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Spherical and monodisperse Co,Nijgo—x and Fe,[Co,Nijgo_x]1_, particles are synthezied by
the polyol process over a wide size range (lying from a few micrometers to a few tens of
nanometers). The whole physico-chemical characterizations, i.e. dark-field image by TEM,
SAED, density, saturation magnetization and chemical analysis, are consistent with a
“core-shell” model. In the Co,Niqgo_x system, the particles are constituted by a
ferromagnetic, almost pure and dense core surrounded by a thin coating composed of
metal oxides and metallo-organic phases. On the contrary, in the Fe[Co,Nijgo_x]1—, system,
the ferromagnetic core is polycrystalline, slightly porous and retains impurities in higher
content, the superficial layer having almost the same composition as in the Co-Ni system,
but being twice more thick. The microwave permeability of the Co,Niqgo_x and
Fe,[CoxNijgo_xl1—, particles, previously insulated by a superficial treatment and then
mechanically compacted, is investigated in the 100 MHz-18 GHz frequency range. Whatever
the composition, submicrometer-sized particles show several narrow resonance bands
which are interpreted as non uniform exchange resonance modes. Iron-based particles
have lower resonance frequencies than iron-free powders; they also have higher
permeability levels despite their lower cristallinity and their higher impurity content.

A mild thermal treatment allows to increase this permeability by eliminating the
metallo-organic impurities without modifying the morphology of the particles.

© 2000 Kluwer Academic Publishers

1. Introduction tribution may be the main goal as well as the syn-
The physico-chemical properties of well-defined finelythesis of alloyed particles with a definite composition
dispersed metals make them of interest for many novetither as crystals or amorphous phases. The physi-
uses in the technology of advanced materials [1] orcal properties of nanoscale ferromagnetic metal par-
as model materials for fundamental studies [2]. Thisticles are especially the object of intensive reseach
is especially true for ferromagnetic metals becausdoday.

magnetic properties are strongly dependent on parti- For these various purposes and regarding the desired
cle shape and size, elemental composition and suparticle size range, a very wide variety of methods are
face oxidation. Fine ferromagnetic particles are usedised including vapor deposition [6], electrodeposition
as advanced materials in various technical fields sucfi], solvated metallic atoms deposition [8], spray py-
as magnetic recording media, ferrofluids [3], magnetigolysis [9], sonochemical synthesis [10], decomposi-
inks, sensors [4], powder metallurgy [5]. Regardingtion of organometallic precursors [11], reduction from
the application, the synthesis of particles with a def-homogeneous solutions [12, 13] and in microemulsions
inite shape, a tailor-made size and a narrow size disfl4, 15].
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Among the latter chemical methods, the polyol pro-eratein situ numerous tiny metal particles which then
cess [16, 17], in which the liquid polyol acts both asacted as suitable sites for the further growth of the fer-
a solvent of the metallic precursors and as a mild reromagnetic metals.
ducing medium, is a suitable route for the synthesis According to these guide lines, the detailed ex-
of ferromagnetic metal particles with a quasi spheri-perimental procedure was as follows. ;800
cal shape and a narrow size distribution. Moreover thiand Fg[CoxNi1go_x]1_- powders were prepared from
method allows an accurate and reproducible control o€obalt(ll) and nickel(ll) acetate tetrahydrates and
the mean diameter of the particles in a broad size rangeon(ll) chloride tetrahydrate (Prolabo) dissolved with
lying from a few tens nanometers to a few micrometerssodium hydroxide (Prolabo) in 3.5/ of 1,2-propanediol
The polyol process allows as well to make polymetallic(Merck). The metal concentration [Ed + [Co*] +
particles where two or three of the ferromagnetic met{Ni%*] was fixed to 0.1 mol1%, the sodium hydroxide
als (Fe, Co, Ni) are associated in various proportionsconcentration being 0.25 mot!and 1 molt* for CoNi
Such fine particles dispersed in an insulating matrixand FeCoNi powders respectively. Heterogeneous nu-
with a volume concentration lower than the percolationcleation was achieved by adding a small amount (max-
one are particularly suitable to make composite magimum volume 15 ml) of a solution of #PtCl, (Strem
netic materials (also called granular materials) showChemicals) or AQN@(Prolabo) dissolved in a mixture
ing absorbing properties in the microwave range. Theiof 1,2-ethanediol and dihydroxydiethylether (1/1 vol.).
remarkable well-defined morphological characteristicsThe solution containing all the rectants and the nucle-
have allowed us lately to evidence the main role of theating agent was slowly heated up to the boiling point
size of the magnetic particles upon the microwave perunder mechanical stirring at 250 RPM and then main-
meability and consequently upon the absorbing proptained at this temperature during ca. 2 hours. Water and
erties of the composite material made up with thesevolatile organic products generated by the overall reac-
particles [18-21]. tion were distilled off while the polyol was refluxed, the

Moreover by varying the composition, one can ex-distillate being typically 10% of the total volume. After
pect to get particles with different magnetic proper-cooling, the precipitated metallic powder was separated
ties, not only due to the influence of elemental com-from the liquid by decantation and then centrifugation,
position upon saturation magnetization, but also duesonicated and washed several times with ethanol, water
to the influence of the crystalline structure and of theand acetone and finally dried under argon &&0
surface oxidation upon volume and surface magne- In order to investigate their dynamic electromagnetic
tocrystalline anisotropies respectively. The scope oproperties (permittivitys(w) and permeabilityu(w)),
the present study is to investigate on metal particleshe metal particles have to be electrically insulated. This
with well-defined morphological, textural and struc- can be done by coating the particles with a few nanome-
tural characteristics, the influence of these factors upoter thick oxide layer formed by a superficial oxidation
the microwave properties of these particles beyond th§2] or by a chemical treatment [1, 23, 24]. In our case,
main influence of their size which has been reportedhe coating of the metal particles with a thin dielec-
recently. Such a study would allow to optimize the ab-tric manganese oxide layer was achieved according to
sorbing properties of granular materials made up witiKoconet al. [25] by a soft chemical treatment in solu-
such magnetic inclusions. tion: 10 g of the metal powder were dispersed and soni-

cated at room temperature under mechanical stirring in
500 ml of a 0.25 M aqueous solution of potassium per-

2. Experimental _ ) manganate (Carlo Erba); 15 ml of a 0.5 M solution of ni-
2.1. Particles synthesis and composite tric acid were admixed to the suspension. Twenty min-
material preparation utes later, the powder was recovered by centrifugation,

According to the polyol process, (Miiox and  \ashedand sonicated several times with water and ace-
Fe;[CoxNizoo-x]1-- fine particles have been synthe- tone and finally dried in air for several hours at"€d
sized by precipitation from metallic salts dissolved inThen these insulated particles were compacted me-
polyols. Sodium hydroxide was added in excess in ordeghanically. The main advantage of this method s to pro-
to favor the formation of solid intermediate phases suckjige a composite having a high volume concentration of
as polymetallic hydroxides or/and alkoxyde hydroxidemagnetic inclusions without any electric percolation. It
acting as a reservoir for the metal solvated species prigias heen shown [18] that a thermal treatment allows to
t_helr re<_juct|on into mt_etal. Such a control of the metal'increase the imaginary part of the magnetic permeabil-
lic species concentrations allows to make monodlsperS@}, of the powders and therefore allows to improve the
metal particles through a control of the growth step ofcharacteristics of the compacted composite material.
these particles [16-19]. Upon heating botf@ad NI' * These thermal treatments of the insulated particles were
were quantitatively reduced by the polyolitself whereasconducted in a rotating furnace under an argon flow

Fe was generated by disproportionation df FEneac- (30| h~1) with a low heating rate (0.5 to 4C min-1)
curate and reproducible control of the mean diameter ond two plateaus at 12 (2 h) and 350C (20 h).

the particles can be achieved in the submicrometer and

the nanometer size range as well, by heterogeneous nu-

cleation for both C@Niigo_x and Fe[CoyxNiigo_x]1-2 2.2. Powders characterization

systems. Cations of noble metals being easily reduced@he morphological characteristics of the particles were
by polyols, the seeding of the reaction medium wasdetermined by scanning electron microscopy (SEM,
achieved by using a noble metal salt in order to genieica Stereoscan 440) and by transmission electron
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microscopy (TEM), using either a Philips CM12 or iron-based particles (typicall$= 0.99) whereas it is

a Jeol CXIl apparatus. The mean diameth)( and  slightly larger for CoNi particles§= 0.80). Chain-like
standard deviatioro() of the size distribution were es- arrangements are often observed by TEM with the finest
timated from image analysis of ca. 200 particles (Mi-powders due to dipolar interactions between neighbor-
crovision software). The sphericit$ of each particle ing particles. An accurate and reproducible control of
was calculated as followS= 47AP~? with Athearea the mean diametet;,, can be achieved through hetero-
of the 2D image of the particle arfél its perimeter. geneous nucleation [19-21]. Hendkg, is varied from

Phase analysis was performed by X-ray diffractiona few micrometers (through spontaneous nucleation) to
(XRD) using a D-500 Siemens X-ray powder diffrac- 25 nm (heterogeneous nucleation by seeding with Pt).
tometer (Co K radiation) = 1.789,5\). The lattice pa- Whatever the composition or the mean particle size, the
rameter of the cubic solid solutions was inferred bystandard deviation of the size distribution is system-
extrapolation against (c68/ sind) [26], the diffrac-  atically lower than 15%l,,, and even lower than 10%
tometer being calibrated with a highly crystalline sil- dm for Fe;[CoxNiigo-x]1-2 powders. In every cases the
icon powder as an external standard. The respectiveistogram appears symmetrical. These powders can be
contribution of crystallite size and microstrains to line considered as monodisperse systems except for the par-
broadening was inferred from the half-maximum width ticular composition F&o,q0-, for which the samples
of at least four lines using the Williamson and Hall always appear as agglomerated particles with an irreg-
method [27]. ular shape.

Chemical analysis was performed by X-ray fluores- Furthermore, it must be stressed that the morpholog-
cence (XRF) using a Siemens SRS 303 apparatus d¢al characteristics of the powders are retained after the
by Inductive Coupled Plasma-Atomic Emission Spec-coating of the particles with an insulating manganese
troscopy (ICP-AES). Local analysis on dispersed paroxide layer and after the subsequent annealing treat-
ticles was performed by energy dispersive X-ray specment as exemplified in Fig. 3. The coating oxide layer
troscopy (EDS) with a nanoprobe associated with eappears thick enough (about 10 nm) to prevent sinter-
scanning transmission electron microscope (STEM)ing during the thermal treatment provided this treat-
Organic impurities contents (C, O and H) were inferredment is conducted under suitable conditions namely
from the gas evolved during the thermal treatment ofin a rotating furnace, under a neutral atmosphere, at
the samples in an induction oven, these contents bea low temperature and a low heating rate (see experi-
ing determined using infrared spectroscopy analyzergiental section). The oxide layer remains homogeneous
working at fixed wavelengths (Leco CS 244, Leco TCand adherent after annealing. Wherdasemains con-
436) or a thermal conductivity cell (Leco RH 404).  stant upon annealing for Co-Ni particles, it slightly

Real density was determined by helium pycnome-decreases for iron-based particles. For instance for a
try (Micromeritics Accupyc 1330). Thermogravimetry Fey13[CosoNiso]os7 composition,dn decreases from
Analysis, TGA, (Setaram TG92) and Temperature Pro215 nm to 200 nm, whereas the standard deviation
grammed Desorption (TPD) coupled with a mass speckemains equal to 20 nm and the sphericity equal to 0.99
trometer (MS) sometimes associated with a Gas Phad#&ig. 3a and b).

Chromatograph (GPC) were conducted under an argon
(TGA) or an helium flow (TPD) with a 10C min—! ] )
heating rate. 3.2. Chemical analysis

Saturation magnetization was obtained from room3'2' 1. Mefals . i
temperature hysteresis loop measurements using a hyshe chemical analysis of Gblispo-x and Fe[Cox
teresysmeter (SIIS M2000) whereas evolution of magNi100-x]1-z powders showed that for the former the
netization with temperature was followed with a mag- C0/Ni molar ratio was very close to the ratio of the cor-
netic balance (Manics DSM). In order to investigatereSpO”d'ng cations in the starting solutlon,where_zas for
their microwave properties, the insulated particles werdl€ latter the Fe/M molar ratio (M Co, Ni) was sig-
mechanically compacted in a brass coaxial ceh) nlflcan_tly Iovyer. Thls resullt c.onflrms thaf[ the ylelc_i of
and(w) were measured on this composite material i formation of ironis indeed limited by the disproportion-

the 100 MHz-18 GHz frequency range with a APC7 ation of F¢, Fd' being retained in solution. ¢cand
coaxial line associated with a HP 8510 network anaNi® are on the contrary quantitatively reduced. Hence

lyzer. As detailed elsewhere [21], the intrinsic particle POlymetallic powders can be synthesized watland
permeability, .1, was calculated from these measure-X Varying in the range 0-0.25 and 0-100 respectively.

ments, the metal volume concentration being inferredt must be stressed than ions of electropositive metals,

from density and saturation magnetization measuref@mely N, are retained in solution, the correspond-

ing metal content in the final powder being very low

ments. whatever its content in the starting material.

The metal ratio measured by EDS by analyzing sev-
3. Powder characteristics eral particles was quite identical to the global compo-
3.1. Morphological characteristics sition measured by XRF or ICP-AES. Then, a good in-

CoxNi1go_x and Fg[CoxNi1go_x]1-z powders obtained terparticular homogeneity in composition is ascertained
by precipitation in polyols are made up of quasi-for both CqNiigo_x and Fg[CoyxNiigo_x]1-z powders.
spherical and non-agglomerated particles with a very Except for FeCo1o_, powders whose particles are
narrow size distribution (Figs 1 and 2). The devia-made up of an iron core surrounded by cobalt [17],
tion from an ideal spherical shape is very small forno segregation of the different metals was observed by

3769



0.1575 0.1875 0.2175 0.2475 02775 0.3075 0.3375
Mean diameter (pm)
(b)

Figure 1 (a) SEM image of Fg13[CogoNizg]o.87 particles ¢ = 205 nm,o = 25 nm) and (b) histogram of size distribution.

EDS analysis in the distribution maps of the elementsas well when the probe is located at the center of the
Nevertheless, as exemplified in Table |, a concentraparticle. Nevertheless, the significant and reproducible
tion gradient for Ni and Co could be shown for both changes in composition observed on single particles
CoxNiioo_x and Fg[CoxNiigo_x]1_z powders by fix-  versus the probe position allows to draw a qualitative
ing the nanoprobe (ca.10 nm of diameter for the high-conclusion: the core of the particles is always richer
est magnification) at the core and at the edge on am Co and poorer in Ni than the edge, for both CoNi

isolated particle. Such an analysis which is used usuand FeCoNi systems whatever the chemical composi-
ally on flat surfaces, does not provide the exact metalion and the mean size of the particles. In contrast, Fe
composition of the core of a spherical particle. Indeedappears to be rather homogeneously distributed within
the analyzed volume includes the core and the surfaceach particle. Moreover, it must be pointed out that the
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(b)

Figure 3 TEM image of F@ 13[Cos0Nisg]o.87 particles prepared by the polyol process by heterogeneous nucleation (Pt): (a) after superficial treatment
(dm =215 nm;o =20 nm); (b) after superficial treatment and annealing under adipa-00 nm;o =20 nm).

TABLE | Relative composition (at. %) measured by microanalysis it may supposed that these impurities are mainly lo-
with a broad nanoprobe (global analysis) or a fixed nanoprobe (punctuatated at the surface of the particles. This point will be

analysis on the edge or on the center of a particle) discussed in detail in the next paragraph.
Fe Co Ni Co/Ni Carbon and oxygen can originate from the presence
(at. %) (at. %) (at. %) of organic adsorbed species (either polyol or degrada-
tion products) or from a metallo-organic phase such as
Area of several particles 14 42 44 095 metal alkoxyde hydroxide observed as an intermediate
o _ 12 4 43 0-95 phase. Moreover, oxygen can also originate from in-
Single isolated particle “center” 1516 5047 3537 . 1'327 organic phases such as unreacted hydroxides, oxides
o e ' due to the disproportionation of iron or to a super-
Single isolated particle “edge 0w et 0Bt ficial oxidation of the finely divided metal particles.

Such assumptions are supported by TGA. Total weight
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TABLE Il Oxygen and carbon contents of Mijpo-x and F@ 13[CoxNiigo-x]o.s7 powders against chemical composition for samples with a
similar mean particle size

Composition x 100 80 65 50 35 20 0
Orm (em) 0.26 0.22 0.22 0.24 0.22 0.24 0.22
CoxNi(100-x) O (wt. %) 1.7 1.4 1.2 1.1 1 0.78 1.2
C (wt. %) 0.68 0.54 0.48 0.36 0.29 0.27 0.38
Fen.13[CoxNi(100-x)]087 m (um) 0.22 0.22 0.24 0.22 0.22
O (Wt. %) 4.4 3.9 3.9 4.4 3.3
C (wt. %) 1.2 1.2 1.6 1.6 3
0 1 : . , ~ water are the main gaseous compounds evolved during
this second step. Furthermore, this latter step coincides
with a sudden increase of the saturation magnetization.
a . .
o Thus this second step can be considered as the thermal
2 EON —_—— decomposition of the organic moiety of the impurities,
@ the metallo-organic phases yielding ferromagnetic met-
1 als which increases the saturation magnetization. This
< (e) interpretation is supported by the fact that the alkox-
s -4 ide hydroxide which can be isolated as an intermediary
phase during the synthesis of the metal powders, under-
goes decomposition under argon in the same tempera-

ture range with formation of metals, carbon dioxide and

6 water. The second moiety of the impurities is formed by

\ oxides which are still present at the end of the thermal

R eSO B 1) I treatment under argon at 100G since the O content
is still a few wt.-% whereas C and H contents are very
-8 low.

0 200 400 600 800 1000 The chemical analysis of the as-made powders has
Temperature (°C) been completed by measurements after the coating of

the particles with an insulating manganese oxide layer
Figure 4 TGA curves under argon of GeNizo powders for different  and after the subsequent annealing treatment (Table l1).
mean diameter: (& =240 nm; (D)dm =200 nM; (C)dm = 14515 A g aypacted, the O content is enhanced by the insu-
d) dm =80 nm; (e)dm =70 nm; (f)dm =25 nm. . ! .
@ nm () nm; (0 nm lating treatment whereas the C content remains un-
changed. After the subsequent annealing treatment con-

losses are consistent with the impurities levels inferreglucted under argon at 353G the C content becomes as
from the analysis of the gas evolved during the therlow as 0.1-0.4 wt.-% for EgCoxNiigo-x]1-z Samples
mal treatment of the samples. As exemplified in Fig. 4and even lower than 0.15 wt.-% for (i100-x ONes,

for CogoNizo samples of different particle size, the to- whereas the O content falls in the range 2-3 wt.-% and
tal weight loss increases as the particle size decrease®-4.5 Wt.-% for C@Niigo-x and F@[CoxNiioo-x]1-2
TGA curves show also that the thermal decompositiorPowders respectively. It appears that a mild thermal
of the impurities occurs in two steps. First the minor onetreatment conducted at 38D is able to remove the
takes place at low temperature (aboutXDpand corre-  0rganic impurities. At such a temperature the remain-
sponds mainly to the removal of adsorbed water, seconiiig oxide layer of the as-prepared particles is not thick
the major one always occurs at the same temperatu@ough to preventtheir sintering whereas itis avoided if
(about 280C) whatever particles size and metal com-the particles are coated with the insulating manganese
position. A qualitative and quantitative analysis by TPDOxide layer. It may also be pointed out that this insulat-
and GPC shows that carbon dioxide and in a less exteriig manganese oxide layer allows to decrease markedly

TABLE 11l Oxygen and carbon contents of Mi1oo-x and F@ 13[CoxNi1oo-x]o.87 powders for different compositions: (a) as-made powders; (b)
superficially treated powders; (c) superficially treated and annealed powders

@ (b) (©)

Composition O (wt. %) C (wt. %) O (wt. %) C (wt. %) O (wt. %) C (wt. %)
CoyoNigg 0.88 0.27 3.8 0.31 2.3 0.05
CozsNigs 1.0 0.36 3.8 0.40 2.1 0.07
CosoNisg 1.1 0.36 4.1 0.36 2.6 0.08
CossNiszs 1.2 0.48 4.7 0.54 2.3 0.13
F%_13[C020Ni80]0_87 4.4 1.6 7.3 15 4 0.34

Fep 13[CozsNigs]o.s7 8.4 1.4 3.7 0.15
Fep.13[CosoNiso]o.87 8.2 1.7 11.6 43

Fep.13[CogoNi20]o.87 3.5 1.5 6 1.4 3.2 0.25
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Figure 5 C, O and H contents (wt. %) vs. the reciprocal of the particles

Figure 6 Real densit of CopyoNigg, CosoNisg, CogoNizp and
mean radiuR for a given composition (GNizo). 9 yp O20NIgo, *~soltls0, G020

Fep.13[CosoNisplo.s7 powders vs. the reciprocal of particles mean ra-

diusR.
the oxidation rate of the metal particles under an oxida-
tive atmosphere at 40(C. 160 ‘
o+ CoBONi20
3.3. Observation of a “core-shell” texture 2223%'[%%5%50]0.87
As it has been said, non metallic impurities contents 135 \’\}.'\. 4 Co20Ni80 §
increase steadily when the mean particle size decreas \
for a given composition for both Co-Ni and Fe-Co-Ni ~ ¢ \’\
systems. Moreover, if experimental C, O and H con-‘g’ \
tents are plotted against the reciprocal of the mean rz £ 110 | - (
dius of the particles inferred from image analysis, a = '--?qz?‘ﬂn\\§
linear relationship is obtained with a very good coeffi- 2 1 kil s\‘ﬂ\\\\
cient of linear regression as exemplified forgghiogin ¥ el - T~
F|g 5 85 I
A similar linear relationship is observed with den-
sity measurements conducted by helium pycnometr [T e |,
(Fig. 6) and with saturation magnetization inferred from Tl
hysteresis loop measurements (Fig. 7) for each compc 60 ; : B "‘-;.\_ .
sition in both C@Niigo_x and F@_lg[CO?(Ni]_oo_x]()B? . 0 0.02 0.04 0.06 0.08
systems. A steady decrease of saturation magnetizatic R (o)

of ferromagnetic particles against their size have bee:

often reported in the literature [28-31] and eXpIainedFigure 7 Saturation magnetizationMs of CooNigo, CosoNisp,

by the presence of a thin metal oxide layer whose vol-CogNisg and Fe 13[CosgNiso]os7 powders vs. the reciprocal of par-

ume fraction increases as the particles radius decreasésles mean radiug.

Nevertheless, for the finest particles the significant dis-

crepancy between experimental results and theoretical

calculations has been noticed and related to spin pinPhases as inferred from chemical analysis, is obviously

ning or canting [32, 33]. less dense and has a lower magnetization than the core.
The linear re|ati0nships of impurities contents, den_Then, the increase of the overall impurities contents,

sity and saturation magnetization against particle sizéhe decrease of the density and of the saturation mag-

observed in the present study are also explained by @etization with decreasing partiCIe size is eXplamEd by

core-shell model. It is assumed that all the particleghe increase of the relative volume fraction of this layer

of a given sample are spherical, with the same radiugssuming that its thickness is constant. From these hy-

(reasonable hypotheses owing to the measured spherigotheses the following equations can be written:

ity and the narrowness of the size distribution) and are

made up of a core which is mainly (batpriori not oMy = TcMe + 1M (1a)

exclusively) constituted by ferromagnetic metals and

a thin coating layer of impurities. This coating layer PpVp = peVe + Vi (1b)

which is made up by the metallo-organic and oxide Mspmp = Mgcme + Mgimy (1c)
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TABLE IV Densityp, saturation magnetizatids, impurity (carbon and oxygen) contendf the core of particles of different compositions; the
experimental values are inferred from Equation 2a—c and compared with bulk data

Pc Pbulk Pc/Pbqu Msc Msbulk Msc/Msbulk Tc,carbon Tc,oxygen
(gem?) (gem?) (emug?) (emug?) (wt. %) (wt. %)
CoyoNisgo 8.81 8.90 0.99 76.7 77.7 0.99 0.06 0
CosoNisp 8.67 8.90 0.97 109.2 1115 0.98 0.21 0.20
CogoNizo 8.40 8.90 0.94 138.1 141.7 0.98 0.42 0.62
Fep.13[CosoNis0]0.87 7.39 >8.5 <0.87 107 125 0.85%
FQ)_13[C080Ni20]0_87 7.36 >8.5 <0.87

3pulk value is not available in the literature, it has been calculated on the assumption that the saturation magnetization linearly dependgemi.iron con

wheret, m, p, V, Mg are elemental impurity content TABLE V Densityp and thicknese of the layer of the particles for
(Wt.-%) for instance C content, mass density vol-different compositions; the values are inferred from Equation 2b and ¢
ume and saturation magnetization respectively, the sub-

. ) . p1(gem) e(nm)
scripts p, ¢ and 1 being related to the whole particle, the
core and the impurity layer respectively. Then, by in-CozoNigo 4.0 26
troducingR the particle radiugthe layer thickness, by  CosoNiso 3.7 18
assuming thae < R and thatM; = 0' the following~ %Nz 4.2 1.6
equations are inferred after simplification by limited "®13[CosoNisolos7 33 32
development:
Tp=Tc+ 3eﬂ(r| —)R? (2a)  for Fep13[CosoNis]o.s7 (Table IV) the core saturation
Pc magnetization can be estimated to 85% of the bulk one.
pp = pe — 3e(pe — p)R™ (2b)  These characteristics are explained by the presence as
impurities of non-metallic phases within the core of
Msp = Mgc — 3e Msc%R_l (2c) iron-based particles and by a certain porosity of this
C

core. Gangopadhyast al.[34] have inferred the satu-

. . . ration magnetization of the core of iron nanoparticles
These equations inferred from this textural model aCahorated by an evaporation-deposition technique and
count for the above-mentioned experimental linear re¢qateq by a thin oxide layer. They found a saturation

thagnetization (220 emud) which is identical to the
ted vs. R'1. Moreover, it is shown in Equation 2a—c bullgone. ( 9

that the impurity content, the density and the satura- Moreover, for a given samples
tion magnetization of the core can be inferred from the, ,o.vn the thicknessand the densit
intercept of the different lines with the ordinate. The '
different values obtained for different compositions in
both CqNiygo-x and Fg13[CoxNiigo-x]o.s7 Systems
are given in Table IV.

For Ca(Ni1go_x powders, the core density which de-

and Mg being

w1 of the coating
non-metallic layer are inferred from the slopes of the
lines of Figs 6 and 7 according to Equation 2b and ¢
(Table V). Thus, the calculated density of the impurity
layer varies slightly arowh4 g cnm 3 with metal compo-
sition for Ca(Niypo_x particles. This value is markedly
Oflwer than those expected for pure nickel or cobalt ox-
ides [35] (onio =6.72 g cnT3, pcoo=6.44 g cnT3,
cozosa= 6.11 g cnT3). That can not be due to an open
orosity since such a porosity is not taken into ac-
count by helium pycnometry measurements. This value
is consistent with a coating layer formed by a mix-
ture of metal oxides and less dense organic or metallo-
organic phases as inferred from the above-mentioned
chemical analysis results. The thickness of this layer
is about 2 nm in the GdNijgo_x System and is con-
sistent with the starting assumptierg R. This layer

the bulk one, the lower value obtained for ggidiog
being only 6% lower than the bulk one. Whatever the
metal composition in this system, the core saturatiorﬁ
magnetization is also very close to bulk value (more
than 98%). The core impurities contents which re-
main very weak for all compositions in the @¥di100_x
system, continuously decreases with Ni content till
CoyoNigp composition for which the impurities levels
are close to 0. These variations of the impurity level
can be related with the slight variation of the density
with composition. All these characteristics of the CoNi 5 yvice more thick for Fg1s[CosoNisglosr than for
powders are con5|stent.W|th an alm_ostnon-porous COTB o Niso particles (Table V). This thicker impurity
formed by ferromagnetic metals with a low content of 5y e ang the occurrence of non-metallic impurities in

nog—m(;talllc phase. o CouNi the metal core account both for the higher overall impu-
n L e contrgry, In the 59‘3_[f_ Ox ;10‘|H]0-87 r?ys— o rilies contents and the higher deviation from bulk values
Lerlrl‘(’dt € core enﬁAty i%;'gr&'camy ower t anl_]'f_ €of the density and of the saturation magnetization for
ulk datum (more than 15%). Moreover, as exemplified;,n_pased particles with respect to Bbh1o0 x parti-
cles. Moreover, the value of the thickness layer is in
tfor iron-based particles the ferrimagnetic oxides maghemite and maggoogj agree_ment \_Nlt_h preymus determma’qons for iron
netite if present in the impurity layer are considered in too weak pro-part":le_S with a S|m|Iar' Size. T.hUS, the thickness Qf a
portion to contribute significantly to the magnetization. magnetite (or maghemite) coating on iron nanoparticles
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elaborated by Hadjipanayés$al.isranging from 1.2 nm ", \

to 2.2 nm, as inferred from the variation of saturation | onf gj 220,
magnetization against particles size [31]. Tametral. _1_02‘1/"1@&\ Co M0ep
[36] found that the oxide shell thickness of Fe particles | !
made by a gas evaporation method is about 1.2 nm |
using Mdssbauer spectroscopy. Shijoal. [37] esti- fg

mated the oxide shell thickness to be about 1.3 nm, thio 1 @E
experimental value being inferred from electron spec-§ | N\ = A
troscopy for chemical analysis (ESCA) measurementsa

by cleaning the surface of oxide coated Fe particles< | L CoN

by sputtering with argon atoms. In fact, in most stud- = J e N =

ies (essentially for nanoparticles elaborated by physi-&
caltechniques such as evaporation-deposition method= -
an oxide layer is deliberately produced by controlled
exposure to air in order to passivate the surface of
the particles and hence prevent the pyrophoricity phe-

1 N 220f,c,c,
nomenon. For our as-prepared-powders, the impurity J /k [’E A
layer appears in most cases thick enough to avoid thi: ‘ ‘ 8‘0 ‘

200{0 c.

pyrophoricity phenomenon and hence it is not essentia 40 60 o 100
to slightly oxidize the metal powders in a controlled 20 degrees (Co Ka radiation)
way prior to recover them in an air atmosphere after @
drying. However, the pyrophoricity occurs for the finest v
powders @, <25 nm) due to their very high specific foe
surface area4s > 40 n? g~1). -
f.c.c.
$00,.. [FesCogr|  110ncn
3.4. Phase analysis and texture of the 7 | e N
metallic core of the particles 5
3.4.1. Phase analysis 2
Whatever the composition and the particle diameter, in=
both CqNiipo-x and Fe@.13[CoxNiioo-x]o.s7 Systems, < Feo.13[C°esNi35]£|
crystalline metallic phases presentinthe core ofthe parz | \\‘ Fa\ I
ticles are the only phases detected by XRD (Fig. 8a an(§ :
b). The metallo-organic phases and the oxide phaseE .
present in the coating layer (and in some extent in ) \QEGO-“[C%N@
the core of iron-based powders) are never evidencer | — T
due to their low relative amount and/or their low crys- ] 200, -
- 2 fcc. Fe sNigy 220¢c..
tallinity. The powder pattern depends on composition: N :g .
a face-centered cubic (fcc) phase is always observe ‘ ‘ ‘ ‘ "
either as a single phase or as the main phase in bot 40 60 80 100
CoxNiigo_x and Fe 13[CoxNigo-_x]o.g7 Systems, a sec- 26 degrees (Co Ko, radiation)
ond hexagonal close-packed (hcp) phase with weak (b)

and broad lines appears for a cobalt content 35
(Fig. 8a and b) and for BECoxNi1go_x]1—, powders a Figgr_e 8 XRD patterns (Co i radiation) gf povyders of different com-
third body-centered cubic (bcc) phase can be evidenceg?smons W!th an almost constant particle size: (a)xMi@oo—x; (b)
whenx > 80 (Fig. 8b). €.13[COxNi1go-x]os7-

In the CqNiigo_x System, the occurrence of a hcp
phase for high cobalt content is in qualitative agree-ear relationship brings evidence of the occurrence of a
ment with the phase equilibrium diagram [38], this hcpfcc solid solution over the whole composition range for
phase being expected for= 70 instead ok > 35. Fur-  CoxNiygo_x finely divided powders obtained through
thermore, the accurate determination of the lattice pathe polyol process at low temperature.
rameter of the fcc phase shows a linear dependence In the FgNiigo_; System a single fcc single phase is
against composition over the entire metal compositiorobserved over the whole available composition range
range (Fig. 9). Such a linear dependence which agregz < 20) with a linear dependence of the lattice param-
with Vegard'’s law has been previously reported for bulketer vs z. This linear relationship already observed for
alloys [39]. There is an increasing departure with in-bulk alloys [41] according to Vegard'’s law shows the
creasingx between our experimental straight line andexistence of a fcc solid solution in the 1007 SYs-
the theoretical line inferred from the lattice parameterdem as early evidenced for the Miigo_x System. In
[40] of bulk pure metallic Co or Ni fcc phases (Fig. 9). the FeCoi00-, System the three phases are quite similar
This can be tentatively explained by the occurrence ofo those of pure metals (bcc farFe and a mixture of
stacking faults whem increases; the resulting shift of hcp and fcc phases for cobalt). This observation is con-
the peaks leads to an apparent small variation of thsistent with the segregation of the two metals inferred
lattice parameter. Nevertheless, the experimental linfrom EDS measurements.
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3.545

TABLE VI Mean crystallite sizeD and microstrains coefficient
inferred from Williamson- Hall plot for Co-Ni and Fe-Co-Ni powders
Composition D (nm) n x 10
3.54
Ni 60 5
| ConoNigo 40 8.5
L CQ‘,oNi50 65 13
3.535 s ‘ CogoNizg 40 19
—_ Co 50 26
< 1 A .
Pt i FersNig7 15 21
FergNigz 12 20
3.53 na .
" . Fen.13[CosoNisolosr 15 15
" o Experimental Fep.13[CosoNiso]o.87° 30 10
‘@ » JCPDS Data
3sample annealed under argon at 3&0during 100 h.
3825 L7~
T by X-ray line analysis as well, can also be related to the
350 ; ; : : difference of porosity of the particle cores inferred from
0 25 50 75 j00 density measurements. It has been suggested elsewhere

[43] that these different textural characteristics can be
tentatively related to two distinct growth mechanisms.
Figure 9 Linear variation of the lattice parameter of the fcc phase in This growth may proceed either by a stepwise addition
the CaNi1oo-x System: (dashed line) experimental; (solid line) inferred of atoms (Co-Ni particles) or by coalescence of primary
from JCPDS data for bulk pure metals. particles which form secondary larger particles (iron-
based particles).
The difference in texture between (Miigo_x and

3.4.2. Texture _ _ Fe,[CoyNigo_x]1—- powders is smoothed away by an-
Inthe followmgs, as mthe previous section, texture CaMmealing. Whereas the coating of the particles by a di-
be defined according to Figlaezal.[42] asthe arrange-  glectric layer significantly decreases the density of the
ment of the domains of matter inside the particles and,q\wders (upa 1 g cnt?) for both systems, the sub-
namely the arrangement of the crystallites. The size o equent thermal treatment increases this density in a
the crystallites can be either estimated from direct obyifferent extent regarding the composition (Table VII).
servation through dark-field transmission microscopyThus, densities of as made Qi1go_x powders are
orinferred from X-ray line broadening analysis. quite the same as those of coated and annealed pow-

Dark-field TEM images show a significant difference gers despite the presence of a low density layer of man-
between CoNiioo-x and Fe[CoxNiioo-x]1-zparticles.  ganese oxide. On the contrary, for iron-based powders,
Each iron-based particles are made up of many crysme gverall relative increase in density is currently in the
tallites whose mean size is a few nanometers (Fig. 10?ange 15-20% except for Ni-rich compositions where
andb). This is consistent with the selected area electrof js smaller as exemplified in Table VII. Furthermore,
diffraction (SAED) pattern of anisolated particle where xrp Jines appear significantly narrower after anneal-
several continuous diffraction rings corresponding tOing only for iron-based powders; this is due to an in-

the fcc phase are observed (Fig. 10c) whereas a wegkease of the crystallite mean size and to a decrease of
ring corresponding to the minor hcp one is evidencedyicrostrains (Table VI).

only for Co rich compositions. In contrast, (Mi;00_x

particles are made up of a few bigger crystallites with a

more irregular shape (Fig. 11a and b). SAED pattern4. Magnetic dynamic properties

confirms this texture since the fcc phase appears witd-1. Results

spotty rings (Fig. 11c). The polyol method provided samples which allow
This difference in texture between (i« and 10 study the microwave properties of monodisperse

Fe,[CoyxNiioo_x]1_, particles is corroborated by X- submicrometer sized particles with the same spheri-

ray line broadening analysis of the lines of the fcccal shape and an almost equal mean diameter over a

phase. Mean crystallite sizes are always significantly

smaller for i.ron-based powders than for CO-Ni po.Wd?rSTABLE VIl Influence of coating and annealing upon the density

(Table VI_), in t_)o_th cases the mean crystall_lte SIZ€ IN-3¢ o6 Nizoo.x and Fe 15[CoxNiz00.]osr powders for different com-

ferred using Williamson-Hall plot being consistent with positions: (a) as-made powders; (b) superficially treated powders; (c)

the size of the crystallites observed on dark-field TEMsuperficially treated and annealed powders

image. The microstrains coefficients of Co-Ni samples » Y

increases steadily with cobalt content (Table V1). As pp (g o) p(g) @

expected annealing conducted under argon at°850 Composition dn(m) @ () (© (%)

increases the mean crystallite size whereas the micros=

X

trains coefficient decreases significantly as exemplifie@"zo'\‘!80 315 855 772 858 04

. ; 050Nisp 190 841 756 846 0.6

in Table VI for a Fg 13[CosoNisg]o.87 Sample. Feo43[ComNiad 025 214 657 776 87
; ; : H €.13[C020NIg0f0.87 . . . .
This difference in texture between @¥di1g0_x and Feo 15[CosoNisologr 205 706 600 826 17

Fe[CoxNiigo-x]1-z powders evidenced by TEM and
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(b)

(©

Figure 10 TEM (a) bright field and (b) dark-field micrographs, (c) SAED by an isolated particle fopasf@o20Nigg]o.s7 powder ¢y =75 nm,
o =7nm).
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©

Figure 11 TEM (a) bright field and (b) dark-field micrographs, (c) SAED by an isolated particle forsgNCs; powder ¢ =42 nm,oc =5 nm).
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Figure 13 Decomposition of the imaginary part of the intrinsic per-
meability of FeCoNi particles as a sum of profiles resulting from the
resolution of the Gilbert equation: (open squares) experimental values;
(dashed lines) band profiles; (solid line) sum of profiles.

Figure 12 Imaginary part of the intrinsic permeability of
Fep.13[CoxNiipo-x]os7 powders for different compositions with
an almost constant particle size: (apfgCo20Nigg]o.87, dm =225 nm;
(b) Fe&y.13[Cos0Niso]o.87, dm =205 nm; (c) Fg.13[CogoNiz0]0.87, dm =
215 nm; (d) FesCos7, polydisperse.
limit calculations the damping parameters of these up-
. . . . per modest, were kept equal for a given powder. They
ywde range of chemlcal composition. Previous stg_ol-are found almost constant for &8[CoxNi100_x]og7
ies [44] have established clearly that the permeability, ;o5 with a similar average diameter, for every
?k:;r?zgl(g-r::r%k(argsgrﬁlsezg\v/g?a? r@:;ﬁaﬂ?gggi%?ﬁezﬁmposition except for the cobalt rich composition for
0.1-18 GHz range. A similar effect is observed for ich they are found higher (Table VIlI).
iron-cobalt-nickel particles with a mean diameter in the
50-400 nm range (Fig. 12). For both {d&;90_x and
Fe[CoxNiigo_x]1-z Systems, the resonance modes ar
shifted toward high frequencies when the mean particl
size decreases.

Beyond the size effect, a deeper analysis allows t
evidence composition effects upon the microwave per

meability of submicrometer-sized FeCoNi particles. As

The microwave properties of f:&[CoxNiigo-_x]o.s7
and CgNiigg_x particles with a similar mean diameter
and a samg value have been compared (Fig. 14). It can
%e seen that an iron content as low as 13% by wt. modi-
fies significantly the permeability of the ferromagnetic

articles. Two effects can be noted: (i) the resonance

ands appear at lower frequencies for the iron-based
particles than for iron-free particles; (ii) the maxima
of permeability reached with the iron-based particles
3re always higher than that reached with the cobalt-
nickel particles (Table VIII). Nevertheless thevalues

- hen th bal . It '5f CoNi and FeCoNi samples having the same Co/Ni
cies when the cobalt content increases. It Is noteworfatio are found very close (Table VIII).

thy that the FesCoey particles have to be distinguished g the thermal treatments described above al-

from all the other compositions since thei/r permeabil-low to increase the permeability levels, the resonance
ity curve presents two broad bands angg,, valué g4 encies being only slightly modified (Fig. 15). This
much lower than that reached for any other CompoSiycrease o is quite limited between 15 and 20%
tion (Fig. 12). for CoNi particles. It can be much more important for

_ The permeability curve of samples showing & mul-goconj samples especially when they present a high
tiresonant behavior can be fitted quite well by a Summpurities level and a polycrystalline state
of profiles resulting from the resolution of the Gilbert '

equation (see Appendix) as exemplified in Fig. 13.

The reliability factor defined afR= ) ;[uexp(i) —  4.2. Discussion

eaici)]?/ Y i [texp(i)]? is found less than % 103,  The multiresonance observed with submicrometer-
These decompositions provide the resonance frequesized ferromagnetic particles was interpreted as non
ciesf; and the damping parametesswhich are related  uniform resonance modes resulting from the exchange
to the broadening of the resonance bands (Equatioanergy contribution to the magnetization precession
4a and b in Appendix). An accurate determination ofwithin the particles. Such a contribution is expected
these parameters can be done only for the four loweto be effective only for thin samples and the fre-
frequency resonance bands, the following ones beinquency of these modes depends on the sample geome-
too low in intensity. For a given powder the damping try. These exchange modes were extensively studied for
parameter of the first modeg is always found slightly  thin films both from a theoretical and an experimental
higher than the following ones (Table VIII). In order to point of view. In case of spherical particles a theoretical
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TABLE VIII

Main features of the intrinsic permeability of the Mdi100-x and F@ 13[CoxNiioo-x]o.s7 particles: damping parametars and

ay resulting from the profile fitting; agreement factor of the fitting definedRas 3 [1texpli) — tcaici)]2/ Y [iexp(i)]%; maximum level of the
imaginary part of the intrinsic permeability,.... value of the real part of the intrinsic permeability at 0.1 GHz

CoyNizpo-x particles

X 80 50 35 20 0
dm (NM) 220 250 210 250 220
o 0.52 0.43 0.38 0.36
o 0.25 0.25 0.25 0.275
R 15%x 1073 1.5x 1073 3.10°3 2.5x 1073
I ax 6.6 8.7 9.5 9 4.9
| (0.1GHz) 8.9 10.7 12.6 12.6 7.1
Fep.13[CoxNi1go-x]o.87 particles
X 80 50 35 20 0
dm (NM) 215 205 245 225 ~200
o 0.65 0.37 0.335 0.375
o 0.3 0.25 0.25 0.25
R 2x10°3 2x10°3 3x10°3 1.5%x 1073
W 7.2 10.4 12.0 12.9 14.4
& (0.1 GHz) 17.2 17.1 19.9 22.7
12 12
a a
------ b ~-----b
8 8
:1 :£
4 4
OO,’] —+— ::,,1 t 'HH'%O ——— -+ 0 R R R
: 100 0.1 1 10 100

Frequency (GHz) Frequency (GHz)

Figure 14 Influence of iron cqntent upon permeabilit)_/ for two powders Figure 15 Imaginary part of the intrinsic permeability of a Eiso
with an almost constant particles size: (ah E#CossNigslo.s7, dm = powder € =190 nm) (a) before and (b) after thermal treatment.
245 nm; (b) CasNigs, dm =225 nm.

expression of these modes was given by Aharoni [45]. The study of the particle size influence on the per-
For such a particle shape the frequencies of the exmeability allowed us to show that: (i) the first band fre-
change resonance modeg,, are expected to follow quency is poorly dependent on the particle size all over
the general formula: a large range [21]; (ii) the eigenvalugs, calculated
by Aharoni for the spherical geometry described quite
“ReM< well the frequency dispersion [20]. Thus itis possible to

S use the Aharoni theory as a guideline for the interpreta-
with C the exchange constant,the gyromagnetic ra- tion of the permeability of fine spherical particles. The
tio, R the particle radiusMs the saturation magneti- first band is mainly related to the magnetocrystalline
zation andf; the uniform resonance mode frequencyanisotropy of the particles. The following ones strongly
which depends on the magnetocrystalline anisotropy. Inlepend on the particle mean radius with @&aM; ra-
absence of surface anisotropy the eigenvajugsare tio as coefficient. The R dependence of these bands
constants and do not depend on the particle size. If a sufrequencies observed experimentally [20] can be ten-
face anisotropy is taken into account Aharoni showedatively explained, according to Aharoni, by a surface
than these eigenvalugg, become size dependent and anisotropy related to the core-shell texture described in
therefore the resonance frequencies dependence upthe first part of this paper. The overall shift of the reso-
R is expected to be significanlty modified [46]. nance bands toward high frequencies which is observed

Cug(R)

fin=v + f1 (3)
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when the Co contentincreases for bothBgg_x and  the most trivial is the volume concentration of the mag-
Fe[CoxNiigo-x]1-z Systemsis related to an increase of netic part in the composite. Thus, it is not surprising
the magnetocrystalline anisotropy as it is observed fothat the permeability levels increase after a thermal
CoNi bulk alloys when the Co content increases [38].treatment of the ferromagnetic particles since such a
Moreover the shift of the resonance bands toward lowreatment results in a decrease of the impurity contents.
frequencies for the FeCoNi particles respected to the To our knowledge, no theoretical expressions of the
CoNi particles with the same Co/Ni ratio has to be in-band intensity and broadening of non uniform modes
terpreted as the consequence of a lowering of the magre available for the moment for spherical particles.
netic anisotropy with the introduction of small amount Nevertheless, it is well known that whatever the dissi-
of iron in the lattice. pation mechanism, the magnetic losses (and thus the
If the resonance frequencies dependence upon siZetensity of the imaginary part of the dynamic perme-
and in some extent upon chemical compositions is novability) within the material are related to the static per-
quite well understood, the factors acting upon the permeability. Moreover, the permeability levels are also re-
meability levels and the band broadening have been ledated to the band broadening (Equation 6 in Appendix).
studied. The large variety of characteristics of the parti\We saw above that the introduction of small amounts
cles investigated in the present study makes possible@f iron in the particle composition allowed to reach
qualitative discussion about the influence on these twdigher levels of permeability. These highe€f,, values
factors of both the intrinsic magnetic properties and theeached by the FeCoNi particles with respect to CoNi
structural and textural characteristics of the particlegarticles can not be related to a lower broadening of
described above. the resonance bands since the damping parameters are
At first it must be stressed that an important cause ofound constant for most of CoNi and FeCoNi composi-
broadening, if not the main, is independent of the partions (Table VIII). At the opposite the iron based parti-
ticle characteristics but results from the random dispereles present values of the real part of the permealbility
sion of the particles, as in every resonance experimentsat 100 MHz always higher than 15 whereas those of the
Nevertheless, the band broadening is also related to trabalt-nickel particles are always lower (Table VIII).
morphology of the particles. With powders made upTherefore the highen ., values reached by the
of particles with poorly defined shapes, one can expedteCoNi particles can be related to this higher ini-
nothing else that a very broad resonance band becausial permeability. Itis commonly accepted that the static
of the effect of the demagnetizing fields which are re-permeability of fine particles is limited to a rotational
lated to the particle shape. Moreover for particles withpermeability since no magnetic wall excitations can
a uniform shape, the resonance bands will be broadetake place within the particles. The static susceptibility,
by the size distribution as it can be easily inferred fromyo, is equal to theMg/ Hy ratio, Mg being the magneti-
Equation 3. The very broad bands and the }Joilevel  zation saturation anHg the internal field. Without any
observed with FeCo particles have to be interpreted aapplied static field the internal field can be takeras
a consequence of the various shapes and of the brodle anisotropy field. Thus in that latter casg,, is ex-
size distribution of these patrticles. For all other com-pected to be proportional to thds/ Hg ratio or to the
positions the particles are spherical and monodisperskl2/K; ratio with K; the anisotropy constant. Hence
and their permeability curves present much more narthe increase of the permeability levels of iron-based
row bands. particles with respect to iron-free ones can be inter-
Other factors which can act upon the band broadpreted as the consequence of two effects: a decrease
ening are the structural and textural characteristics obf the anisotropy (which produces also a shift of the
the particles. It has been shown above that the Ni ricltesonance bands toward the low frequencies) and an
CoNi and FeCoNi particles crystallize as a single fccincrease of the saturation magnetization of the ferro-
phase. For Co rich CoNi particles a further hcp phase isnagnetic moiety of the particles.
observed and a third bcc phase appears wheB0 in
the Fg[CoxNi1oo_x]1-z System. The larger broadening
observed on the permeability curves of monodispers8. Conclusion
Co rich FeCoNi particles (Table VIII) may be related Co-Ni and Fe-Co-Ni powders made by the polyol pro-
to the structural heterogeneity of these particles. Focess have a set of morphological characteristics (a
the other compositions the damping parametg@re  quasi-spherical particle shape, a controllable submi-
found almost independent of the composition, even focrometer particle size, a narrow size distribution) which
the Co rich CoNi particles (Table VIII). One can con- make the study of their dynamic magnetic properties
clude that the occurrence of a mixture of close-packeaf particular interest. In both systems the microwave
phases (fcc and hcp) do not cause any supplementapermeability of submicrometer sized particles shows
broadening with respectto a single fcc phase. Moreoveseveral narrow bands, the lower frequency one being
the lower crystallinity (smaller crystallite size, poros- considered as a uniform resonance mode which does
ity) of the iron-based particles with respect to the CoNinot depend on the particle size, and the others as non-
particles with the same Co/Niratio (see above) does natniform exchange resonance modes whose frequen-
contribute in a significant way to the band broadeningcies are size-dependent. This microwave resonance be-
Annealing has for consequence to increase the pehavior varies also with the composition of the metal
meability level. Among the different factors which can powders, the resonance frequencies being related to
affect the permeability level of a composite materials,the magnetocrystalline anisotropy and the maximum
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phases observed in the metallic core of the particles and
their cristallinity vary also with composition. Except for
powders of particular compositions characterized by a

high structural heterogeneity or a very low cristallinity References

these structural and textural characteristics have not
very strong influence on the resonance behavior. Thus,
despite their lower cristallinity and their higher impu-
rity contents iron-based particles show the highest per-
meability levels which can be still increased by thermal

treatments. After annealing, such iron-based particlesa'
appear particularly suitable to be used as magnetic in-,

clusions to make granular materials with optimized and
controllable absorption characteristics.

Appendix
The Gilbert modification of the Landau-Lifshitz equa-

tion is often used to describe a resonance process whefr
8. C. F. KERZNIZAN,K. J. KLABUNDE,C. M. SORENSEN

the damping is large [47]. The resolution of this equa-
tion leads in the isotropic case to the susceptibility,

as a function of the frequency; the real and imaginary
part of this susceptibility being respectively:

, [1- (11021 — &?)] .
= %o i 4a)
[1— (f/T0)2(L+ a?)]" + 4a?(f/fo)2
" _ ( f/fO)a[l +( f/fo)z(l + a2)] (4b) =

0 2
[1— (f/f0)2(1+ ?)]” + 4?(f/f0)?

with f the frequencyfy the resonance frequeney,a
damping constant angh the static susceptibility. The

damping constant is linked to the full width half height 15

Af by the relation:

17.

Af
20 = —
o fO

®)

19.

The permeabilityu is related to the susceptibility by
the relation;x =1+ . (S.l. units) From Equation 4b
it can be inferred wher is not too large that the”
value at the resonance is given by:

X0

" _
Mmax = 5

(6)

23.

The multi-resonant permeability vs. frequency curves

can be tentatively fitted by a sum of curves describedg;‘- )
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