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Tunneling magnetoresistance between Co clusters coated with CO molecules
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Films made of in-beam prepared Co clustgnean diameter4.5 nm) coated with CO molecules show an
unusual large tunneling magnetoresistani@®IR) of about 50% atT=1.7 K. Using a model for the
T-dependence of the TMR which includ&sdependent spin disorder at the cluster surface and higher-order
tunneling processes belot K we obtain a spin polarizatioR of the tunneling electrons ¢P|=0.8Q(3). Such
a high|P| value can be explained by an interaction between the Co cluster surface atoms and the CO molecules
which leads to preferred-electron tunneling. An increased spin polarization ofdrelectrons due to a charge
transfer process from the CO molecule to the Co atom may be an additional reason for the unusual large TMR.
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[. INTRODUCTION was obtained by depositing the in-beam prepared Co clusters
(mean cluster diametet 4.5 nm) in the presence of CO gas
Granular systems nowadays can be produced in a rathenolecules onto a sapphire substrate hold at35 K. This
well-defined way by using the co-deposition technique oftemperature is high enough to ensure that CO molecules
in-beam prepared metallic clusters together with matrix gaslo not condense at the substrate if they are not bound
atoms or molecules onto a cold substratéJsing this tech- to a Co cluster[pcg(35 K)~10 2 mbat> pyacuum chamber
nique one can study the tunneling magnetoresistéanikR) ~10 " mbar. Cluster deposition rate was controlled by
of granular films made from transition metal clusters embedguartz balances. The cluster size distribution was determined
ded in any insulating molecular matrix. Foregoing studiesex situ by transition electron microscop§TEM) of a thin
using the insulating matrices Kte), CH,, C,H,, and CQ  carbon foil which was brought for a short time into the clus-
seem to indicate that the TMR increases with increasing inter beam. Analysis of the TEM pictur€give a cluster size
teraction between the Co clusters and the matrixdistribution around a mean value bf=4.5 nm with a varia-
molecules’=® The interaction between the Co clusters andtion AL (FWHM) in L of AL/L~0.3. The CO gas was in-
the matrix molecules in all the above mentioned systemsiroduced in the deposition chamber through an adjustable
however, is not strong enough to chemically bind the mol-needle valve. The chosen CO gas inlet rates resulted in pres-
ecules to the clusters. This is quite evident, for examplesures in the deposition chamber during cluster deposition
from the experimental fact that heating the Cgfg and  lying in the range 10°-10 ® mbar. The sapphire substrate
Co/CG; films aboveT~70 K and 80 K, respectively, results on which the CO coated Co clusters were deposited is
in an evaporation of the matrix molecules. mounted onto the coldfinger of a variable temperattise
In order to find a granular system wherein the TMR even-cryostat. Ag electrodes for resistance measurements have
tually might be even larger than that found for or Cgz  been evaporated on the sapphire substrate before cluster-film
Co/CO,, respectively, we decided to study the TMR in deposition. Distances between the Ag electrodes varied be-
granular systems wherein the interaction between the Ctween 25um and 1.5 mm. Typical film dimensions were: 70
clusters and the matrix molecules is even stronger than inm thickness, 3 mm width. Resistance were measured by a
those systems we had studied before. Such systems ade technique using an electrometer. Resistances up to about
granular films made from Co clusters coated with CO mol-5 G() could be measured with our set-up. Thide cryostat
ecules. It is well known that CO molecules strongly interactcontains a split-coil superconducting magnBt{1.2 T) al-
with transition metal atom§T) forming different carbonyls lowing in-situ magnetotransport measurements on the evapo-
Tn(CO), . For that reason coating of Co clusters with COrated films. Due to hysteresis of the magnetoresistance these
molecules can be accomplished by depositing in-beam preneasurements were made with a sweeping magnetic field.
pared Co clusters on a cooled substrate together with CO gas
molecules present in the deposition chamber. A similar tech-

nique has been used by Fedrigo, Haslett, and Moskbtdts IIl. EXPERIMENTAL RESULTS AND DISCUSSION
study the interaction of very small Co clusters,Go=3) ) )
with CO. A. Tunneling resistance

Different samples have been prepared in the way de-

Il EXPERIMENTAL SET-UP scribed above. All samples showed high resistances which
are lying in the range of about 1-1@kat T=35 K and

A detailed description of the experimental set-up forwhich are strongly increasing with decreasing temperature.
sample preparation and magnetoresistance measurements Hitis clearly shows that the Co clusters indeed are coated by

ready has been given elsewh@r€he Co clusters are pre- an insulating CO layer. In order to check the stability of this
pared in-beam with the help of a so-called inert-gas) coating some of the samples have been heated up to room
aggregation cluster souréeCoating of Co clusters with CO temperature. No drastic drop of the sample resistance was
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10° - - - - - expected to change to a e¥X *?-behavior if one goes
i ] from granular samples with a homogeneous Coulomb barrier
to samples wherein the tunneling occurs between clusters
0 1 with varying Coulomb barrief“variable range tunneling.
[ ] If we suppose that the Co cluster are coated with one mono-
— layer of CO(see below we have rather a well-defined tun-
& 1 neling barrier widths corresponding to 2 layers of CO, but a
a A(1x10° mbar) somewhat varying cluster sizésee Sec. )l Almost all
B (1x10° mbar) . . .
1 C (2.5x10° mbar) (=90%) clusters have a size lying in the rarige AL, i.e.,
0 D (2.3x10° mbar) § are in the regime 3 nmL=<6 nm. There may be an addi-
i gam ] tional variation in cluster size due to the “short cuts” be-
o Dan . tween those Co clusters which are not completely covered

) 05 06 with CO. This can lead to the formation of some cluster
T2 (K2 aggregategsee below. Calculations by Sheng and Klaftér
using the critical path method have shown that for a cluster
FIG. 1. Resistivity vs temperature for different TMR samples. size distribution where the maximum cluster size is only
The linear  behavior corresponds to the expectedapout a factor 2.5 times the minimum cluster size the
pe exp(\/TO/T)-Iaw. The CO pressurp QUring Co cluster deposi- expAT 9 temperature dependence pfalready holdes
tion for different as-prepared samples is given. over a wide temperature range. Our observation gf In
«T ~Y2 confirms these calculations.
observed during this heating which would have been a sign According to theory the tunneling resistivity for “variable
for desorption of CO. This fact indicates that the CO mol-range tunneling” is given by = po exd (To/T) 2] with T,
ecules are strongly bound to the Co cluster surface atoms-8xsE,/kg.***Herex is the wave vector of the tunneling
Our finding essentially is in agreement with the studies ofelectron,s is the mean tunneling barrier width, afd is the
Hill et aI.23 who observed CO desorption from Co C|U5terSmean Coulomb energy involved in the tunneling procesgs.
aroundT=300 K. Since our He-cryostat does not alloyv 0 or p(T—0) is a measure of the density of the tunneling
heat the samples above 300 K we can not perform similapercolation network. The observed decreagipgoing from
desorption studies on our samples. In Fig. 1 we have plottedymple A to D therefore means that the number of tunneling

istivi ithmi —1/2
the rels'St'_\FEypccg a Iogant_hmrl]c sdcale \(grsuEh fgr a(ljl percolation channels is increasing. Changes in the shope
samples. The CO pressupen the deposition chamber dur- 112 iaact changes in eitherand/orE, . In the spherical

ing cluster deposition decreases going from sample A to . ) 5
sample D. In addition, we have annealed samples C and D i apacitor modef the Coulomb e”ergﬁc“s' l.e., ToS™,
he observed rather small change in the valuel gffrom

order to reducep. Sample C has been annealed in two steps, .
The maximum annealing temperature was 150 K. Decreasing 00 K 10 1250 K going from sample A to sample C there-

CO pressure during Co cluster deposition leads to reducedr® means thas decreases by only about 5%, despite the
sample resistivityp (see Fig. 1 A change fromp=1 fact that the CO gas pressure for sample prepgratlon Qe—
% 10~5 mbar (sample A to p=2.3x 10"® mbar(sample D creased by a factor of 4 This is another confirmation that in
results in a decrease pfof about two orders of magnitude. all samples we essentially have monolayer of chemically
However, the change of the slopeof the straight lines is bound CO covering the Co cluster surface, resulting in a
only very small going from sample A to sample D. As we rather homogeneous and fixed tunneling barrier width corre-
will explain below, this finding means that the tunneling bar-sponding to two layers of CO. The lower value Bf for
rier width essentially is independent of the CO gas inlet ratessample D T(=800 K) and the further reduction af, for
and it is only the density of the tunneling percolation net-the annealed samples C and Dy&250 K for annealed
work which differs for the different samples, resulting in sample D can be explained in the following way: either too
different values forp. In this respect the Co/CO system is low CO pressure during cluster deposition or annealing at a
quite different from the noninteracting Gk#f,Xe) system: temperature of about 150 K results either in a incomplete or
The latter is a percolating system wherein the tunneling barpartially destroyed CO monolayer covering the Co cluster
rier width strongly depends on the CO(Ke)-ratio and a surface and as a consequence in the occurrence of some
change of this ratio results in a changebwotth, p andm.* “short cuts” between neighboring Co clusters. Such “short
The fact that we observe straight lines in Fig. 1 indicatescuts” will lead to an increase in the average cluster size and
that Inp=T ~2, In the following we want to discuss in more therefore in a decrease F.>C ! due to an increase in the
detail why the resistivities of our samples show such a beeapacitanceC. The formation of such aggregates can also be
havior. The tunneling resistangeof granular samples made seen in the increased TMR of sample D and annealed
of clusters having the same size and a well-defined tunnelingamples C and D at very low temperatisee Sec. Il Cas
barrier with s, i.e., which have a homogeneous Coulombwell as in the coercive fielth. (see Sec. Il € The annealed
barrier, should show an ex{ 1)-behavior. This indeed samples show a small coercive field well above the blocking
was observed in the work of Perg al,'* where the TMR of  temperature of the isolated single domain clusters which can
CoO coated Co clusters has been studied. TheAxpt) is  be explained by the formation of multidomain aggregates.
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FIG. 3. TMR(T) for all Co/CO samples studied. The dashed
18 line is a fit using the model given by formuld) (see text The
! ! ' ! solide line is a fit using a combination of formulély and(2) (see
) sample C an2 text). The insert shows TMRY) up to 130 K.
6L T=130K ]
- o,
TMR=3:4(1) % temperature dependence we have started with the same
2l 1 model we already have used for explaining TMR(of the
other granular systems we have studied in the pgst’ In
) this model, which assumes the occurrence of increasing spin
x 22} 8 disorder at the Co cluster surface with increasing temperature
(similar to that observed for Fe clustefs the TMR(T) is
20k i given by
TMR(T) [1-4f(1—f)]TMR(0) @
25 7o 25 0.0 05 10 15 (M= 1-4f(1-f)TMR(0)
KHM with f(T)=Ae E*eT/(1+Ae E%T). E is the energy
FIG. 2. Resistivity as a function of magnetic fieldH (a) for needed to mlsallgn a magnetic moment at the clus_ter _surface;
sample D aff=1.7 K and(b) for sample C aff = 130 K. the parameteA gives the ratio of the number of misaligned
moments to that of the aligned ones at the cluster surface for
B. Tunneling magnetoresistance kgT>E. The dashed line in Fig. 3 is a least-squares fit to the

The change of the tunneling resistarRewith external ~data points with the parametes=10(1) K, A=0.642),
magnetic field H has been measured for the as-prepared’d TMR(0)=39(1)%. The fit to thelata points is excellent
samples in the temperature regios <35 K. For the an- for T=4 K. However, as it is quite evident, the TMR date for
nealed sampleB(H) has been measured up to 130R(H) <4 K cannot be fitted with this model. All data points
of the annealed sample D could be measured down to 1.7 K

since this sample had the lowest resistivity. In Figs) 2nd 160 ' ' ' ' ' ' '
2(b) we show two examples of olR(H)-measurementga) 140 - 2 Q 4
sample D(annealeglat T=1.7 K, (b) sample Clannealed 2 o C

at 130 K. We define the tunneling magnetoresistance TMRas [ ™a, S % Ret6) |
TMR=[R(H.)-R(Hg)]/R(H.) with H, and Hg being the 100 | -i ’ i
coercive and saturation field, respectively. A value of TMR £ .

=50(1)% atT=1.7 K is obtained for the annealed sample % or - T
D. This the largest TMR-value reported so far for a granular L. g i
Co-based system. A comparison of Figea)2and 2b) shows

the strong decrease of the TMR andk§ with increasing 40 ]
temperature. The temperature dependences of TMRHand 2 i
as obtained from sucR(H)-measurements of all samples, .

are shown in Figs. 3 and 4, respectively. It is important to

emphasize that both, TMR- and data, are completely TO7 (KT
sample independenin the following we want to discuss in
detail these data. FIG. 4. Temperature dependence of the coercive fitld The

Figure 3 shows the temperature dependence of the TMRolid line through the data points is a least-squaresHfi(T) of
for all Co/CO samples studied. In order to understand thiLo/CG, is shown(dashed—dotted linegfor comparison.
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below 4 K are from low-resistivity samplesample D, and different for the two different fits(dashed and solid line,
annealed samples C and Bince only this samples have a respectively, the most important parameter, namély, is
low enough resistance to allow accurate measurements ¢fie same for both fits: the dashed line corresponds to
R(H) at such low temperature. These samples probably corFMR(0)=0.39(1) orP?=0.64(2) while the solid line gives
tain some aggregates of Co clusters due to “short cuts” beP?=0.672). This fact clearly shows that in our samples
tween some clusters which occur either due to too low CChigher-order tunneling processes are negligibleTar4 K.
pressurgsample D or during annealing at high temperature The obtained value d?? corresponds toP|=0.82(3) which
(see abovp It is therefore quite reasonable to allow higher-is a factor of 2 larger than that observed, for example, in
order tunneling processes occurring in this annealed sampleganular Co/K(Xe) or planar Co/A}O5/Co.4*® It is higher

at very low temperatures: as proposed by Mitatial,'®  than the value observed for the granular CofCPP
higher-order tunneling processes become important at loy=0.68(2)] and even slightly higher than that found in
temperatures in such granular systems which have a broagtanular Co/ Mgk [|P|=0.76(2)].%?° Since the spin polar-
distribution of cluster size. In such systems Coulomb block4zation of the Co-4s electrons B(4s)~0.42 while that for
ade prevents tunneling through small clusters but allowgp-3d electrons isp(gd)%-olgo?S dominant Co-38 elec-
higher-order tunneling processes, which means that an elegon tunneling, caused by the hybridization of Co-ith

tron is transferred from a charged large cluster to anotheghe matrix(O,P) 2p-electrons, has been proposed to occur in
neutral large cluster via small clusters sitting between thgyranular Co/CQ and Co/ Mg.5?°

two large clusters. Due to this so-called co-tunneling pro-
cesses the temperature independent TMR changes to a tem- . o
perature dependent C. Spin polarization
In the following we want to discuss possible reasons for
TMR* (T)=1—(1+m?2p2)~ (" +1) (2)  the large|P| value we obtain for Co/CO using the model for
the T-dependence of the TMR as described above. Our val-
with n* (T)~(E./8xsksT)*? and P being the spin polariza- ues forP? or |P| are based on the assumption that the Co
tion of the tunneling electrons. The magnetizationn Eq.  cluster magnetic moments have a random distribution, i.e.,
(2) can be set ton=1 since co-tunneling is important only at that there exists no short-range magnetic correlations be-
very low T. Using To=8«ksE./kg (see above n* can be tween the Co clusters. We have shown that such correlations
transformed ta* (T)~ (1/8«s)(To/T)Y2 One can interpret do not exist, for example, in Co/ GOor in Co/ MgF,.5%°
(n*+1) as being the average number of electrons involvedhis information results from the analysis of the hysteresis
in the tunneling processes. Fot —0, i.e., if co-tunneling loops, calculated from the measuri@{H)-curves. The tem-
processes are absent, one obtains a temperature independeatature dependence of the coercive figlg(T) is directly
TMR=P?/(14 P?) which is in accordance with Jullie’s  obtained from théR(H)-curves for Co/CO, measured at dif-
value for the TMR in granular systems with a random orien-ferent temperaturgswo examples are given in Figs(& and
tation of the cluster magnetic momenfsSince these higher- 2(b)]. The result is shown in Fig. 4 for the as-prepared
order tunneling processes are important only at very lonsamples A—D together with that for Co/ G®Here we have
temperatures where the change of the TMR due to spin dislotted H.(T) vs T%7” since according to theori (T)«
order is negligible we can combine these two effects by ar%”” for a random assemble of noninteracting magnetic
simple modification of formul&l): the temperature indepen- particles?* The solid line through the data points is a least-
dent TMR() in formula (1) is substituted by the temperature squares fit giving the same blocking temperatiige [ Tg
dependent TMR(T) given in formula(2). In order to fitthe =T(H.=0)] as that obtained for Co/ GQ namely, Tg
experimental data points with this modified formyla we  ~65 K. We should mention at this point that the
have estimated™ for the annealed sample D in the follow- R(H)-curves taken for the@nnealedsample C at the tem-
ing way: T, is obtained from Fig. 1 to be 250 K; the tunnel- perature well abov@y still show some hysteresis, i.e., indi-
ing barrier widths corresponding to two layers of CO &  cate that the blocking temperature of thisnealedsample is
~0.44 nm; the tunneling electron wave veciois given as  higher than 130 K. The reason for this finding certainly is an
k=[2m(Vg-Eg)/%?]"2 with Vg being the band gap of the cluster aggregation which takes place during annedkeg
insulating barrieCO) andEg the Fermi energy of the tun- above, resulting in the formation of multidomain aggregates
neling electron. Making the usual assumption tigt is  having a larger blocking temperature than the isolated single
pinned in the middle of the gap, i.eVg-E~1/2Vz, and  domain clusters. It is quite evident from Fig. 4 that there is a
taking the ionization enerd¥ Ej,,=14 eV as a crude esti- reduction ofH(0) for Co/CO by about a factor of 2 com-
mate of Vg we obtain k~13.5 nm'! and finally n*(T) pared to theH.(0) value found for Co/ C@ SinceH.(0)
~0.331 Y2 (with T in K). The solid line in Fig. 3 is a least- for Co/ CO, corresponds to an anisotropy constinivhich
squares fit taall data points witn*(T) as estimated above is in perfect agreement with that found fioee Co clusters of
and usingP?, E, andA as free fitting parameters. It is quite similar siz&€2 we can interpret the reduction Hc(0) found
clear that this new fit now is excellent in the whole temperafor Co/CO as a reduction df by a factor of 2 compared to
ture regime despite the fact that the number of fitting paramthat of free Co clusters. The reason for such a strong reduc-
eters is thesameas that for the dashed line in Fig. 3. The tion has to be the interaction of the CO molecules with the
obtained fitting parameters ar®?=0.672), E=8(1) K, Co cluster surface atoms. In the following we want to discuss
and A=0.63 (2). While the parameteE and A are slightly  in more detail what already is known about this interaction.
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The influence of CO adsorption on the ferromagneticlyzed the hysteresis loops as calculated from the measured
resonancéFMR) of small Co particles deposited on &, R(H)-curves® The remanent magnetizatiom, obtained
has been studied by Hi#it al®® These experiments reveal a from these loops has a value o) exp=0.411), i.e., is
strong reduction of the magnetic momenig, of the Co  only slightly smaller than the valuer(),=0.5 theoretically
surface atoms. Even a complete quenchingugf at the  expected for noninteracting, single domain particles with a
cluster surface, similar to that found for CO coated Nirandom orientation of their magnetic momefftntiferro-
clusters?® cannot be excluded. Our TMR results clearly rule magnetic interactions between the Co clusters will reduce
out such a complete quenching @f, at the cluster surface. m,. We do not believe that the observed small reduction in
However, a reduction ofic, at the cluster surface has not to (m,)ex, compared to iy, ), can be taken as an indication for
be in contradiction with our results for the following reason: such an antiferromagnetic interaction being present in our
TMR measurements give the spin polarizatid? of the = Co/CO samples.
tunneling electrons, i.e., the difference in the density of states
at the Fermi energfze between spin-up and spin-down elec- )
trons of those electrons which are tunneling. The magnetic D. Conclusion
moment, on the oder hand, is given by the difference in the Granular samples of CO coated Co clusters have been
occupation of the spin-up und spin-down bands, respectivelysuccessfully prepared. Annealing of these samples showed
Spin dependent density of states calculations by Mooderghat the CO coating is stable up to temperatures of about 300
et al® for bulk Co show that an increase E will lead to K, indicating a strong binding of the CO molecules to the Co
a decrease imc, but an increase ifP(3d)|. These calcu- cluster surface. The TMR is very much enhanced if com-
lations also show that the Ni magnetic momeny; will be pared, for example, with granular Co,(l)((|e)_4 It reaches a
much more sensitive to such a shiftkg, i.e., only a small  value of about 50% at 1.7 K which is the largest TMR value
increase irEg will result in a complete quenching of the Ni reported so far for any granular Co system. The complete
magnetic momenjy; . An electron transfer from CO to Co, quenching of the Co magnetic moment at the Co cluster
therefore, can explain both the reducgg, observed in surface, similar to that observed for CO coated Ni clusters,
FMR and the increasel@(3d)| found in the TMR, provid- therefore can be excluded. We explain the large TMR value
ing that we have a preferred Ca{Belectron tunneling. Tun- as follows: (i) tunneling essentially occurs by 3d-electrons
neling of Cd4s) electrons, on the other hand, caotexplain  (spin polariationP~-0.8),2° and (i) the TMR is further en-
both results since the spin polarization of the Cs)(4lec- hanced at temperaturds<4 K due to higher-order tunnel-
trons is P~0.4 for afree Co cluster surface and will be ing processes. The spin polariation of the(8-electrons
reduced ifuc, is decreased. may be enhanced due to an electron transfer from CO to Co.

We now come bake to the observed reductiorHgf for ~ Such a transfer would explain both, the reduged found in
Co/CO(see Fig. 4 If the reduction ofuc, at the Co cluster the FMR experiments and the increased TMR, if the latter
surface due to Co—CO interaction is accompanied by a des caused by 8-electron tunneling. The system of CO coated
crease in the anisotropy constafit we could explain this Co clusters could be a model system for theoretical studies
result. Short range antiferromagnetic interaction betweewf the TMR in systems where there is a strong interaction
neighboring Co clusters, on the other hand, could also be thieetween the surface atoms of the ferromagnetic electrodes
reason for the observed reduction ldf. In order to get and the insulating molecules sitting between these elec-
more information about such an interaction we have anatrodes.
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