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Magnetic properties have been measured for monodisperse-sized Co/CoO cluster assemblies
prepared by a plasma-gas-condensation-type cluster beam deposition technique. The clear
correlation obtained between exchange bias field and coercivity suggests the enhancement of
uniaxial anisotropy owing to the exchange coupling between the ferromagnetic Co core and
antiferromagnetic CoO shell, and magnetic disorder at the core—shell interface. A nonthermal
magnetic relaxation observed below 8 K, being referred to as macroscopic quantum tunneling of the
magnetization, is ascribed to the enhanced uniaxial anisotropy199® American Institute of
Physics[S0003-695099)02150-§

Using a plasma-gas-condensatiodRGO-type cluster tion between the FM and AF axis directions, similar to the
beam deposition apparatus, we have succeeded in preparinssical spin-flop state in bulk AF. A recent experiment of
monodispersed Co clusters with the mean sizés polarized neutron diffraction has shown that exchange cou-
=6-15nm and the standard deviation less than 10%’f pling between the Co and CoO layers is apparently respon-
In this size range, Co clusters reveal a characteristic percaible for the increased projection of the AF moments perpen-
lation during the assembling procésext, we have tried to  dicular to the cooling field directiot? The theoretical
oxidize Co cluster surface uniformly, because the meltingnodels mainly focused on explaining the unidirectional an-
point of CoO is so high to stabilize the cluster surface. In theésotropy and obtaining the correct ordertef, but predicted
core-shell type Co/CoO monodisperse cluster assembliaso effect on the coercivity., although the shifted hyster-
thus obtained, a tunnel-type conductivity and enhanced magsis loop is always accompanied by an enhancement of the
netoresistance between the Co clusters are prominent in th@ercivity, which is much larger than the intrinsic value of
Coulomb blockade regime, being well separated from thehe FM core or layef:*® Quite recently, Schulthess and
high temperature regime dominated by the conduction of th@utle have made a calculation for CoO/FM films using an
semiconducting CoO layePsin this article, we describe an- atomistic Heisenberg model and have shown that there are
other tunneling behavior in the magnetic relaxation of thetwo coupling mechanism at work, the spin-flop couplibg-
monodispersed Co/CoO cluster assemblies, which is attribuing responsible for a large coercivitand FM—AF coupling
able to the enhanced magnetic coercivity. through uncompensated defedtsccounting for exchange

Unidirectional exchange anisotroEA) was first dis-  bias field. It can be considered, however, that for small
covered by Meiklejohn and Be&nn compacted oxide- CoO-coated Co clusters, because of single-domain structure
coated Co particles and attributed to an exchange couplingf Co core grains and the small size of cores and shell crys-
between the ferromagneti&M) Co core and the antiferro- tallites, reversal mechanism and real roughness at core—shell
magnetic (AF) CoO layers. The typical UEA effect is a interface are different from that for simple FM/AF bilayer.
marked shift of the hysteresis loop against the applied field, The samples were prepared by the PGC-type cluster
commonly referred to as an exchange bias fiéld,, when  heam deposition apparattidThe electron diffraction pattern
field cooling the system from temperatures above thelNe clearly indicated coexistence of face-centered cituic) Co
temperaturdy of the AF toT<Ty . The related phenomena and CoO phases, while the high resolution transmission elec-
have been extensively studied theoreticay and  {on microscope image displayed that the Co clusters were
experimentally’™'? because they are technologically impor- covered with the CoO shells consisted of very small
tant, i.e., domain stabilizers in magnetiresistive héaddad  crystallites? Magnetic measurements for samples formed on
spin-valve based device$.The first simple modéldealt 4 polyimide film were performed at room temperature using
with the unidirectional anisotropy by the assumption of ag syperconducting quantum interference device magnetome-
perfect uncompensated plane of the AF at the interface ang, petween 4.2 and 400 K with the maximum field of 50
predictedH ¢, which was two orders of magnitude larger than | ge.
those observed. Maueit al> provided an explanation for the Hysteresis loops were measured5aK both after zero
reduction ofHe,: the formation of a domain wall parallel to  fie|q cooling(zZFC) and field cooling(FC) the samples from
the interface dramatically lowers the energy required to re3gg (o 5 K in amagnetic fieldH, of 20 kOe. The direction of
verse the magnetization. Alternatively, Kdopredicted a 4 sed to measure the loops was parallel to that of the cool-
correct value foiH,, as a result of a perpendicular orienta- ing field. The inset of Fig. 1 shows the ZFC and FC loops of
the Co/CoO monodispersed cluster assembly withé nm
3Electronic mail: Pengdi@imr.tohoku.ac.jp prepared aR02= 1 sccm. For this sample, the thickness of
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a good criterion for distinguishing a spin-glass-like material

1215 o002 ] from a superparamagnet. Our experimental resut shown
£ . .
-2 0001 1 here indicates thafl; depends on the frequency of the ac
1012 o000 1 field and the peak is shifted to the low temperature direction
LS 0,001 with decreasing the frequency of measurement. When the
82 0002 4 frequency varies betwean=1000 and 1 HzT; is reduced
= oous L by about 10%AT;/[T;A(logw)] is about 0.03. These val-
sl '4°Ma-§geﬁc$ie,d (i%e) 40 J ues are the same order as those of the spin glasses and

I H ] smaller than the values of the superparamagffets.
al ¥ o ./-c/. | Figure 1 shows coercivitiesH, and H.® (=|H'®
_ V\/5 | _ —HE9/2), of the ZFC and FC samples &K as afunction
d=13nm — of Hg, for the monodispersed Co/CoO cluster assemblies
with d=6 and 13 nm prepared at differeﬁi@z. BothH. and

, , , , . HFC increase with the increase My, indicating the clear
% > 4 6 8 10 correlation betweei, andH.. The value ofH:C is about
; twice as large as that d¢i. at a givenH,, value. This sug-
Exchange field, H, (kOe) g Laic 9 ex : g-
gests that a magnetization reversal mechanism of rotation
FIG. 1. CoercivitiesH, andHEC of the ZFC and FC samples 8K asa  and a uniaxial anisotropy are compatible with UEA. Al-
function of the exchange bias fielde, for the Co/CoO monodispersed though there is microscopically UEA in a ZFC single-
cluster assembl!es witth=6 and 13 nm prepared at dlffer.dm)z. The inset domain particle system with a “perfect” core—shell inter-
shows hysteresis loops of the zero-field-coq2EC) and field-cooledFC) " L icall d by th d
Co/CoO monodispersed cluster assembly with mean cluster sizé of a?e' 't. IS macrosgopma y smeare OUt y the random
=6 nm prepared at the as flow rateRp,=1 sccm. orientation of the single-domain coréstinite Hg, and no
increase inHEC are expected when the field cooling is per-

the CoO shell have been estimated to be about 1 nm biprmed across the N temperature of the AF shell. How-
direct observation of the high resolution transmission elec€ver, the small Co cores, small CoO shell polycrystallites,
tron microscope, being consistent with the Co core size oftind their interface roughness lead to frustration and a disor-
about 4 nm estimated from the Langevin fitting of the ex-dered state in the FM and AF phases close to the interfaces,
perimental data above room temperature. Large exchangdmilar to spin glasd’*® Recently,He, and H¢ have been
bias fieldHy (= |HC+HEY/2~10kO0e) is detected, which dlscusged for the parmalloy/CoO bilayEr&as a thgor.etlcal
indicates presence of strong UEA in the present specimen§Xtension of Malozemoff's modélThe UEA effect is inter-
Moreover, a large coercivityH, (=|HZC~H3"/2 preted in terms_of randqm exchange fields due to mte_rfgce
~5kOe) is also detected for the ZFC case in which the UEATOUghness and inperfection between the FM and AF, giving
effect is randomized. Thill. value is much larger than that the correct order of magnitude fét,,. The enhancement of

of Ag-coated Co particles (500-2000 Oe for H. was attributed to pinning of the domain walls in the FM
d=5-13nm."® It is hard to imagine that such enhancementlayer by local-energy minima created by the random interac-
of H,, results from magnetic interaction among the clusters irfion field with the AF layerHe, is not sensitive to the AF
ferromagnetic cluster assemblies. In addition, the low fieldayer thickness, whiléd; markedly increase with decreasing
thermomagnetic curves show the following distinct featuresthe FM layers? In Fig. 1, the size reduction of the Co core
The ZFC magnetization is almost zero but the FC magnetilS more important for the increase M. although the in-
zation was unchanged below 150 K because of the strongfease irHe, can be correlated with both the increase in the
exchange coupling between the Co core and CoO shell. Botk0O layer thickness and the decrease in the Co core size. In
ZFC and FC magnetization curves rapidly increase with temthis context, the magnetic anisotropy is ascribed to the mag-
perature and reveal a maximum B, =230K. These be- netic disorder at the core—shell interface. If we similarly ex-
haviors indicate that UEA rapidly decreases above 150 Kpress the magnetic anisotropy energy as a Fourier polyno-
which is consistent with our experimental resutist shown — mial series, we can allocate the unidirectional and uniaxial
here: the loop shift vanishes above a critical temperaturecomponents of the magnetic anisotropy energy to the odd
T,=190K, whereT, is much lower than the Mg tempera-  and the even terms, respectivély.

ture (Ty=293K). A similar result observed for oxide passi- The magnetic relaxation phenomenon of macroscopic
vated Co fine particles was attributed to the superparamagtuantum tunnelingMQT) is another characteristic in small
netic behavior of the antiferromagnetic oxide shell with verymagnetic particle Systerﬁ§723 The crossover temperature
small crystallites above a blocking temperati&0 K).'>  from a thermal activation regime to a quantum tunneling
However, taking into account the roughness of core—shellegime, Ty , theoretically scales with the magnetic anisot-
interfaces as well as the small sizes of the Co cores and Co®py constant of the materiaté The MQT effect is observ-
shell crystallites, the sharp cusps in both ZFC and FC magable at experimentally accessible temperatures only for ma-
netization curves should be related to the properties of a spiterials with high uniaxial anisotropy. In the present Co/CoO
disorder state at and near core—shell interface, similar to mnonodispersed cluster assemblies, since a large uniaxial ex-
spin glass. In order to further examine the origin of thesechange anisotropy is induced at low temperature, we expect
effects, we measured the dependence of the position of thdQT of magnetization.

cusp (at freezingT;) on the frequency of the alternating- Magnetic relaxation measurements were performed for

current(ac field because the frequency shiftTh can offer  the Co/CoO cluster assembly using the following procedure:
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Y ' T XMg=7.2x 10° erg/cn® which is larger than the bulk value
60 . (K=4.5x10° erg/cn? and 2.5< 10° erg/cnt for a hexagonal-
o.000107F close packedhcp) and fcc structure, respectivel§f There-
S sobs el | fore, the high character temperatureTdf=_8 K is ascribed
X § oot to the enhanced uniaxial unisotropy due to exchange cou-
—_ = 0000104 | ‘ pling between the FM Co core and AF CoO shell.
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