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Tunneling magnetoresistance between Co clusters coated with CO molecules

H. Zare-Kolsaraki and H. Micklitz
II. Physikalisches Institut, Universita¨t zu Köln, Zülpicher Str. 77, 50937 Ko¨ln, Germany

~Received 31 January 2003; published 19 June 2003!

Films made of in-beam prepared Co clusters~mean diameter'4.5 nm) coated with CO molecules show an
unusual large tunneling magnetoresistance~TMR! of about 50% atT51.7 K. Using a model for the
T-dependence of the TMR which includesT-dependent spin disorder at the cluster surface and higher-order
tunneling processes below 4 K weobtain a spin polarizationP of the tunneling electrons ofuPu50.80(3). Such
a highuPu value can be explained by an interaction between the Co cluster surface atoms and the CO molecules
which leads to preferredd-electron tunneling. An increased spin polarization of thed-electrons due to a charge
transfer process from the CO molecule to the Co atom may be an additional reason for the unusual large TMR.

DOI: 10.1103/PhysRevB.67.224427 PACS number~s!: 75.47.2m, 73.40.Gk, 73.40.Rw, 61.46.1w
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I. INTRODUCTION

Granular systems nowadays can be produced in a ra
well-defined way by using the co-deposition technique
in-beam prepared metallic clusters together with matrix
atoms or molecules onto a cold substrate.1,2 Using this tech-
nique one can study the tunneling magnetoresistance~TMR!
of granular films made from transition metal clusters emb
ded in any insulating molecular matrix. Foregoing stud
using the insulating matrices Kr~Xe!, CH4, C2H4, and CO2
seem to indicate that the TMR increases with increasing
teraction between the Co clusters and the ma
molecules.3–6 The interaction between the Co clusters a
the matrix molecules in all the above mentioned syste
however, is not strong enough to chemically bind the m
ecules to the clusters. This is quite evident, for examp
from the experimental fact that heating the Co/C2H4 and
Co/CO2 films aboveT'70 K and 80 K, respectively, result
in an evaporation of the matrix molecules.

In order to find a granular system wherein the TMR eve
tually might be even larger than that found for or Co/C2H4
Co/CO2, respectively, we decided to study the TMR
granular systems wherein the interaction between the
clusters and the matrix molecules is even stronger tha
those systems we had studied before. Such systems
granular films made from Co clusters coated with CO m
ecules. It is well known that CO molecules strongly intera
with transition metal atoms~T! forming different carbonyls
Tm(CO)n . For that reason coating of Co clusters with C
molecules can be accomplished by depositing in-beam
pared Co clusters on a cooled substrate together with CO
molecules present in the deposition chamber. A similar te
nique has been used by Fedrigo, Haslett, and Moskowits7 to
study the interaction of very small Co clusters Con (n<3)
with CO.

II. EXPERIMENTAL SET-UP

A detailed description of the experimental set-up
sample preparation and magnetoresistance measuremen
ready has been given elsewhere.8 The Co clusters are pre
pared in-beam with the help of a so-called inert-gas~Ar!
aggregation cluster source.9 Coating of Co clusters with CO
0163-1829/2003/67~22!/224427~6!/$20.00 67 2244
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was obtained by depositing the in-beam prepared Co clus
~mean cluster diameter'4.5 nm) in the presence of CO ga
molecules onto a sapphire substrate hold atT '35 K. This
temperature is high enough to ensure that CO molec
do not condense at the substrate if they are not bo
to a Co cluster @pCO(35 K)'1023 mbar@pvacuum chamber
'1027 mbar#. Cluster deposition rate was controlled b
quartz balances. The cluster size distribution was determ
ex situ by transition electron microscopy~TEM! of a thin
carbon foil which was brought for a short time into the clu
ter beam. Analysis of the TEM pictures10 give a cluster size
distribution around a mean value ofL'4.5 nm with a varia-
tion DL ~FWHM! in L of DL/L'0.3. The CO gas was in
troduced in the deposition chamber through an adjusta
needle valve. The chosen CO gas inlet rates resulted in p
sures in the deposition chamber during cluster deposi
lying in the range 1025–1026 mbar. The sapphire substra
on which the CO coated Co clusters were deposited
mounted onto the coldfinger of a variable temperature4He
cryostat. Ag electrodes for resistance measurements h
been evaporated on the sapphire substrate before cluster
deposition. Distances between the Ag electrodes varied
tween 25mm and 1.5 mm. Typical film dimensions were: 7
nm thickness, 3 mm width. Resistance were measured b
dc technique using an electrometer. Resistances up to a
5 GV could be measured with our set-up. The4He cryostat
contains a split-coil superconducting magnet (B<1.2 T) al-
lowing in-situ magnetotransport measurements on the eva
rated films. Due to hysteresis of the magnetoresistance t
measurements were made with a sweeping magnetic fie

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Tunneling resistance

Different samples have been prepared in the way
scribed above. All samples showed high resistances wh
are lying in the range of about 1 –10 kV at T535 K and
which are strongly increasing with decreasing temperatu
This clearly shows that the Co clusters indeed are coated
an insulating CO layer. In order to check the stability of th
coating some of the samples have been heated up to r
temperature. No drastic drop of the sample resistance
©2003 The American Physical Society27-1
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observed during this heating which would have been a s
for desorption of CO. This fact indicates that the CO m
ecules are strongly bound to the Co cluster surface ato
Our finding essentially is in agreement with the studies
Hill et al.23 who observed CO desorption from Co cluste
aroundT>300 K. Since our He-cryostat does not allow
heat the samples above 300 K we can not perform sim
desorption studies on our samples. In Fig. 1 we have plo
the resistivityr on a logarithmic scale versusT21/2 for all
samples. The CO pressurep in the deposition chamber dur
ing cluster deposition decreases going from sample A
sample D. In addition, we have annealed samples C and
order to reducer. Sample C has been annealed in two ste
The maximum annealing temperature was 150 K. Decrea
CO pressurep during Co cluster deposition leads to reduc
sample resistivityr ~see Fig. 1!. A change from p51
31025 mbar ~sample A! to p52.331026 mbar ~sample D!
results in a decrease ofr of about two orders of magnitude
However, the change of the slopem of the straight lines is
only very small going from sample A to sample D. As w
will explain below, this finding means that the tunneling b
rier width essentially is independent of the CO gas inlet r
and it is only the density of the tunneling percolation n
work which differs for the different samples, resulting
different values forr. In this respect the Co/CO system
quite different from the noninteracting Co/~Kr,Xe! system:
The latter is a percolating system wherein the tunneling b
rier width strongly depends on the CO/Kr~Xe!-ratio and a
change of this ratio results in a change ofboth, r andm.4

The fact that we observe straight lines in Fig. 1 indica
that lnr}T 21/2. In the following we want to discuss in mor
detail why the resistivities of our samples show such a
havior. The tunneling resistancer of granular samples mad
of clusters having the same size and a well-defined tunne
barrier with s, i.e., which have a homogeneous Coulom
barrier, should show an exp(AT21)-behavior. This indeed
was observed in the work of Penget al.,11 where the TMR of
CoO coated Co clusters has been studied. The exp(AT21) is

FIG. 1. Resistivity vs temperature for different TMR sample
The linear behavior corresponds to the expec
r} exp(AT0 /T)-law. The CO pressurep during Co cluster deposi
tion for different as-prepared samples is given.
22442
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expected to change to a exp(AT21/2)-behavior if one goes
from granular samples with a homogeneous Coulomb bar
to samples wherein the tunneling occurs between clus
with varying Coulomb barrier~‘‘variable range tunneling’’!.
If we suppose that the Co cluster are coated with one mo
layer of CO~see below! we have rather a well-defined tun
neling barrier widths corresponding to 2 layers of CO, but
somewhat varying cluster size~see Sec. II!. Almost all
(.90%) clusters have a size lying in the rangeL6DL, i.e.,
are in the regime 3 nm&L&6 nm. There may be an add
tional variation in cluster size due to the ‘‘short cuts’’ b
tween those Co clusters which are not completely cove
with CO. This can lead to the formation of some clus
aggregates~see below!. Calculations by Sheng and Klafter12

using the critical path method have shown that for a clus
size distribution where the maximum cluster size is on
about a factor 2.5 times the minimum cluster size t
exp(AT21/2) temperature dependence ofr already holdes
over a wide temperature range. Our observation of lr
}T 21/2 confirms these calculations.

According to theory the tunneling resistivity for ‘‘variabl
range tunneling’’ is given byr5r0 exp@(T0 /T)21/2# with T0

58ksEc /kB .13,14Herek is the wave vector of the tunnelin
electron,s is the mean tunneling barrier width, andEc is the
mean Coulomb energy involved in the tunneling process.r0

or r(T→0) is a measure of the density of the tunneli
percolation network. The observed decreasingr0 going from
sample A to D therefore means that the number of tunne
percolation channels is increasing. Changes in the slopm
}T0

1/2 reflect changes in eithers and/orEc . In the spherical
capacitor model13 the Coulomb energyEc}s, i.e., T0}s2.
The observed rather small change in the value ofT0 from
1400 K to 1250 K going from sample A to sample C ther
fore means thats decreases by only about 5%, despite t
fact that the CO gas pressure for sample preparation
creased by a factor of 4. This is another confirmation tha
all samples we essentially have monolayer of chemica
bound CO covering the Co cluster surface, resulting in
rather homogeneous and fixed tunneling barrier width co
sponding to two layers of CO. The lower value ofT0 for
sample D (T05800 K) and the further reduction ofT0 for
the annealed samples C and D (T05250 K for annealed
sample D! can be explained in the following way: either to
low CO pressure during cluster deposition or annealing a
temperature of about 150 K results either in a incomplete
partially destroyed CO monolayer covering the Co clus
surface and as a consequence in the occurrence of s
‘‘short cuts’’ between neighboring Co clusters. Such ‘‘sho
cuts’’ will lead to an increase in the average cluster size a
therefore in a decrease inEc}C21 due to an increase in th
capacitanceC. The formation of such aggregates can also
seen in the increased TMR of sample D and annea
samples C and D at very low temperature~see Sec. II C! as
well as in the coercive fieldHc ~see Sec. II C!. The annealed
samples show a small coercive field well above the block
temperature of the isolated single domain clusters which
be explained by the formation of multidomain aggregates

.
d
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B. Tunneling magnetoresistance

The change of the tunneling resistanceR with external
magnetic field H has been measured for the as-prep
samples in the temperature region 3<T<35 K. For the an-
nealed samplesR(H) has been measured up to 130 K.R(H)
of the annealed sample D could be measured down to 1
since this sample had the lowest resistivity. In Figs. 2~a! and
2~b! we show two examples of ourR(H)-measurements:~a!
sample D~annealed! at T51.7 K, ~b! sample C~annealed 2!
at 130 K. We define the tunneling magnetoresistance TMR
TMR5@R(Hc)-R(Hs)#/R(Hc) with Hc and Hs being the
coercive and saturation field, respectively. A value of TM
550(1)% atT51.7 K is obtained for the annealed samp
D. This the largest TMR-value reported so far for a granu
Co-based system. A comparison of Figs. 2~a! and 2~b! shows
the strong decrease of the TMR and ofHc with increasing
temperature. The temperature dependences of TMR andHc ,
as obtained from suchR(H)-measurements of all sample
are shown in Figs. 3 and 4, respectively. It is important
emphasize that both, TMR- andHc-data, are completely
sample independent. In the following we want to discuss in
detail these data.

Figure 3 shows the temperature dependence of the T
for all Co/CO samples studied. In order to understand

FIG. 2. Resistivity as a function of magnetic fieldm0H ~a! for
sample D atT51.7 K and~b! for sample C atT5130 K.
22442
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temperature dependence we have started with the s
model we already have used for explaining TMR(T) of the
other granular systems we have studied in the past.4–6,20 In
this model, which assumes the occurrence of increasing
disorder at the Co cluster surface with increasing tempera
~similar to that observed for Fe clusters!,15 the TMR~T! is
given by

TMR~T!5
@124 f ~12 f !#TMR~0!

124 f ~12 f !TMR~0!
~1!

with f (T)5Ae2E/kBT/(11Ae2E/kBT). E is the energy
needed to misalign a magnetic moment at the cluster surf
the parameterA gives the ratio of the number of misaligne
moments to that of the aligned ones at the cluster surface
kBT@E. The dashed line in Fig. 3 is a least-squares fit to
data points with the parametersE510(1) K, A50.66(2),
and TMR(0)539(1)%. The fit to thedata points is excellen
for T>4 K. However, as it is quite evident, the TMR date f
T,4 K can not be fitted with this model. All data points

FIG. 3. TMR(T) for all Co/CO samples studied. The dash
line is a fit using the model given by formula~1! ~see text!. The
solide line is a fit using a combination of formulas~1! and~2! ~see
text!. The insert shows TMR(T) up to 130 K.

FIG. 4. Temperature dependence of the coercive fieldHc . The
solid line through the data points is a least-squares fit.Hc(T) of
Co/CO2 is shown~dashed–dotted line! for comparison.
7-3
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below 4 K are from low-resistivity samples~sample D, and
annealed samples C and D! since only this samples have
low enough resistance to allow accurate measurement
R(H) at such low temperature. These samples probably c
tain some aggregates of Co clusters due to ‘‘short cuts’’
tween some clusters which occur either due to too low
pressure~sample D! or during annealing at high temperatu
~see above!. It is therefore quite reasonable to allow highe
order tunneling processes occurring in this annealed sam
at very low temperatures: as proposed by Mitaniet al.,16

higher-order tunneling processes become important at
temperatures in such granular systems which have a b
distribution of cluster size. In such systems Coulomb blo
ade prevents tunneling through small clusters but allo
higher-order tunneling processes, which means that an e
tron is transferred from a charged large cluster to ano
neutral large cluster via small clusters sitting between
two large clusters. Due to this so-called co-tunneling p
cesses the temperature independent TMR changes to a
perature dependent

TMR* ~T!512~11m2P2!2(n* 11) ~2!

with n* (T)'(Ec/8kskBT)1/2 andP being the spin polariza
tion of the tunneling electrons. The magnetizationm in Eq.
~2! can be set tom51 since co-tunneling is important only a
very low T. Using T058ksEc /kB ~see above!, n* can be
transformed ton* (T)'(1/8ks)(T0 /T)1/2. One can interpret
(n* 11) as being the average number of electrons invol
in the tunneling processes. Forn* →0, i.e., if co-tunneling
processes are absent, one obtains a temperature indepe
TMR5P2/(11P2) which is in accordance with Jullie`re’s
value for the TMR in granular systems with a random orie
tation of the cluster magnetic moments.17 Since these higher
order tunneling processes are important only at very
temperatures where the change of the TMR due to spin
order is negligible we can combine these two effects b
simple modification of formula~1!: the temperature indepen
dent TMR~0! in formula ~1! is substituted by the temperatu
dependent TMR* (T) given in formula~2!. In order to fit the
experimental data points with this modified formula~1! we
have estimatedn* for the annealed sample D in the follow
ing way:T0 is obtained from Fig. 1 to be 250 K; the tunne
ing barrier widths corresponding to two layers of CO iss
'0.44 nm; the tunneling electron wave vectork is given as
k5@2m(VB-EF)/\2#1/2 with VB being the band gap of th
insulating barrier~CO! andEF the Fermi energy of the tun
neling electron. Making the usual assumption thatEF is
pinned in the middle of the gap, i.e.,VB-EF'1/2VB , and
taking the ionization energy18 Eion.14 eV as a crude esti
mate of VB we obtain k'13.5 nm21 and finally n* (T)
'0.33T21/2 ~with T in K!. The solid line in Fig. 3 is a least
squares fit toall data points withn* (T) as estimated abov
and usingP2, E, andA as free fitting parameters. It is quit
clear that this new fit now is excellent in the whole tempe
ture regime despite the fact that the number of fitting para
eters is thesameas that for the dashed line in Fig. 3. Th
obtained fitting parameters are:P250.67(2), E58(1) K,
and A50.63 ~2!. While the parameterE and A are slightly
22442
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different for the two different fits~dashed and solid line
respectively!, the most important parameter, namelyP2, is
the same for both fits: the dashed line corresponds
TMR(0)50.39(1) orP250.64(2) while the solid line gives
P250.67(2). This fact clearly shows that in our sample
higher-order tunneling processes are negligible forT>4 K.
The obtained value ofP2 corresponds touPu50.82(3) which
is a factor of 2 larger than that observed, for example,
granular Co/Kr~Xe! or planar Co/Al2O3 /Co.4,19 It is higher
than the value observed for the granular Co/CO2 @ uP
u50.68(2)# and even slightly higher than that found
granular Co/ MgF2 @ uPu50.76(2)#.6,20 Since the spin polar-
ization of the Co-4s electrons isP(4s)'0.42 while that for
Co-3d electrons isP(3d)'-0.80,25 dominant Co-3d elec-
tron tunneling, caused by the hybridization of Co-3d with
the matrix~O,F! 2p-electrons, has been proposed to occur
granular Co/CO2 and Co/ MgF2.6,20

C. Spin polarization

In the following we want to discuss possible reasons
the largeuPu value we obtain for Co/CO using the model fo
the T-dependence of the TMR as described above. Our
ues forP2 or uPu are based on the assumption that the
cluster magnetic moments have a random distribution,
that there exists no short-range magnetic correlations
tween the Co clusters. We have shown that such correlat
do not exist, for example, in Co/ CO2 or in Co/ MgF2.6,20

This information results from the analysis of the hystere
loops, calculated from the measuredR(H)-curves. The tem-
perature dependence of the coercive fieldHc(T) is directly
obtained from theR(H)-curves for Co/CO, measured at di
ferent temperatures@two examples are given in Figs. 2~a! and
2~b!#. The result is shown in Fig. 4 for the as-prepar
samples A–D together with that for Co/ CO2.6 Here we have
plotted Hc(T) vs T0.77 since according to theoryHc(T)}
T0.77 for a random assemble of noninteracting magne
particles.21 The solid line through the data points is a lea
squares fit giving the same blocking temperatureTB @TB
5T(Hc50)# as that obtained for Co/ CO2, namely, TB
'65 K. We should mention at this point that th
R(H)-curves taken for theannealedsample C at the tem
perature well aboveTB still show some hysteresis, i.e., ind
cate that the blocking temperature of thisannealedsample is
higher than 130 K. The reason for this finding certainly is
cluster aggregation which takes place during annealing~see
above!, resulting in the formation of multidomain aggregat
having a larger blocking temperature than the isolated sin
domain clusters. It is quite evident from Fig. 4 that there i
reduction ofHc(0) for Co/CO by about a factor of 2 com
pared to theHc(0) value found for Co/ CO2. SinceHc(0)
for Co/ CO2 corresponds to an anisotropy constantK which
is in perfect agreement with that found forfreeCo clusters of
similar size22 we can interpret the reduction inHC~0! found
for Co/CO as a reduction ofK by a factor of 2 compared to
that of free Co clusters. The reason for such a strong red
tion has to be the interaction of the CO molecules with
Co cluster surface atoms. In the following we want to discu
in more detail what already is known about this interactio
7-4
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The influence of CO adsorption on the ferromagne
resonance~FMR! of small Co particles deposited on Al2O3
has been studied by Hillet al.23 These experiments reveal
strong reduction of the magnetic momentsmCo of the Co
surface atoms. Even a complete quenching ofmCo at the
cluster surface, similar to that found for CO coated
clusters,23 cannot be excluded. Our TMR results clearly ru
out such a complete quenching ofmCo at the cluster surface
However, a reduction ofmCo at the cluster surface has not
be in contradiction with our results for the following reaso
TMR measurements give the spin polarizationuPu of the
tunneling electrons, i.e., the difference in the density of sta
at the Fermi energyEF between spin-up and spin-down ele
trons of those electrons which are tunneling. The magn
moment, on the oder hand, is given by the difference in
occupation of the spin-up und spin-down bands, respectiv
Spin dependent density of states calculations by Mood
et al.19 for bulk Co show that an increase inEF will lead to
a decrease inmCo but an increase inuP(3d)u. These calcu-
lations also show that the Ni magnetic momentmNi will be
much more sensitive to such a shift inEF , i.e., only a small
increase inEF will result in a complete quenching of the N
magnetic momentmNi . An electron transfer from CO to Co
therefore, can explain both the reducedmCo observed in
FMR and the increaseduP(3d)u found in the TMR, provid-
ing that we have a preferred Co(3d)-electron tunneling. Tun-
neling of Co~4s! electrons, on the other hand, cannot explain
both results since the spin polarization of the Co(4s) elec-
trons is P'0.4 for a free Co cluster surface and will be
reduced ifmCo is decreased.

We now come bake to the observed reduction ofHC for
Co/CO~see Fig. 4!. If the reduction ofmCo at the Co cluster
surface due to Co–CO interaction is accompanied by a
crease in the anisotropy constantK, we could explain this
result. Short range antiferromagnetic interaction betw
neighboring Co clusters, on the other hand, could also be
reason for the observed reduction ofHc . In order to get
more information about such an interaction we have a
lon
.

n.

s.

oc
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lyzed the hysteresis loops as calculated from the meas
R(H)-curves.5 The remanent magnetizationmr obtained
from these loops has a value of (mr)exp50.47(1), i.e., is
only slightly smaller than the value (mr) th50.5 theoretically
expected for noninteracting, single domain particles with
random orientation of their magnetic moments.24 Antiferro-
magnetic interactions between the Co clusters will red
mr . We do not believe that the observed small reduction
(mr)exp compared to (mr) th can be taken as an indication fo
such an antiferromagnetic interaction being present in
Co/CO samples.

D. Conclusion

Granular samples of CO coated Co clusters have b
successfully prepared. Annealing of these samples sho
that the CO coating is stable up to temperatures of about
K, indicating a strong binding of the CO molecules to the C
cluster surface. The TMR is very much enhanced if co
pared, for example, with granular Co/Kr~Xe!.4 It reaches a
value of about 50% at 1.7 K which is the largest TMR val
reported so far for any granular Co system. The comp
quenching of the Co magnetic moment at the Co clus
surface, similar to that observed for CO coated Ni cluste
therefore can be excluded. We explain the large TMR va
as follows: ~i! tunneling essentially occurs by 3d-electro
~spin polariationP'-0.8),25 and~ii ! the TMR is further en-
hanced at temperaturesT,4 K due to higher-order tunnel
ing processes. The spin polariation of the Co~3d!-electrons
may be enhanced due to an electron transfer from CO to
Such a transfer would explain both, the reducedmCo found in
the FMR experiments23 and the increased TMR, if the latte
is caused by 3d-electron tunneling. The system of CO coat
Co clusters could be a model system for theoretical stud
of the TMR in systems where there is a strong interact
between the surface atoms of the ferromagnetic electro
and the insulating molecules sitting between these e
trodes.
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