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57Fe diluted in a Ag film prepared by vapor quenching:
Nanostructure formation and magnetic behavior
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57Fe diluted in Ag film has been prepared by vapor quenching onto a kapton substrate kept at 16 K.
Mössbauer spectroscopy~MS!, under 1.5 and 3.7 T applied fields, and temperature-dependent,in situ andex
situ, measurements have been performed to investigate the site occupation and magnetism of Fe atoms, thermal
stability of the Fe species, and Fe cluster formation.In situ 57Fe MS for the as-prepared film, measured at 10
K indicates that 74% of Fe atoms are randomly distributed at substitutional sites in fcc Ag matrix~Fe mono-
mer!, 20% are associated with Fe dimers, and the remaining Fe atoms form a fcc Fe phase. MS under applied
field indicates that each Fe phase has its own magnetic moment. Temperature-dependent MS shows that the Fe
monomers and Fe dimers diffuse, forming fcc-like Fe clusters probably distributed at the grain boundaries of
the Ag matrix. The fcc Fe phase with particle sizes at about 20 Å is completely transformed to bcc like phase
at high temperature. Anex situMS experiment, at 4.2 K without an external field, shows that the magnetic
moment of the Fe monomer is frozen by exchange magnetic coupling or by dipolar interactions created by the
large Fe clusters present in the annealed film.

DOI: 10.1103/PhysRevB.66.144422 PACS number~s!: 75.30.2m, 75.50.Bb, 76.80.1y
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I. INTRODUCTION

Knowledge of the magnetic properties of Fe clusters is
great importance due to their basic scientific and technol
cal interest. Fcc Fe precipitated in a Cu matrix or epitaxia
grown onto a Cu surface has been reported to show fe
magnetic~FM! or antiferromagnetic~AF! order, depending
on the preparation method and the lattice parameters.1–3 The
magnetic moment and hyperfine field were calculated for
and Fe clusters embedded in fcc Ag host:4 for the biggest
cluster (Fe43) considered, the magnetic moment has an av
age value of 2.88mB and the calculated hyperfine field at a
Fe isolated impurity~monomer! is in disagreement with the
experimental value.5 The physical properties of Fe cluste
are very sensitive to the distribution and structure of crys
lite size, and it is rather difficult to control those facto
during the precipitation that take place in the aging proc
of Fe-rich supersaturated alloys. This control can
achieved in the very-low-Fe-concentration regime, wh
was chosen in this work. Thus we expect to get more det
about the formation process and magnetic properties o
clusters by combiningin situ 57Fe Mössbauer spectroscop
~MS! with vapor deposition at low temperatures.

Fe and Ag elements are known to form an immiscib
system in the extremes of the composition range, i.e., in
solid as well as in the liquid state.6 Thus the supersaturate
Fe/Ag alloys can only be prepared out of equilibrium usi
implantation,7,8 mechanical alloying,9 or deposition
techniques.10,11 Larica et al.10 have prepared supersaturat
Ag12xFex (17,x,80 at. %) films, with the substrate kept
20 K, in the same He-cryostat evaporator used in the pre
work and their result showed that all the films have a fcc-l
structure with very small grain sizes, for less than 56 at. %
Fe. Penget al.11 have studied Ag12xFex (5,x,21 at. %)
films prepared by electron-beam coevaporation, with the
0163-1829/2002/66~14!/144422~6!/$20.00 66 1444
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por quenched onto a glass substrate kept at 77 K. From tr
mission electron microscopy and magnetotransport meas
ments they proposed a granular structure of Fe for the
prepared films and estimated particle sizes varying from 4
17 Å with a giant magnetoresistence of 50%, for the fi
with 5 at. % of Fe. Kahl and Krebs12 produced Fe-Ag single-
phase bcc alloys, using a pulsed laser deposition techni
onto substrates kept at 150 K with iron concentration vary
from 60 to 100 at. %. The process of the bcc Fe cluster
initiates around 450 K. However, to our knowledge there
so far no report about how the Fe clusters are formed in
supersaturated Fe/Ag thin films in the very diluted
regime.

Diluted Fe impurities in Ag host have been prepared
implantation technique, at room temperature,7,8 with the im-
plantation dose varying from 131015 to 531016 ions/cm2

~average Fe concentration from 0.25 to 8.7 at. %!.6 MS for
alloys with the lowest implantation dose shows 82% of Fe
substitutional sites~Fe monomer! and 18% of Fe atoms as F
dimers.6 Temperature-dependent MS indicates the format
of bcc Fe clusters for annealing temperatures above ro
temperature.

Recently,13 we have shown that the combination of th
vapor quenching~VQ! method onto a low-temperature su
strate, with MS under applied magnetic field can give inf
mation about the localization and magnetic state of Fe im
rities in metallic Yb and Pb hosts. This information has be
compared with results obtained for Fe atoms implanted in
same matrices.14 The results for as-quenched film are
agreement with respect to the site occupation~Fe at substi-
tutional and interstitial sites!, however with different relative
volume fractions. We have also discussed the effect
atomic diffusion,13 which occurs even at low temperature
due to the large number of defects in the crystalline grains
well as a large relative fraction of grain boundary regions
©2002 The American Physical Society22-1
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MORALES, PASSAMANI, AND BAGGIO-SAITOVITCH PHYSICAL REVIEW B66, 144422 ~2002!
In the present work, the vapor quenching technique, w
the substrate kept at 16 K, is combined within situ MS,
under applied magnetic fields, in order to study the locali
tion and magnetic state for diluted57Fe atoms in Ag film.
Moreover, in situ and ex situ temperature-dependent M
measurements have been done to investigate thermal sta
of the Fe phases and the atomic diffusion process at temp
tures above 16 K, in order to understand the mechanism
Fe cluster formation.

II. EXPERIMENT

57Fe:Ag ~Ag–1.0 at. %57Fe) thin-film alloy was prepared
by vapor quenching method in a He cryostat by thermal
evaporation of iron~98% enriched in57Fe) and high-purity
Ag ~99.999%! metal, from two independent resistive
heated Ta ovens. The vapors were deposited onto a Ka
substrates kept at 16 K. Deposition rates for Ag and Fe w
respectively, 1.0 and 0.01 Å/s~these rates were determine
with piezoelectric quartz crystal operating at 5 MHz!. The
residual base pressure was about 531029 mbar, increasing
up to 331028 mbar during the deposition. The57Fe:Ag film
has a nominal thickness of about 4000 Å.

Our experimental set up15 is especially suitable forin situ
MS studies in external magnetic fields. Thein situ MS mea-
surements were performed with a 25 mCi57Co:Rh source
moving in the sinusoidal mode. During thein situ MS ex-
periments source and absorber are kept at the same tem
ture. In the case of MS in an applied magnetic field, theg
rays are parallel to the external field direction. Two oth
cryostats for low-temperature measurements were usedEx
situ high-temperature MS experiments have been done
Mössbauer furnace under a residual pressure of a
1026 mbar. During ex situ high-temperature Mo¨ssbauer
measurements, the57Co source was kept at room temper
ture, while the absorber temperature was varied from ro
temperature to 480 K. This upper temperature limit was
lected to prevent damage of the Kapton substrate. The ce
shift ~CS! values of each Fe component in the present pa
are given relative toa-Fe, at room temperature. In thein situ
experiment the misleading information regarding annea
effect related with f factors of different components i
avoided by taking the MS at lowest temperature after ann
ing the film at high temperature.

III. RESULTS AND DISCUSSION

A. Magnetism of Fe phases in as-quenched57Fe:Ag film

Figure 1 displaysin situ 10 K Mössbauer spectra for as
quenched57Fe:Ag film, measured in different external mag
netic fields (Bext50, 1.5, and 3.7 T!. The best fit for the MS,
without applied field, was obtained with three paramagne
components: two singlet, labeled S1 and S2, and one dou
labeled D1. The main contribution to the MS comes from
subspectrum with 74% of the relative absorption a
~RAA!, followed by the D1 subspectrum with 20%, and
nally the contribution of S2 subspectrum of 6% of RAA
According with results reported by Longworth and Rain7 and
by Marestet al.,8 in 57Fe:Ag samples prepared by implanta
14442
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tion method with similar57Fe concentration, one may ass
ciate the S1 subspectrum with Fe randomly distributed
substitutional Ag matrix site~Fe monomer! and the D1 sub-
spectrum to Fe dimers. The volume fraction of Fe monom
~S1 subspectrum! is significantly higher than the 50% ob
tained by Longworth and Rain,7 but lower than the 82%
reported by Marestet al.8 The assignment for the S2 sub
spectrum will be discussed below, after the presentation
the temperature-dependent and applied field Mo¨ssbauer mea-
surements.

Since we are dealing with very diluted Fe concentratio
no magnetic order can be established even at low temp
ture, therefore in order to get information about the mag
tism of the Fe phases formed in as-quenched57Fe:Ag film,
we have performed MS measurements at 10 K with two d
ferent external magnetic fields (Bext) and their MS are also
shown in Fig. 1. These MS are composed of broad abs
tion lines, indicating that in these phases, Fe atoms do
have well-defined magnetic orientations. Thus these MS
fitted with the same three subspectra found in Fig. 1~a!, now
with the additional magnetic field. The hyperfine paramet
of the Fe phases, obtained from the fits of the MS taken a
K under two different external magnetic fields, are display
in Table I.

As can be seen in Table I the effective hyperfine magn
fields (Beff) found for the Fe monomer~S1! are smaller than
the external magnetic field (Bext) values, indicating that the
Fe atoms in this configuration have a negativeBhf . Further-
more, theBhf values of the Fe monomer fit into the system
atic observed by Steiner and Hu¨fner,16 for diluted 57Co im-
purities~10 ppm! in an Ag matrix, prepared by electroplatin
and measured at similar external fields. It is important
mention that in their MS experiments the magnetic satura
regime of the Fe magnetic moment was only obtained
temperatures below of 4.2 K and external fields above 5
condition that cannot be reached in ourin situ measurements
Thus, based on the results of Steiner and Hu¨fner,16 one may
assume that the Fe in the monomer phase shows a s
lattice relaxation effect at 10 K and under an external field
3.7 T.

FIG. 1. In situ 57Fe Mössbauer spectra of as-quenched57Fe:Ag
film, measured at 10 K without and under external magnetic fie
(Bext51.5 and 3.7 T!.
2-2



57Fe DILUTED IN A Ag FILM PREPARED BY VAPOR . . . PHYSICAL REVIEW B 66, 144422 ~2002!
TABLE I. Hyperfine parameters of each Fe phase, obtained from the fits of the 10 K Mo¨ssbauer spectra of the57Fe:Ag film measured
under external magnetic fields.

S1 ~Fe monomers! D1 ~Fe dimers! S2 ~fcc Fe clusters!
Bext CS G Beff Bhf RAA CS G QS Beff Bhf RAA CS G Beff Bhf RAA

~T! ~mm/s! ~T! ~%! ~mm/s! ~T! ~%! ~mm/s! ~T! ~%!

1.5 0.52 0.7 1.0~2! 20.5~2! 71 0.45 0.5 1.0 3.4~2! 1.9~2! 22 20.09 0.4 1.2~2! 20.3~2! 7
3.7 0.52 0.7 2.9~2! 20.8~2! 71 0.45 0.4 1.0 3.9~2! 0.2~2! 22 20.09 0.4 3.0~2! 20.7~2! 7
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Analyzing theBeff values of the D1 phase, shown also
Table I, it can be concluded that Fe ions in this case h
their own magnetic moments. To be more confident in
analysis we have performed MS experiment, under field
at high velocity scale, and found no evidence of any m
netic component withBeff values higher than those observ
for D1 Fe species. From the absence of largeBhf component
in MS one may infer that the D1 Fe specie is related to sm
Fe clusters, with superparamagnetic behavior.

On the other hand, it is difficult to define the magne
features for the S2 component due to the small relative f
tion, which may lead to ambiguous results. However, sinc
low temperature and under applied field we have not
served the magnetic split of this component one may spe
late that the S2 Fe species could be due to Fe clusters i
AF state or having a fast magnetic relaxation process. As
be discussed below, based on S2 hyperfine values and
temperature-dependent measurement one may sugges
the S2 Fe specie is related to small fcc Fe clusters.

B. Localization and thermal stability of Fe phases

1. In situ Mössbauer results

Figure 2 shows thein situ temperature-dependent MS o
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the 57Fe:Ag film. The first thermal cycle was done from 1
to 200 K, with steps of 50 K, keeping the film during 24 h,
each temperature. In this figure it can be seen that the R
of the S2 and D1 subspectra, increases with the tempera
at expenses of the RAA of the S1 subspectrum~see also
Table II!. After having been kept at 200 K, the film wa
cooled again down to 10 K and a new MS was record
Comparing the Mo¨ssbauer results at 10 K of the as-quench
and thermal treated film, one may conclude that the RAA
S1 subspectrum changed after the annealing having narro
line, an effect that can be associated with structural rel
ation, in particular a reduction of the number of defects
the vicinity of the Fe monomer. Moreover, the D1 and
subspectra increase their relative volume fractions due to
atomic diffusion process that has taken place during the
nealing. No Fe magnetic subspectrum has been detecte
the 10 K MS after the annealing up to 200 K. The absence
a magnetic component can be due to the small size of
clusters of each Fe phase (S2 andD1), being in the super-
paramagnetic regime at 10 K.

Now we would like to discuss in more detail theS2 sub-
spectrum. First of all, it has CS hyperfine parameters clos
that of g-Fe2. Second, it is also important to recall that th
phase, obtained from the diffusion process in a
f
.

FIG. 2. In situ 57Fe Mössbauer spectra o
57Fe:Ag film recorded at different temperatures
2-3
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TABLE II. Hyperfine parameters of each Fe phase, obtained from the fits ofin situ temperature-dependen
Mössbauer spectra of57Fe:Ag film.

T
~K!

S1 ~Fe monomers! D1 ~Fe dimers! S2 ~fcc Fe clusters!

CS G RAA
~%!

CS QS G RRA
~%!

CS G RAA
~%!

~mm/s! ~mm/s! ~mm/s!

10 0.51 0.49 74 0.51 0.97 0.36 20 20.09 0.34 6
50 0.51 0.38 66 0.45 0.93 0.35 28 20.08 0.30 6
150 0.51 0.37 64 0.44 0.94 0.33 29 20.08 0.30 7
200 0.52 0.36 62 0.45 0.94 0.35 33 20.07 0.33 9
10 0.52 0.40 61 0.45 0.87 0.35 31 20.09 0.35 8
60 0.52 0.40 64 0.45 0.86 0.33 28 20.07 0.33 8
200 0.51 0.37 58 0.45 0.86 0.37 33 20.07 0.31 9
300 0.51 0.37 58 0.45 0.81 0.36 26 20.05 0.32 16
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Ag matrix, does not display largeBeff values for MS under
an external field. Therefore, it seems to be reasonabl
attribute theS2 subspectrum to small Fe clusters in fcc-li
phases.

Back to the temperature dependence measurements
can still say that, due to the absence of magnetic spect
10 K, the Fe clusters (S2 andD1 subspectra!, obtained after
annealing up to 200 K, are very small in size and with bloc
ing temperatures (TB) lower than 10 K. A new thermal cycle
from 10 to 300 K, was done and the Mo¨ssbauer results ar
also shown on right-hand side of Fig. 2. At 300 K, the RA
of the S2 subspectrum~see Table II! has a relative increase
compared to the data obtained at 10 K, while theS1 andD1
subspectra reduced their RAA. From the behavior of
RAA of each Fe phase, one can suggest that the formatio
fcc Fe clusters is due to the atomic diffusion process wh
starts when the Fe monomer (S1) moves near to the F
dimer configuration (D1), leading to Fe clusters of the fcc
Fe-like phase (S2 subspectrum!.

2. Ex situ Mössbauer results

In Fig. 3 we can compare at 300 Kin situ ~a! andex situ
~b! MS, this one taken 3 days after~a!. There are small
differences revealed in the analysis of both spectra rela
with the increase of RAA forD1 in the ex situ spectrum,
variation of CS from20.09 to20.05 mm/s for theS2 sub-
spectrum and a decrease of QS from 1.0 to 0.9 mm/s for
D1 Fe specie. This suggests that the Fe spectra are alr
modified, and we name them ‘‘S2’’ and D2. The differences
in the hyperfine parameters of theS2 and D1 subspectra,
betweenin situ andex situexperiments, are strong indicatio
for continuing atomic diffusion at room temperature~RT!.

In order to study the magnetic behavior and to underst
the changes observed in theex situ MS at 300K, we have
recorded a new MS at 4.2 K in another cryostat, which
lows us to keep the source and absorber at the same tem
ture. The 4.2 K MS is complex and was fitted with the sa
RAA obtained at 300 K. Thus the data shown in Fig. 4 rev
a Bhf for the Fe monomer (S1) of about 3.5~3! T. This result
can be due to a slowing down of Fe magnetic relaxat
caused by magnetic exchange and/or dipole interaction
14442
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the monomer with a nearest-neighbor Fe.
TheD2 subspectrum has aBhf value of 15 T and« of 0.5

mm/s ~« is a parameter used for unknownu, the angle be-
tweenBhf andVzz), while the ‘‘S2’’ subspectrum displays a
broad magnetic hyperfine field distribution component, h
ing a Bhf maximum value of 35 T. No Fe oxide phases a
observed. The magnetic splitting ofD2 and ‘‘S2’’ subspectra
may be an indication that the blocking temperatures of
particles are around 4.2 K, since at 10 K they do not sp
Another possibility could be that Fe particles are larger in
ex situmeasurement and therefore have higher blocking te
peratures.

The results described above, for low temperatureex situ
MS experiment, can be understood as follows:~1! the D2
subspectrum is due to bigger iron aggregates, consistin
Fe trimers or larger Fe clusters, but without stabilizing fc
like Fe clusters:~2! the ‘‘S2’’ subspectrum, which is associ
ated with a broad magnetic hyperfine field component, ha
least three magnetic peaks in the distribution curve~shown in

FIG. 3. 57Fe Mössbauer spectra of57Fe:Ag film recorded at 300
K: ~a! in situ, ~b! ex siturecorded 3 days after thein situ measure-
ment at 300 K.
2-4
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57Fe DILUTED IN A Ag FILM PREPARED BY VAPOR . . . PHYSICAL REVIEW B 66, 144422 ~2002!
the inset of Fig. 4! that can be attributed to fcc-like an
bcc-like Fe phases; and~3! the Fe monomer (S1) becomes
magnetically ordered at 4.2 K, due to dipolar and/or e
change magnetic interactions with neighboring Fe cluste

In order to address the formation of bcc-like Fe cluste
as reported by Longworth and Rain7 in implanted samples
annealed above room temperature,ex situMS experiments
were performed from 340 K up to 480 K. As can be se
from the Mössbauer results, shown in Fig. 5, the diffusi
process does not reach the saturation regime, since the
sorption line close to the peak position of ‘‘S2’’ subspectrum
increases with temperature.

The 300 K MS obtained after annealing up to 480 K d
plays an absorption line close to 0.0 mm/s. This new sin

FIG. 4. Ex situ 57Fe Mössbauer spectrum of57Fe:Ag film re-
corded at 4.2 K, the inset shows theBhf distribution.

FIG. 5. Ex situ57Fe Mössbauer spectra of57Fe:Ag film recorded
at different temperatures.
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(S3 subspectrum! has CS50.04 mm/s andG50.30 mm/s
and can be attributed to bcc-like Fe clusters. This sma
linewidth ~after annealing at 480 K! indicates that the bcc
like Fe phase is well defined. Therefore, the fcc-like Fe ph
seems to be absent.

Low-temperature MS measurements for the film, whi
was annealed at 480 K, were taken in a third different c
ostat, which allows temperature variation with the57Co
source at RT. The spectra at 20 and 4.2 K are displaye
Fig. 6 and a broad sextet, which is typical for Fe particles
the magnetic relaxation regime, can be seen at 4.2 K. At
K only Fe phases in the paramagnetic state are present,
cating that the bcc Fe cluster~based on CS values! has block-
ing temperatures lower than 20 K. Thus, by using the res
of the blocking temperature of bcc Fe clusters, obtained
susceptibility measurements,17 we can suggest that the bc
Fe particle sizes are smaller than 20 Å.

Summarizing, in the as-quenched57Fe:Ag film, Fe mono-
mer (S1), has a main contribution~74%!, followed by Fe
dimers (D1), and a small relative volume fraction of fcc F
clusters (S2). The last two phases (D1 and S2) may be
distributed at the interfaces of Ag grains. After annealing,
Fe-monomer and Fe-dimer species diffuse, increasing
relative volume fraction of fcc Fe clusters. Finally, th
atomic diffusion process leads to an increase of the fcc
cluster size, yielding bcc Fe clusters, mainly afterex situ
annealing at high temperatures~480 K!. The Fe particles
with less than 20 Å, formed by the diffusion process, ha
the bulk bcc Fe structure as indicated by the CS values.

IV. CONCLUSION

Combining VQ technique and MS under applied field
we have studied thin films of diluted57Fe in an Ag matrix.
The as-quenched film displays a large fraction of isolated
atoms distributed randomly in the Ag matrix, named here
monomers. The proportion of this phase in the present w
is larger than the one reported by Longworth and Rain7 for
Fe implanted in an Ag matrix. The Fe monomer displa
similar magnetic behavior as diluted Fe in an Ag matrix p

FIG. 6. Ex situ 57Fe Mössbauer spectrum of57Fe:Ag film re-
corded at 20 and 4.2 K.
2-5
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pared by57Co electroplating.16 On the other hand, the MS
under external magnetic fields have shown that each
phase has its own magnetic moment and displays unsatu
magnetic behavior. Thein situ annealing process~up to 300
K! shows that atomic diffusion from isolated Fe atoms a
Fe dimers induces initially the formation of fcc Fe cluste
The bcc Fe clusters are obtained only after annealing fur
the film at high temperatures. Low-temperature MS meas
ments shows that the fcc Fe and bcc Fe clusters, obtaine
300 K, are magnetically ordered at 4.2 K and that these c
ters induce aBhf at the Fe-monomer site by slowing dow
tz
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the relaxation. Finally, the annealing at 480 K leads to
enhancement of the formation of bcc Fe clusters, with e
mated upper particle sizes of 20 Å.
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