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We have fabricated CoO-coated monodispersive Co cluster assemblies with the mean cluster size of 13 nm
at various oxygen gas-flow raky, by a plasma-gas-condensation-type cluster beam deposition technique, and
studied their electrical conductivityr, and magnetoresistance. FRp,<0.24 SCCM(sccm denotes cubic
centimeter per minujethe resistivity revealed a minimum and showed ldependence at lower temperatures,
probably due to the weak localization of conduction electrons owing to presence of thin oxide shells covering
Co cores. A small negative magnetoresistance was observed in this regirer2§d].3 SCCM, tunnel-type
temperature dependence®in the form of Ino vs 1/T was observed between 7 and 80 K. This differs from
the well-known temperature dependence ofsls 1T for disordered granular materials. The magnetore-
sistance ratio, dy—30 koe— Po)/Po. iS Negative and its absolute value increases sharply with decreasing tem-
perature below 25 K: from 3.5% at 25 K to 20.5% at 4.2 K. This marked increase, by a factor of 6, is much
larger than those observed for conventional metal-insulator granular systems. These results are ascribed to a
prominent cotunneling effect in the Coulomb blockade regime, arising from the uniform Co core size and CoO
shell thickness in the present monodispersed cluster asseniBIfE$63-18209)06527-3

[. INTRODUCTION ter concentration is just below the percolation threshold, the
electrical conduction is dominated by the tunneling between
Meiklejohn and Beahfirst discovered the exchange an- metallic clusters, with the tunnel resistance enhanced by the
isotropy effect, which originates from a strong exchangeCoulomb blockade at low temperatures. The tunnel current
coupling between the ferromagnetic Co core and the antifebetween randomly oriented magnetic granules is smaller than
romagnetic CoO layer in oxide-coated Co particles preparethat between the magnetically aligned ones. Since conven-
by electrodeposition onto a mercury cathode. Much attentiotional granular materials have been produced by codeposi-
has been focused on the magnetic properties and the unidion of a metal and an oxide, and subsequent precipitation of
rectional exchange anisotropy in oxide-passivated magnetimagnetic granules on a substrate, there is normally a wide
transition-metal particles including BeGo > and Ni(Refs.  distribution of the cluster size and intercluster distance
6,7 because of their potential application. However, no(hamely the tunnel-barrier thickngsén such heterogeneous
study on the electrical transport properties and magnetoresigranular systems, the low-field conductivity is known to fol-
tance of the oxide-coated Co particles has been reported $ow the expb/T¥?) law for a wide temperature rangé.
far. Recently, we have reported the electrical conductivity The present work explores in detail the structural, and
and magnetoresistance of a CoO-coated monodispersive @tectrical and magnetic transport properties of the CoO-
cluster assembly fabricated by a plasma-gas-condensatimoated monodispersive Co cluster assemblies. First, we elu-
(PGO-type cluster beam deposition techniqu&@he en- cidate their morphology by transmission electron microscopy
hancement of the magnetoresistance ratio at low temperatuf@€EM). We then measured the temperature dependence of
was much larger than those observed for conventional metathe electrical conductivity and TMR in these cluster assem-
insulator granular systems. blies. In particular, we emphasize that the monodispersed Co
Giant magnetoresistand&MR) has been observed in a cluster size distribution and a nearly uniform thickness of the
structure of two ferromagnetic layers separated by a thin in€oO shells give rise to the distinct features in their electrical
sulator(FM/I/FM).® Such GMR arises from a spin-dependentconductivity and TMR. It should be noted that cobél)
tunneling effect. Electron tunneling between two ferromag-oxide CoO is an antiferromagnetic semiconductor with the
netic electrodes through an insulating layer depends on thieel temperature of 293 K. The room-temperature resistivi-
relative orientation of the magnetizations of the electrodesties of CoO single crystals are 3010°Q-cm, and the ac-
When the relative orientation of the magnetizations istivation energies are 0.73-1.35 &¥/.
changed by applying a magnetic field, tunnel-type magne-
toresistancéTMR) is expected to occur. Although this effect
was discovered by Julliet®in 1975, and subsequently in
several other FM/I/FM junction’-?large and reproducible Our samples were fabricated with a PGC-type cluster
TMR ratios have been found only recent/* beam deposition apparatus, which is a combination of sput-
In FM-I granular systems, where the magnetic metal grantering and gas-condensation technigti&€sThe PGC-type
ules or clusters are embedded in an insulating matrix, theluster beam deposition apparatus is mainly composed of
TMR effect has also been detectedncluding a large TMR  three parts: a sputtering chamber, a cluster growth room and
reported recently® For these materials, when the metal clus-a deposition chamber. The vaporized atoms in the sputtering

II. EXPERIMENT
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chamber are decelerated by the collisions with a large (a) (b)
amount of Ar gas injected continuously into the sputtering
chamber{the Ar gas flow rateR,,=250—-500 SCCMsccm
denotes cubic centimeter per minjjtand are swept into the
cluster growth room, whose inner wall is cooled by liquid
nitrogen. The clusters formed in this room are ejected froma '
small nozzle by differential pumping and a central part of the ™
cluster beam is intercepted by a skimmer, and then deposited . ‘
onto a sample holder in the deposition chamber
(107°-10 *Torr). Using this system, we obtained mono
dispersed transition metal clusters having the mean size of |
6-14 nm and the standard deviation less than 10% of the
mean sizé? In this study, we examine the electrical trans-
port properties and TMR of the CoO-coated monodispersive
Co cluster assemblies with the mean cluster diametet of
=13nm. We introduced oxygen gas through a nozzle near
the skimmer into the deposition chamber to form CoO shells
on the Co clusters before depositing onto the substrate. This
process ensures that all Co clusters are uniformly oxidized
before the cluster assemblies are formed. For a conBant

the gas pressure in the deposition chamber can be adjusted to
be lower than X 10 “Torr by changing the flow rate of
oxygen gao, . Cluster assemblies with the effective thick-

ness of about 100 nm, as measured by a quartz thickness |
monitor, were formed at room temperature on polyimide
films and glass substrates with two precoated Au electrodes.
Using the conventional four-probe method, the electrical re- "V

sistivity was measured at a constant voltage because the =~ O E 10 i 1 16 8 B
ohmic law ceased to hold at low temperatures. The MR was
measured in the applied field parallel to the electrical current

direction. _ ) ) FIG. 1. (a) Bright-field TEM images andb) cluster size distri-
A superconducting quantum interference device magnetQ;ytions of the initial stage of oxide-coated monodispersed Co clus-

meter was used to study the magnetic properties and magngy assemblies produced at the Ar gas flow Rjg of 500 SCCM
toresistance of the cluster assemblies in the temperatutgd the Q gas flow rateRg, of 0, 0.24, and 0.44 SCCM.
range between 4 and 390 K, and in magnetic fields up to 50 ?

kOe. Transmission electron microscoyEM) was used to h i . bal ide shell i ith i
study the cluster size, crystal structure, and morphology of'€ antiferromagnetic cobalt oxide shell increases with in-
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the core-shell structure. creasingRoz. Figures 2a) and 2Zb) are selected area elec-
tron diffraction patterns for the samples preparedl‘-\’@t2
. RESULTS =0.24 and 0.44 SCCM, respectively, showing the coexist-
_ _ ence of fcc Co and CoO phases. It is noted that the intensities
A. Structure, morphology, and exchange interaction of the rings of the CoO phase for the sample produced at

The initial stage of the clusters deposited on microgridsRo,=0.44 SCCM[Fig. 2b)] is stronger than those &,
were observed by a Hitachi HF-2000 TEM, operating at 200=0.24 SCCM[Fig. 2(a)]. This indicates that the amount of
kV. The TEM observation showed that the cluster size washe CoO phase for the sample prepared Bb,
independent of the deposition tiffeFigure 1 shows(@  —0 44 SCCM is larger than that R, = 0.24 SCCM. Figure
bright-field TEM images andb) corresponding cluster size 2

distributions in the initial stage of the oxide-coated Co clus—3 is a high resolution TEM picture of a cluster connected
ter assemblies produced &, =500 SCCM andR02= 0 with arrl]otherdclukster prgpared Iabézc(i).s4 S?ChM. It can beh ”
0.24, and 0.44 SCCM. We estimated the cluster size districs o that a dark core Is surrounded by a light contrast shell.

butions from digitized images recorded by a slow scanThe cross fringes in the core region, as indicated by the

charge-coupled devic€CCD) camera in the object area of arrows, correspond to 200 spacings(0.177 nn of foc

350% 350 nn? using an image-analysis softwafienage-Pro Co. On the other hand, the shell is composed of many small

i . : grains. For example, the cross fringes in the upper left grains
PLUS: Media Cybernetigs As shown here, the clusters are 7. . .
almost monodis)r/)ersed Owith the mean diameter of aldout (indicated by the arrowsare{111} and{21G spacings of the

=13 nm and the standard deviatioh) less than 10% of the CoO phase, and shows that this particular grain he&2d)

6. Note that the cluster size is i VR axis nearly parallel to the incident electron beam. Therefore,
mean size. Note that the cluster size Is InsensitiviRdQ. o can conclude that the clusters prepared in the current

But as we will show later in Sec. IIB, the exchange inter- study possess a well-defined core-shell-type structure, in
action and electric resistivity increased with increasiyg,  which the core and the shell is composed of the metallic fcc
which indirectly indicates that the thickneésr amount of  Co and insulating CoO phases, respectively.
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FIG. 3. A high-resolution TEM image of CoO-coated Co clus-
ters prepared on a carbon-coated microgrid at the&3 flow rate
Ro,=0.44 SCCM, showing the structure of a Co core and a sur-
rounding CoO shell. The arrowed cross fringes inside the dark core
region correspond to th200 lattice spacing of the fcc-Co phase,
while those for the upper left grains are for tfiel1} and {210
spacings of the CoO phase.

distinct magnetic cooling effect is observed at low tempera-
tures. The ZFC magnetization almost remains zero below
150 K because of the strong exchange interaction between
the Co core and CoO shell. This also clearly indicates that
the oxide shell in our samples is composed of the single-CoO
FIG. 2. Electron diffraction patterns of the oxide-coated Co phase other than the @4 phase' whose bulk form has a

cluster assemblies prepared on a carbon microgrida}aLtRO2 Neel temperature of about 40 K.

=0.24 and(b) 0.44 SCCM. The diffraction rings 2, 3, 5, and 6
correspond td111}, {200, {220}, and{311} of the fcc-Co phase,
respectively, and those 1 and 4 {11} and {220 of the CoO
phase, respectively. Figure 6 shows the electrical resistivipyas a function of
(a) temperatureT, and(b) the logarithm of temperature for

In order to examine the exchange coupling arising fromt1® samples prepared Bk, =500 SCCM andRo,=0, 0.07,

the presence of the CoO phase, we measured hysteresis lodpd2, 0.24, and 0.35 SCCM. As one can see from Fig. 6, the
and low-field thermomagnetic curves of the CoO coated Co
cluster assemblies prepared at sai?@g=1 SCCM for both

zero-field cooled(ZFC) and field-cooled(FC) samples, as I T=5K
shown in Figs. 4 and 5. The hysteresis loops were measured L Ro=1SCCM f”
at 5 K after ZFC and FC from 30@ % K in amagnetic field 0.001 " Heoo=50kOe Y
H of 50 kOe. The direction afl applied to measure the loops
was parallel to that of the cooling field. The large loop shift
against the direction of the cooling field is detected in the FC
sample, in contrast to the symmetric feature of the ZFC
sample(the shift, AH,=HZ“—H®, whereHZ™ andHE®

are indicated in Fig. ¥ This confirms the presence of the
unidirectional exchange anisotropy due to the strong ex- [
change coupling between the ferromagnetic Co core and the o
antiferromagnetic CoO shell. Figure 5 shows the low field 00l R
thermomagnetic curvesM ,ec—T and Mgc—T, for the ~40 =20 0 20 40
CoO-coated Co cluster assemblies prepared R, Magnetic field (kOe)

=1 SCCM. For the ZFC or FC measurement, the sample FIG. 4. Zero-field-cooledZFC) and field-cooledFC) hyster-

was cooled irH=0 or 100 Oe, respectively, from=390t0  esis loops of the CoO-coated Co cluster assemblies prepared at
5 K; thenH =100 Oe was applied and the magnetization waso,=1 SCCM. Here, the magnetic field ., of 50 kOe was ap-
measured with increasing temperature. As seen from Fig. 5, glied during the field cooling.

B. Temperature dependence of the electrical resistivity

0.002 T T T T y T T T

Magnetization (emu)

~0.001 F —— ZFC ]
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FIG. 6. (a) Electrical resistivityp(T) at zero-magnetic field as a
function of temperatur@. (b) p(T) versus logarithmic temperature
for the CoO-coated Co cluster assemblies preparél},zaiE 0, 0.07,

0.12, 0.24, and 0.35 SCCM.

FIG. 7. (a) Temperature dependence of the electrical resistivity
p at zero-magnetic field for the CoO-coated Co cluster assembly
prepared aR,,=0.35, 0.4, and 1 SCCM and lggversusT in the
inset.(b) The logarithmic conductivity log- as a function off 1.

<0.24 SCCM, the resistivity exhibits a minimum at the tem-
peratureT,,, which shifts to higher temperatures with in-
creasingRoz. Above Ty, the samples show the metallic

behavior as revealed by the linear temperature dependence of
p. Below Ty,4, the value ofp logarithmically increases with
decreasingl and the increase g#(T) becomes more pro-
nounced with increasinﬁ?oz. When Ro,>0.24 SCCM, the

resistivity minimum disappears and the temperature coeffi-
cient of resistivity(TCR) is negative below room tempera-
ture. However, it should be noted that there are obvious dif-
ferences in the temperature dependence dfetween the
samples prepared &,,=0.24 and 0.35 SCCM. FoRg,
=0.24 SCCM, p(T) increases gradually with decreasiiig
and still shows a logarithmic increase oK T,4, Whereas,

for Ro,=0.35SCCM, it increases dramatically with decreas-
ing T below T=10K and no longer exhibits the logarithmic
temperature dependence. These results also indicate that the
transport mechanism is different between the samples pre-
pared aRp,=0.24 and 0.35 SCCM. As we will show in the

next section, the large magnetoresistance effect also ap-
peared aRy,>0.3 SCCM. Therefore, we further examined

the temperature dependencepdfl) for Ro,>0.3 SCCM.

Figures Ta) and(b) showp vs T and logo vs 1/T curves,
respectively, for the samples preparedRa; =500 SCCM
andRg,=0.35, 0.4, and 1 SCCM. As seen from the inset of

Fig. 7(a), the resistivity at 4.2 K is three to four orders of
magnitude larger than that at room temperature and about
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4] FIG. 9. Temperature dependence of the absolute value of the
magnetoresistance ratibiR| at H =30 kOe for the CoO-coated Co
cluster assembly prepared Re,=1 SCCM.

MR=(py—po)/po (%)

Figure 10 shows the bias voltag¥€y) dependence of the
11 resistivity (p) and [MR| measured at 4.2 K for the CoO-

e T coated Co cluster assembly preparedRgt=0.44 SCCM.
H (kOe) 1 As one can see here, the resistivity decreases more than one
order of magnitude with increasingg below 10 V. On the
1 other hand, the absolute value BIR decreases by only a
. factor of two with increasing/g below 40 V and is found to
20 40 ] be insensitive td/g above 40 V. The observed decrease of
Magnetic field (kOe) IMR| with Vg is not so pronounced as that reported for fer-

romagnetic tunnel junction's:'*
FIG. 8. Magnetic-field dependence of the magnetoresistance ra-

tio, MR=(py—po)/po, at 300 and 4.2 K for the CoO-coated Co IV. DISCUSSION
cluster assembly prepared Ry, =1 SCCM.

. Figure 11 summarizes the zero-field resistivity &g at
6-8 orders of magnitude larger than that of the sample pre3g y0e measured at 4.2 and 300 K, of the CoO-coated Co
pared aRo,=0.24 SCCM. In addition, we find a linear de- ¢, ster assemblies as a functionRy,. As shown here, the

pendence of log on 1/T in the range of T<80K forthe  |egiqual resistivity is about 409Q-cm for the sample pre-
present CoO-coated Co cluster assemtliég. 7(b)]. pared atRo, =0 SCCM. This high value is ascribed to the

low-density packing and weak electrical contact of the de-
posited clusters. Introducing the oxygen gas into the deposi-
Figure 8 shows the magnetoresistance railR=(py  tion chamber to form the oxide layer on the Co cluster causes
—po)/po, measured at 300 and 4.2 K for the CoO-coated Cahe appearance of the minimum in the resistivity curve for
cluster assembly preparedRg,=1 SCCM as a function of R, <0.24 SCCM. It was found that the resistivity at tem-

magnetic fieldH applied parallel to the current direction,
where pg is the resistivity of the virgin sample in the zero - T - -
field. The absolute value dfIR at 4.2 K is much larger but b ]
saturates more slowly than that at 300 K: the former saturates ;02" » 110
only aboveH =30kOe, while the latter does so at abdut
=10kOe. This result is well correlated with the magnetiza-
tion curves shown in the insets of Fig. 8. Namely, because of
the exchange interaction between the antiferromagnetic CoO
shell and the ferromagnetic Co core, the magnetization curve
of the CoO-coated Co cluster assembly hardly saturates at
low temperaturegthe Neel temperature of bulk CoO is about
291 K). ol
Figure 9 shows the temperature dependendd®for the
CoO-coated Co cluster assembly prepared Rf,
=500 SCCM andRo,=1 SCCM. As seen in Fig. 9, the ab-  fG. 10. Resistivityp and the absolute value of the magnetore-
solute value ofMR increases only slightly with decreasing sistance ratidMR| as a function of the bias voltagés measured at
temperature in the range of 297 <300 K, while itincreases 4.2 K for the CoO-coated Co cluster assembly prepare®st
rapidly below 25 K: from 3.5% at 25 K to 20.5% at 4.2 K. =0.44 SCCM.

C. Magnetoresistance effect

p (nQ cm)

sx10" 1

(Po~pH=30k0¢)/Po (%)

IMR|=

40
Vs (V)
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peratures lower thar,, exhibits logarithmic temperature 0 20 40
dependencésee Fig. 6. V V)

Figures 12a), 12(b), and 12c) show I-V characteristics of o
the samples prepared Ri, =0.12, 0.24, and 0.35 SCCM FIG. 12. Current versus voltage/ characteristics at 300 and
2 1 . 1 . L

velv. WhelR- —0.12 SCCM. th istivity sh 4.2 K for the CoO-coated Co cluster assemblies prepard@ozat
respectively. efRo,=0. , the resistivity shows a —(a) 0.12, (b) 0.24, and(c) 0.35 SCCM.

metallic behavior as revealed by the linear |-V characteristics

[Fig. 12a)]. Although the resistivity minimum disappears present, we cannot find a decisive mechanism for the loga-
and the temperature coefficient of resistiffyCR) becomes  rithmic temperature dependence of the resistivity, because
negative up toT=300K for Rp,=0.24 SCCM[Fig. 6@],  the InT dependence of is only predicted for a two-
the resistivity still shows a logarithmic behavior & T,,q,  dimensional disordered systéfnand is not expected for
and the |-V characteristics is linear at 300 K and slightly manifestly three-dimensional systems in which the specimen
nonlinear at 4.2 KFig. 12b)]. This suggests that the con- thicknesses are more than one order of magnitude larger than
duction mechanism is the same for the samples prepared tite cluster size. However, we noticed that the logarithmic
0<R(,<0.24 SCCM. Such a resistivity minimum with the behavior was observed only in the samples prepareRJozat

logarithmic temperature dependence has been also observe.3 SCCM, namely in the samples the real tunneltype con-
in many systems, such as amorphous alfdy$,Al/Ni,>®>  duction is not observed. In this region, the amount of the
Mo/Ni,?* and Nb/Ni(Ref. 25 multilayers, Co-Al-O(Ref. 26 cobalt oxide formed is small, as can be seen in Fig. 2, be-
and Pd-QRef. 27 granular films etc. The observed conduc- cause we prepared the samples under low oxygen partial
tivity behavior in these systems has been ascribed to varioyzressures. The Co clusters are probably not separated com-
kinds of structural and magnetic heterogeneitie€a weak-  pletely by thin cobalt-oxide layers or the oxide interface be-
localization effect=2"and an electron-electron interactith. tween the Co clusters is very thin due to lack of oxygen. In
In the present CoO-coated Co cluster assemblies with thsuch Co cluster assemblies, there are the cluster chains with
logarithmic temperature dependence of the resistivity, wejuasimetallic contadi.e., either with metallic “point” con-
have observed a small negative magnetoresistance effegéctions or with very thin insulating oxide barriers with neg-
(IMR|<0.4%), which does not strongly depend on temperaligible activation energy In the present CoO-coated Co
ture in the lower temperature region, similar to the observaeluster assemblies, it is possible that the cluster chains will
tion for the Co-Al-O granular systefi.In the case of the form a network with many cross connections between the
multilayer€3-?and Pd-C granular film&,on the other hand, parallel paths. Fractal dimensionality of the infinite cluster
a small positive magnetoresistance effect was observed. Atetwork is equal to two in a three-dimensional system at the
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percolation threshol@?® In this context, the logarithmic ing energy corresponds to the thermal energykgf with
temperature dependence of the resistivity of the CoO-coatefi~ 70 K. This implies that whef>70K, the normal acti-
Co cluster assemblies is attributable to the weak-localizatiowationtype conduction is restored because the charging en-
effect in the quasi-two-dimensional cluster network. At low ergy is overcome by the thermal energy. In addition, as seen
temperatures, the resistivity that increases with lowering th&om Fig. 7b), the conductivity abruptly increases with in-
temperature is dominated by quantum interference of concreasing temperature above 80 K and the estimated activa-
duction electrons. tion energy is about 0.02 eV a@>150K. This behavior is

In the conventional granular systeR?<’ when the degree asc_rib_able to polaron ba_nd-hopping conduction in the non-
of disorder is increased, a metal-insulator transition take§teichiometric CoO semiconductor shell because there are

place at a critical metal volume fractiog,. A dramatic in- usually a large number of defects and excess carriers in the

crease in the resistivity is expected to occur because the petrr—anSItlon metal oxides.

colation of electrical contact through the metallic network is, -0°King at Figs. 7a) and 9, there is a good correlation
. ; p between the magnetoresistance ratio and the resistivity at
broken down in the mixed phase. As seen in Fig. 11, th

S : Fow temperatures: both the resistivity aiMR| increase dras-
resistivity at 4.2 K forRo,>0.3SCCM is about 6-8 orders o with decreasing temperature. Such a remarkable en-
of magnitude larger than that f&o,=0.24 SCCM and the hancement ofMR| at low temperatures was also observed in

MR starts to increase rapidly with increasifg,. Such an micrometer-sized ferromagnetic tunnel junctidissingle-

abrupt increase in the resistivity of the present cluster assenf/€Ctron transistors consisting of ferromagnetic meghli

Lo - : iO/Co/NiO/Ni) (Ref. 34 and double ferromagnetic tunnel
blies is attributable to the tunneltype conduction betweer{rlmctions with small ferromagnetic islands (Co/@k/Co) >

Lnaer;[a!g:ecf?oﬂ]usézs \]/('g) Ct%(g Slh\? "Cﬁ;’re;;e'\r/:;riggvghas OnéAs shown in Fig. 9/MR| increases by a factor of six with
' ' O;  decreasing temperature from 25 to 4.2 K in the present CoO-
=0.35SCCM slightly deviates from the ohmic linear rela- coated Co cluster assembly. This increase is much larger
tion at higherV at 300 K and clearly becomes non-linear atthan the reported ones for the ferromagnetic junction with
4.2 K, similar to the I-V characteristics in the regime of the the Coulomb blockade effettand the FM-I granular sys-
tunneltype conduction of the conventional metal-insulatotems with a broad distribution of the size and intergranule
granular systems. distance’®® Such a remarkable enhancement was also pre-
The low-field tunneltype electrical conduction in granular dicted by Takahashi and Maekat{én the theoretical study
materials was discussed by Neugebauer and \W#eMpst  on the spin-dependent tunneling with the Coulomb blockade

simply, the conductivity is expressed as follows: for a double ferromagnetic junction containing a small me-
tallic island. In their model, at high temperatures, the con-
ooxexp(—2xks—E /2kgT), (1) ductance of the sequential tunnelit§T) channel is much

larger than that of the cotunnelif@T) channel, so that the
wheres is the tunnel-barrier thickness between the two cluscurrent is carried by the ST channel and the magnetoresis-
ters, x the tunneling exponent of electron wave functions intance is low; at low temperature, the conductance of the ST
the insulator, i.e.x=[2m* (¢+Er—E)/%#2]Y% m* the ef-  channel becomes much small@oulomb blockadeso that
fective electron massg the barrier heightE the electron the main conduction is through the cotunneling processes
energy,Er the Fermi level, and the Plank constant.E. is  (unblockade channgl and thus the magnetoresistance is
the electrostatic energy required to create a positive-negativieigh. In this case, the enhancement of the TMR is due to the
charged pair in two clusters by tunneling, and gives rise tmnset of the unblocked cotunneling processes in the Cou-
the Coulomb blockade effect at a low temperature. When théomb blockade regime. Quite recently, Mitaei al2® have
applied voltage and thermal energy are much smaller thareported magnetotransport phenomena in the Co-Al-O insu-
E., electrons or holes can not tunnel from one neutral clustelating granular systems. According to their higher-order co-
to another without exciting their states from the Fermi leveltunneling model, the anomalous increase of the magnetore-
to the levels higher thak.. When the cluster size is mono- sistance at low temperatures is due to the successive onset of
dispersed and the intercluster distaficamely the same bar- higher-order processes of spin-dependent tunneling between
rier thicknes$ uniform, Eq. (1) predicts a simple hopping- large granules through intervening small ones with strong
type temperature dependence for the low-field conductivityCoulomb blockade. They have indicated that the size distri-
o(T)xexp(—E./2kgT).3* As shown in Fig. Tb), a linear  bution plays an important role for TMR. As revealed in Figs.
behavior of logr vs 1/T was observed in the range of 7 1 and 3, however, the present CoO-coated Co cluster assem-
<T<80K for the present CoO-coated Co cluster assemblies are monodispersive, having a well-defined Co core size
blies. This temperature dependencer¢T) is different from  and CoO shell thickness. Thus, a large amount of Co cores
the form of logo vs 1/T2, commonly observed in the metal- enter into the Coulomb blockade regime in a narrow tem-

insulator granular systems. We can estimBteof the Co  perature range, so that it yields a more prominent cotunnel-
core clusters from the linear part of the plot of egvs  ing effect. Therefore, the TMR enhancement in the Coulomb

UT:E.=5.2, 6, and 5.8 meV forR02=0_35, 0.4, and 1 blockade regime is more remarkable than that in the FM-|
SCCM, respectively, which are in agreement with the calcydranular systems prepared by the conventional precipitation

lated value of 5.4 meV using the expresstdnf,  Process.
=(e2/2meqed)[s/(d/2+5)], wheres is the dielectric con-
stant(12.9 for CoQ, &,=8.854<10 2F/m, d is the mean
diameter of the Co core€ll nm and s is the separation We have fabricated a CoO-coated monodispersive Co
between neighboring Co coré® nm). The estimated charg- cluster assemblies using the PGC-type cluster beam deposi-
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tion technique. When we have prepared the samples at thare decreased from 25 to 4.2 K. This feature is more distinct
low-oxygen gas flow rate, the electrical resistivity reveals athan that in conventional FM-I granular systems, which can
minimum at low-temperature range. The resistivity linearlybe ascribed to the prominent cotunneling effect in the Cou-
increases with increasing the temperaturd &atT,,;,, while  lomb blockade regime due to the size uniformity of the
it increases with decreasifigand follows InT dependence at monodispersed cluster assemblies employed in this study.
T<Tin- The logarithmic behavior at low temperatures is
attributable to the weak-localization effect in the quasi-two-
dimensional network of Co clusters intervened by CoO layer.
When we have prepared the samples at the high-oxygen gas This work has been supported by Core Research for Evo-
flow rate, the tunneltype conduction is observed. The unilutional Science and TechnologZREST) of the Japan Sci-
form Co core size and CoO surface laybarriep thickness ence and Technology CorporatiqdST), and partly by a

in the present cluster assemblies give the tunneltype tenGrant-in-Aid for Scientific Research Al(Grant No.
perature dependence of legvs 17T in the range of T  08505004. We appreciate Dr. M. Sakurai for his useful
<80K. The tunneling conduction is spin dependent, leadingomment and thank Dr. Takahashi and Professor Maekawa
to the large magnetoresistance. At low temperatures, the effer helpful discussions. We are also indebted to the support
hanced magnetoresistance is due to the Coulomb blockadeom the Laboratory for Development Research of Advanced
effect. The drastic increase |MR| is observed as tempera- Materials of IMR.
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