Superparamagnetic Fe clusters in Ag matrix produced by sputter-gas
aggregation
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Experiments to generate a thin composite Fe-Ag film employing a sputter-gas-aggregation process
are described. The magnetic properties are studied at low temperatures. In addition, the morphology
is determined by high-resolution transmission electron microscopy and the structure by using x-ray
diffraction and XAFS. Small clusters of about 11 A in diameter are highly dispersed in an Ag
matrix. They show the characteristics of interacting superparamagnefif9® American Institute

of Physics.

Over the past years increasing interest has been focuséxoadening is assumed to be due to the granular character of
on nanoscale granular materials because they are considermg Ag matrix consisting of Ag particles. Their size is esti-
as candidates for many potential technological applicationsmated from the halfwidth of the A@11) peak using the
due to physical properties which deviate remarkably fromScherrer equation to be of the order of 10 nm. Since the
the corresponding bulk propertiéghe cluster size turns out Bragg peaks of Fe and Ag are overlapping, XAFS was used
to be one of the key parameters controlling these propertieso obtain further insight into the near neighbor structure of
Usual preparation techniques such as mechanical milling dhe Fe component. The correlation function deduced from
fine powders and annealing of supersaturated solid solution$AFS (Fig. 2) reveals a strongly distorted Fe structure which
provide only crude control of this sensitive parameter. Indeviates markedly from the bulk body-centered-cufticc
contrast, the sputter-gas aggregation techriigllews rather ~one. The peak around 2.2 A can be assigned to the Fe-Fe
precise control of the cluster si2eThey are grown from correlation, the peak at around 2.8 A to the Fe-Ag correla-
supersaturated metal vapor, transferred by a liquigdbled  tion. The transmission electron microscd@EM) investiga-

Ar gas stream towards a substrate where they are softly déion reveals a similar feature. The high-resolution micro-
posited. Since Fe particles are known to exhibit superparsgraph(Fig. 3) shows the granular structure of the film with a
magnetic behavior in the nanometer size rahfe,is used as clear lattice appearance of the deposit, whereas Fe lattices
a magnetic sensor to demonstrate the efficiency of théannot be identified. The most direct experimental signature
sputter-gas aggregation technique. The present letter def the granular character of the Fe/Ag film stems from an
scribes a first successful experiment to generate Fe clusteRDX investigation of the corresponding TEM sample which
up to sizes of about 100 A which are highly dispersed in arfeveals chemical fluctuations of about 50% around the aver-
Ag matrix. age composition on the nanometer scale.

A thin film of about 0.5um thickness with a Fe/Ag of Further support for the view that the granular metal film
27/73 was prepared by 24 h codeposition at room tempera&onsists of ultrafine Fe-particles with rather uniform sizes
ture from independently sputtered Fe and Ag targets usingnd dispersion can be obtained from magnetic
the sputter-gas aggregation technique. The Ar gas pressure easurementsThe remanence, , at a given temperature,
the sputter chamber was kept at about 0.5 Torr. T, is a measure of the volume fraction of single-domain par-

The crystal structure of the resulting shiny metallic film ticles which behave as ferromagnets against thermal agita-
was determined by employing conventional x-ray diffraction
and FeK-edge XAFS. A separate specimen prepared under
similar sputter and condensation conditions was used for a
TEM study of the nanoscale structure. The chemical fluctua-
tion in the nanometer range of the film was investigated by
an attached energy dispersive x-ra§DX) analyzer.
Temperature- and field-dependence of the magnetization
were measured using a SQUID magnetometer.

The obtained granular Fe/Ag film exhibits a broad face-
centered-cubicfcc) Ag-like diffraction pattern as shown in
Fig. 1. The shift of the Agl11) peak to the high angle side is 36 3 20 2 )
due to a shrinkage of the Ag lattice constant originating from 2 0 [degrees]
the high amount of Fe dispersed in Ag. The(Afl) peak
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FIG. 1. Diffraction pattern of granular F#\g,3. The arrows indicate the
30n leave from the Institut fuPhysikalische Chemie, Philipps-Universita Ag(111), (200, and the F&L10) Bragg peaks of the respective bulk materi-
Marburg, 35032 Marburg, Germany. als.
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FIG. 4. The temperature dependent remanekkeand coercivityH, . The
FIG. 2. The correlation functioffF (R)| of Fe as a function of the distance, inset displays volume distributiod®(V), as a function of the particle diam-

R, in comparison with pure bcc Fe as obtained by XAFS. The intensity ofeter,D.
the pure Fe was reduced by a factor of 2.

_ . . cluster moments or a deviation from the spherical shie.
tion in the timescale of the measurement. Applying theys obout 800 Oe 0 K is much larger than 50 Oe for the
method of Weilet al’ the cluster size distribution can be bulk Fel® The latter is a strong indication that the small

es_timated from the temperature_ dependencéi pfand M_f clusters are uniformly dispersed in the matrix.

with an accuracy comparable with _several_oth_er technl_ﬁues. Figure 5 shows the temperature dependence of the field-
The decay o, andM, as a function off is displayed in  ;,,eq and zero-field-cooled magnetizationsHat 100 Oe.

Elg. 4, Assummg a linear behavior of the |n|t|al_magnet|za—|:or T>T, the system shows superparamagnetic behavior,
tion curve, the diameteb), can be calculated using the fol- where T, corresponds to the maximum in the temperature

lowing equation: dependence of the zero-field-cooled magnetization. A maxi-
3KT 1/3 mum appears as well in the field-cooled magnetization curve
D=2 , which is shifted to slightly lowefT. A superparamagnetic

(1-M/Mg4mMH o~ . . amd
system containing noninteracting ferromagnetic single do-
whereM is the magnetization and the applied magnetic main particles displays a single reduced magnetization,
field. The saturation magnetizatioM, is estimated by ex- M/Mg vs H/T curve at temperature$>T,. Since the
trapolatingM as a function of M to infinite field to be present system does not obey this relatigiM 5 is plotted
about 150 emufg. The deduced volume distributioh(V)  as a function offH+«M)/T in Fig. 6. The termwM with
as a function oD is shown in the form of a histogram in the =150 Oé g * erg * represents an additional magnetic field
inset of Fig. 4. It displays an extremely narrow size distribu-which is induced by magnetic interparticle interactions
tion around a maximum at about 11 A. A long tail appearswhich is generally assumed to be a linear functiomvof2
towards higheD values up to 120 A. This size range and the An excellent superposition foF >100 K of several magne-
distribution consistent with the structural characteristics obtization curves is obtained whereas the curvesTtari00 K
served by x-ray diffraction and XAFS. deviate.
The reduced magnetizatioll,/M in Fig. 4 approaches In conclusion, we have obtained ultrafine Fe clusters em-
about 0.4 at 0 K, which is lower than the Stoner—Wohlfarthbedded in an Ag matrix by the sputter-gas aggregation tech-
value of 0.5 for a randomly oriented spherical, single domaimique. Structural and magnetic investigations reveal a very

systen® This indicates a slightly preferred orientation of the narrow cluster size distribution with a halfwidth of about 20
A and a maximum around 11 A. The single domain Fe par-

ticles are magnetically interacting in a superparamagnetic
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FIG. 3. TEM high-resolution micrograph of granular,f&g,; with the FIG. 5. Field-cooled and zero-field-cooled magnetization as a function of
corresponding diffraction pattern. the temperatureTl, in an applied field oH =100 Oe.
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FIG. 6. Reduced magnetizatioll,/Mg, for several temperatures as a func-
tion of the temperature reduced total magnetic fighdH{wM)/T.

phase above a transition temperature of about 100 K.
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