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Enhancement of magnetic coercivity and macroscopic quantum tunneling
in monodispersed Co/CoO cluster assemblies
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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 anisotropy. ©1999 American Institute of
Physics.@S0003-6951~99!02150-6#
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Using a plasma-gas-condensation~PGC!-type cluster
beam deposition apparatus, we have succeeded in prep
monodispersed Co clusters with the mean sizesd
56 – 15 nm and the standard deviation less than 10% ofd.1

In this size range, Co clusters reveal a characteristic pe
lation during the assembling process.2 Next, we have tried to
oxidize Co cluster surface uniformly, because the melt
point of CoO is so high to stabilize the cluster surface. In
core-shell type Co/CoO monodisperse cluster assemb
thus obtained, a tunnel-type conductivity and enhanced m
netoresistance between the Co clusters are prominent in
Coulomb blockade regime, being well separated from
high temperature regime dominated by the conduction of
semiconducting CoO layers.3 In this article, we describe an
other tunneling behavior in the magnetic relaxation of
monodispersed Co/CoO cluster assemblies, which is attri
able to the enhanced magnetic coercivity.

Unidirectional exchange anisotropy~UEA! was first dis-
covered by Meiklejohn and Bean4 in compacted oxide-
coated Co particles and attributed to an exchange coup
between the ferromagnetic~FM! Co core and the antiferro
magnetic ~AF! CoO layers. The typical UEA effect is
marked shift of the hysteresis loop against the applied fi
commonly referred to as an exchange bias field,Hex, when
field cooling the system from temperatures above the N´el
temperatureTN of the AF toT,TN . The related phenomen
have been extensively studied theoretically5–8 and
experimentally,9–12 because they are technologically impo
tant, i.e., domain stabilizers in magnetiresistive heads13 and
spin-valve based devices.14 The first simple model4 dealt
with the unidirectional anisotropy by the assumption of
perfect uncompensated plane of the AF at the interface
predictedHex which was two orders of magnitude larger th
those observed. Mauriet al.5 provided an explanation for th
reduction ofHex: the formation of a domain wall parallel t
the interface dramatically lowers the energy required to
verse the magnetization. Alternatively, Koon7 predicted a
correct value forHex as a result of a perpendicular orient
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tion between the FM and AF axis directions, similar to t
classical spin-flop state in bulk AF. A recent experiment
polarized neutron diffraction has shown that exchange c
pling between the Co and CoO layers is apparently resp
sible for the increased projection of the AF moments perp
dicular to the cooling field direction.12 The theoretical
models mainly focused on explaining the unidirectional a
isotropy and obtaining the correct order ofHex but predicted
no effect on the coercivityHc , although the shifted hyster
esis loop is always accompanied by an enhancement of
coercivity, which is much larger than the intrinsic value
the FM core or layer.4,15 Quite recently, Schulthess an
Butler8 have made a calculation for CoO/FM films using
atomistic Heisenberg model and have shown that there
two coupling mechanism at work, the spin-flop coupling~be-
ing responsible for a large coercivity! and FM–AF coupling
through uncompensated defects~accounting for exchange
bias field!. It can be considered, however, that for sm
CoO-coated Co clusters, because of single-domain struc
of Co core grains and the small size of cores and shell c
tallites, reversal mechanism and real roughness at core–
interface are different from that for simple FM/AF bilayer

The samples were prepared by the PGC-type clu
beam deposition apparatus.1,3 The electron diffraction pattern
clearly indicated coexistence of face-centered cubic~fcc! Co
and CoO phases, while the high resolution transmission e
tron microscope image displayed that the Co clusters w
covered with the CoO shells consisted of very sm
crystallites.3 Magnetic measurements for samples formed
a polyimide film were performed at room temperature us
a superconducting quantum interference device magneto
ter between 4.2 and 400 K with the maximum field of 5
kOe.

Hysteresis loops were measured at 5 K both after zero
field cooling~ZFC! and field cooling~FC! the samples from
300 to 5 K in amagnetic field,H, of 20 kOe. The direction of
H used to measure the loops was parallel to that of the c
ing field. The inset of Fig. 1 shows the ZFC and FC loops
the Co/CoO monodispersed cluster assembly withd56 nm
prepared atRO2

51 sccm. For this sample, the thickness
6 © 1999 American Institute of Physics
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the CoO shell have been estimated to be about 1 nm
direct observation of the high resolution transmission el
tron microscope, being consistent with the Co core size
about 4 nm estimated from the Langevin fitting of the e
perimental data above room temperature. Large excha
bias fieldHex (5uH1

FC1H2
FCu/2'10 kOe) is detected, which

indicates presence of strong UEA in the present specim
Moreover, a large coercivity Hc (5uH1

ZFC2H2
ZFCu/2

'5 kOe) is also detected for the ZFC case in which the U
effect is randomized. ThisHc value is much larger than tha
of Ag-coated Co particles ~500–2000 Oe for
d55 – 13 nm!.15 It is hard to imagine that such enhanceme
of Hc results from magnetic interaction among the clusters
ferromagnetic cluster assemblies. In addition, the low fi
thermomagnetic curves show the following distinct featur
The ZFC magnetization is almost zero but the FC magn
zation was unchanged below 150 K because of the str
exchange coupling between the Co core and CoO shell. B
ZFC and FC magnetization curves rapidly increase with te
perature and reveal a maximum atTmax5230 K. These be-
haviors indicate that UEA rapidly decreases above 150
which is consistent with our experimental results~not shown
here!: the loop shift vanishes above a critical temperat
Tv5190 K, whereTv is much lower than the Ne´el tempera-
ture (TN5293 K). A similar result observed for oxide pass
vated Co fine particles was attributed to the superparam
netic behavior of the antiferromagnetic oxide shell with ve
small crystallites above a blocking temperature~150 K!.15

However, taking into account the roughness of core–s
interfaces as well as the small sizes of the Co cores and
shell crystallites, the sharp cusps in both ZFC and FC m
netization curves should be related to the properties of a
disorder state at and near core–shell interface, similar
spin glass. In order to further examine the origin of the
effects, we measured the dependence of the position o
cusp ~at freezingTf! on the frequency of the alternating
current~ac! field because the frequency shift inTf can offer

FIG. 1. Coercivities,Hc andHc
FC of the ZFC and FC samples at 5 K as a

function of the exchange bias fieldHex for the Co/CoO monodisperse
cluster assemblies withd56 and 13 nm prepared at differentRO2

. The inset
shows hysteresis loops of the zero-field-cooled~ZFC! and field-cooled~FC!
Co/CoO monodispersed cluster assembly with mean cluster sized
56 nm prepared at the O2 gas flow rateRO2

51 sccm.
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a good criterion for distinguishing a spin-glass-like mater
from a superparamagnet. Our experimental result~not shown
here! indicates thatTf depends on the frequency of the a
field and the peak is shifted to the low temperature direct
with decreasing the frequency of measurement. When
frequency varies betweenv51000 and 1 Hz,Tf is reduced
by about 10%:DTf /@TfD(logv)# is about 0.03. These val
ues are the same order as those of the spin glasses
smaller than the values of the superparamagnets.16

Figure 1 shows coercivities,Hc and Hc
FC (5uH1

FC

2H2
FCu/2), of the ZFC and FC samples at 5 K as afunction

of Hex for the monodispersed Co/CoO cluster assemb
with d56 and 13 nm prepared at differentRO2

. BothHc and

Hc
FC increase with the increase inHex, indicating the clear

correlation betweenHex andHc . The value ofHc
FC is about

twice as large as that ofHc at a givenHex value. This sug-
gests that a magnetization reversal mechanism of rota
and a uniaxial anisotropy are compatible with UEA. A
though there is microscopically UEA in a ZFC singl
domain particle system with a ‘‘perfect’’ core–shell inte
face, it is macroscopically smeared out by the rand
orientation of the single-domain cores.4 Finite Hex and no
increase inHc

FC are expected when the field cooling is pe
formed across the Ne´el temperature of the AF shell. How
ever, the small Co cores, small CoO shell polycrystallit
and their interface roughness lead to frustration and a di
dered state in the FM and AF phases close to the interfa
similar to spin glass.17,18 Recently,Hex and Hc have been
discussed for the parmalloy/CoO bilayers19,20as a theoretical
extension of Malozemoff’s model.6 The UEA effect is inter-
preted in terms of random exchange fields due to interf
roughness and inperfection between the FM and AF, giv
the correct order of magnitude forHex. The enhancement o
Hc was attributed to pinning of the domain walls in the F
layer by local-energy minima created by the random inter
tion field with the AF layer.Hex is not sensitive to the AF
layer thickness, whileHc markedly increase with decreasin
the FM layers.20 In Fig. 1, the size reduction of the Co cor
is more important for the increase inHc although the in-
crease inHex can be correlated with both the increase in t
CoO layer thickness and the decrease in the Co core siz
this context, the magnetic anisotropy is ascribed to the m
netic disorder at the core–shell interface. If we similarly e
press the magnetic anisotropy energy as a Fourier poly
mial series, we can allocate the unidirectional and uniax
components of the magnetic anisotropy energy to the
and the even terms, respectively.19

The magnetic relaxation phenomenon of macrosco
quantum tunneling~MQT! is another characteristic in sma
magnetic particle systems.21–23 The crossover temperatur
from a thermal activation regime to a quantum tunneli
regime,Tc* , theoretically scales with the magnetic aniso
ropy constant of the materials.24 The MQT effect is observ-
able at experimentally accessible temperatures only for
terials with high uniaxial anisotropy. In the present Co/Co
monodispersed cluster assemblies, since a large uniaxia
change anisotropy is induced at low temperature, we exp
MQT of magnetization.

Magnetic relaxation measurements were performed
the Co/CoO cluster assembly using the following procedu
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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first the sample was cooled from 300 K to a lower tempe
ture in low magnetic field,Ha5100 Oe; the field was then
reversed toHb52100 Oe and the variation of the magne
zation with time was measured at this temperature. As sh
in the inset of Fig. 2, the magnetic relaxation follows log
rithmic time dependence:25

M ~ t !5M ~ t0!@12S~T!ln~ t/t0!#, ~1!

whereS is the magnetic viscosity andt0 the fitting param-
eter. There is no single exponential time dependence
pected for isolated ferromagnetic cluster systems. This
plies the wide distribution of the anisotropy energy which
ascribed to the polycrystalline CoO and the interface rou
ness in spite of the well-monodispersed cluster size distr
tion. By least square fitting of Eq.~1! to the results in the
inset of Fig. 2, theS value is estimated as a function o
temperature and shown in Fig. 2. The temperature varia
of S at a high temperature range deviates from linear
However, for 8,T,50 K, Svaries linearly withT, extrapo-
lating to zero whenT50, as would be expected for the ma
netic relaxation via thermal activation. This indicates that
interaction between the Co cores is smaller than the en
barrier height, probably because the bare dipole interac
between the Co cores is shielded partially by the AF C
shell. The other remarkable feature is that theS values are
independent of temperature atT<8 K. This suggests the
presence of MQT of magnetization in the CoO-coated
cluster assembly. Taking into accountHc55 kOe ~see Fig.
1!, we estimated the uniaxial anisotropy constant,K'Hc

FIG. 2. Magnetic viscosity,S, as a function of temperature for the Co/Co
monodispersed cluster assembly withd56 nm prepared atRO2

51 sccm.
The inset shows time dependence of magnetization at different temp
tures.
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3Mc'7.23106 erg/cm3 which is larger than the bulk value
(K54.53106 erg/cm3 and 2.53106 erg/cm3 for a hexagonal-
close packed~hcp! and fcc structure, respectively!.26 There-
fore, the high character temperature ofTc* 58 K is ascribed
to the enhanced uniaxial unisotropy due to exchange c
pling between the FM Co core and AF CoO shell.
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