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°'Fe diluted in a Ag film prepared by vapor quenching:
Nanostructure formation and magnetic behavior
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S7Fe diluted in Ag film has been prepared by vapor quenching onto a kapton substrate kept at 16 K.
Mossbauer spectroscopllS), under 1.5 and 3.7 T applied fields, and temperature-deperidesity and ex
situ, measurements have been performed to investigate the site occupation and magnetism of Fe atoms, thermal
stability of the Fe species, and Fe cluster formatiorsitu >’Fe 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 tratnmono-
men, 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 A is completely transformed to bec like phase
at high temperature. Aex 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.
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[. INTRODUCTION por quenched onto a glass substrate kept at 77 K. From trans-
mission electron microscopy and magnetotransport measure-
Knowledge of the magnetic properties of Fe clusters is oiments they proposed a granular structure of Fe for the as-
great importance due to their basic scientific and technologiprepared films and estimated particle sizes varying from 4 to
cal interest. Fcc Fe precipitated in a Cu matrix or epitaxiallyl7 A with a giant magnetoresistence of 50%, for the film
grown onto a Cu surface has been reported to show ferrawith 5 at. % of Fe. Kahl and Kreb$produced Fe-Ag single-
magnetic(FM) or antiferromagneti¢AF) order, depending phase bcc alloys, using a pulsed laser deposition technique,
on the preparation method and the lattice paramétéiBhe  onto substrates kept at 150 K with iron concentration varying
magnetic moment and hyperfine field were calculated for Cérom 60 to 100 at. %. The process of the bcc Fe clustering
and Fe clusters embedded in fcc Ag hbsar the biggest initiates around 450 K. However, to our knowledge there is
cluster (Fg;) considered, the magnetic moment has an averso far no report about how the Fe clusters are formed in the
age value of 2.88g and the calculated hyperfine field at an supersaturated Fe/Ag thin films in the very diluted Fe
Fe isolated impuritymonomey is in disagreement with the regime.
experimental valué.The physical properties of Fe clusters  Diluted Fe impurities in Ag host have been prepared by
are very sensitive to the distribution and structure of crystalimplantation technique, at room temperat(ifayith the im-
lite size, and it is rather difficult to control those factors plantation dose varying from 310" to 5x 10'® ions/cn?
during the precipitation that take place in the aging proces¢average Fe concentration from 0.25 to 8.7 at®¥lS for
of Fe-rich supersaturated alloys. This control can bealloys with the lowest implantation dose shows 82% of Fe at
achieved in the very-low-Fe-concentration regime, whichsubstitutional site§Fe monomerand 18% of Fe atoms as Fe
was chosen in this work. Thus we expect to get more detailsimers® Temperature-dependent MS indicates the formation
about the formation process and magnetic properties of Fef bcc Fe clusters for annealing temperatures above room
clusters by combiningn situ °'Fe Mssbauer spectroscopy temperature.
(MS) with vapor deposition at low temperatures. Recently®* we have shown that the combination of the
Fe and Ag elements are known to form an immisciblevapor quenchingVQ) method onto a low-temperature sub-
system in the extremes of the composition range, i.e., in thetrate, with MS under applied magnetic field can give infor-
solid as well as in the liquid stafeThus the supersaturated mation about the localization and magnetic state of Fe impu-
Fe/Ag alloys can only be prepared out of equilibrium usingrities in metallic Yb and Pb hosts. This information has been
implantation’® mechanical alloying, or deposition compared with results obtained for Fe atoms implanted in the
techniques®!! Larica et al'° have prepared supersaturatedsame matrice¥’ The results for as-quenched film are in
Ag;_4Fe (17<x<80 at. %) films, with the substrate kept at agreement with respect to the site occupatiba at substi-
20 K, in the same He-cryostat evaporator used in the presenitional and interstitial siteshowever with different relative
work and their result showed that all the films have a fcc-likevolume fractions. We have also discussed the effect of
structure with very small grain sizes, for less than 56 at. % oftomic diffusion'® which occurs even at low temperatures,
Fe. Penget al™ have studied Ag ,Fe, (5<x<21at.%) due to the large number of defects in the crystalline grains as
films prepared by electron-beam coevaporation, with the vawell as a large relative fraction of grain boundary regions.
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In the present work, the vapor quenching technique, with
the substrate kept at 16 K, is combined withsitu MS,
under applied magnetic fields, in order to study the localiza-
tion and magnetic state for dilutetdFe atoms in Ag film.
Moreover, in situ and ex situ temperature-dependent MS
measurements have been done to investigate thermal stability
of the Fe phases and the atomic diffusion process at tempera-z
tures above 16 K, in order to understand the mechanism of g
Fe cluster formation.

B =0T

Il. EXPERIMENT

RELATIVE TRANSMI

SFe:Ag (Ag—1.0 at. %°’Fe) thin-film alloy was prepared
by vapor quenching method in a He cryostat by thermal co-
evaporation of iron98% enriched irP’Fe) and high-purity
Ag (99.999% metal, from two independent resistively 1 o 1
heated Ta ovens. The vapors were deposited onto a Kapton VELOCITY (mm/s)
substrates kept at 16 K. Deposition rates for Ag and Fe were,
respectively, 1.0 and 0.01 Afshese rates were determined
with piezoelectric quartz crystal operating at 5 MHZhe
residual base pressure was aboxt® ° mbar, increasing

up to 3x 10~ ® mbar during the deposition. THéFe:Ag film  tion method with similar®’Fe concentration, one may asso-
has a nominal thickness of about 4000 A.. o ciate the S1 subspectrum with Fe randomly distributed at
Our experimental set Upis especially suitable fan situ  syubstitutional Ag matrix sitéFe monomerand the D1 sub-
MS studies in external magnetic fields. Tinesitu MS mea-  spectrum to Fe dimers. The volume fraction of Fe monomers
surements were performed with a 25 mCCo:Rh source  (S1 subspectruimis significantly higher than the 50% ob-
moving in the sinusoidal mode. During the situ MS ex-  tained by Longworth and Rainput lower than the 82%
periments source and absorber are kept at the same tempereported by Mareset al® The assignment for the S2 sub-
ture. In the case of MS in an applied magnetic field, the spectrum will be discussed below, after the presentation of
rays are parallel to the external field direction. Two otherthe temperature-dependent and applied field&sbauer mea-
cryostats for low-temperature measurements were USed. surements. _ _ _ _
situ high-temperature MS experiments have been done in a Since we are dealing with very diluted Fe concentration,
Mossbauer furnace under a residual pressure of abolf® Mmagnetic order can be established even at low tempera-
10~ mbar. During ex situ high-temperature Nesbauer tyre, therefore in order to get mformanon about the'magne-
measurements, thefCo source was kept at room tempera- ism of the Fe phases formed in as-quench#ieAg film,
ture, while the absorber temperature was varied from roo e have performed MS. measurements at 1.0 K with two dif-
temperature to 480 K. This upper temperature limit was selc'€nt external magnetic field8¢,) and their MS are also
lected to prevent damage of the Kapton substrate. The centépown in Fig. 1. These MS are composed of broad absorp-

shift (CS) values of each Fe component in the present pa on lines, indicating that in these phases, Fe atoms do not
y ; P P ' PAPhave well-defined magnetic orientations. Thus these MS are
are given relative ta-Fe, at room temperature. In thesitu

. ) O : . . fitted with the same three subspectra found in Fig),Inow
experiment the rmsleadmg mform{:\tlon regarding annea_llnquth the additional magnetic field. The hyperfine parameters
effect related withf factors of different components is f the Fe phases, obtained from the fits of the MS taken at 10
avoided by taking the MS at lowest temperature after anneak ynder two different external magnetic fields, are displayed

FIG. 1. In situ >"Fe Mossbauer spectra of as-quencii&ee:Ag
film, measured at 10 K without and under external magnetic fields
(Bex=1.5and 3.7 T.

ing the film at high temperature. in Table I.
As can be seen in Table | the effective hyperfine magnetic
IIl. RESULTS AND DISCUSSION fields (Beg) found for the Fe monomdS1) are smaller than
) _ _ _ the external magnetic fieldB(,; values, indicating that the
A. Magnetism of Fe phases in as-quenchedFe:Ag film Fe atoms in this configuration have a negag. Further-

Figure 1 displaysn situ 10 K Mossbauer spectra for as- more, theBy values of the Fe"monl%mer fit into g\e system-
quenched?’Fe:Ag film, measured in different external mag- atic observed by Steiner and frer;™ for diluted *'Co im-
netic fields Be,=0, 1.5, and 3.7 . The best fit for the MS, Purities(10 ppm) in an Ag matrix, prepared by electroplating
without applied field, was obtained with three paramagneti@nd measured at similar external fields. It is important to
components: two singlet, labeled S1 and S2, and one doubl8i€Ntion that in their MS experiments the magnetic saturation
labeled D1. The main contribution to the MS comes from S1'€9/Me of the Fe magnetic moment was pnly obtained for
subspectrum with 74% of the relative absorption area{[emg.?.rat%ei below tog 4.2 Kr?ng .eXFem.?l fields above ? T.a

. - “condition that cannot be reached in dnisitu measurements.
(RAA), followed by the D1 subspectrum with 20%, and fi- . - 6
nally the contribution of S2 subspectrum of 6% of RAA. Thus, based on the results of Steiner aridridr™® one may

. . . assume that the Fe in the monomer phase shows a spin-
According with results reported by Longworth and Raind |, vice relaxation effect at 10 K and under an external field of

by Marestet al.® in >’Fe:Ag samples prepared by implanta- 37T
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TABLE |. Hyperfine parameters of each Fe phase, obtained from the fits of the 10ssbdoer spectra of théFe:Ag film measured
under external magnetic fields.

S1 (Fe monomers D1 (Fe dimer$ S2 (fcc Fe clusters
Bt CS T B By RAA CS I QS B By RAA CS I B By  RAA

) (mm/y ) (%) (mm/9 ) (%) (mm/9 ) (%)

15 052 07 1@ -052 71 045 05 1.0 3@ 192 22 -009 04 1.2 -032 7
37 052 07 2@ -082 71 045 04 10 3@ 022 22 -009 04 3@ -072 7

Analyzing theB values of the D1 phase, shown also in the 5"Fe:Ag film. The first thermal cycle was done from 10
Table I, it can be concluded that Fe ions in this case havep 200 K, with steps of 50 K, keeping the film during 24 h, at
their own magnetic moments. To be more confident in ouleach temperature. In this figure it can be seen that the RAA,
analysis we have performed MS experiment, under field andf the S2 and D1 subspectra, increases with the temperature,
at high velocity scale, and found no evidence of any magx; expenses of the RAA of the S1 subspectr(gee also
netic component witlB values higher than those observed 14)e I). After having been kept at 200 K, the film was
for D1 Fe species. From the absence of ldgecomponent o564 again down to 10 K and a new MS was recorded.

in MS one may infer that the D1 Fe.specie ‘? related to smal omparing the Mesbauer results at 10 K of the as-quenched

Fe glu?}ers, t\r’]\/'th rTUpgrpf‘.rarg?fgnii'i b(;hr;l_wor.th i and thermal treated film, one may conclude that the RAA of
n the other hand, 1t 1S difficult 1o define the magnetic o4 subspectrum changed after the annealing having narrower

features for the 52 component due to the small relative fracI'|ne, an effect that can be associated with structural relax-

tion, which may lead to amblguou§ reSl.JItS‘ However, since a£1tion, in particular a reduction of the number of defects in
low temperature and under applied field we have not 0b7[he vicinity of the Fe monomer. Moreover, the D1 and S2

served the magnetic split of this component one may Spec%’ubspectra increase their relative volume fractions due to an

flt:e tth?t thehSZ_ Fe sfpeizles coulq bel duet. to Fe cluste'ra\s 'n.laﬁ?omic diffusion process that has taken place during the an-
state or having a fast magnetic relaxation process. AS wi ealing. No Fe magnetic subspectrum has been detected in

be discussed below, based on S2 hyperfine values and t e 10 K MS after the annealing up to 200 K. The absence of

temperature—depe_ndent measurement one may suggest t}éaFnagnetic component can be due to the small size of the

the S2 Fe specie is related to small fcc Fe clusters. clusters of each Fe phas&2 andD1), being in the super-
paramagnetic regime at 10 K.

B. Localization and thermal stability of Fe phases Now we would like to discuss in more detail ti&2 sub-
spectrum. First of all, it has CS hyperfine parameters close to
that of y-F€?. Second, it is also important to recall that this
Figure 2 shows thén situ temperature-dependent MS of phase, obtained from the diffusion process in a fcc

1. In situ Mossbauer results

FIG. 2. In situ "Fe Mdssbauer spectra of
SFe:Ag film recorded at different temperatures.

RELATIVE TRANSMISSION

3 2 A 0 1 2 3 3 2 A 0 1 2 3
VELOCITY (mnvs) VELOCITY (mnvs)
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TABLE Il. Hyperfine parameters of each Fe phase, obtained from the fitssitil temperature-dependent
M0ssbauer spectra 6fFe:Ag film.

S1 (Fe monomers D1 (Fe dimer$ S2 (fcc Fe clusters
CS r RAA CS QS r RRA CS r RAA
T (%) (%) (%)
(K) (mm/9 (mm/9 (mm/9
10 0.51 0.49 74 0.51 0.97 0.36 20 —0.09 0.34 6
50 0.51 0.38 66 0.45 0.93 0.35 28 —0.08 0.30 6
150 0.51 0.37 64 0.44 0.94 0.33 29 -0.08 0.30 7
200 0.52 0.36 62 0.45 0.94 0.35 33 -0.07 0.33 9
10 0.52 0.40 61 0.45 0.87 0.35 31 -0.09 0.35 8
60 0.52 0.40 64 0.45 0.86 0.33 28 —0.07 0.33 8
200 0.51 0.37 58 0.45 0.86 0.37 33 —-0.07 0.31 9
300 0.51 0.37 58 0.45 0.81 0.36 26 —0.05 0.32 16

Ag matrix, does not display largB.¢ values for MS under the monomer with a nearest-neighbor Fe.
an external field. Therefore, it seems to be reasonable to TheD2 subspectrum hasBy value of 15 T andt of 0.5
attribute theS2 subspectrum to small Fe clusters in fcc-like mM/s (e is a parameter used for unknow the angle be-
phases. tweenBy; andV,,), while the “S2” subspectrum displays a
Back to the temperature dependence measurements, Wwoad magnetic hyperfine field distribution component, hav-
can still say that, due to the absence of magnetic spectra #tg a B, maximum value of 35 T. No Fe oxide phases are
10 K, the Fe clusters32 andD1 subspectia obtained after ~observed. The magnetic splitting D2 and “S2” subspectra
annealing up to 200 K, are very small in size and with block-may be an indication that the blocking temperatures of Fe
ing temperaturesT) lower than 10 K. A new thermal cycle, particles are around 4.2 K, since at 10 K they do not split.
from 10 to 300 K, was done and the Bkbauer results are Another possibility could be that Fe particles are larger in the
also shown on right-hand side of Fig. 2. At 300 K, the RAA ex situmeasurement and therefore have higher blocking tem-
of the S2 subspectrunisee Table )l has a relative increase, Pperatures.
compared to the data obtained at 10 K, while 8ieandD 1 The results described above, for low temperatxesitu
subspectra reduced their RAA. From the behavior of théIS experiment, can be understood as followgl) the D2
RAA of each Fe phase, one can suggest that the formation gubspectrum is due to bigger iron aggregates, consisting of
fcc Fe clusters is due to the atomic diffusion process whicte trimers or larger Fe clusters, but without stabilizing fcc-
starts when the Fe monomeSX) moves near to the Fe like Fe clusters(2) the “S2” subspectrum, which is associ-
dimer configuration D1), leading to Fe clusters of the fcc- ated with a broad magnetic hyperfine field component, has at
Fe-like phase $2 subspectrum least three magnetic peaks in the distribution cysr®wn in

2. Ex situ Mossbauer results

In Fig. 3 we can compare at 300K situ (a) andex situ
(b) MS, this one taken 3 days aftéa). There are small
differences revealed in the analysis of both spectra related
with the increase of RAA foD1 in the ex situspectrum,
variation of CS from—0.09 to —0.05 mm/s for theS2 sub-
spectrum and a decrease of QS from 1.0 to 0.9 mm/s for the
D1 Fe specie. This suggests that the Fe spectra are alread
modified, and we name then52” and D2. The differences )
in the hyperfine parameters of ttf% andD1 subspectra, g
;

(@

4%

betweenin situ andex situexperiments, are strong indication
for continuing atomic diffusion at room temperatyfeT).

In order to study the magnetic behavior and to understand
the changes observed in tee situ MS at 30K, we have
recorded a new MS at 4.2 K in another cryostat, which al-
lows us to keep the source and absorber at the same tempera
ture. The 4.2 K MS is complex and was fitted with the same
RAA obtained at 300 K. Thus the data shown in Fig. 4 reveal
a By for the Fe monomer§1) of about 3.53) T. This result FIG. 3. 5Fe Massbauer spectra 8fFe:Ag film recorded at 300
can be due to a slowing down of Fe magnetic relaxatiorK: (a) in sity, (b) ex siturecorded 3 days after ttie situ measure-
caused by magnetic exchange and/or dipole interactions afient at 300 K.

VELOCITY(mvs)
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FIG. 6. Ex situ >"Fe Mdssbauer spectrum ofFe:Ag film re-

FIG. 4. Ex situ>"Fe Mc r trum 6fFe:Ag film re-
G situ *’Fe Mossbauer spectru dFe 9 € corded at 20 and 4.2 K.

corded at 4.2 K, the inset shows tBg; distribution.

the inset of Fig. # that can be attributed to fcc-like and (S3 subspectrumhas CS-0.04 mm/s andl’=0.30 mm/s
bce-like Fe phases; an@) the Fe monomer§l) becomes and can be attributed to bcc-like Fe clusters. This smaller
magnetically ordered at 4.2 K, due to dipolar and/or ex-linewidth (after annealing at 480 Kindicates that the bcc-
change magnetic interactions with neighboring Fe clusters.like Fe phase is well defined. Therefore, the fcc-like Fe phase

In order to address the formation of bcc-like Fe clustersseems to be absent.
as reported by Longworth and Réiin implanted samples Low-temperature MS measurements for the film, which
annealed above room temperatueg, situMS experiments was annealed at 480 K, were taken in a third different cry-
were performed from 340 K up to 480 K. As can be seenpstat, which allows temperature variation with tA&Co
from the Massbauer results, shown in Fig. 5, the diffusionsource at RT. The spectra at 20 and 4.2 K are displayed in
process does not reach the saturation regime, since the abig. 6 and a broad sextet, which is typical for Fe particles in
sorption line close to the peak position 062" subspectrum  the magnetic relaxation regime, can be seen at 4.2 K. At 20
increases with temperature. K only Fe phases in the paramagnetic state are present, indi-

The 300 K MS obtained after annealing up to 480 K dis-cating that the bcc Fe clustésased on CS valughas block-
plays an absorption line close to 0.0 mm/s. This new singleing temperatures lower than 20 K. Thus, by using the results
of the blocking temperature of bcc Fe clusters, obtained by
susceptibility measurementSwe can suggest that the bcc
Fe particle sizes are smaller than 20 A.

Summarizing, in the as-quencheffFe:Ag film, Fe mono-
mer (S1), has a main contributiofi74%), followed by Fe
dimers ©1), and a small relative volume fraction of fcc Fe
clusters §82). The last two phasesD(l and S2) may be
distributed at the interfaces of Ag grains. After annealing, the
Fe-monomer and Fe-dimer species diffuse, increasing the
relative volume fraction of fcc Fe clusters. Finally, the
atomic diffusion process leads to an increase of the fcc Fe
cluster size, yielding bcc Fe clusters, mainly afex situ
annealing at high temperaturé480 K). The Fe particles
with less than 20 A, formed by the diffusion process, have
the bulk bcc Fe structure as indicated by the CS values.

RELATIVE TRANSMISSION

IV. CONCLUSION

300K

Combining VQ techniqgue and MS under applied fields,
we have studied thin films of dilutetfFe in an Ag matrix.
The as-quenched film displays a large fraction of isolated Fe
atoms distributed randomly in the Ag matrix, named here Fe
monomers. The proportion of this phase in the present work
is larger than the one reported by Longworth and Ré&n

FIG. 5. Ex situ"Fe Msshauer spectra 8fFe:Ag film recorded ~ Fe implanted in an Ag matrix. The Fe monomer displays
at different temperatures. similar magnetic behavior as diluted Fe in an Ag matrix pre-

-4 -2 0 2 4
VELOCITY (mm/s)
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pared by®’Co electroplating® On the other hand, the MS the relaxation. Finally, the annealing at 480 K leads to an
under external magnetic fields have shown that each Fenhancement of the formation of bcc Fe clusters, with esti-
phase has its own magnetic moment and displays unsaturatgated upper particle sizes of 20 A.

magnetic behavior. Thim situ annealing proces@p to 300

K) shows that atomic diffusion from isolated Fe atoms and

Fe dimers induces initially the formation of fcc Fe clusters. ACKNOWLEDGMENTS
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