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We use Masbauer spectroscopy in combination with atomic scale modeling in order to gather a compre-
hensive understanding of the growth and the dynamics of cobalt nanoprecipitates in silver. The modeling
makes use of classical molecular dynamics in the canonical ensemble by means of the Rahman-Parinello
technique. Atomic interactions are governed by an embedded atom model, which is validated for the static
Co-Ag interaction by means of a comparison with extended x-ray absorption fine structure measurements and
for the dynamical interaction with Misbauer spectroscopy data. This allows us to identify the cluster size
dependent atomic arrangements at the cluster-matrix interface, where strong relaxation takes place. A detailed
analysis of the Mesbauer spectra taken at two temperatures after annealing at different temperatures allows us
not only to characterize the cluster size dependence of magnetic properties, but also to evidence a possible
Ostwald ripening growth mechanism. The mean and interface Debye temperatures are deduced from the
Mossbauer spectra and found quite consistent with the model predictions. On this basis, the atomic scale
modeling allows us to identify detail of atomic vibrational properties as a function of distance from the cluster
center and a discontinuity of the vibration amplitudes at the precipitate-matrix interface is evidenced.

I. INTRODUCTION enhanced. The case presented here is that of a hard metal
inclusion @5°~400K) in a rather soft matrix @p°

Although research over the last decades and particularly-225<), where a pronounced depression®§° is to be
in recent years has accumulated a wealth of gross structurgkpected. We bring this interesting system under experimen-
and magnetic information on embedded nanoclusters ifal investigation at the atomic scale, through the incorpora-
granular materials, their interfacial and atomic scale propertion in the Co clusters of’Co, the radioactive parent isotope
ties remain largely unexplored. While the system of Co clusof the 5"Fe Massbauer probe. Similarly, we attempt to model
ters in a Ag matrix is a prototype granular magnetic materiavery small Co clusters embedded in Ag by molecular-
with interesting magnetic properties, we mainly turn our at-dynamics simulations, tracing observed change® jnwith
tention in this paper to the lattice dynamics of these embedc|uster size to vibrational amplitudes of individual shells.
ded clusters, expressed concisely in their Debye temperaturguch clusters were previously observed experimentally by
Op . A set of recent experiments seems to show that a dg4RTEM.'® Co in bulk form has an hcp crystal structure at
viation from the bulk value of the nanoparticle®p trans-  room temperature, transforming to fcc above 698 K. A bcc
lates changes in its surface-atomic arrangement. In line withhase is found in thin films grown qi10 GaAs!! Clusters
observations of a markedly decreasifg, for (quas) free  embedded in Ag however generally seem to have the fcc
nanoclusters, a decrease was also observed in nanoparticlggucture'® HRTEM allows the identification of preferential
with loose interfaces, such as Fe clusters embedded in oxidesorphologies, such as truncated octahedra with eight hex-

through cosputtering,or through chemical depositignand agonal{111} facets and six squadg00 facets.
in nanocrystalline materidl* Conversely for tightly embed-

_ded nano_clusters, such as the ones typically prepared by ion Il. THE SIMULATION METHOD

implantation,® seems to depend on the matrix. Mainly

rare-gas inclusions have shown this effect, with enhance- The classical molecular-dynamics meth®D) is a natu-

ments much higher than what lattice compression couldal choice to study the temporal evolution of a solid system

explain®~’ while the same systems also contained looselyat the atomic scale. The selection of realistic and well-

embedded particles that did not show the enhancefnent. defined thermodynamic conditions is necessary in order to
The case of well-embedded metallic nanoparticles, withcompare model thermal properties with those of a real sys-

little or no compression, is still poorly documented. A raretem. In the present case, we have to model clusters of Co in

example is that of very small nanoclusters of a soft metal likea Ag matrix in which it is poorly soluble.

Sn in a hard Si matri&® where the—Sn0y, is clearly The numbeN of atoms contained in clusters in the shape
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of truncated octahedra with regular hexagonal facet$ is:  matrix, where the local environment determings In the
3 5 linear combination of atomic orbitals approximatian, is
N(n)=16n°"—-33"+24n—-6, n=3. (D) fully determined by the local atomic wave functions and the

The smallest regularly shaped truncated octahedral clusteP9PPINg integrals, but their exact determination is unrealistic
thus contain 201, 586, and 1289 atoms, respectively. In thior complex systems. Therefore, we follow the method sug-
present paper, substitutional Co as well as clusters containir@gsted by Johnso,according to whictF is a function of a
405 and 1289 atoms are considered. The smallest clustépwer of the separation distances and the functional depen-
displays identical hexagonal facets with unequal edges. ~ dence ofF on the electronic density obeys the equation-of-
In order to compare the properties of different model sys-States s_uggested in Ref. 20. This latter function is chosen for
tems among them and with experiments, it is necessary-convenience to follow a power-law dependency on the elec-
because of the occurrence of inhomogeneities—to allow infronic density. The parameters in the power-law dependen-
ternal relaxation in the model, keeping macroscopicties are adjusted in order to match several macroscopic and
properties unchanged. This is precisely the aim of theNicroscopic properties of the material like the equilibrium
Rahman-Parinnello MD methdd.In this method, the edges conditi_on, the e_Iastic constants, _and cohesive_ and vacancy
of the simulation box, defined by the vectars, u,, andus, formation energies. This method is fo.und consistent in cases
are time dependent and periodic boundary conditions are a@f elemental solids and alloys for which such quantities are
plied. These three vectors define a matfxwith a determi-  known. It is hardly assessed however in the case of hetero-
nant that is just the total volume of the simulation box. Thegeneous systems and interfaces for which such properties are
use of periodic boundary conditions is made possible by dednknown. This is the case for the nonmiscible Co-Ag system
fining a reduced coordinate system){ related to the real that we consider here. The model parameters of elemental

coordinates by the matrid according to fcc Ag and hcp Co are found in Refs. 21 and 22. The het-
eronuclear repulsive pair potential is estimated according to
ri=Ha;, (20 Ref. 19, which is somewhat arbitrary and does not fully war-

h q h | and th duced di {ant a sufficient accuracy. Therefore, in what follows we
wherer; andg; are the real and the reduced coordinates ok, mnare  as systematically as possible, our model predic-

part|cle|,4respect|vely. The system can be coupled to a therjo g with other experimental observations. This assessment
mal_ battt* and cqnstramed to an exte_rnal presstitgy im- . then allows us to compare the lattice dynamics properties of
posing the equations-of-motion to derive from the following e ¢justers, taken from the model system, with experimental
Lagrangiar. ones, derived from Mssbauer spectroscopy. Then, detailed
information is gathered from the model, which cannot be
Hg + }QATr(H ) + EQN'SZ reached by presently available experimental methods.
2 2 As far as thermal properties are concerned, the simulation
box size must be large enough for the effect of the elastic
3) stress induced by the presence of a Co cluster in its center to
fall off to zero in the vicinity of the edges. Otherwise, the
boundary conditions would induce artifacts. The absence of

wheres andss are a time dependent parameter and its firs, -y artitacts was controlled by comparing the mean-squared
time derivative, respectively, which govern the dynamics Ofthermal vibration amplitudénoted “msqa’ in what follows

the exchange of energy with the thermal bath at the constany; Ag atoms close to the edges of the box with the msga

temperatureT_exy. It is associated W_ith an adjus'FabIe inertial yatermined at the same temperature in a perfect Ag single
factor Qy . Similarly, the volume() is also considered as a (ﬁrystal. For the temperature range considéfe—700 K), a

dynamical parameter, the variations of which are controlle ox of 16x 16x 16 lattice units siz€16 384 atomswas suf-
by a constant external pressug,. The associated inertial ficjent in the case of a truncated octahedral Co cluster con-

factor is notedQ, in Eq. (3) and it can also be adjustekls  (aining 405 atoms. A box of 2424x 24 lattice units size
is the Boltzmann constant amgis a function of the number (55296 atomswas necessary in the case of a Co cluster
of degrees of freedom of the system, determined in such gqnaining 1289 atoms. The comparison between the cases of

way that the LagrangiafB) is consistent with the partition 6 405 and the 1289 atoms clusters provides qualitative in-
function of the canonlcallensemblg. The N.ordS|ck pred|ctor—sight into what the size effects on relaxation and cluster dy-
corrector methotf to the fifth order is used in order to solve namics are.

the equations-of-motion stepwise in time. The MD algorithm
makes use of a combination between Verlet neighbor lists, a

1 N
L=7 2 mis*(Hg)
2=

- U({HQ}) - PextQ -9 kBTextln(S)

linked cell method, and the third Newton’s ldWwThe inter- Il COMPARISON WITH EXPERIMENT: VALIDATION
action potential is deduced from the embedded atom model OF THE MODEL PARAMETERS
(EAM).'® Similarly to other schemes, within the EAM, the A. Static properties

total energy of the system is written as
CoAg; _, granular alloys were analyzed at low tempera-

ture by extended x-ray absorption fine structéEXAFS)
E:E {; q’(rij)JrF(Pi)]' (4) (Ref. 10 for small Co concentration and accurate distance
LU measurements between first neighbor atoms in different close
where®(r;;) is a two-body central potential between atomsenvironments were obtained. At the low concentrations em-
labeledi andj, and F(p;) is a functional of the electronic ployed, EXAFS provides a first neighbor Ag-Co distance of
density p; at atomi considered as embedded into a host2.81 A, which is significantly smaller than the measured bulk
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Ag first neighbor distance 2.88 A. We first model an Ag boxdose, 5< 10" cm™?, into a previously deoxidized 5-N Ag
with one Co atom at a substitutional site and relax it to itsfoil. No further treatment followed the implantation. We re-
equilibrium configuration at 0 K. An Ag-Co distance of 2.82 corded Mssbauer spectra at 100, 200, and 293 K. The fit
A'is found in good agreement with the mentioned experi-yielded a Debye temperature of 218) K, (Ref. 29 in ex-
ment. TEM diffraction shows that Co clusters embedded ircellent agreement with the value predicted by the MD model.
an Ag matrix are generally found to have an fcc structurewas the Mesbauer experiment really performed on substi-
We also observe that the simulated fcc clusters, containingitional Co? The following set of arguments convinced us.
405 and 1289 atoms respectively, are energetically stable up) The spectra clearly feature an unsplit line, indicative of a
to 700 K, the temperature where bulk Co has taken an fcgubic environment such as expected for an impurity on a
structure. For the Co-Ag distance at the cluster-matrix intersybstitutional site in an fcc latticéii) Its room temperature
face at 0 K, the simulations predict the same distance as fqgsomer shift is—0.57 mms? [all isomer shifts(IS) are
substitutional Co, 2.82 A, irrespective of the cluster size given with respect to the sodiumferrocyamide single-line ab-

again close to the distance of 2.81 A, which was measuregorber at room temperatdren agreement with previously
by EXAFS. In the center of the clusters, simulation predictsohserved values for substitutionafFe in Ag2%27 (iii) Im-

a Co-Co first neighbor distance of 2.50 A at 0 K. Experimen-planting ’Co in similar conditions in Au also yielded a
tally, distances of 2.49 ARef. 10 and 2.50 A(Ref. 23 are  single-line component at0.72 mm s, close again to the
found at 78 K. At room temperature, the bulk first neighborjiterature ~ value for Fe substitutional in  Au,
distance in th Cois 2.50 A and 2.51 A in its quenched fcc— 0.70 mm 3_1_27 (|V) The scale of isomer shifts pertaining
phase* Hence, as static properties of substitutional cobalty| sites of 57Fe in Ag extends from-0.57 mms? as the
and embedded cobalt clusters are concerned, the agreemendst negative value, up to 0.05 mms? as the most posi-
between the model and available experimental data is quitgye value found in the larger Co nanoparticles infra). In
satisfactory. between, when Co clustering sets in, it shifts steadily to in-
termediate values. We find the component under discussion
B. Dynamical properties at the negative extreme of this scale, which corresponds to

The mean-squared thermal vibration amplitude of particldN® lowest electron density at ti€Fe nucleus, again sup-

i can be estimated by molecular dynamics according to th@orting a substitutional site allocation, where the Co impurity
definition atom is fully coordinated by Ag neighbors,) The evolution

of the population of this component with concentration
(u-2>=<[r-(t)—r]2> (5) matches_ closely what we expect on st_atisti_cal_ gro_unds for a

! ! e substitutional site, employing a binomial distribution: from
wherer;(t) andr, are the instantaneous and the mean posi@lmost 100%, found at the lowest cqncgntration, it decreases
tions of particlei at timet, respectively. to 60 and 15% when the concentration increases to 0.05 and

Over an evolution time of 100 ps, we thus estimated theD-10 at. %, respectiveff.
msqga of a Co atom located substitutionally in Ag and we We believe to have justified the use of the model for
repeated the procedure at several temperatures between Bigdictions beyond possible experimental observation,
and 700 K?® This way, we could fit the temperature depen-though as much as possible grounded on further experimen-

dence of u?) to the classical Debye relation, with the Debye tal data. In the next section, Co clusters are modeled with
temperaturéd, as a fitting parameter: morphologies such as encountered in the HRTEM observa-

tions mentioned above. Mean thermal vibration properties

1 372 [1 T\2 rop/T xe are then compared with values derived from ddloauer
§(u2>: VTR Z+(®_) f < dx (6) spectroscopy data on Co nanoclusters in Ag, whereby we
B~D o/ Jo e-1 describe in detail their spatial dependence, on the basis of

with M the mass of the Co atom. The fit yields a valdig MD simulation results. Alongside this comparison, we ex-

—218. Based on the existence of the direct relation be-lract structural information on the clusters that have formed.

tween the msga and the Mdsbauer recoilless fractidin we
can experimentally assess this prediction by assbauer IV. COBALT CLUSTERS EMBEDDED IN SILVER
emission experiment oA’Co, substitutionally located in Ag.
f, the chance for the emission of the B&bauery quantum

(E,=14.4 keV) without affecting the phonon spectrum: The vibrational properties in the vicinity of the cluster-
Y - . .o .
matrix interface are expected to depend on the stress field,

u? just as they do at a macroscopic solid interface. The first

f:exp(—k2<x2))=exp< —k2<§> ) () neighbor distance is 2.51 A and 2.88 A in fcc, Co and Ag,
respectively. This creates a significant mismatch between the

where(x?) is the component of the msga in the direction two lattices and lattice relaxation is to be expected at the
of the v emission with wave-numbek interface. We have analyzed this in detail. We already re-
Since the intensity of a spectral component in thésb4o ported in a previous section that the Ag-Co first neighbor
bauer spectrum is proportional t@f the corresponding site, distance, averaged over the whole interface, is consistent
it is straightforward to fit its experimental temperature de-with the results of EXAFS measurements at low temperature,
pendence to the model and to extract the corresponding Deas well for the corresponding site as for the substitutional site

bye temperature. We prepared a source of substitutional C@.81-2.82 A. The lattice relaxation, however, depends on
in Ag by implanting ®’Co at room temperature and at low position and temperature. The purpose of the present section

A. Structural properties
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FIG. 1. A{100G slab in the Cgys cluster embedded in a Ag ) :@:‘,t‘ b :}:&‘c"z" g“‘g %
matrix. The slab is one monolayer thick. The Co-Ag first neighbor &:G"t oee” JARARY ""E\‘
distance depends on the facet orientation. It is the largest in the case :;::t:’:'; J : _'-
of the {111} facets. Ag atoms are represented by grey spheres, Co Y, ;
by black ones. A square is drawn with a solid-straight line to em- u‘&:\:‘g
phasize the distortion of the Ag lattice. ::: "&‘&

()

?

is to show evidence for these dependencies as they come out

() (S S
of the atomic scale computations. Lo 0o ":ta.s::t:st:t:":::::ts:::s
Figure 1 displays a slab in the gg cluster and the sur- b S “s:::t.:s:&‘c‘c‘a‘u‘ o4
rounding Ag matrix at 0 K. The thickness is one atomic layer » on o®
close to the cluster center. Similar slabs indicate inward re- 5%:‘.&%&“'&:52‘{:2{:‘:?{%:%*:
laxation of (100) Ag rows parallel to thg/100; facets. Be- ) ‘&‘L,%“Qc‘:.‘: ‘{s‘s_,:c‘,s“s:tbg‘gs‘:‘
yond the qualitative evidence for strong Ag relaxation, as 3‘5:%‘%%‘&\&%:{;%&&%{:‘:
shown in Fig. 1, a quantitative analysis of the relaxation can tg:::ﬁ,t‘g.:'&:&%‘ts t‘&\\t‘t&&
be undertaken. At thg111 interface the Co-Ag distance is &:\‘&:‘:’S’ SSAS, ‘e\s?:gt:&::
larger than at th§100 interface. A relaxation is observed :;:&;;:‘ & nny R ::"t:d‘::
corresponding to a mean extension close to 20% with respect Q% > Jia ety “3:‘;‘;::“
to the bulk Ag{111} equidistance and an extension close to D S "= .s‘&‘t‘&&‘
14% as referred to thf1l00 bulk Ag equidistance, respec- :;:&:&:t:t ":::::::‘t:
tively. The relaxation of the Co lattice at the interface is, & oLy (i L O
however, less then 1%, which implies that the interface re- ::%:‘Q«-&s oAt % .“:‘v?:::&‘s{g:}
laxation is almost fully supported by the Ag matrix. The Qz\s‘\:\ etk '-'\‘G‘tsut&‘t&&;{
ran i ion. within 19 ! R o N s
ge of this relaxation, within 1% accuracy, extends no fur ey Gr\‘h:“ Ay .,s&:“ s oty
ther than the sixt§111} Ag plane from the cluster and to a N N e o

somewhat shorter distance in thg00) directions. A close

look at Fig. 1 indicates that Ag tends to fill the lattice sites FIG. 2. Three different typica]100; slabs in the Cggg Cluster
that would be occupied by Co atoms in a nontruncated octsembedded in a Ag matrix. The slabs are each one monolayer thick.
hedral cluster morphology. (@ T=0K, (b T=100K,(c) T = 700 K. Grey sphere: Ag; black

For the larger cluster size the effect of the lattice mis-ones: Co.

match is more apparent: 'Fhe situatipn is iIIu_strated in Fig. 2. | contrast to what happens for the gecluster, the equi-
Typical slabs of one atomic layer thickness in the 1289-atonypjym configuration at 100 K differs substantially from that
cluster and the surrounding silver matrix are shown at temy; g K, as shown in Fig. 2. Indeed, the strong distortions at 0
peratures of 0 K, 100 K, and 700 K. At 0 K, strong distor- K are unstable and a small thermal perturbation induces a
tions are apparent, as in Fig. 1 for the smaller cluster. Th@etwork of four edge dislocations around the cluster. Their
tendency for Ag atoms to fill the lattice sites that would besymmetrical arrangement is such that the sum of their Bur-
occupied by Co in a nontruncated octahedral morphology igers vectors is zero. The residual planar relaxation around
increased and a clear separation between this octahedron a@ cluster does not have fourfold symmetry and it depends
the matrix is apparent. THL11} Ag planes at the interfaces on the exact location of the dislocation cores. The contribu-
are strongly distorted, with the largest distortion at this inter-tion of the dislocations and the interfaces to this relaxation is
face. Taking the bulk Ag equidistance as a reference, th@ardly distinguishable. It should be emphasized that, in con-
{111 Ag-Co at the{100 facets is contracted by 20%, while trast with mismatch dislocations at extended boundaries, the
the {111} interfacial distance corresponds to a mean exteneislocation Burger vectors are perpendicular to the interface
sion of about 25%. facets.
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At 700 K, Fig. 2c) shows that the dislocations that re- 41
main, but thermal disordering appears in addition, due to the 240 |
large thermal vibrations of the atoms around their equilib-
rium positions. In the snapshot displayed, the thermal dis- ¢839 r
placement of some atoms is larger than the slab thickness ©38 |

and they are consequently not seen in the figure. The tem-
perature considered is well below the melting temperature of
Ag (1233 K). This disorder may well be a local premelting

37 |

stage. The melting dynamics is however beyond the scope of 221¢
the present paper. 53216 I

Experimentally it is difficult to study the interface in a §2111
selective way. We have however tried this with thtCo m8206‘
probe, taking advantage of the relatively large diffusivity of Q%gé‘

Co in Ag, compared to that of Co in Co. In a study that was

N AQ. Lot . . d)T =550'C |
mainly aimed at a determination of the magnetic hyperfine VL.

191}

field associated with interface Co atoffiswe created Co 1343 —
nanoparticles in a Ag matrix by coevaporating both species 129 * % % 474
and postimplanting the samples with probe atoms. At 4.2 K, | I ‘Y"!,“,.-",.
the spectral contribution of these probes which had taken up 81241 VA

an interface site lies between 30 and 40 % after room tem-
perature(RT) preparation and between 45 and 65 % after
400°C annealing. This favorable population situation al- 1141
lowed us to deduce the corresponding magnetic fields and
Debye temperatures. In order to avoid the complications as-

m9119_

40 p

sociated with temperature induced changes in the relative 5239 I
populations of particles from ferromagnetic to superpara- g38 |
magnetic as we increase the measuring temperé&eedis- ﬁ 37+
cussion below we only collected spectra at the relatively 936 -
high temperatures, 295, 373, and 473 K, where all nanopar- 35 |
ticles already were in the superparamagnetic state. 34 |
We used Co concentrations between 3.5 and 22 at. %, 32
corresponding to particle diameters after RT preparation be-
tween 7 and 16 nm, as deduced from the probe atom 331
populations’® and of only 4 nm for a 15 at. % sample, as we 530 |
could deduce from fitting the magnetization to a Langevin <29 |
function. An apparent contradiction in size determination re- 928 |
mains unresolved. As was discussed in Ref. 30, the mean 27
interface magnetic hyperfine field increases with the particles I a) as implanted]
si_ze,_ from 81 to 93 % of the bulk field. It was suggested that 4 3 2 10 1 2 3 4
this increase corresponds to a larger fraction of Co atoms at Velocity [mm s']

{111 interface planes, where they have a relative larger
number of Co neighbors, compared to the smaller clusters, FIG. 3. Annealing temperature dependencies of all parameters
where on the average less Co neighbors are to be found. Thégtracted from the Mssbauer spectra shown in Fig. 4. The indi-
is confirmed in a recent nuclear magnetic resonance study ofdual components are represented in a similar way as in Fig. 4.
(:(&Agl_x_31 Top: Dependence of the spectral intensities of all components on
As far as the corresponding Debye temperatures are cor-a: medium: Dependence of the isomer shift of the components
cerned, it unfortunately proved futile to try finding a clear Clust, SPM, and FM off;; Top: Dependence of the spectral in-
dependence. The values ranged between roughly 120 arigpsities of _aII components om,; bottom: Dependence of the
240 K, probably depending on the details of the preparatioﬁ'uadrumle interaction strength of the components Clust and SPM
steps and of the formed interfaces. These widely varyind" 'a-
values are in qualitative agreement with the findings of the

simulations, where we observe that part of the interfaceSyStematlc dependence on the annealing temperature, which

strain is relieved by the formation of dislocations, dependin may result from an unstable interfacial arrangement, again in

on details of the thermal history. The maximal value of theghu"’ll'tatlve support of the simulations.

Debye temperature seems to approach that of substitutional
Co, which is not unexpected in view of their similar Co-Ag
distances. We may also already refer to our discussion in The present section aims at emphasizing the relation be-
Sec. IVB 1, where it is shown that the sbauer spectral tween the vibrational properties of constituent atoms in an
components associated with the smaller Co clusters exhibit ambedded cluster, the cluster size, and its interfacial atomic
large quadrupole interaction, representative of the interfacarrangement. In order to tackle this question, we again com-
atoms. Figure 3bottom shows this parameter to have no bine an experimental approach with theoretical simulations.

B. Dynamical properties
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TABLE |. Mean diameters of Co clusters after implantation of ‘ PN [
6at% i oo W aa
As implanted After 300 °C annealing After 400 °C annealing « == Subst N X
S 0.50 T I-Clust / L
1.4 nm 2.2 nm 3.5 nm 5 | AQseMm {ﬁ A, A
S g0 “*SL-SPM il .
B T - A SPM=Q2-SPMHSL-SPM . AN
1. Experimental results g 030] XM *é**h /
. . . Q ’ —x-Q3 e ,’
An extensive series of temperature-dependensddauer g, 0201 ? A AN \I'_‘L
spectra has been collected on carefully deoxidized polycrys® ™ . ‘#

J

talline and single-crystalline Ag samples, implanted with ra- ¢ %

dioactive °’Co probe atoms and postimplanted with stable
Co up to 6 at. % in the top 60 nm. The insoluble Co precipi-
tates partly during the implantation and further during an
isochronal annealing sequence. The annealing also caus
particle growth.

From the ratio of the interfacial to the interi6fCo popu-
lation, extracted from Mssbauer spectra taken at 4.2 K, and
approximating the clusters by spheres, we infer their meal
diameters. They are presented in Table I. An x-ray diffrac-
tion analysis after 400 °C annealing could only detect the fcc
crystal structure, confirming the stability of this phase evi- -5 39 I7
denced by the simulations and HRTEM observations. WeH - _H]_ s .ﬂj- r
have assessed the mean Debye temperature of the clusteg 033
formed after annealing steps dt,=500°C through an 0,40
evaluation of the change of the probability of resonant ﬁl
emission at two temperatures, 20 and 200 °C. Some of the¢z'
results on the polycrystalline material have been succinctly
reported in Ref. 29, where the experimental details and e—
discussion of the analysis method are given. The RT spectri § %%
of the single-crystal sample are plotted in Fig. 4. All spectra g A A
of both types of samples—a set of several dozens—can b q, 0.601 = A i
uniquely and consistently analyzed with three main compo- .5 ~ zé -  _ 7 A
nents that belong to the Co nanopatrticles, supplemented b2 05| =g
two minor ones. Of these minor components, the “substitu- /Ij
tional” site (denoted Subst with an isomer shift of 0.50 Ay
—0.57 mms?! has been identified previously in a low-dose tﬂ

0 100 200 300 400 500 600

0.00

/\
-0.05 A-. d \ A- -A-H%- -

0.10 B ‘A

05| OIS Clust

Shift [nm/'s‘] (Wt SF’C@RT)

020{*A-rs spm

025 | . [k
LS. FM -0 T 00

Iso

0.70| == Q.. Clust / \D\

-A- Qs.sPM

racti

t
i
Dﬂ

~

Quadrupo

experiment, where it was populated for almost 100%. The = 045
second minor component is a quadrupole split doulg, .
close to—1.40 mm s, which never exceeds a few percent Annealing Temperature [°C]
of the spectral intensity and that has not yet been identified. . :
The three main components are related to the Co clusters FIG. 4. Mossbauer spectra of the single-crystal sample, col-

lected as a function of annealing temperafiige (a) As implanted,
themselves(i) a doubletClust), with large quadrupole spllt (b) 350 °C, (c) 450 °C, (d) 550 °C. ande) 600 °C. The experimen-
ting of around 0.6 mms' and IS close to-0.3 mms?

tal data points are displayed, together with the overall fit, being the
(i) a second quadrupole split doubl¢SPM) close to sum of the individual components. The matter are represented by a

=1
—0.07 mrrl1$ with a comparable splitting of around i jine for Subst, a dashed line for Clust, a dotted line for SPM and
0.6 mms -, and which subdivides abovE,=350°C in @ 3 dashed and double dotted line for EM.

doublet and a single line; and third{yi) a magnetic sextu-
plet (FM) with a very similar 1S,—0.05 mms?!

The precise assignment of these major components i&a, close to 500 °C, by a transition from SPM to FM essen-
largely based on their hyperfine parameters and on the varidially, while Clust starts leveling off. In between, we ob-
tion of their spectral intensity with annealing. To this end weserved the need to fill in the center of the SPM doublet frac-
present their spectral fractions in the top of Fig. 3, togethetion with a certain amount of single line.
with their dependence on the annealing temperature. Right A better understanding of the meaning of the site assign-
after implantation a rather small fraction of Subst remainsment and of cluster growth is gained by considering at first
but most Co has already started to precipitate out: a smallehe behavior of the SPM fraction. It has already partly
part forms SPM, the major part forms Clust. At, formed during the implantation itself, which at the high
=350°C, the remaining fraction Subst precipitates com-doses employed causes an important radiation enhanced dif-
pletely, thereby feeding both types of clusters, SPM andusion of the solute atoms. Once the annealing temperature
Clust. A further increase i, causes a gradual transition T,=300°C is exceeded, where the remaining solute atoms
from the Clust status to the SPM one, followed at still higher(Subs} become mobile, it grows further either through ab-



PRB 62 GROWTH AND LATTICE DYNAMICS OF Co.. .. 5123

sorption of Co atoms from Clust or through transformationwhich was observed in G6u),*® or the linear, wirelike
of Clust to SPM. At still higher annealing temperatures thisstructure, observed in EXAFS measurements on Co codepos-
fraction gives way to the ferromagnetic one FM, therebyited with Ag at low temperaturé BetweenT,=300 and
leaving the IS or electron density almost unchanged. Indee800 °C, its fraction exchanges with that of SPM and the en-
the IS of FM,—0.05 mms*, is slightly more positive than Suing rearrangement seems to expel some of the Ag, as
that of SPM, which is natural for larger Co particles, wheremanifested by the concurrent shift in IS. This may be indica-
the probe atoms on the average feel little Ag presence and dfye of the transition from a more linear to a more three-
almost pure Co environment. It is also already close to thélimensional structure.
value in bulk Co,—0.04 mm §132 This is what is ex- The following discussion of the lattice dynamical and re-
pected because the SPM-FM transformation is in a way onlfated information is based on the polycrystalline data, where
accidental, corresponding to a freezing in at the measuring‘e analysis is easier. This is because at the highe6 the
temperature of the magnetic moment of the larger cluster§M fraction is more strongly populated afi¢) the SPM has
within the timeframe of the Mssbauer spectroscopy em- been reduced to zero, which is still not the caseTat
ployed, as will be shown below. Initially the SPM fraction =600°C for the single-crystal sample. We have access to
exhibits a quadrupole splitting, stemming from the strongthe mean®; value of one of the spectral components
deviation from cubic symmetry of the larger fraction of Co through the ratio of its normalized relative spectral area,
atoms at the particles interface, such as encountered in tinfjiéasured at 20 and 200 °C.
particles. The need at highat, to “fill the center” of this In order to avoid any possibly modification in the particle
spectral component by a single-line componé&Bt-SPM structure or in the particles size distribution during the long
with the same IS is readily understood by a diminishing in-measuring periods at 200 °C, we only consider them after
terface contribution due to the subsequent growth of the pa@nnealing steps above 500 °C.
ticles. Its presence supports our identification of the SPM A change that we cannot avoid, however, is the transition
component. The faster decay Bi=600°C of the SL-SPM of the smaller ones of the RT FM fraction to the higher end
part compared to th@®2-SPM part, may be indicative of an of the SPM fraction at 200 °C. Whether this happens and to
Ostwald ripening process,where individual atoms migrate what extent depends on the overall size distribution of the
from the SPM particles boundary to the FM ones. The reparticles. Consequently, the observation of the phenomenon
maining SPM particles then become smaller and on the awvill at the same time provide a certain window on that size
erage deviate more again from cubic symmetry. distribution. The rather narrow boundary region between a
The strength of the quadrupole interaction further supmagnetic Co particle revealing itself in ¥Co(Fe) Mas-
ports this picture where SPM is attributed to the smallest Cdauer spectrum as either SPM or FM lies at a voluvhe
clusters, since surfaces and interfaces typically exhibit valuegiven byKV~2.3xkgTy,, whereK is the anisotropy energy
of this magnitudé The FM component has a magnetic hy- density andT, is the transition or “blocking” temperature.
perfine field of 33.84) T, which is however significantly If K equals twice the bulk Co value,x110° Jm ®, this
larger than literature values for hcp €21.6 T(Ref. 33]and  would correspond to particles of a diameter of about 5.6 nm
fcc Co[31.2 T(Ref. 36] than a value previously observed in at 20°C and 6.6 nm at 200 °C. For Co clusters formed by
Co clusters in Ag, 30.5 ¥ In the latter case however it was coevaporating Co and Ag at RT, we found=5
argued’ that the reduction may have been caused by the<10* Jm 2 for particles of mean diameter 22 nithrough
incorporation of a fraction of Ag atoms in these Co clustersa comparison of the coercive force, measured at 10 and 290
A marked difference between the present single-crystal dat§) and 6<10° Jm 2 for 2.2 nm onegthrough a magneti-
and the previous ones on polycrystalline Ag is the total abzation measurement yielding the size, combined with a de-
sence of this FM fraction below,=450°C in the former termination ofTy). Polymer isolated fcc Co particles of di-
case. In the polycrystalline material, annealindgratas low  ameter 4.4 and 1.8 nm were recently reported \ithalues
as 275 °C already induced a sizeable fraction of FM clusterspf 4x10° Jm 2 and 3x10° Jm 3, respectively’® An
around 10% of the spectral intensity. Solute segregation aightfold increase irK, which thus seems quite possible,
subgrain boundaries, followed by growth into relatively largewould reduce the critical diameter by only a factor of 2.
particles, is probably the cause of this phenomenon, although T,=650°C is an easy and convenient starting point for
a preliminary orientational image microscopy picture of thethis analysis, because the SPM fraction has been reduced to
sample did not reveal a dense boundary network. null by now, even at 200 °C. Here we dedu®g directly
Clust, the most prominent component, is the least clearljrom the intensity ratio of the FM fraction, yielding 4{D)
identifiable. Most notable is its prominence right after theK, compatible with the bulk Co value. We suppose that this
implantation, even increased @t=300°C, where the re- remains the value for the FM fraction, also after the lower
maining part of Substprecipitates. Its IS and quadrupole T,. It indeed appears appropriate to employ bulk property
splitting dependence of,, together with that of the other values for that part of the particles distribution exceeding
cluster related components, is shown in Figlb8ttom and =6.6 nm, as supported by observations in Ref. 1. At the
middle). The position of its IS, between Subst and both SPMlower annealing temperatures, we need to evalugtehe
and FM, clearly points to an environment with more Ag fraction of the total size distribution that makes the transi-
neighbors. Its quadrupole interaction corresponds to strongon, i.e., the fraction between thé,, andV,qg, the critical
deviations from cubic symmetry. volumes at a measuring temperature of 20 and 200 °C, re-
We tentatively identify this component with small Co spectively.
clusters, still dispersed with Ag atoms, probably similar to We obtaina as a function ofT, from the normalized
the diluted, fractal-like “precursor” precipitation stage, spectral intensitied,, of the component FM by keeping the



5124

MARC HOU et al.

PRB 62

TABLE Il. ® of (Clust + SPM) and size distribution as a function &f, .

T,=520°C 570°C 620°C 650°C
O, (Clust + SPM) 25230) K 286(30) K 314(30) K 370(40) K
Mean diametefClust + SPM) 2.7 nm 3.3 nm 3.8 nm 4.9 nm
[from relation(11)]
Fraction(Clust + SPM + FM) 79.9% 67.6% 34.0% 28.0%
<V2o
a = Fraction(Clust + SPM + FM) 3.3% 2.4% 2.2% 0.0%
>V, and <V
Fraction(Clust + SPM + FM) 12.6% 26.4% 61.2% 60.6%

>Vano

ratio of the recoilless fraction at the two temperatures equatently in a sample implanted to the low concentration of 0.14

to that measured aftér,= 650 °C:
( c FM) T,
[z
fa00° EM
(tS)

Having deducedv in that way, we use it to increment the

f20°C

1:200"

|

(1-a)7 20°c)
T,=650°C FM

I 200°C

200 °C intensity of the smaller clusters, whereby we sum uﬁ

the spectral intensities of both Clust and SPM. This way w
calculate their averag®p from the relation:

I

I20"C

f20°c ) ©
1+a)7 lyoec)
(I+a)r l200°c/

1.

a

f200 °

at.%, where this one is the only cluster related €&
tentative interpretation relies in the expulsion of Ag from this
“precursor” cluster(vide supra, such as seems to occur at
higher temperatures, which would harden these particles in
comparison to a rather loose structure at lower concentra-
tions and temperatures.

(3) The fractiona remains astonishingly small, meaning
that the window in the size distribution between the diam-
eters of approximately 5.6 and 6.6 nm is essentially empty. It
implies that during annealing above 520 °C, single Co atoms
dissolve from the smaller Co particles and migrate to the FM
fraction, without particles in the intermediate size range be-
ing formed. This is what happens in an Ostwald ripening
rocess: The gap in the size distribution indicates a clear
example of a bimodal size distribution, where the FM part
gradually grows and simultaneously shifts to larger radii,
suggesting that the pad is only the lower end tail of the
distribution of the larger particles.

Figure 5 gives a sketchy representation of how the size
distribution may look like and further evolve as a function of

where CS refers to the cumulative contributions of Clust and’;\nnealing. The areas respect the fractional contributions and

SPM.

The results are presented in Table Il. In order to make our

information on the size distribution more quantitative, we

derive absolute populations by dividing the spectral intensi-<-

ties by the correspondinfyfractions, assumin@ for the
transferred fraction to be equal ®y of Clust + SPM +
FM. These results put the following observations into relief:

the dashed-central part corresponds to the size “window”

1

[Vin nm

24

(1) The smaller Co nanoparticles that are formed by the E
lower annealing temperatures exhibit a Debye temperatures
that is markedly lowered, down to 2&D) K, compared to
the value of the largest ones, 420) K. One may expect a
further decrease for even smaller particles, such as the one

of d~3.5 nm, formed aftef,=400 °C. It indicates thad
comes quite close to the value observed for Co, which is
fully coordinated by Ag neighbors at substitutional sites.
Both the experimental situation and the simulation results
agree very well in this respect. FIG. 5. Schematic representation of a possible Co cluster size
(2) The value Obta"_]ed af_teTa=650°C per.talns n faCt_ distribution and its evolutiE)n as afunction'ﬁ;p. The lower limit of
only to the Clust fraction, since the population of SPM iSihe gashed area, corresponding to a diameter of 5.6 nm, indicates
zero here. Thé®p value of these smaller clusters is never-yhe critical volume of a magnetic cluster with anisotropy energy
theless astonishingly large, 3A0) K. This is especially S0 gensity 1x 10°<J m~2, below which it will be observed in a M-
if we compare it on the one hand to the values given abov@auer experiment at 20 °C as superparamagnetic and ferromagnetic
for the combined Clust- SPM, at the loweiT,, and on the  above. The upper limit holds for a measuring temperature of
other hand to a valu® <300 K, which we obtained re- 200°C.

dn/

Vedn/dV

0 T f { |'. - ,‘I

In(¥) [Vinnm']
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FIG. 6. Fit to the Debye function of the average msqga of Co in 9 0 1
the embedded 1289-atom cluster, calculated at 300, 500, and 700 K- 225 T"’/ w=0.68 nm 4225
The fit yields a valued of 267 K. .l ! ' ! ! 1 200

0

2 ' 4 6 ' 8 ' 10
between the blocking temperatures of 20, respectively, Cluster diameter, d [nm]
200°C. A very recent study of Co clustering in Ag, albeit at

higher concentrations, also shows evidence of a bimodal size 7'C: 7- Relationship between the Debye temperatie and
distribution3? the mean diametat of the Co clusters, approximated by ad hoc

sigmoidal function, with asymptotic values 395 K for the largest
clusters and 211 K for the smallest onés single atom The
squares represent the calculated values for substitutional Co, the

For the 405 atoms cluster, we found an average Debyé05-atom cluster and the 1289-atom cluster.
temperature for the Co atoms @ip=230 K2 which is
close to, though higher than, the value found in the case o
isolated substitutional atoms. In the case of the 1289—atorrge contribution from FM. The larger value of 4.9 nm being
cluster, we obtain an average Debye temperature by fittingather close to the Iower.limit 5.6 nm, of our “6bservation
the Debye relatior{expression(8), given abové to (u?), ) " . e '
calculated at 300, 500, and 700 K, as shown in Fig. 6. AW'ndOW’ séegms to |nd|gate on the othgr hand that 1
value of @ =267 K results, which is clearly higher than in X105_ Jni* is an overestimation of the anisotropy energy
the case of the smaller cluster. densityK of these Co clusters. _ _

The mean cluster Debye temperature thus appears to be The calculat_ed Debye temperatures, which we discussed
increasing with the cluster size, which is in agreement with2P0Ve, are derived from the overall temperature dependence
the results of Mesbauer spectroscopy measurements. At thi®f the msga. It is worthwhile to compare the temperature
point it is tempting to try to compare these calculated value§®Pendencies of the two clusters in more detail. Figure 8
with the experimental ones in order to check the correspondiSPlays the msqa of the two clusters and the Ag matrix in
ing cluster sizes, through a functional dependence betweeffnich they are embedded. Consistently, the msqa values of
@, andd, the cluster diameter. To this end, we combinef‘he silver matrix are found the same, within statistical error,
appropriate asymptotic values with the calculated Debyd? POth cases and itis also the same as computed for a pure
temperatures of the Co cluste#05 and 1289 atoms, corre- Ag smgle. crystgl.. This confirms that the size of the simula-
sponding to an estimatediof 2.1 and 3.0 nm, respectively, tion box is suff!mently Iarge. The Co _clu_sters msga values
approximating the clusters by spheres and employing thdiffer and the divergence increases with increasing tempera-
bulk Co density. f[ure. The temperature d(_apendenc_e for the ;289—atoms cluster

At the lower size end, we assume an asympteticvalue is less pronounced, which explains the higher Debye tem-

of 211 K, which is the one calculated for a single substitu-

2. Simulation results

able |), taking into account that the present value discounts

tional Co atom, while at the higher end we take the bulk Co o o1
value of 395 K. We approximate this functional dependence = )
by anad hocsigmoidal relationship, of the following form: 2 0.08 °
= v [ o)
® g -
D min™ Y max < 0.06f o @
— - =
@ ®max+ 1+e(d*d0)/w' (10) _§ o °
-'§ 0.04} o "
where® ., and 0 ,,;, are 395 and 211 K, respectively, and @ ﬁ
whered, andw are fitted as 3.6 and 0.68 nm, respectively. g 0.02 s
From this tentative relationship, we estimate values ranging Z b
from 2.7 to 4.9 nm for the mean diameter of the clusters & 00 100 200 300 400 500 600 706 800

belonging to the lower part of the bimodal size distribution Temperature (K)
(i.e., the fraction Clust- SPM).

This is displayed in Fig. 7, while the extracteldvalues FIG. 8. Mean-squared thermal vibration amplitude averaged
are reproduced in the third row of Table Il. The lower valueover all the atoms in the Co clusteiisiack symbolsand in the Ag
of 2.7 nm seems to fit rather well in the cluster growth trend,matrix (open symbols Circles: Cqqs results, squares: Gsyg re-
which we extracted directly from Msbauer spectroscopy sults.
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FIG. 9. Mean-squared thermal vibration amplitudd &300 K
estimated layer by layer from the center of the cluster. The layers
are self-similar to the cluster surface and the dotted line representﬁ . H h lati b f ib
the interface position between the cluster and the ma@xCoygs _custer size. Hence, the re atlye number o atoms fJOI’]trI ut-
results,(b) COypge results. ing large values to the msqa is a decreasing function of the

cluster size. Second, when the clusters are small, the inter-
perature. The remaining question is now to try to identify thef@C€ enhancement effect of the msqa extends to the core and
physical reasons for this divergence. in the core it is larger than otherwise. This effect decreases

In order to answer this question, the msga is analyzed ncﬁ’ith increasing cluster size and decreasing temperature. This
only as a function of temperature, but also as a function of> attested by the plateau ‘_’a'“? close to the center observed
the distance from the cluster center. Therefore, the msga fQI the _1289-atoms.clu|stgr In E'g(m' which doles not tak:a
evaluated layer by layer, whereby each layer is self-similar t®|2C€ in Fig. @) displaying the 405-atoms cluster results.
the cluster surface. The resultsTat 300 K are compared in T_h|3 pIateau_ dlsappe_ars at h|gh_er temperatures, as shown in
Fig. 9 for the 405- and the 1289-atoms clusters. A vertical':'g'_lqb)' Fmally_, it is worthwhile to notice that th".; con-
line references the Co-Ag interface. In both cases, there is gusmn is drawn in the case of compact clusters with sharp
strong enhancement of the msga at the interface for both Co
and Ag. The discontinuity at the interface in the msqa is a

FIG. 10. Same as Fig. 9 at a temperatlire700 K.

)

function of the distance from the center of the cluster and is = 01
due to the difference in the force constants for Co and Ag. It 3 012
is striking that the msqga of both interfacial Co and Ag are 2 oal
similar, though not identical, for the 405- and the 1289- g
atoms cluster. It is only weakly cluster size dependent. This § 0-08¢ 1
may be related to the fact that dislocations rather than dis- £ o0.06f
tortions accommodate the lattice mismatch at the interface of = 0.045
the largest clusters. In such a way, the interface relaxation §
can be similar in both cases. This result is confirmed at the g 0.02;
highest temperature considered, as attested by the Fig. 10, § 0 e
= 0 100 200 300 400 500 600 700 800

which is the same as Fig. 9 but for a temperature of 700 K.
The same conclusion is found at all temperatures investi- Temperature (K)

gated. This interfacial enhancement is typical of all solid £ 11, Mean-squared thermal vibration amplitude in distinct
systems where atomic scale relaxation occurs at the inteleas as a function of the temperature. Black squares: in the center

face. It is found however in Fig. 11 that the msqa at thepf the Cq.g,; black circles: in the center of the Gg cluster; black
center of the cluster is size dependent at high temperatureyriangles: Co at the Gggy/Ag interface; black diamonds: Co at the

With these elements, it is possible to single out two reaag/Co,, interface; open diamonds: Ag at the Ag/Gg interface;
sons why the mean Debye temperature is size dependemipen triangles: Ag at the Ag/Gg interface. The solid lines are
First, the surface to volume ratio decreases with increasinglotted to guide the eye.
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interfaces. Such sharp interfaces are realistic in the case &f confirmed by MD, as well as the enhancement of the ther-
nonmiscible systems and the model is consistent with thenal vibration amplitude at the interface of the precipitates.

HRTEM results in Ref. 10. This consistency between Msbauer spectroscopy and MD
allowed us to use MD for a better understanding of the de-
V. CONCLUSION tails of the vibrational properties and it was found that the

) ) ) . thermal msqa increases from the center of the cluster towards

The present paper is an illustration of Babauer spec- the interface. There a discontinuity takes place, related to the
troscopy and molecular-dynamics bridging, in an efficientyifferent elastic properties of Ag and Co.
way, of the atomic and the microscopic scales, and the du- Beyond the short term atomic scale information gathered
ration of a thermal vibration to that of the growth of a pre- yith MD, the detail of the Mssbauer spectra allowed us not
cipitate. We could demonstrate that the results of both @Ponly to identify the size dependence of the magnetic proper-
proaches are complementary to a large extent. The fact thgks of the Co precipitates, but also to gather insight in the
Co and Ag are not miscible precludes the Co-Ag interactionemperature activated growth mechanism of Co clusters. Evi-
to be modeled on equilibrium macroscopic alloy propertiesgence is found for the generation of a bimodal cluster size
An alternative could be to fit a classical model al initio distribution, with the larger sizes being promoted by an in-
predictions for nonequilibrium systems. In the present casgrease in annealing temperature, the growth occurring via
however, atomic scale experimental data are made availabl@omic Co diffusion, suggesting an Ostwald ripening mecha-
by HTREM and EXAFS measurements, which allow an asjgm.
sessment of the equilibrium model in its static properties. \we found no evidence in this paper for a coupling be-
This is however not sufficient for molecular dynamics andyyeen the magnetic and the structural properties of the clus-
Mossbauer spectroscopy was necessary to assess the dynaggj- although it cannot be excluded. To our knowledge, no
cal modeling of substitutional Co. Then, MD could be Usedtheory(both classic andb initio) on which MD models are
to provide insight in the detailed atomic configuration deDe”'grounded nowadays account for such a coupling, leaving,

dence on the size of the Co precipitate and on the tempergyssibly, a challenging problem for the future.
ture of the system.

When the cluster is small enough, the relaxation, always
taken up for the major part by the Ag matrix, takes the form
of lattice distortions. These turn out to be unstable for the
larger cluster and shrink into a dislocation system. This work was supported by the PAI/IUAP Contract No.

The trend, observed by Msbauer spectroscopy, for the 4/10 and by a Flemish-Chinese bilateral collaboration,
mean cluster Debye temperature to increase with cluster siz€roject No. BIL/98/07.
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