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Co cluster coalescence behavior observed by electrical conduction
and transmission electron microscopy

D. L. Peng?®
CREST, Japan Science and Technology Corporation, Kawaguchi 332-0012, Japan

T. J. Konno and K. Wakoh
Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan

T. Hihara and K. Sumiyama
Department of Materials Science and Engineering, Nagoya Institute of Technology, Nagoya 466-8555,
Japan

(Received 31 August 2000; accepted for publication 10 January)2001

We deposited monodispersed Co clusters with mean diansites 8.5, and 13 nm on quartz and
microgrid substrates using a plasma-gas-condensation-type cluster beam deposition system. The
cluster—cluster coalescence behavior of the Co cluster assemblies was investigateditoy
electrical conductivity measurements aex situ transmission electron microscog¥EM). The
electrical conductivity measurement indicates that, below temperatsE00 °C, the Co clusters

with d=8.5nm maintain their original size as deposited at room temperature, while the cluster—
cluster coalescence takes place at their interfadesgt00 °C. The TEM observation indicates that
the morphology of the cluster distribution shows no marked change at substrate températures
<250°C. AboveT =300°C, the interfacial area of coalesced clusters is crystalline, and has its
own orientation, different from that of two connected cluster cores.20®1 American Institute of
Physics. [DOI: 10.1063/1.1354158

It has often been found that many of the physical prop-tunnel-type conductivity and enhanced magnetoresistance,
erties of nanostructured materials are significantly differenwhich arises from the uniform Co core size and CoO shell
from those of their corresponding bulk counterparts. These¢hicknes€. Enhancement of magnetic coercivity and macro-
materials have been traditionally obtained as small crystalscopic quantum tunneling of magnetization have been ob-
line precipitates in matrices via low temperature heat treatserved in the Co/CoO cluster assemblies.
ments of supersaturated precursors prepared by vapor-, On the basis of the aforementioned studies, and consid-
liquid- or solid-quenching methods. The cluster-assemblingring the potential of the application of the Co cluster assem-
method}? in which nanometer-sized clusters are directly de-bly, it is necessary to explore the cluster—cluster coalescence
posited onto a substrate, is a promising alternative by whiclprocess above room temperature. So far, there are few re-
to fabricate nanoscale-controlled materials. Throughout th@orts on the experimental study of nanoscale cluster coales-
assembling process, it is desirable to maintain the initial sizeence behavior, while molecular-dynamics simulation
and structure of the clusters. In practice, however, interactiogtudie§='* of this problem have been reviewed recently. In
among the deposited clusters takes place on a substrate, pthis letter, we report the results of the electrical conductivity
venting one from achieving this goal. This interaction ismeasurement and transmission electron microsdajgM)
known to depend on several factors: deposited materialbservation. We describe the relationship between the con-
cluster size, substrate temperature, and contamination.  ductivity change and cluster—cluster coalescence or interfa-

Recently, using a plasma-gas-condensat®GO-type  cial structure change.
cluster beam deposition apparatus, we have prepared mono- The samples were prepared by a PGC-type cluster beam
dispersed Co clusters with mean sizesdef6—-13 nm and deposition apparatL?S_'s which is based on p|asma_g|ow_
standard deviation less than 100/0(13? In this size range, Co discharge Vaporization (Sputtering and inert gas-
clusters reveal characteristic perCOIation behavior during th@ondensa‘[ion techniqué%_'rhe apparatus is Composed of
assembling proce$sThe most striking feature of the Co three main parts: a sputtering chamber, a cluster growth
cluster assemblies is that the coercivity;, rapidly in-  rgom, and a deposition chamber. The sample substrate can
creases at average assembly thickneds=¢f—4 nm, which  pe heated up to 500 °C by a resistive heater and is fixed on
is near or below the geometrical and electrical percolatiorjye sample holder in the deposition chamber. We used two
thresholds, and then is almost independenttafp tot  kinds of substrates for the Co cluster deposition: TEM mi-
=100nm ford=6-13nm. Moreover, a superparamagnetiCcrogrids for TEM observation and quartz plates with two
to ferromagnetic transition is detected for sparsely depOSiteSrecoated Au electroddg mm in width and 1 mm separa-
Co clusters withd=6 nm.° In addition, we have also suc- tion) for in situ electrical resistivity measurements. The ef-
ceeded in preparing the core-shell type Co/CoO monodistactive film thicknesst, of deposited clusters was estimated
persed cluster assemblies which exhibited characteristigsing a crystal quartz thickness monitor, which corresponds
to the weight of the deposited clusters. We carriediositu
dElectronic mail: pengdl@mse.nitech.ac.jp measurement of electrical conductivity in the deposition

0003-6951/2001/78(11)/1535/3/$18.00 1535 © 2001 American Institute of Physics
Downloaded 11 Aug 2010 to 133.68.192.97. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



1536 Appl. Phys. Lett., Vol. 78, No. 11, 12 March 2001 Peng et al.

Y1 J— N — 11—
d=8.5nm E [
! : __ 550} .
. 600} stagel : stagell : stageill . g
£ z : G \
(] H ; [
g 7 = 500 \ 7=273C -
=2 ; a 1
560 |- . - X o
> 2 - d=6nm We T,=315°C
2 2 450 . g=85mm LN’ .
2 2 «  d=13nm s ]
@ 520} i 2 P
@ 04
0 400 | A .
@ T .=263°C
2 L A [l A 1 i 1 A 1 A i A 1
480 | : i 0 50 100 150 200 250 300 350
. 1 A 1 N 1 N 1 N 1 N 1 N 1 o
0 50 100 150 200 250 300 350 Temperature, T ('C)

Temperature, T (OC) FIG. 2. In situ electrical resistivityp as a function of temperatufefor the
Co cluster assemblies with=6, 8.5, and 13 nm anti=300 nm deposited

FIG. 1. In situ electrical reSiStiVityp as a function of temperatuféfor the onto quartz substrates at room temperature, where the heating rate is
Co cluster assembly witti=8.5 nm and =300 nm deposited onto a quartz 10 °C min L.

substrate at room temperature, where the heating rate is 10 °C.riihe
arrows indicate the direction of the increase and decrease of the temperature. . .
cluster with a radiusr to that of the bulk T,

=1493°C=1766 K) is given by
c:]aerer Witth a\:jacutﬁm Of|?bouxr]110_6 Tt())r;. Usin?ha <t:on- | T/ To=1—(2lpM)[ ys /(= )], (1)
stant current mode, the voltage change between the Wo €€z, o o the density of the bulk soligg=8.9x 10°kgm 3, is

trodes was detected with a digital voltmeter as a function Oapproximately equal to that of the bulk liquid and the heat of

temperaturer. fusi _ 1 .
. . L , A\=263x10°kJkg . For the Co clust thd
Figure 1 shows the electrical resistiviiys T for the Co uston 9 or the Lo clusters wi

monodispersed cluster assembly with=8.5nm andt
=300 nm deposited on the quartz substrate at room tempere [
ture, where the heating rate is 10 °C/min. As can be seer
from Fig. 1, the temperature dependencepafeveals irre-
versible behavior, being divided into three distinct stages in
the temperature-rising curve. Below 100 {§age }, p lin-
early increases with increasifigand shows ordinary metal-
lic temperature dependence. This correlates well with the g
result obtained in the temperature range of 4.2—3MiK:
showed the residual resistance at low temperatures and
linear increase with increasing At 100<T< 200 °C(stage
I1), p still shows a gradual increase wiffy but its rate of
increase clearly becomes slower. This observation sugges!
that the cluster—cluster coalescence starts to take place
their interface in this temperature range. Above 20Qst@age
lll), p decreases dramatically with increasifmg and then
exhibits a minimum atT,,=275°C, which we call the
irreversible—reversible transition temperature. Whéan
=300°C, the resistivity exhibits once again the ordinary

the temperature-lowering curve, resulting in reversible be-
havior. We show the size dependenceTgfin Fig. 2. This
result clearly indicates thaf;, depends on the cluster size
and is shifted towards the high temperature region with in-
creasing cluster size. Moreover, for the Co cluster assembly §
with d=6 nm, the temperature in which the resistivity 4
started to deviate from linear behavior is lower than that for
the assemblies witl=8.5 and 13 nm. This observation sug- =
gests that small clusters can coalesce more easily than th '

melting point of Co clusters. Surface melting of platinum
. 13 . .

clusters has recently been discussed by glj Vé'éhm FIG. 3. Bright field TEM images of the Co clusters wil+ 8.5 nm depos-

the context of the treatment used by Buffat and Bdres  jieq on carbon-film-coated TEM microgrids as a function of the substrate

follows. The ratio of the melting temperaturé ) of a Co  temperatureds.
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dard deviation of less than 10% dffor T,=27, 100, 200,
and 250 °C, respectively, which are insensitivelto When
T,>250°C, the morphology of the cluster distribution is
remarkably changed and intercluster coalescence and growth
or reconstruction of the combined clusters are detected, in
agreement with the behavior of the rapid decrease of the
resistivity in this temperature randeig. 1, stage lIJ.

As described above, the TEM observation and the elec-
trical resistivity measurement of the coalescence process of
the clusters are different from each other in the temperature
range ofT =100-250 °C. This indicates the higher sensitiv-
ity of the resistivity measurement for the change of interface
structure in comparison with the TEM observation. On the
other hand, the fact that the morphology of the cluster distri-
bution shows no marked change upTip=250 °C also sug-
gests that cluster—cluster coalescence mainly takes place in
the interfacial area or contacting part within such a short
deposition time. In order to further examine the microstruc-
ture of the interfacial regions of the combined clusters, high
resolution TEM observation seems to be an effective
method. However, it is difficult to obtain good images con-
taining information on the interfacial structure. Figure 4
gives typical images of two Co clusters which contact each
other prepared ats=27 and 300 °C. Foif,=27 °C [Fig.
4(a)], we do not detect the tendency to coalesce between the
two clusters touching each other, while fby= 300 °C[Fig.
4(b)], the two clusters are connected and form a so-called
neck structure. Moreover, we can see that the interface re-
gion of the two clusters possesses its own crystal orientation,
different from that of the two cluster cores. This indicates
that the interfacial area of the clusters contacting each other
is crystalline afT;=300 °C: they not only “touch” but also
partially coalesce in the interface area.

FIG. 4. High resolution TEM images of two clusters contacting each other .
with d=8.5 nm deposited at substrate temperature$ef(a) 27 and(b) This work was supported by Core Research for Evolu-
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and Technology CorporatigidST), and partly by a Grant-in-
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