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Multilayers of Fe �between 0.3 and 2.0 nm thickness� separated by a 3.0 nm thick Al spacer were prepared
by vacuum evaporation and were then investigated by 57Fe Mössbauer spectroscopy measurements between
4.2 and 300 K and in various external magnetic fields. Mixing of the components at the interface was studied
by transmission electron microscopy. The formation of a nonmagnetic Al-Fe interface alloy is verified by a
detailed analysis of the low temperature Mössbauer spectra. The effective thickness of the Fe layers was
deduced from the amount of the nonmagnetic component and it was found to be correlated with the shape of
the Fe hyperfine field distribution. A marked change of the temperature and of the external magnetic field
dependence of the Fe hyperfine fields were observed as a function of the effective layer thickness. The
hyperfine field component attributed to two monolayer thick Fe regions decreases linearly with increasing
temperature; it disappears at well below room temperature and it is hardly influenced by external fields up to
7 T. The formation of three and more monolayer thick regions with increasing effective thickness results in an
approach to the bulk behavior, T3/2-temperature dependence, and smaller magnetic anisotropy.
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I. INTRODUCTION

The study of magnetic multilayers is important both from
application �magnetic storage, reading heads, etc.� and fun-
damental points of view and has been addressed in many
review papers.1–4 The magnetism of ultrathin layers raises
many interesting questions, but in most cases it is difficult to
separate the effects of dimensionality from the effects of in-
termixing between the magnetic and nonmagnetic layers in
lack of suitable local investigation methods. There is clear
evidence that elements immiscible in equilibrium �e.g., Fe
and Ag� will mix to a considerable extent in the boundary
region of the thin layers.5,6 Unfortunately, in alloys with fcc
structure �i.e., in systems consisting of Cu, Ag, Pd, Au, and
Pt as nonmagnetic spacer layers� less than 20% of the iron
hyperfine field originates from the transfer and conduction
electron polarization of the neighboring magnetic moments,
the rest is proportional to the the Fe atoms’ own magnetic
moment which is less sensitive to the local neighborhood.
On the other hand, in those systems which are amenable to
be studied by Mössbauer spectroscopy—since both the Fe
magnetic moment and the hyperfine field depends strongly
on the Fe nearest neighbor environment �e.g., Fe separated
by metalloid spacers�—no epitaxial growth is possible and
significant intermixing of the constituents is expected and
observed. In the following, we will attempt to separate the
effect of intermixing from the thickness dependent magnetic
properties.

The Fe-Al system is well suited for such a study as is
schematically shown in Fig. 1. Fe is nonmagnetic in the bcc
structure with eight nearest neighbors when it has five or
more Al first neighbors, nAl�5. It has a magnetic moment of
about 1.8�B with four Al, four Fe nearest neighbors, and
2.2�B for nAl�3.7 Dependence of the Fe hyperfine field on
nAl is somewhat more complicated because it is determined
by the conduction electron polarization and/or transfer con-
tribution of the nearest and farther magnetic neighbors and

by the polarization of its own core electrons. In the bcc solid
solution of �-Fe the latter contribution is proportional to
about 6.8 T/�B to the Fe atoms’ own magnetic moment,
while the former one will depend on the magnetic moments
of the surrounding Fe atoms. As a result,8 the nonmagnetic
Fe atoms may have hyperfine fields in the neighborhood of
magnetic Fe atoms.

Figure 1�b� depicts schematically the three ranges of the
expected average values of the Fe hyperfine fields, which
overlap to some extent. For nonmagnetic Fe atoms �i.e.,
nAl�5� the source of the hyperfine field is the transfer con-
tribution of the neighboring Fe atoms with magnetic mo-
ments, and the distribution of the number and the magnetic
moment of these neighbors will contribute to a hyperfine
field distribution around a low average value �from 0 to
�12 T�. The Fe atoms become magnetic for nAl=4 and the
core polarization term appears, thereby causing a sudden in-
crease in the average hyperfine field, but the transfer contri-
bution of the Fe nearest neighbors still depends on the given
environment. Since the magnetic moment of the Fe nearest
neighbors may vary from 0 to 2.2�B the resulting distribu-
tion can be rather broad around an average value of
�15 to �26 T. Finally the Fe atoms with nAl�3 will have
a distribution of hyperfine fields around even larger average
values ��25 T� due to the increase of both the core and the

FIG. 1. �a� Dependence of the iron magnetic moment on the
number of Al first neighbors and �b� a schematic picture of the three
ranges expected for the hyperfine fields as described in the text.
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transfer contributions caused by the increased Fe magnetic
moments. It is worth emphasizing that the different Fe-Al
alloys on the Al-rich side are reported to be nonmagnetic,
apart from the incommensurate antiferromagnetic structure
of FeAl2,8 which is prepared by long-term annealing. How-
ever, the hyperfine parameters of this phase are quite differ-
ent from the values found in the present work.

Most of the earlier investigations of Fe/Al multilayers
deal with rather thick �well above 1 nm� Fe layers. The
structure of the interface, interdiffusion, and magnetic prop-
erties were studied only in a few cases and only room tem-
perature �mostly conversion electron Mössbauer spectros-
copy 57Fe measurements9–12 were performed. The
temperature dependent transmission Mössbauer spectroscopy
investigations of the present work represent the first compre-
hensive study of the development of magnetism in ultrathin
layers.

The paper is organized in the following way. Section II
describes the details of the sample preparation and the ex-
perimental techniques. In Sec. III we present the results that
contribute to an understanding of the atomic structure of
Fe/Al multilayers. In Sec. III A we determine the ratio of the
Fe atoms intermixed with the Al spacers and calculate the
resultant correction of the Fe layer thickness. Transmission
electron microscopy �TEM� results will be shown to support
this evaluation. In Sec. III B it will be shown that the calcu-
lated effective Fe layer thickness and the hyperfine param-
eters of the layers are in line. Section IV deals with the
magnetic properties. Section IV A presents the temperature
dependence of the Fe hyperfine fields as a function of the Fe
layer thickness where a crossover from linear to T3/2 behav-
ior is observed. The measurements in various external mag-
netic fields are presented in Sec. IV B: The observed strong
magnetic anisotropy will also be shown to correlate with the
deduced effective Fe layer thickness. Finally, in Sec. V a
summary of the results is presented.

II. EXPERIMENT

The samples were evaporated onto Si�111� wafers in a
vacuum of 10−7 Pa with an evaporation rate of approxi-
mately 0.1 nm/s. The substrate was first coated by 10 nm Ag
before the evaporation of the first Al layer to ensure that the
samples could be removed from the substrate. The topmost
layer was 200 nm Al to protect the multilayer from oxida-
tion. Ag and Al were evaporated by two electron guns, the Fe
�57Fe� was evaporated from a heated W crucible. The layer
thickness was controlled by a quartz oscillator and the nomi-
nal layer thickness, tnom, is given using bulk density data.
The thickness of the Al layers was kept at tAl=3.0 nm, and
while the thickness of the Fe layers in the 57Fe enriched
samples was increased from tnom=0.3 to 1.0 nm, the number
of Fe layers was decreased from 15 to 6. This series was
supplemented with a sample of tnom=2.0 nm prepared from
natural Fe; in this case, the number of Fe layers was 32. The
measurements were performed on a single film removed
from the Si substrate, then cut into pieces and stacked to give
the appropriate thickness for Mössbauer measurements.

57Fe Mössbauer spectra between 4.2 and 300 K, with and
without external magnetic fields were recorded by a standard

constant acceleration spectrometer using a 50 mCi 57CoRh
source at room temperature. The magnetic field was applied
parallel to the �-beam using a 7 T Janis superconducting
magnet. Mössbauer measurements as a function of tempera-
ture were also performed in a closed cycle refrigerator. The
spectra were evaluated in a standard manner; binomial
distributions13 were used to describe the distributions of the
hyperfine parameters. Isomer shift data are given with re-
spect to �-Fe at the given temperatures.

The cross sectional samples for the TEM analysis were
attained in the conventional manner, that is, face-to-face glu-
ing, cutting of thin slices, mechanically polishing and, fi-
nally, ion-milling. The preparation was completed by low
energy ion milling at 200 eV to remove the surface damaged
and amorphized layer. Structure analysis was carried out by a
LEO-922 TEM equipped with a �-type energy filter oper-
ated at 200 kV. The three-window technique was applied to
get the net element-selective image.

III. THICKNESS DEPENDENCE OF THE IRON LAYER
FORMATION

A. Interface mixing

The 57Fe Mössbauer spectra measured at 4.2 K and at
room temperature are shown in Fig. 2. The quadrupole dou-

FIG. 2. Mössbauer spectra of Fe/Al multilayers measured at
4.2 K and at room temperature as a function of the nominal Fe
thickness, tnom. The paramagnetic quadrupole doublet correspond-
ing to Fe atoms alloyed or intermixed with Al layers is shown by a
dotted line.
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blet observed at 4.2 K in all the spectra should belong to
nonmagnetic Fe atoms surrounded by Al atoms, therefore it
is attributed to Fe atoms alloyed with the Al layers. For
tnom=0.3 nm only the quadrupole doublet component is
present; all the Fe atoms intermix with the Al spacer layers.
This doublet clearly corresponds to nonmagnetic Fe atoms,
the presence of superparamagnetic clusters was ruled out by
measurements in a magnetic field. As is shown in Fig. 3,
only the magnetic splitting due to the applied external mag-
netic field can be observed up to 7 T at 4.2 K.

The parameters of the quadrupole doublet subcomponent
agree well for all the spectra shown in Fig. 2, i.e., it does not
depend on the Fe layer thickness. These nonmagnetic Fe
atoms are clearly not in the vicinity of magnetic Fe layers or
particles; otherwise, they would have a hyperfine field due to
the transfer contribution of the nearby magnetic moments.
Since the magnetic splitting disappears below 295 K be-
tween tnom=0.4 and 0.7 nm and the different paramagnetic
components strongly overlap, accurate determination of the
room temperature parameters is possible only in the case of
the tnom=0.3 nm sample. The Mössbauer spectrum of the
nonmagnetic Fe atoms consists of a slightly broadened quad-
rupole doublet with the room temperature parameters:
0.22 mm/s, 0.47 mm/s, 0.39 mm/s for the isomer shift �IS�,
quadrupole splitting ��EQ�, and linewidth �2	�, respectively.
At low temperatures only a slight increase of the quadrupole
splitting �to 0.50 mm/s at 4.2 K� is observed. The quadru-
pole splitting and the isomer shift observed for the nonmag-
netic Fe atoms agree with those of Al5Fe2, as was found in
earlier studies.9–12,14–18

The interface structure was studied by energy filtered
TEM in the case of the 0.3 and 0.4 nm nominal Fe thickness
samples where, according to the Mössbauer results of Fig. 2,
the magnetic phase is not present at all or only to a rather
limited extent. Since very similar results were obtained for
the two samples, images will be shown only for the second
sample. The bright field and the energy filtered images are

presented in Fig. 4. The sample structure starts with an Ag
layer giving dark contrast on the bright field image �Fig.
4�a�� and it is followed by the multilayer structure of Al and
Fe with periodic light and dark contrasts. The Al-cap layer is
visible on the top of the sample. The Al-elemental mapping
by appropriate energy filtering �Fig. 4�b�� also shows the
light and dark layer periodicity, which coincides with the
layers on the bright field image. The electron diffraction and
high-resolution analyses �not shown here� revealed the pres-
ence of crystalline Al and a disordered amorphouslike Al-Fe
phase. These findings agree well with those of Ref. 15. On
the basis of these results, the light-contrast layers belong to
the pure Al phase and the dark-contrast areas contain Fe. The
composition of the Fe containing layers can only be esti-
mated from the average width of the pure Al layers. On
average, the light and the dark contrast layers seem to be
equal in width, which supports the concept that the alloyed
regions have a composition close to that of Al5Fe2, as de-
duced from the Mössbauer parameters. Bearing in mind the
small thickness ��1.8 nm� and the disordered nature of the
interface zone one should think rather of local coordinations
similar to that in Al5Fe2 than of long range periodicity. De-
tails of the solid state reaction that takes place during the
deposition of the Fe and Al layers are not well
understood9–12,14,15,19–23 and the formation of nonequilibrium
phases �amorphous or nanostructured� cannot be ruled out.

In the Mössbauer analysis the area under the nonmagnetic
doublet is proportional to the amount of those Fe atoms
mixed with the Al spacer. The relative fraction, fp, is shown
in Fig. 5 as a function of tnom. Here tD= fptnom is the total
number of Fe atoms �as given in equivalent Fe thickness�
mixed with the Al spacer. This tD is roughly constant for the
whole investigated tnom range with the value of tD
�0.31 nm. The formation of a continuous layer of the
Al5Fe2-like interface alloy can explain this result. It means
that tnom should be decreased by tD to obtain the effective Fe
layer thickness, teff= tnom− tD. The formation of a magnetic
Fe layer was not observed for tnom
0.4 nm, a factor that
supports this picture. It is also plausible that the magnetic
component with teff=0.1 nm cannot be separated in the TEM
images of Fig. 4. Preliminary results indicate traces of crys-
talline Fe for teff=0.5 nm.

B. Thickness dependence of the hyperfine field distribution

After analyzing the variation of the ratio of the paramag-
netic component, we will discuss the thickness dependence

FIG. 3. Mössbauer spectra of the Fe�0.3 nm� /Al�3 nm�
multilayer at 4.2 K in different applied fields. The bars indicate the
splitting equivalent to the applied field.

FIG. 4. Energy filtered TEM analysis of the
Ag�10 nm� /Al�5 nm� / �Al�3 nm� /Fe�0.4 nm��15/Al�200 nm�
multilayer sample. �a� Bright field image and �b� corresponding
energy-filtered image indicating the distribution of Al.
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of the magnetic component in order to gain insight into the
atomic structure of the magnetic layers. The hyperfine distri-
butions calculated by allowing two binomial distributions13

are shown in Fig. 6. The distributions clearly show a bimodal
character above tnom=0.7 nm.

It is known24 from investigations into the ordered B2
structure FeAl alloy that a single Fe layer between Al sheets
is nonmagnetic. In this case, the Mössbauer spectrum con-
sists of a single nonmagnetic line due to the cubic environ-
ment. Such a component was not revealed in any of the
spectra but, because of the strong overlap of the different

components around zero velocity, a small contribution of this
kind cannot be excluded.

In two monolayer �ML� thick Fe planes between Al layers
all the Fe atoms have four Fe and four Al nearest neighbors,
and these layers would be magnetic according to Fig. 1. In
cold-worked Fe-Al alloys with B2 structure the appearance
of ferromagnetism around 35–40 at. % Al content was in-
deed attributed to two or more Fe atom thick layers formed
around antiphase grain boundaries.25 In ball-milled stoichio-
metric bcc FeAl alloys the grain boundaries were also iden-
tified as two atom thick Fe layers based on the evidence of
x-ray diffraction and Fe hyperfine field distribution
measurements.26 In this case the Fe hyperfine fields were
terminated below �25 T, which is a clear indication of the
absence of Fe atoms with more than four Fe first neighbors
�see Fig. 1�b��. In the present case the Fe hyperfine field
distributions, p�B� deduced from the magnetically split part
of the spectra, as shown in Fig. 6, are rather similar between
tnom=0.4 and 0.7 nm to those of Ref. 26. The isomer shift of
these magnetically split spectra is 0.20�1� mm/s �with re-
spect to �-Fe at 4.2 K�, in good agreement with the value for
Fe atoms with four Fe, four Al nearest neighbors in the Fe3Al
structure �0.19�1� mm/s�.27 These are strong indications that
only Fe layers consisting of two atomic planes are formed in
this thickness range, which is in line with the teff values for
these samples. Obviously, the mixing of Al into the two
monolayer thick Fe layers will result in nonmagnetic Fe at-
oms and thus in the interruption of the continuous magnetic
structure. In view of this, the two atom thick Fe layers are
platelet shaped particles with a broad lateral size distribution
rather than continuous periodic layers, but the extent of the
platelets is expected to increase with increasing tnom.

A significant change is observed at tnom=0.8 nm: A high
field component appears in the Mössbauer spectrum and of
course, in the calculated hyperfine field distribution. This in-
dicates that the two monolayer �ML� effective Fe layer thick-
ness is exceeded and the building up of a third layer starts.
Fe atoms in the middle Fe layer of a perfect three-layer struc-
ture have eight Fe first neighbors and thus significantly
higher hyperfine fields. Figure 7 shows the average hyperfine
field of the high field part of the distribution, �Bh� together

FIG. 5. The fraction of the paramagnetic quadrupole doublet fp

�dots� and tD= fptnom �circles� as a function of the nominal thickness
tnom of the Fe layers. The lines are to guide the eye.

FIG. 6. Distribution of the Fe hyperfine field of the magnetically
split component of the Mössbauer spectra at 4.2 K as a function of
tnom. The lightly shaded area marks the high field component �see
text for details�.

FIG. 7. Average hyperfine field of the high field component of
the hyperfine field distribution �Bh� �a� and �b� the average hyper-
fine field of the full distribution �Bhf� at 4.2 K are shown as a
function of tnom.
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with the average hyperfine field of the full hyperfine field
distribution, �Bhf�. �The values of �Bhf� are burdened with
larger systematic errors than �Bh� due to the nonmagnetic
component in the middle of the spectra, thus most of our
discussion in the following will be based on the analysis of
the outer lines of the spectra, i.e., on �Bh�. Note the large
jump in both values between tnom=0.7 and 0.8 nm which
signals the formation of Fe layers consisting of at least three
atomic planes. If the Fe layer were to consist of exactly three
atomic planes, the ratio of the areas under the high and the
low field part of the distribution should be 1:2, which is quite
close to the ratio observed for the tnom=0.8 nm sample. This
is in line with the teff=0.5 nm value calculated for this
sample. The agreement between the number of atomic planes
in the Fe layers deduced from the shape of the hyperfine
distribution and the effective Fe layer thickness is reassur-
ingly good. It is very tempting to explain our result on the
development of three ML thick Fe layers for teff=0.5 nm by
the formation of a DO3 type local Fe3Al alloy which would
give the same 1:2 ratio of the high-field/low-field compo-
nents. However, the values of the hyperfine fields are quite
different: In our case at 4.2 K they are 25.7 and 15.0 T com-
pared to the extrapolated values28 of 32.6 and 23.4 T in
Fe3Al. Disorder and Al surplus in the Fe3Al structure could
explain the lower hyperfine field values but it would cause a
significant deviation in the site occupancies.

As tnom is increased further �Bh� and �Bhf� keep increasing
as shown in Fig. 7; however, the value of the hyperfine field
of pure �-Fe �33.8 T� is not reached even at tnom=2.0 nm.
For a perfect layer structure the appearance of a sharp six-
line pattern with 33.8 T hyperfine field is expected, which
would correspond to the inner Fe layers. Its absence and the
presence of low field satellite components in the spectra of
Fig. 2 are clear indications of Al dissolved in the iron layers.
The increase of �Bh� and �Bhf� with increasing Fe layer thick-
ness is explainable by the increasing average Fe magnetic
moment which results in an increase of both the nonlocalized
contribution of the further Fe neighbors �conduction electron
polarization� and the localized contribution of the nearest Fe
neighbors to the hyperfine field.

Although Al has large equilibrium solubility in �-Fe
�about 20 at. %�, a substantially lesser amount is dissolved in
the Fe layers. For our thickest sample, tnom=2.0 nm �teff

=1.7 nm�, the hyperfine field distribution has a structure
quite different from that expected for a pure layer. This struc-
ture originates both from Al dissolved in the Fe layers and
from interface effects. The Fe atoms near the edge of the
layer—not only those at the edge—will have a smaller trans-
fer contribution and thus reduced hyperfine field values. As-
suming complete random distribution of the Al atoms in the
layer and neglecting the interface effect the amount of dis-
solved Al, cAl may be estimated from the ratio under the
areas of the largest hyperfine field sextet to the next largest
hyperfine field sextet as 8cAl/ �1-cAl�, whose ratio in dilute
alloys gives29 the relative number of Fe atoms with a single
Al first neighbor. This oversimplified estimation gives about
6 at. % Al dissolved in the Fe layers.

IV. MAGNETIC PROPERTIES

A. Temperature dependence of the hyperfine fields

The temperature dependence of the magnetization, the na-
ture of the magnetic phase transition, and the role of the
magnetic anisotropy in ultrathin films belong to the most
often investigated fundamental problems.1–4,30–33 Even so,
the results obtained are still controversial.

The temperature dependence of the magnetization of our
samples will be studied by evaluating ��T�
= �Bh�T�� / �Bh�4.2 K��, since the high field components of the
hyperfine distribution are influenced the least by the para-
magnetic components of the spectra and in this way the sys-
tematic errors are minimized. A different type of behavior is
observed for tnom�0.7 nm and for tnom�0.8 nm, i.e., for
samples containing platelets of two ML Fe planes and for
those with three or more monolayers. Typical Mössbauer
spectra are shown in Fig. 8.

Layers with three or more Fe atomic planes show well-
defined magnetic splitting even at room temperature indicat-
ing a rather high Curie point. The ��T� curves follow well
the Bloch law, ��T�=1−btT

3/2 as shown in Fig. 9�a�. �A fit
with T2 temperature dependence is significantly worse. We
would also mention that at low temperatures no upturn of the
magnetization34 was observed.� The respective spin wave pa-
rameter, bt values are bt=42.2, 53.3, and 10.3�10−6 K−3/2

for tnom=0.8, 1.0, and 2.0 nm, i.e., for teff=0.5, 0.7, and
1.7 nm, while the bulk value of the spin wave parameter is

FIG. 8. Temperature dependence of the Mössbauer spectra of
the �a� Fe�0.7 nm� /Al�3 nm� and �b� Fe�0.8 nm� /Al�3 nm�
samples in zero external magnetic field and in Bext=1 T at 100 K.
For the latter, the positions of the 2–5 lines of the Bh components of
the spectra are marked by arrows.
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b
=5.2�10−6 K−3/2. In ultrathin Fe films on different sub-
strates bt /b
 was found35 to increase linearly with the inverse
thickness of the layer. Our data follow roughly the trend
established35 by the Fe�001� /Au�001� and
Fe�001� /GaAs�001� epitaxial ultrathin Fe films. The increase
of bt when the Fe thickness increases from tnom
=0.8 to 1.0 nm is most probably caused by differences in the
shape of the magnetization curves, as is the case28,29 for
�-Fe and Fe3Al.

The fp value increases with increasing temperature as
shown in Fig. 9�b� — except for tnom=2.0 nm — where no
detectable increase was found. A similar increase was ob-
served above room temperature in Ref. 9. It is a fingerprint
of superparamagnetic particles present in the samples. In the
analysis of magnetization measurements this is a serious ob-
stacle, but in our Mössbauer experiments the paramagnetic
contribution can be separated and does not influence the re-
sults obtained for the magnetic component, especially since
they are deduced from the high field part of the hyperfine
field distributions.

It is hard to estimate the Curie temperatures, TC, of our
samples since the measurements could be performed only in
a limited temperature range. The value of � at room tempera-
ture is 0.976 in �-Fe29 �TC=1041 K� and 0.90 in Fe3Al28

�TC=710 K, but values up to 770 K are reported depending
on the degree of the DO3-type order�. Thus Fig. 9�a� indi-
cates a TC lower than that of Fe3Al for tnom=0.8 and 1.0 nm,
and a TC higher than that for the 2.0 nm thick sample. The
actual values should be determined from the shape of the
��T /TC� curves. These are, however, significantly
different28,29 for �-Fe and Fe3Al: � of the latter is smaller for
the same T /TC value. The extrapolated TC values are 390,
360, and 720 K if the ��T /TC� curve of �-Fe, and 520, 450,
and 1180 K if that of Fe3Al is used for tnom=0.8, 1.0, and
2.0 nm, respectively. The latter set is obviously an overesti-
mation; the former set is probably an underestimation of the
TC values. Curie temperatures of Fe/Al multilayered films
were determined36 from magnetization versus temperature

curves measured in a 1 kG field for Fe layer thicknesses
from 0.5 to 20 nm and all the TC values were between 430
and 630 K. However, the deduced TC is ambiguous because
application of the magnetic field caused significant changes
of the magnetization curves and TC was considerably less
than that of pure iron even for the thickest sample, which
hints at a significant intermixing due to the high measuring
temperatures.

Substantially different behavior is found for tnom
�0.7 nm: The magnetically split part of the spectra disap-
pears well below room temperature and ��T� decreases lin-
early with temperature. These features can be associated with
the superparamagnetic relaxation of small particles. Mag-
netic splitting cannot be observed in the spectra above Tf
=15, 25, and 40 K for tnom=0.4, 0.6, and 0.7 nm, respec-
tively. This characteristic temperature is termed as freezing
temperature, Tf, to distinguish it from the usual blocking
temperature, TB, being commonly defined by an equal frac-
tion of the ferromagnetic and paramagnetic spectrum com-
ponents.

The observed linear temperature dependence of the hyper-
fine field is expected37,38 for superparamagnetic particles.
The assumption of a uniaxial anisotropy with anisotropy
constant Keff for the particles with volumes V is the simplest
approximation which results in

��T� = 1 − CT , �1�

where C=kB /2VKeff and kB is Boltzmann’s constant. This
approach should be applied37 only for temperatures
kBT /VKeff�0.1–0.2�1. We found C=5.4�10−3 K−1 for
the 0.7 nm Fe/3.0 nm Al sample �Fig. 9�a��. Linear tempera-
ture dependence of the magnetization and/or hyperfine field
was found2,3,37 in ultrathin, 2–3 ML thick films. Our calcu-
lated C value is larger than that found37 in two ML thick Fe
on Ag ��1.5–5.7��10−4 K−1� or that of three ML thick Fe on
Pt �3�10−3 K−1�.3

Superparamagnetic behavior is also indicated by the reap-
pearance of the magnetic splitting above the freezing tem-
perature when a magnetic field is applied, as shown in Fig. 8
for Bext=1 T. This feature can be used to estimate the size of
the magnetic particles, since the high-field expansion of the
Langevin function gives39,40

�Bh�T�� + Bext = B0�1 − CBT� , �2�

where B0 is the saturation hyperfine field, CB=kB /�Bext, and
� is the magnetic moment of the particle. CB=1.4
�10−3 K−1 was obtained at T=100 K, Bext=1 T for the
0.7 nm Fe/3.0 nm Al sample. It gives ��1000�B, which in
turn corresponds to about 570 Fe atoms in the particle, when
the extrapolated value of 1.8�B of the magnetic moment of
the Fe atoms with 4 Fe, 4 Al nearest neighbors is used. The
particle volume is V�6.8 nm3, and a spherical shape of
these particles would correspond to a diameter of 2.4 nm.
Combination of this value of the particle volume with the
value of C allows the determination of the effective magnetic
anisotropy constant, which gives Keff=1.9�105 J /m3. This
value is significantly larger than the volume anisotropy con-
stant for �-Fe ��0.5�105 J /m3�. It is about the same value
obtained39 for nanoparticles of metallic iron with similar size

FIG. 9. �a� �= �Bh�T�� / �Bh�4.2 K�� as a function of temperature
for tnom=2.0 nm ���, 1.0 nm ���, and 0.8 nm ���, respectively. The
continuous lines correspond to a T3/2 dependence. The inset shows
� for tnom=0.7 nm ���, 0.6 nm ���, and 0.4 nm ���. The continu-
ous line is the linear fit for tnom=0.7 nm. �b� Temperature depen-
dence of the fraction of the paramagnetic quadrupole doublet fp for
tnom=0.7 nm ���, 0.8 nm ���, and 1.0 nm ���. The lines are to
guide the eye.
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where the increase is attributed to the influence of surface
anisotropy. The combined treatment41 of the effect of mag-
netic anisotropy and applied field would result in about 20%
smaller particle volume and consequently in larger magnetic
anisotropy constant.

It has already been discussed that the hyperfine field dis-
tribution of these thin layers excludes the presence of 3 ML
thick regions, thus the assumption of a squared brick shape is
more appropriate. If the lateral size of these bricks is L, then
V=2aL2, where a=0.15 nm is the distance between the Fe
planes. This approximation gives a characteristic size of L
=4.7 nm.

A rough estimation of the island size is also possible by
taking into account the effect of Al atoms dissolved in the Fe
layers. A single Al atom dissolved in a perfect two Fe atom
thick layer will result in four nonmagnetic Fe atoms. These
nonmagnetic Fe atoms together with the Al atoms will isolate
the magnetic islands. The relative amount of Al dissolved in
the Fe layer is cAl/cFe=4La2 /2aL2=2a /L if the boundary of
the Fe islands consists of Al atoms alone. This is obviously
an oversimplification of the real Al percolation problem
which gives an estimation of the characteristic island size, as
L=2a�1/cAl−1�. The formerly estimated cAl�6 at. % value
of the amount of Al dissolved in the Fe layer also results in
L=4.7 nm. These magnetic islands are at only a few atomic
distances from each other; therefore, a strong interaction is
expected between them and the validity of Eqs. �1� and �2�
may be questioned.

B. Effect of external magnetic field

The relative intensity of the 2–5 lines with respect to the
3–4 lines of a six-line Mössbauer spectrum is given as
I2–5=4 sin2� / �1+cos2 ��, where � is the angle between the
direction of the � rays and the magnetization of the sample.
I2–5=4 corresponds to the case when all the magnetic mo-
ments are in the plane of the sample. In general I2–5=2 sig-
nals the completely random distribution of the direction of
the magnetic moments, except for the case of a special mag-
netic anisotropy, when cos2 �=1/2 gives the same I2–5 value.
In an external magnetic field applied parallel to the direction
of the � rays the full magnetic saturation is characterized by
the value I2–5=0, i.e., the 2–5 lines of the spectra disappear.

The absolute value of the hyperfine field also contains
information on the orientation of the magnetic moments. The
hyperfine field is oriented antiparallel to the magnetic mo-
ment; thus in collinear ferromagnets the absolute value of the
measured hyperfine field will decrease with the value of the
applied field and increase with the value of the demagnetiz-
ing field of the sample. If the magnetic moments are not
collinear with the applied field, the decrease is only
Bext cos�. The hyperfine field of antiferromagnetically
coupled magnetic moments will increase with the applied
field.

The measurements performed in applied magnetic fields
are consequently suitable as a means to study the orientation
of the magnetic moments, the approach to magnetic satura-
tion, and to gain information on the magnetic anisotropy. The
Mössbauer spectra measured in different external magnetic

fields are shown in Figs. 10–12. They show two features
common to all the spectra. First, no increase of the hyperfine
fields of the magnetic component, i.e., no evidence for the
existence of antiferromagnetically oriented magnetic mo-
ments can be found. Second, the applied field induces the
appearance of magnetic splitting in the case of the nonmag-
netic Fe atoms, as was demonstrated for the completely non-
magnetic tnom=0.3 nm sample in Fig. 3.

The two characteristic ranges of the Fe layer thickness, as
observed in the temperature dependence of the magnetic
properties, are also easily distinguished in the magnetic field

FIG. 10. Mössbauer spectra at 4.2 K in external magnetic fields
Bext applied perpendicularly to the sample plane of the tnom=0.4,
0.6, and 0.7 nm samples. The positions of the 2–5 lines belonging
to �Bh� are marked by arrows for Bext=0, 1, and 3 T, respectively.

FIG. 11. Mössbauer spectra at 4.2 K in external magnetic fields
Bext applied perpendicularly to the sample plane of the tnom=0.8 and
1.0 nm samples. The positions of the 2–5 lines belonging to �Bh�
are marked by arrows for Bext=0, 1, and 3 T, respectively.
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dependence of the parameters. Samples consisting of two
ML thick Fe platelets are practically not affected by the ex-
ternal magnetic field of 3 T, as shown in Fig. 10. In larger
fields a decrease of the hyperfine field of the magnetic com-
ponents �outer spectrum lines� is observed. As a result, how-
ever, the overlap with the broadening spectral contribution of
the nonmagnetic Fe atoms strongly increases with increasing
field and it prevents a reliable evaluation of the spectra. It is
worth noting that Fe-Ag multilayers of similar nominal layer
thickness and freezing temperature could be well aligned in a
3 T external field.42

When applying Bext=3 T field �which is well above 2.2 T,
the demagnetizing field of bulk �-Fe in perpendicular geom-
etry� the complete saturation �i.e., disappearance of the 2–5
lines� was observed only for the tnom=2.0 nm sample, as
shown in Fig. 12. When the hyperfine field measured in
Bext=3 T is increased by the applied field, its value is higher
by about 2 T than it was in zero magnetic field: This differ-
ence is due to a demagnetizing field very close to the bulk
value. In this sample, the magnetic moments are in the
sample plane when no magnetic field is applied as is required
by the shape anisotropy. Accordingly, the value of I2–5 de-
duced from the fit of the spectrum is 4. The same I2–5=4
value was found in Ref. 9 for a comparable layer thickness.
This is the magnetic behavior expected for bulk samples with
magnetic anisotropy in the order of that in �-Fe.

A gradual transition is observed between the two different
behaviors described above: The magnetic anisotropy con-
tinuously increases with decreasing Fe layer thickness. For

tnom=0.8 and 1.0 nm the intensity of the 2–5 lines decreases
considerably for Bext=1 T, but full saturation is not achieved
in 3 T, as can be seen in Fig. 11. The decrease of I2–5 is
larger for the 1.0 nm than for the 0.8 nm Fe layer thickness
sample. The possible role of a small superparamagnetic frac-
tion �see Fig. 9�b�� was examined at 100 K for this interme-
diate thickness range, but the application of a 1 T external
field did not influence fp, whereas the intensities of the 2–5
lines of the spectrum significantly decreased.

V. CONCLUSION

Temperature and magnetic field dependences of the Fe
hyperfine fields �i.e., magnetic moments� were studied by
57Fe Mössbauer spectroscopy in ultrathin Fe/Al multilayers
with constant Al �3 nm� and varying �between 0.3 and
2.0 nm� Fe layer thickness. Interface mixing was shown to
result in the formation of a nonmagnetic alloy phase. The
effective thickness of the magnetic Fe layers was calculated
from the amount of intermixed Fe atoms, tD=0.3 nm in
equivalent thickness for all the samples. The observed
change in the shape of the hyperfine field distributions and
the related jump of the average parameters with increasing
effective thickness is explained by the building up of the
magnetic Fe layers and by the respective roles of the two and
three or more ML thick Fe regions. A markedly different
temperature and magnetic field dependence of the magnetic
behavior was observed below and above teff=0.5 nm, where
the formation of Fe regions consisting of three and more
atomic planes starts. At and above this thickness TC is well
above room temperature; the Fe hyperfine fields show a
Bloch-type T3/2 law decrease with increasing temperature. In
magnetic fields applied perpendicularly to the sample plane a
rather large magnetic anisotropy, i.e., slow approach to mag-
netic saturation, is observed. In 3 T full collinearity of the
magnetic moments is reached only in the thickest �teff

=1.7 nm� sample. Below teff=0.5 nm, the formation of two
ML thick magnetic platelets was deduced from the hyperfine
field distribution. The magnetically split component of the
spectra disappears well below room temperature. It is a kind
of freezing at Tf =15 and 40 K for tnom=0.4 and 0.7 nm,
respectively. The hyperfine field increases linearly with de-
creasing temperature below Tf. The superparamagnetic na-
ture of the transition was verified by the application of a 1 T
magnetic field above the freezing temperature which resulted
in the reappearance of the magnetic splitting. Our prelimi-
nary magnetization measurements are in qualitative agree-
ment with the results discussed earlier.
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FIG. 12. Mössbauer spectra at 4.2 K in external magnetic fields
Bext applied perpendicularly to the sample plane of the tnom

=2.0 nm sample. The positions of the 2–5 lines belonging to �Bh�
are marked by arrows.
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