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Tailoring Fe/Ag superparamagnetic composites by multilayer deposition
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Fe/Ag granular multilayers were examined by magnetization and Mössbauer spectroscopy
measurements. Very-thin �0.2 nm� discontinuous Fe layers show superparamagnetic properties that
can be tailored by the thickness of both the magnetic and the spacer layers. Novel heterostructures,
superparamagnetic and ferromagnetic layers stacked in different sequences, were prepared and the
specific contribution of the ferromagnetic layers to the low-field magnetic susceptibility was
identified. © 2005 American Institute of Physics. �DOI: 10.1063/1.2035886�
Thin films of granular alloys can be prepared by alter-
nate deposition1,2 of the constituents in the form of discon-
tinuous multilayers or, as these are frequently called, granu-
lar multilayers. When compared to the co-deposition
methods this has the advantage that the size and the distance
of the clusters can be varied independently by the nominal
thickness of the magnetic and the spacer layers, respectively,
and self-organization processes3 can contribute to the nan-
ograin formation.2 Fe–Ag co-deposited granular alloys4–6

and multilayer structures7–11 were investigated before, but
granular multilayers have not yet been examined systemati-
cally. In this letter, we will demonstrate two interesting prop-
erties of Fe-Ag granular multilayers.

�i� The magnetic grain size can be reduced not only by
decreasing the thickness of the magnetic layers �dFe�,
but also by increasing the Ag layer thickness �dAg�.

�ii� Continuous magnetic layers can be inserted into the
granular multilayer structure without modifying the
average magnetic grain size �derived from the super-
paramagnetic blocking temperature �TB�� and the al-
most perpendicular magnetic alignment of the granu-
lar layers.

These properties can be exploited in tailoring the mag-
netic behavior of granular multilayers and in preparing novel
magnetic composites with varying amount and sequence of
the discontinuous and continuous layers. Regularly struc-
tured heterogeneous systems show interesting
magnetoresistance12,13 and magnetic behavior,14 but a com-
parison of the heterostructures to granular alloys with ran-
dom distribution of the magnetic elements would be benefi-
cial, as well.

The magnetic properties were studied by a supercon-
ducting quantum interference device �SQUID� magnetometer
and by 57Fe Mössbauer spectroscopy. The Fe/Ag multilayer
samples were prepared by evaporating 57Fe and Ag from
Knudsen cells with approximately 0.004 and 0.03 nm/s
evaporation rates, respectively, in a vacuum of 10−8 Pa onto
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rotating Si�111� substrates at room temperature. The evapo-
ration was started with a Ag and finished by 5 nm Ag cap-
ping. The multilayer structure was examined by x-ray reflec-
tivity measurements. Two samples containing only granular
Fe layers, as will be seen from the magnetic properties,
showed no peaks in the reflectivity measurements:

�A� �0.2 nm Fe/5.4 nm Ag�75, and
�B� �0.2 nm Fe/2.6 nm Ag�75.

The multilayers containing continuous Fe layers in inter-
leaved and separated form �see inset of Fig. 1� exhibit multi-
layer reflectivity peaks �main part of Fig. 1�, although the
finite thickness fringes are not resolved:

�C� ��0.2 nm Fe/2.6 nm Ag�3 / �1.5 nm Fe/2.6 nm Ag��25,
�D� �1.5 nm Fe/2.6 nm Ag�25/ �0.2 nm Fe/2.6 nm Ag�75.

The peak positions indicate that the actual periodicity is at
least 20% lower than the nominal one. The average Fe and
Ag content of the samples was checked by backscattering
spectrometry. The overall Fe concentrations of the
FexAg100−x samples �x=4, 12, 22, and 25 at. %� agreed rather
well with the nominal values �x=5, 10, 22, and 22 at. %�
within the experimental error, but the total amount of 57Fe
and Ag in the samples was 30 to 35% less, indicating that
both dFe and dAg are lower than the nominal values. In the
following we will, however, use the nominal layer thickness.

The temperature dependence of the bulk magnetization
measured by the SQUID in an applied field of 1 mT after
zero-field cooling �ZFC� and field cooling �FC� in 1 mT is
shown in Fig. 2. Samples A and B show magnetic irrevers-
ibility typical of superparamagnetic �SPM� systems15 with a
TB of 12 K and 40 K for A and B, respectively. In case of
noninteracting SPM particles, the magnetization is described
by the Langevin function and TB is proportional to the vol-
ume of the magnetic clusters. For Samples A and B, the
temperature and applied magnetic field dependence of the
magnetization could be well fitted by a single Langevin func-
tion above TB and the number of Fe atoms in the SPM clus-
ters was calculated to be 90 and 267 for Samples A and B,
respectively. A characteristic property of noninteracting SPM

particles is the scaling of the magnetization curves measured
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at different temperatures when they are plotted as a function
of H /T, i.e., the applied field divided by temperature. The
right panels in Fig. 2 show that this scaling behavior can
indeed be observed above TB for both samples. We will dis-
cuss in more detail below whether the observed increase of
TB for smaller dAg can be a result of interaction between the
SPM layers or is rather due to a larger magnetic cluster size
in spite of the same nominal dFe. A decreasing TB with in-
creasing dAg was also suggested for a series of samples with
0.7 nm nominal dFe based on the observed11 temperature de-
pendence of the hyperfine field distributions. However, since
the blocking temperatures were above 300 K, the blocking
process could not be measured directly. Since direct determi-
nation of the size of the Fe clusters is very difficult in Fe/Ag
nanostructures,4 we investigated whether magnetic interac-
tions across the spacer layer play a role in the variation of TB.
If magnetic interactions between the layers are responsible
for the higher TB of Sample B, interleaving ferromagnetic
�FM� layers with similar spacing is expected to further in-
crease TB and the samples with equal number of FM layers
�C and D� will exhibit different magnetic properties in the
interleaved �C� and the separated �D� form.

In the FC and ZFC magnetization of Samples C and D
�Fig. 2�, small bumps around 40 K can be observed in both
samples, but the overall magnetic behavior is very different.
As compared to Sample B, the irreversibility temperature is
shifted to higher but different temperatures for the two
samples, but, taking into account the much larger magnetiza-
tion values, rather this should be linked to the continuous Fe
layers containing more than 70% of the Fe atoms. The domi-
nant contribution of a FM component is also reflected in the
field dependence of the magnetization, as illustrated in the
right panels of Fig. 2. The measured curves could be fitted
above 0.2 T external field as the sum of a constant �75% of
the saturation magnetization value for C and 72% for D� and
a Langevin function due to a FM and a SPM fraction, respec-
tively. The average number of Fe atoms in the SPM clusters,
as calculated from the fitted paramagnetic moment and the
saturation magnetization values, are quite similar: 258 for C

FIG. 1. X-ray reflectivity of the interleaved �C� and the separated �D�
sample. The inset shows a schematic representation of the sequence of the
granular �dotted� and continuous �shaded� Fe layers in the samples.
and 232 for D. Although the behavior of the samples in a
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high magnetic field is consistent with the number of FM and
SPM layers in the samples, the origin of the irreversibility
observed in small magnetic field remains to be explained.

The Mössbauer spectra of Samples B, C, and D at 12 K
and 300 K are shown in Fig. 3�a�. Sample B is fully para-
magnetic at room temperature and the average isomer shift
�IS=0.17 mm/s relative to �-Fe� and quadrupole splitting
�QS=0.42 mm/s� are comparable to those measured on
co-evaporated16 and thin-film7 samples. The contribution of
the granular Fe layers can be clearly distinguished in
Samples C and D at 300 K, as indicated by the dotted line in
Fig. 3�a�. While the granular layers are paramagnetic at 300
K, the 1.5 nm Fe layers show well-resolved hyperfine split-
ting. The relative number of Fe atoms in the 1.5 nm thick
layers is well reflected by the spectral area under the mag-
netically split components: 76 �±2�% and 72 �±2�% for the
interleaved and the separated samples, respectively. At low
temperature, a broad hyperfine field distribution can be ob-
served in all of the samples. In Mössbauer spectroscopy, TB
is generally defined15 as the temperature where the area un-
der the magnetically split component is equal to that under
the paramagnetic one. We followed an approach that is
model independent and more effective when the sample is
heterogeneous with a small SPM fraction and monitored the
counts in a narrow velocity range around the paramagnetic
peaks. The following quantity was evaluated:

��T� = �
peak

C�v,T�� �
base

C�v,T� ,

where �peak and �base run over velocity ranges around the
paramagnetic peaks and at the baseline, respectively, and
C�v ,T� is the number of counts measured at velocity v and
temperature T. The relevant velocity ranges are indicated in

FIG. 2. Left panels show the temperature dependence of the FC �dashed
line� and ZFC �full line� magnetization measured in a 1 mT applied field for
the granular multilayers �A and B� and for the interleaved �C� and separated
�D� heterostructures. The right panels show the applied field dependence of
the magnetization at 5 K ���, 50 K ���, 100 K ���, 200 K ���, and 300 K
���. For A and B, the magnetization is plotted as a function of �0H /T. For
C and D, the curve fitted as the sum of a constant and a Langevin function
is shown as well.
Fig. 3�a�. ��T� is an S-shaped curve and TB can be defined as
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its inflection point. Figure 3�b� shows ���T� /�T calculated
numerically for Samples B, C, and D. The position of the
peak, i.e., the average TB, agrees well for the three samples
and can be connected to the small bumps in the ZFC mag-
netization curves. The slight smearing out of the transition
temperature in Sample C is consistent with the magnetization
measurement, but no relaxation feature �significant change of
��T� or broadening of the magnetically split lines� can be
connected to the irreversibility of the bulk magnetization at
higher temperatures.

At low temperatures, the hyperfine field distributions of
the SPM and the FM layers strongly overlap, but the varia-
tion of the average line intensities also clearly reflects the
blocking transition. The intensity of the six lines of a sextet
is distributed as 3: I2-5 :1 :1 : I2-5 :3, where I2-5=4 sin2� / �1
+cos2�� is the intensity of the �m=0 transitions, and � is the
angle between the direction of the �-ray and the magnetic
moment. The asymmetry of the spectra in Fig. 3�a� is due to
correlations among the hyperfine field, IS, and QS param-
eters of the distributed sextets. The small relative intensity,
I2-5=0.6 for Sample B �these lines are marked by arrows in
Fig. 3�a��, indicates a close-to-perpendicular alignment of the
magnetic moments. The magnetic components in the 300 K
spectra of Samples C and D could be fitted with I2-5=3.5 and
3.6, i.e. the magnetization of the continuous layers lies al-
most in the sample plane. The temperature dependence of the
average I2-5 is shown in Fig. 3�c�. Around TB, a decrease of
I2-5 occurs for both samples, and the values at 12 K �I2-5
=2.7 and 2.5� are close to the weighted average of I2-5=0.6
for the granular layers and I2-5=3.5 and 3.6 for the continu-
ous layers taking into account the number of Fe atoms in the
different layers. This suggests that both the perpendicular
alignment of the granular layers and the in-plane alignment
of the continuous layers are preserved in the interleaved
sample.

From the Mössbauer measurements, we can conclude
that the average TB and the nearly perpendicular magnetic
alignment of the granular layers remain intact in the inter-
leaved sample. On one hand, this indicates that the range of
interactions affecting TB is shorter than the actual spacer
layer thickness and the observed decrease of TB with increas-
ing dAg results from a decrease of the magnetic grain size.
We note that bridges between the Fe layers due to pinholes

FIG. 3. �a� Mössbauer spectra of Samples B, C, and D at 12 K and at 300 K.
The velocity ranges indicated in the 300 K spectrum of Sample B were used
to calculate ��T�. The lines belonging to the �m=0 magnetic transitions are
marked by arrows in the 12 K spectrum of Sample B �b� ���T� /�T for the
granular �B�, interleaved �C�, and separated �D� samples. �c� Average inten-
sity of the �m=0 transitions �I2-5� of Samples C and D.
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or interface roughness would also increase TB. On the other
hand, the Mössbauer results show that the large irreversibil-
ity of the low-field magnetization observed in the hetero-
structures is not due to the granular layers. A similar effect
was observed6 in single continuous Fe layers capped with
Ag. We propose to explain this kind of irreversibility in
terms of domain-wall motion in the FM layers. The largely
different small field behavior of the heterostructures, deviat-
ing only in the layer sequence, supports this idea and points
to the possible role of domain-wall pinning at the interface.

In conclusion, the possibility of tailoring nanoscale com-
posites of superparamagnetic and ferromagnetic components
by multilayer deposition was demonstrated for the Fe/Ag
system. Mössbauer spectroscopy was applied to identify the
specific contribution of the granular layers to the bulk mag-
netization, and it was shown that the continuous magnetic
layers inserted into the granular multilayer structure do not
modify the average magnetic grain size and the almost per-
pendicular magnetic alignment of the granular layers. The
possibility of control over the superparamagnetic grain size,
and the amount and the stacking sequence of the ferromag-
netic fraction makes these heterostructures suitable model
materials for understanding the magnetic behavior of granu-
lar composites with randomly distributed magnetic elements.
In the present study, we have found that varying the stacking
sequence affected the low-field magnetic susceptibility of the
ferromagnetic layers more significantly than that of the su-
perparamagnetic ones.
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