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Co internal oxidation and precipitation in Ag studied by Mossbauer spectroscopy
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Because of the insolubility of Co in Ag, it will readily start to segregate after its introduction through ion
implantation, eventually forming magnetic clusters in a diamagnetic matrix. Taking advantage of the high
sensitivity of M@ssbauer emission spectroscopy on implarif€m probes, we have followed this precipitation
process from the initial stages at a very low concentration of 0.05 at. %. At the lowest concentration, essen-
tially all Co is initially present in a substitutional and dimer form. The Co atoms exhibit a strong reactivity,
both with other Co and with O atoms, and we observe that the trace amount of oxygen that is still present in
commercial Ag foils strongly interacts with the precipitating Co atoms, leading to molecular Co oxide and
extended Co ferrite (G&e,_,O,) structures, which we identify through their hyperfine parameters. The
oxygen impurity is also involved in the segregating nanoprecipitates, thereby inhibiting them from reaching a
fully ripened stage. Even though the oxygen contaminant hinders the clustering process and induces the
formation of additional segregated oxide compounds, the magnetic precipitates still reach a large relative
spectral intensity of 10% and 20% in the samples with a quite low Co concentration of, respectively, 0.05 and
0.15 at. %[S0163-182€08)04030-2

I. INTRODUCTION taining magnetic particle3Co) in a nonmagnetic matrix
(Ag). lon implantation, for instance, readily results in Co
While noble metals do not react with oxygen at elevatedcluster formation, even at RT, in as far as the Co concentra-
temperatures to form stable oxides, the presence of oxygeion exceeds approximately 1 at. ®ef. 19. This combina-
can strongly influence their properties. This occurs becauset&on has raised a strong interest and has served more or less
small amount of a less noble element present in the noblas a prototype granular magnetic system.
metal will react with mobile oxygen atoms, diffusing inter-  The major part of published research work dealing with
stitially through the lattice. This phenomenon is known asCo-Ag granular systems focuses on relatively high Co con-
internal oxidation. Considerable effort has been devoted teentrations, with correspondingly larger precipitates. Since
the study of the internal oxidation of metdléIt was found many unusual properties have been predicted theoretically
that small oxide precipitates have a profound influence ofor the smallest clusters, for instance the change in magnetic
the mechanical and electrical transport properties of thenoment per atof! as compared to bulk material, we are
materiaP® and that the crystal structure of the precipitatesconcentrating our research on the very small clusters. It is
differs from the one expected from phase diagrarignifi- very important to get rid of the influence of trace elements

cant progress in the understanding of the microstructure of 4 oxygen in the matrix for this kind of study. The extent of
the oxides and the kinetics of internal oxidation was made this influence can only be observed by a very diluted impu-

the work of WagneF. . . rity in the matrix. One also needs to start from a very diluted
On the submicroscopic scale, the process of internal oxi-

dation of dilute In, Sb, or Sn impurity atoms in a silver system for deriving particular aspects of the cluster nucle-
matrix has been studied by time-differential perturbed angugtlon’ such as the interaction distance between two |_mpur|ty
lar correlatiorf->-9 Méssbauer spectroscopy, and nucleardtoms. In order to work at a very low Co concentration for

reaction and/or channeling techniqd&s! In those studies, € Present study, Co was in7troduced into a silver n;atrix at
oxygen was introduced from the outside, either by indiffu-RT PY implanting radioactivé'Co, followed by stablé°Co

sion from the gas phase at high temperature or by ion imlOns. The oxidation of the_ Co atoms was a consequence of
plantation. However, not much attention was paid to the efthe presence of oxygen in the silver foil itself. We used
fect of oxygen preexisting in the silver itself. Recently, manyMossbauer spectroscopy to trace the diffusion process and
experimental studies on magnetic nanoparticles have bedhe configuration of the oxygen and Co atoms and to observe
carried out because of their interesting magneticthe growth of the Co oxides and Co precipitates. The use of
properties®!® and their corresponding giant magnetoresis-Co atoms as probes instead of Sh, Sn, or In, allows us to
tance effect’”® The pronounced affinity of transition-metal determine with more accuracy the location of the oxygen
nanoparticles for oxygen makes it necessary to study themtoms surrounding the probe atom, in particular, the tetrahe-
interactions in more detail. The creation of a forced mixturedral and the octahedral interstitial sites, because Co can form
of Co and Ag, with both elements having a vanishing recip-a spinel structure with oxygen. For earlier results from a
rocal solubility at equilibrium, easily results in a system con-study by nuclear reaction analysis, using t®(p, )N
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14 limits. Six major components were necessary to fit the spec-

10 | L2A% tra: a single line, three quadrupole doublets, and two mag-
S netically split multiplets. They are denoted &8, Q1, Q2,
< Q3, M1, andM2, respectively. The Mssbauer parameters
2 08 of four of them are summarized in Table I. The general
£ 06 trends in the behavior of the relative intensity of these com-
S 04l ponents as a function of the annealing temperature are simi-
8 02 045 at% 0.05 at% lar for the four lower Co concentrations. The relative inten-

’ : e sity of some components is, however, strongly correlated to

0 : the Co concentration. This is illustrated in Figga)3and
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3(b), where we plot the intensities for the samples
Cop 0sAdgg 95 and C@ 15Adgg 58S a function of the annealing

FIG. 1. Implantation profiles of°Co in Ag, calculated with the ~temperature. In the next two sections, we discuss and iden-
TRIM code. tify the nature of these components.

Depth (A)

A. Isochronal annealing behavior of the components

reaction, of the oxygen content in the Sh-O-Ag system as a ) .
Y9 g sy for the four samples with Co concentrations<1.2 at. %

function of the annealing temperature, we refer to Ref. 14.
Component $. The single line clearly originates from
Il EXPERIMENT substitutional®’Fe in the Ag matrix. Its isomer shiftS) is
0.48(2) mm st on average, in accordance with the value
Four polycrystalline Ag foils (M.R.C., Marz grade, measured earlier by Sawickaand our group? Its relative
99.999% total with a thickness of 12Qum were used as intensity in the as-implanted samples decreases markedly,
targets. The grain diameter in these Ag foils was determineffrom 65% to 16%, when the Co dose increases from 0.05 to
by optical microscopy and is typically 7,6m. In order to  0.15 at. %, and then fluctuates with a further increase in
study the interaction between impurity atoms and oxygerflose. In Fig. 83) we show that in the 0.05 at. % sample its
atoms contained in the Ag foils, the preimplantation withintensity decreases from 65% to 4% with annealing tempera-
57Co and postimplantation with°Co were performed with- ture from RT to 600 °C, after which it increases again with
out any pretreatment of the foils. Only the surface wasnnealing temperature to 60% B{=800 °C. In the sample
cleaned. The Co concentrations are 0.05, 0.15, 0.5, and 1¥ith the next higher concentration, as shown in Fign) 3its
at. %, respectively. The energies and doses were chosen suffensity is already much lower at the onset, in favor of com-
that the Co implantation profile was as homogeneous as pofonentQ1. The general trend is, however, quite similar.
sible and well overlapping thé’Co depth region. All im- Component Q. This component is represented by a quad-
plantations were done at RT. The implantation parameter&pole  split dOUb|et1 with the following parameters:
can be found in Ref. 19. Figure 1 shows the calcul&f@b  1S=0.34-0.45 mms" and spliting Aqps=0.64-0.68
implantation profiles. mm s 1. We assigned it tolthe contribution frorfFe-Co
In addition, two other samples with a Co concentration ofdimers. We have already discussed the spectra from the as-
6 at. % were prepared and measured at low temperatures igplanted samples in Ref. 19, where we fitted them as a
complexes in Ag. One was pretreated in a reduction furnac&ome parameters are slightly different here, as we now made
before the ion implantation, and the other was not. a consistent fit as a function o_f the gnneallng temperature.
The samples were subjected to an isochronal annealinfis component reaches the highest intenér§% for the
treatment of 30 min in a reducing gas flow, consisting of_as-lmplante_d sample W|th_0.15 at. % Co. The variation of the
H,+Ar. The final step was at an annealing temperafliye intensity with the annealing terr_]perature is not s_mooth. It
=800 °C. After each step a Msbauer spectrum was re- strongly de.pends.on oxygen migration and trapping at Co
corded at RT in the usual transmission geometry versus &toms. It will be discussed later on. _
Na, 5/Fe(CN)gx 10 H,O absorber. All reported isomer shifts, ~ €omponent Q. This component shows a large isomer
however, will be referred ta-Fe at RT. shift and quadrupole splitting: £51.00-1.20 mm'st and
A particularly attractive aspect of this sample preparationfos=2.06—2.40 mm's'. These values are typical for Fe
approach is thaa) it is possible to obtain a very low Co 10ns in the high-spin state, which was also formed in MgO
concentration in Ag by using radioactive Co atoms as both &Y classical doping and ion implantatiéh? " The contribu-
probe and impurity, andb) the oxygen atoms are provided tion of the Fé" component in the spectra increases wilith
by the Ag matrix itself, mostly from the nonimplanted re- Up t0 400 °C and decreases afterwards. The maximal relative
gion. intensity decreases with the Co concentrafisee Fig. 4 A
surprisingly high fraction of 60% of the Co atoms is found to
Il EXPERIMENTAL RESULTS be oxidized by the internal oxygen for sample,G#\dgg o5
Component @. This component only becomes apparent
In Fig. 2 we show a few typical Mesbauer spectra from in the Mdssbauer spectra at the higher annealing tempera-
the sample with 0.05 at. % Co as a function of increasingures, starting from 500 °C. It is formed out of the dimer
annealing temperature. It indicates the evolution of the oxi{Q1) andQ2. The isomer shift and quadrupole splitting are
dation and precipitation of the Co atoms. The spectra wer€.80—0.90 mms! and 0.5-0.8 mm's, respectively. These
fitted by a least-squares-fitting routine in a consistent way irvalues are close to the parameters of §& (Ref. 24 and
which parameters were allowed to vary only between narrowreO (Ref. 25. The Fe ions are located in complexes with a
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velocity (mm/s)

Velocity {mm/s)

FIG. 2. RT Massbhauer spectra and least-squares fits frog,@@q, o5 annealed ata) RT, (b) 150, (c) 400, (d) 500, (e) 700, and(f)

800 °C.

higher symmetry than those corresponding@a. We will

concentration, and it remains to some extent for the other

discuss the configuration more in detail later on. After an-samples, as is shown in Fig. 5.

nealing at 800 °C, this complex has dissociated completely Component M.. This component appears as a sextuplet in
in favor of the substitutional fraction and of the ferrite com- the spectra. We ascribe it to precipitates with ferromagnetic
ponent(cf. further, M2) for the sample with the lowest Co Properties above RT. It has an isomer shift of 0.06 m s

TABLE I. Mossbauer parameters of the Co complexes in Ag.

Complex IS Ags H
label (mms? (mms? ©)
s1 0.482)

Q1 0.34-0.45 0.64-0.68

Q2 1.0-1.2 2.06-2.40

Q3 0.8-0.9 0.5-0.8

M1 0.06 33.7

and a mean magnetic hyperfine field of 33.7 T. The isomer
shift is close to the value of 0.04 mm(Ref. 26 but the
field is about 8% larger than the values for fcc-Ref. 27

and hcp-Co(Ref. 28. We believe that this increase results
from the chemisorption of oxygen in the particles and the
incorporation of Fe atoms. We will discuss this further on. In
all samplesM1 appears aroundl,= 350 °C, except for the
lowest concentration, where it is preceded by the component
S2. This precipitation process takes place through the inter-
mediary of the Co dimers@2) as we will discuss later.
Annealing at 800 °C makes it disappear from all samples.
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FIG. 3. Relative intensities of the components in thesstwauer
spectra at RT taken as a function of annealing temperature (f@pbm
sample CgosAJgo.95and (b) sample Cg15Adgg g5

The dependence of the maximal relative intensity on the Cc
concentration is shown in Fig. 4. We see that, even for the
very low Co concentration of 0.05 at. %, its maximum inten-  FIG. 5. RT Mcssbauer spectra and least-squares fits from
sity already reaches 10%. The annealing temperature &i% sAgsesannealed ata) 500 and(b) 800 °C. The Co ferrite com-
which the maximum intensity is reached is between 400 angonent is indicated by the two arrows ().
500 °C for the four samples. It means that Co particle growth ) L »
is most effective in this temperature region. A typical spec-the temperature interval 350—400 °C, which is identified as
trum is shown in Fig. 5 for the sample with 0.5 at. % Co. TheSingle line S2 in Fig. Ja). This component shows up just
fact that the intensity does not increase very much with thdefore the size distribution of the clusters shifts to larger
Co concentration from 0.15 to 1.2 at. % is an indication ofvalues and appears &1. _
growth inhibition that we ascribe to an oxidation effect, as Component N2. This component corresponds to a spinel
will be discussed later on. structure compound. As usual, we call the,Gsurrounded
Component 8. The magnetic clusters have a certain sizePy 4 O atompand Cg atoms(surrounded 6 O atoms in
distribution. At the lowest Co concentration and a lower an-the compound the tetrahedral and the octahedral site, respec-
nealing temperature, where a correspondingly smaller mediively. This component consists of two magnetic fields, field
size is expected, part of them may still have their blocking® (about 47 T and fieldB (about 43 J. M2 only appears
temperature below RT. They will exhibit a superparamag-Clearly in the spectra of G@sAdee s after annealing at
netic behavior at this measuring temperature and appear as380 °C. Its intensity decreases rapidly with increasing Co
broadened single line with an isomer shift close to that oftoncentration. We could only see a weak indication of this
componeniM 1. We do indeed observe such a component ircomponent for Co concentrations up to 0.5 at. %, as indi-
cated in Fig. 5. The reason is that, for the higher Co concen-
trations, the Ag foil has a limited oxygen supply for the

velocity (mm/s)

70 combination with the Co atoms to form this compound.

£ 60 | Polycrystalline spinel compounds are usually synthesized
%‘ 50 | [ —e—a) Doublet 2 | by solid-state reactions, starting from an intimate mixture of

S 40 |8 b) Multiplet 1 oxides with the appropriate ratio of metal ions. Commonly, it

E 3 is formed after heating at 1000 °C. However, in the present
g % case of ion implantation, this compound can already be
& formed at 800 °C.

s 10

14 0 )

0 05 1 15 B. Characterization of the oxide of componentQ3
' ' at low temperatures

As mentioned before, above 400 °C the compor@Bt
FIG. 4. (8 Maximum relative spectral intensity vs the Co con- appears in the spectra, as can be seen in F{gs. Ze), and
centration of(a) doublet 2 Q2) and(b) multiplet 1 (M1). 5(a). It seems to be an intermediate state in the transition

Co concentration (at.%)
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Both these components could be further deconvoluted after
126 collecting a spectrum at 90 K. The magnetically split part
consists of two hyperfine fields. Their isomer shifts and
125 fields are 0.08) and 0.11(3) mmst and 34.%3) and
31.45) T, respectively. The broad central doublet could be
further deconvoluted in one single line originating from
248 small superparamagnetic particles and a quadrupole split

doublet with the same parameters @8. At 10 K, Q3 is
seen to change partly into two magnetic multiplets with
fields larger than 51 T, as can be seen in Fig).6The one
with the highest field has a larger intensity. It means Qat
might be ascribed to nonstoichiometric magnetite.

In addition, we measured a sample with 6 at. % Co im-
planted in an Ag foil annealed in4&t 800 °C before the Co
implantation, in order to compare it with the sample without
pretreatment. The spectra show that no component corre-
sponding to the oxides is present at any annealing step, and
A L L L ! . . L L that the fraction of Co precipitate$A1) is much higher.
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IV. DISCUSSION
FIG. 6. Mcssbauer spectra from g&gy, annealed at 510 °C, . . . .
A. Introduction on the behavior of oxygen after implantation
measured ata) RT, (b) 90 K, and(c) 10 K. of O and Sb in Ag

from Q2 to M 2. In order to clarify this component, we made  Before we discuss the experiments described here, we
a sample with 6 at. % Co in the same conditions as the othewill first resume the oxygen behavior in Ag as it was ob-
four samples. The reason for choosing such a high concerserved some years adbin order to understand the Co oxi-
tration is that we observed that the maximal intensity@®  dation process during annealing and the oxygen effect, even
is larger for higher Co concentrations, where little or no Coin samples that were annealed in a mixture gfaid Ar.

ferrite (M2) is formed and where, furthermore, the intensity  Figure 7 shows the relative oxygen content as a function
of the precipitate componeni1) saturates with increasing of annealing temperature for three Ag crystals implanted
Co concentration. The sample was measured after an annealith different O and Sb doses as taken from Ref. 14. The O
ing step at 510 °C. Three spectra, recorded at 10, 90, and 2@®ncentration was determined by measuring ¥@ depth

K, are presented in Fig. 6. The spectrum in Figd@an only  profile using the*®O(p, )N reaction. It was found that the

be deconvoluted in one sextuplet and two doublets. The seX® atoms had diffused during the RT implantation. A fraction
tuplet has an isomer shift of 0.04 mm'sand a hyperfine of 49% (at 583 K) to 40% (at 900 K) of the initial oxygen
field of 31.21) T. One doublet corresponds @2 and has a amount present in the implanted and damaged region is re-
low intensity. The other doublet with dominant intensity is tained in the sample coimplanted witiO and '?!Sh. Ap-
located at the center of the spectrum and has new values fparently, in this sample smaller fractions escape from this
the isomer shift and quadrupole splitting. Both the sextupletegion after implantation and after annealing, compared to
and the latter doublet have a linewidth larger than 1 mi s the fractions observed in the sample implanted wit®
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only. From this experiment we learned that the migrationrise in the relativeQ2 population is probably also a conse-
temperature of O depends strongly on the defects O is assquence of the mobility of oxygen-vacancy complexes, which
ciated with, such as vacancies and impurity atoms. In viewstarts around 300 °¢*#22:32

of these results, we can understand what happened in the Based on the hyperfine parameter®Q#, we can assign it
present case by taking into account that the activation enefo FE" ions in the high-spin state, located at low-symmetry

gies and the electronegativities of Co and Sb atoms are e§ites. Since it appears already around 150 °C, even in the
sentially the samé&>*° sample with the lowest Co concentration, we believe that it

must correspond to a rather simple Co oxide molecule, in-
volving a maximum of two Co atoms. We exclude larger
B. O migration and association with impurity atoms entities since we have not yet observed precipitated clusters.
in the regime T ,<400 °C The geometrical arrangement of tig2 complex remains
o ) ) ] unknown. Any thorough discussion on this point needs to

We will first discuss the regime below,=400°C, in  gtart from an investigation of the dimer configurati@n
yvh|ch the relative mte_nsny of the C0.0XIde compon@®  preparation Based on the high quadrupole splitting, caused
increases strongly with the annealing temperature. Th@y a high asymmetry, we can suggest that it probably con-
commercial Ag foils contain a certain amount of dissolvedtains one O atom and possibly one or more vacancies. A
oxygen in the form of free interstitial oxygen atoms or of similar defect has been identified containing In, oxygen and
Ag,O molecules. The former ones, with their low migration vacancies, which could survive in Ag up to high annealing
energy of only 0.48 eV! migrate already at RT; the AQ  temperatureé.In the present case we find that this complex
compound dissociates around 150%CThe implantation still exists above 500 °C. Based on the large linewidth of
process has probably induced the formation of oxygend mm s* of this component, as shown in Fig. 2, decreasing
vacancy complexes as well, which would make the oxygerslightly with annealing temperature, we believe that this
reservoir consist of three forms. The interactions that tak¢ompound does not correspond to a unique structure. We
place in the present temperature interval are most clearl@ssign it tentatively to G®,,V, or CoQ,V,, whereV stands
observed in the lowest concentration sample, as shown ifer a vacancy*

Fig. 3a).

Based on the Co diffusion coefficient in Agwe may not
expect that substitutional Co atomS1() become mobile be-
fore 300 °C. Nonetheless, the first annealing step at 150 °C As can be seen in Fig. 3, the intensity of the oxide com-
already decreases its relative population, and this process ponentQ2 starts to decrease froif, =400 °C, along with
further accelerated by the next step at 200 °C. It is plausiblghat of the dimers. The intensity of those components is
that the excess vacancies left from the implantation proces@ken up by another Co oxide componer®3), finally
are responsible for a certain increase in the low range mobifforming Co ferrite at 800 °C. In this temperature regime,
ity of the Co atoms. The radiation enhanced migration pro€ven though it is hard to understand all the details, several
cess is thought to have been in action already during thénportant processes could take placél) the diffusivity of
implantation, causing an acceleration of the primary nuclesingle Co atoms becomes importantTat>350 °C; (2) at
ation, corresponding to a speedup of the transition from sub¥;>350 °C thermally created vacancies start playing their
stitutional sites $1) to dimer sites Q1). Right after the role; (3) part of the smaller QV,, complexes that could have
implantation, we indeed find a relative population of theformed by the diffusion of oxygen into the implanted zone
dimer component that exceeds, by far, the statistically exwill dissociate(see Fig. 7. As mentioned above, some part
pected value: it reaches 35% at 0.05 at. % and already 72%f the Co oxide Q3) appears as a magnetic sextuplet in the
at 0.12 at. %, pointing to a rather large interaction radais ~Mossbauer spectrum at 10 K and as a superparamagnetic
also Ref. 19. While an enhanced Co mobility can explain doublet above 90 K, implying that these particles have a size
the abrupt decrease of ti84 intensity in the lowest concen- of about 2 nnt2 Figures 3a) and 3b) show that around,
tration sample, this may also partly be due to oxygen trap=600—700 °C almost 80% of the Co atoms are present in
ping. This hypothesis would require that compon@at en- the Co oxide form corresponding @3, and that at 800 °C
compasses as well the association of oxygen with singléghis component essentially transforms into substitutional Co
Co(Fe) atoms, as with Cd-e)-Co pairs. A linear structure (S1), although in the lowest concentration sample,
might be the reason for the limited sensitivity of the hyper-Cay gsAdeg 95[Fig. @], 30% is transformed into a Co ferrite
fine parameters to the presence of a second Co atom in suébrm. The magnitude of this fraction implies that the Co
a structure. oxide molecules @2) become mobile af,>400°C: if

The trapping of oxygen at the dimer®1) is already so each Q2 molecule was a precipitation center, the total
prominent, even aff,=150 °C, that the feeding of the amount of implanted Co atoms would not be sufficient to
dimers from substitutional Co in the lowest concentrationprovide for the formation of so many particles. Therefore, we
case is overcompensated by a further feeding ofQesite  conclude that, af,>400 °C, the Co oxide cluster€Q@)
from the dimers. The acceleration in the dimer formation inform from a coagulation of the Co oxide molecule@2)
the next two annealing steps, Bt=200 and 300 °C, allows combined with the remaining dimer§().
for a temporary increase in its relative population. Later on, As mentioned in Sec. lll, the Mmsbauer parameters of
at higher annealing temperatures, up fg=400°C, the Q3 (1S=0.8—-0.9 mms?, Ags=0.5-0.8 mm sh are close
growth curve is finally overtaken by the continued transitionto the wistite Fg 4O compound with the NaCl structure. Co
towards Q2, the oxygen associated component. This steepxide has the same structure as Fe oxide above 2¥1e

C. Co oxide forming Co ferrite in the regime T ,=400-800 °C
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also found that part of th@3 intensity turns into a magneti- be 8 A. From the Mesbauer results of the sample with 6
cally split component at 10 K. Furthermore, this componentat. % Co annealed &t,=510 °C, we could deduce a mean
is present up to 800 °C and the retained intensity increasgsarticle radius of 3.5 nm from the ratio of the relative inten-
with the Co concentration. Based on these observations, Wsities of interface to interior atoms, a value that is compa-
suspect thaQ3 consists of at least two components. Oneraple to these estimated values.

component arises from small particles of Co ferrite, which  The intensity changes in the 300—400 °C temperature
eventually form larger particles during further annealing.range, as plotted in Fig.(8), hint to the role played by the

The other component arises from the Coste phase, gimer fraction Q1) in the process dfl1 segregation, while
which can turn into Co ferrite if there is a sufficient supply of y (jow) substitutional fraction seems not to be the main
oxygen. This transition process was equally found in the Casﬁlayer involved. At the slightly larger concentration, dis-

of MgO implanted with F&>3°In Sec. IV D, we argue that I I
) o . played in Fig. 8b), the substitutional Co atoms are clearly
both the Co ferrite and Co vetite phase contain Fe atoms as completely absent. The implications of this observation on

well. the stability or mobility of the dimer component are not yet

. . clear.
D. Co precipitates in A . . . S
precip g Finally, we like to point out that the precipitation already
1. Component M takes place for a Co concentration as low as 0.05 at. %. This

M1 corresponds to ferromagnetic Co particles in Ag andMplies that the interaction between the Co atoms must be

starts to form aff,=450 °C for the sample with 0.05 at. % strong and long ranged, since the Co would otherwise diffuse
a . .

Co. Under different conditions, Co metal can take, alterna®Ut Of the implanted zone and be lost, once they become

tively, the fcc, bec, or hep structure. In the present case, thghobile, precisgly as haPpe“S at 800 O,C' From the _observed
structure of Co particles in Ag is hard to establish by X_raychange in relative intensity of the substitutional fraction after

diffraction, even in the glancing angle mode due to the Ver);helzg|mplantatlon, we estimated an interaction radius of 32
low amount of Co. We find that the observed hyperfine fieIdA'
of 33.7 T is higher than the value for pure Co, which is 31.2
T for fcc Co(Ref. 27 and 31.6 T for hcp C@Ref. 28. This
effect, as mentioned in Sec. Ill, may be caused by chemi- Co,0, has the normal spinel structure £¢Co3*)0,. 4344
sorption of oxygen at interface atoms, because stronglffhe CG" atom on theA site orders antiferromagnetically at
bound O containing iron compounds have a higher fieldd0 K and the C&" (3d®) atoms on theB site are diamag-
value®® In the temperature rangg,>400 °C, as discussed netic. In our case, we still observe two magnetically split
before, the oxygen-vacancy complex dissociates and the Cebmponents at RT. Thereford)2 cannot be assigned to
oxide molecule becomes mobile, allowing O atoms to geCo;0,. The 5N Ag foil that we employed here contains Fe
trapped during the formation of the Co precipitates. Two(2 ppm and Cu(0.7 ppm as some of the major impurities.
observations support this:(1) we measured a value around This corresponds, for a sample thickness of 120, to a
27-29 T for clean interfaces in annealed sample®) for  total amount of about ¥ at. cni2, several times larger
the sample with 6 at. % Co, where the ratio of O to Co isthan the amount of implanted Co for sample,g#\dgg o5
much smaller and the effect of oxygen on the field in the(see Ref. 12 Moreover, an extra Fe dose was coimplanted
particles is insignificant, we measured the mean value ofjuring the>’Co implantation, which was relatively important
31.2'T. A second factor that may contribute to the increase ofor this lowest concentration sample. The Fe atoms behave
the magnetic hyperfine field is the incorporation in the mag-ery similarly to Co and become mobile above 300 °C. It
netic clusters of Fe aton?§;**which are present as an impu- thus seems plausible that Fe-Co-O complexes form from Fe
rity in the Ag foil. We believe that both contaminants con- atoms that migrate and get trapped by Co-O complexes. Be-
tribute. Indeed, the presence of oxygen is revealed in anothefause of its magnetic hyperfine fields and their relative in-
way, as discussed hereafter, while, if Fe was contributingensities, we suggest that this complex corresponds to a,
alone, it would need to represent around 40% of the magprobably nonstoichiometrical, Co ferrite like (Fe;_,0,.%°
netic cluster? This discussion applies equally @3, as this may be Wsiite

The particle growth is much more influenced by the ab-Cq,Fe, _,O.
sorbed oxygen than the hyperfine field, because the observed
maximal .fract|on of the 'Co preC|p|tate§ for the 6 at. % V. CONCLUSIONS
samples is much smaller in the sample without pretreatment.
It seems that one monolayer of oxygen or even less at the The formation of various Co-O complexes and Co pre-
particle’s interface already inhibits the ripening process ofcipitates after implantation of Co in Ag has been studied by
precipitates. means of Masbauer spectroscopy. Co oxide molecules are

We can estimate the size of the particles from the equaformed above RT by Co dimers, and may be atoms binding
tion for the superparamagnetic relaxation tifleFor a  to oxygen that preexists in the Ag foil. These are not formed
blocking temperature of the Co particles above RT and aiin an Ag foil that was pretreated by annealing at 800 °C in a
observation time foP’Co—°"Fe Mcssbauer spectroscopy of H,+Ar mixture. The fraction of these molecules increases up
10 8 s, we estimate the minimum particle radius to be 17 Ato T,=400 °C at the expense of the Co dimers, and possibly
if the anisotropy constant has the bulk valyd.5 of substitutional Co. Then they become mobile and finally
x10° Jm 2 (Ref. 41)]. If chemisorption of atoms like O form Co ferrite atT,=800 °C via an intermediate Co-O
takes placé? the anisotropy constant can be considerablycomplex, in particular in the sample with the lowest Co con-
higher. If it would be 5 16 J m 3, the particle radius would centration(0.05 at. %. Co ferrite is found in an Ag matrix

2. Component M2
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with incoherent growth. Fe impurities are probably also in-source experiments witl?’Co(Fe) are very effective in

volved in the Co ferrite. Meanwhile, Co precipitation takeSStudying internal oxidation and detecting the presence of
place between 350 and 450 °C for Co concentrations berace concentrations of oxygen. Our results indicate that the
tween 0.05 and 1.2 at. %. The maximum fraction of the prepresence of ppm amounts of oxygen in Ag can be revealed.

cipitates increases with Co concentration. The trapping ofve are initiating the investigation of the structures of the
oxygen influences the magnetic hyperfine fields of the preyarious Co-O complexes.

cipitates and cluster growth will always be partly suppressed
if the Ag matrix is not free from oxygen. Therefore, in order

Fo avoid the opserved oxygen effect_s, one should'be careful ACKNOWLEDGMENTS
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