford
isotropy atT=100 K as follows. For all samples obtained in %

=7.3 nm, the fitting is pretty satisfactory.
the present work, each Fe cluster should have a single-
domain structure since their sizes are smaller than the critical
particle diametefabout 23 nm below which the formation
of domain walls becomes unfavorabifeAccording to the
simple theory on a random assembly of single-domain par-
ticles, the magnetic coercivity is expressed*as

Fig. 13, except fod=7.3 nm, the Fe clusters closely follow
this relationshig Eq. (2)] and the fitting is satisfactory. The
values ofK o from this fit are listed in Table |. Thel . versus
TY2 law gave values oK of the order of 16 erg/cn?.
HI®=p.K, /Mg, (1)  Thus the experimental valu& ) of the anisotropy constant
is larger by an order of magnitude than the bulk Fe and
Fe-oxide values. In addition, as seen from Tabl&{y in-
creases with decreasing the cluster size.

Moreover, we analyzed the anisotropy for the oxide-
coated Fe clusters. Figures(a4and 14b) show that the
variation of H. with temperature for the oxide-coated Fe
cluster assemblies witth=13 and 9 nm. In both caseld is

whereK is the magnetocrystalline anisotropy constavit,

is saturation magnetization, amd is a constant defined by
the crystalline symmetry, orientation, and grain shape: For
instance,p. is 0.64 for ensembles of randomly oriented
cubic-crystal particles. Thus] '™ is independent odl in this
relation. For ana-Fe particle system, we estimate from Eq.
(1) that the H'C value is about 190 Oe using the reported
values ofK;=5x 10 erg/cn? and M =219 emu/g for the
bulk Fe3® Moreover, sincH . depends on a packing density

of magnetic particles, the observely is empirically related @[ g=13nm | °°F H,- T inear fting

. | . max . 1200 600} . R,, = 0 scem
to the idealH,, as follows:H.=(1—P)H;", whereP is the ! S 500l <. 777 Raisem
packing fraction of the clusterd. The P value estimated 1000 |

~ 400}

T 300} e
200k L o o0
8 10 12 14 16 18

from Fig. 4 is aboutP =25%, resulting inH.=140 Oe. At
T=300 K, this value is comparable to th¢. values(see
Table |) observed for the present Fe cluster assemblies with 600

800

the porous structure while it is much larger than those of the ) \\m (K"
samples withd=7.3 and 9 nm, and smaller than those of the Q 400r —&—R,, = 0sccm
samples withd=13 and 16.3 nm. T° 200 p _a_poL g ooem ——
We also tried to further clarify magnetic characteristics > 2400 F L L L L -
of the Fe cluster assemblies. Attempts were made to calcu- S A(®)| g=9nm | 400} H,-T" Inear fittng
late the value of the effective anisotropy constigj from 'S 20001 S 800F S T T
the temperature dependence of the coercivify=atl00 K in S 1600 F O 200
which the exchange anisotropy effect between the Fe core o 1200 L 100} s
and oxide shell disappears. For single-domain ferromagnetic ol ‘
particles having no interaction between them, the coercivity 800 8 10 12 14 16 18
is given by® 400} T (K
—8—R_, = 0sccm
Ho=2Kei/M 1 (25kgT/KegV) ¥ =H J 1 OF —e—R_.=1scom
A RepT3sepM o
—(T/Te)"], 2 0 50 100 150 200 250 300
whereV is the volume of the ferromagnetic particle aglis Temperature, T (K)

thS BOItzmann. COZStant-é‘?'Oz zrlfeﬁ /hM s ISI theO;;O(_arcwlty at FIG. 14. Variation of coercivityH. , with temperature for the oxide-coated
T=0K. Equat|on( ) predicts that the value 61 ; Increases Fe cluster assembligs) with d=13, and(b) 9 nm prepared aRo,=0, 1,

as the cluster size becomes larger. This is consistent with théqd 3 sccm. The insets show the results oftheversusT*? fitting at the
observed results shown in Table |. Moreover, as shown inemperature range af=100 K.
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dependent OfRoz- When R02=1 sccm,H, is smaller than ne_tic Fe core a_nd the freezing _Iayers o_f digordered surface
that for Roz=0 sccm atT=100 K. However, whe|R02=3 spins of the_ O_X|de shell crystallites, which is also _the pre-
scem,H. is larger than that foRo, =1 sccm at all tempera- dominant origin to an enhancement of the magnetic anisot-
. 2 ropy at low temperature. At the temperature range from 100
ture ranges and is smaller than that R52=0 sccm only at to 300 K, however, the largél. and enhanced magnetic
T>100 K. The inset of Fig. 14) clearly shows that fod  apjsotropy in the cluster assemblies are believed to result
=13 nm, theH,. versusT ' fitting is pretty satisfactory not from the surface anisotropy effect of the small ferromagnetic
only atRo,=0 sccm but also aRo,=1 and 3 sccm, while  ¢jysters and the low cluster-packing fraction of the Fe cluster
the inset of Fig. 14) shows that fod=9 nm, theH. versus  assemblies.
TY2Jaw is unsuitable with increasirl@oz, similar to the case
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