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The resonance characteristiggnhomogeneous FMR linewidthAH) in highly dispersed
(d=0.1-3um) powders of crystalline and amorphous Co—-P alloys are investigated as a
function of the composition, particle size, and atomic structure. It is established Hhdor

powders of amorphous Co—P alloys is two to three times larger Atdrfor crystalline

Co—P powders. According to the investigations performed, this is caused by thermodynamically
stimulated segregation of nonmagnetic,Eadnclusions, apparently an effective relaxation

channel, in the amorphous state of Co—P powders.1999 American Institute of Physics.
[S1063-783%09)01903-9

Ferromagnetic resonan@eMR) is widely used to inves- obtained in a JEM-100C electron microscope. Prewashed
tigate amorphous ferromagnetic alloys obtained by varioupowder was sorted by a sedimentation method into six frac-
methods in the form of thin films, foils, and coating.The tions differing by the average particle diameterl, 0.3, 0.7,
magnetic properties of these materi@tatic, quasistatic, and 1, 2, and 3um). The electron micrographs for each fraction
microwave characteristitsare largely determined by their contained of the order of 200 particles, which made it pos-
composition and structure. sible to construct a histogram of the particle size distribution,

In the last few years amorphous alloys have been obdetermine the average particle diameter, and the standard
tained by different methodsee, for example, Ref)5n the  deviation.

form of small particles: ultradispersedd£10—100wm), Diffraction investigationd DRON-3 diffractometerwith
highly dispersed =0.1-4um), and dispersed CuKa radiation was used to determine the atomic structure
(d>5 um). of the powders of the Co—P alloys. The FMR linewidtk

Investigations have established that the magnetic propewas measured on a standar®®A&=2M spectrometer(fre-
ties of small amorphous particles differ substantially fromquency 9.2 GHg The method developed in Ref. 7 was used
the analogous properties characterizing amorphous filmdp calculate the local anisotropy field in the region where the
foils, and coatings having the same composifion. magnetization approached saturation. The magnetization

The present paper reports the results of an investigatioourveM (H) was measured with a vibrating magnetometer in
of the resonance characteristigshomogeneous widtiA H the range of fields from 0 to 14 kOe.
of the FMR ling in highly dispersed Co—P powders having
different compositions, particle sizes, and structure. The obé RESULTS
jective is to determine the differences and similarities of the™
dependences ohH in Co-P alloys obtained by the same Chemical analysis showed that the phosphorus concen-
technological method in different morphological modifica- tration in the powders of Co—P alloys ranged from 4 to 27
tions (powders, filmg. Of special interest in this investiga- at. %, depending on the technological conditions of the
tion is to check the assumption advanced in Ref. 2 that thehemical deposition procegiypophosphate concentration,
inhomogeneous FMR linewidtAH in amorphous alloys is Ph of the solution The phosphorus concentrati¢x) in a
completely determined by the magnitudeg of the local Co—P solid solution influenced the shape of the particles
anisotropy field in these alloys on microscopic scales. formed. Morphological analysis of the electron micrographs
shows that Cgy,_,Py particles withx<9 at. % are predomi-
nantly hexahedral prisms and that foe 12 at. % the ideal
shape of the Cgg_,P, particles is spherical. The results of

Highly dispersed powders of the alloys Co—P were obx-ray diffraction analysis agree with the morphological data.
tained by chemical deposition from water solutionsThe typical x-ray diffraction patterns of powders with differ-
(T=80°C) of Co salts (CoS® using sodium hypophos- ent phosphorus content are presented in Fig. 1. Powders of
phite (NaBPO,) as the reducing agent. Next, they were Co—P alloys with phosphorus content less than 9 at.% P
washed in distilled water and acetone to passivate the surfaseere characterized by x-ray diffraction patterns with a set of
of the particles. The phosphorus concentration was detereflections attesting to a hexagonal close-packimag) struc-
mined by chemical analysi@o within =0.5 at.% B. The ture of the powder particles. The x-ray diffraction patterns of
particle sizes were found by analyzing electron micrographshe powders Cg,,_ Py (Xx=12 at. % contained one diffuse

1. EXPERIMENT
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FIG. 1. Diffraction curves for powders of crystalline and amorphous alloysg|g. 2. 5 — Concentration dependence of the linewilith for powders of
Co~P with phosphorus concentrations of 4 at. % and 15 at. %. Co-P alloysh — concentration dependence of the local anisotropy Figld
for powders of the alloys Co—P.

peak, centered neatp,=2.01 A with width ~10° (26).
Such diffraction curves attest to an amorphous structure dization approaches saturation the high-field part of this
the particles of these powder@ccording to the x-ray dif- curve is described by the functionM(H)=Mg(1
fraction analysis, powders of Co—P alloys in the range from— DHﬁ/HZ). This latter property made it possible to deter-
9to 11 at. % P consisted of a mixture of crystallihep and  mine the concentration dependeridg(x) of the saturation
amorphous phasgsCo—P powders obtained with phos- magnetization and to calculate the local anisotropy figld
phorus concentratiorx>20 at. % (eutectic region of the characterizing the powder particle@ccording to Ref. 7,
melting diagram of Co—Pwere also characterized by a crys- hereD =2/105 for cubic symmetry and 1/15 for hexagonal
talline impurity. The x-ray diffraction data attest to the for- symmetry; for the crystalline phasé,=2K/M,, whereK is
mation, in this case, of the crystalline phosphidee—for  the magnetocrystallographic anisotropy consjafit. was
27 at. % P the diffraction curve is mainly formed by reflec- found that the values oM, decrease monotonically with
tions of this chemical compound. increasing phosphorus concentration in Co—P powders.
The measurements of the FMR linewidth for the initial However, here, in contrast to the linear functiolg(x)
Co-—P powdergnot separated into size fractionsith differ-  found in Refs. 7—9 for films and coatings of Co—P alloys, a
ent phosphorus concentration are presented in Fig. 2a. Thehange in the gradientMy/dx from ~37 G/at. % P to 45
characteristic linewidthAH is 1.5-2 kOe for crystalline G/at.% P is observed ne&rx.. The concentration depen-
powders and 4-5 kOe for amorphous powders. We note thatence of the computed values of the local anisotropy figd
the FMR linewidth of amorphous ferromagnetic alloys pre-for powders is presented in Fig. 2b. The local anisotropy
pared in the form of films, foils, and coatings, as a rule, doesield H, obviously is sensitive to the concentration phase
not exceed several hundreds of oerstézbe, for example, transition of the crystalline solid solution Co—P into an
Refs. 2 and B Another difference of the concentration de- amorphous state: A jump-like decreasetbf by a factor of
pendence\H(x) in Co—P powders from the analogous con-two is recorded neak=Xx.. This latter behavior distin-
centration dependencésH(x) in Co—P films is the follow- guishes the concentration variation léf(x) in Co—P pow-
ing. The concentration phase transition ‘“crystalline solidders from the analogous dependence measured previously for
solution — amorphous state of the alloy” detected by x-rayCo—P coating$.
diffraction analysis does not appear in the cutMé(at. % P Measurement of the static and resonance characteristics
in Co—P films? this transition does appear in the concentra-of Co—P powder fractions sorted according to the average
tion dependencéH (at. % P in Co—P powders in the form particle sized made it possible to study the effect of the sizes
of an abrupt increase iAH by a factor of two or three near of the particles on their magnetic characteristics. It was
the critical concentratiorn.=10 at. % P. found that the functional dependence of the measured char-
Measurements of the magnetization cutvg(H) for  acteristics ord depends on the type of atomic structure of the
Co—P powders showed that in the region where the magnegsarticles — crystalline or amorphous. Thus, the saturation
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2.5 reasons. One is the qualitative similarity of the dependences
a AH(d) andH,(d) in both crystalline and amorphous states
and the other is the substantially different — by the direction
of the jump inAH andH, nearx~x, — concentration de-
pendenceaH(x) andH,(x). The correlation of the curves
AH(d) andH,(d) agrees with the supposition advanced in
Ref. 2 on the basis of the results of an experimental study of
05| the dependenceSH(x) andH,(x) in films and coatings of
Co-P alloys. Therefore, in powders of Co—P alloys the FMR
0 L ’ -+ linewidth can be represented as a sum of two contributions:
0 1 2 3 4 AH(x,d)=AH(x,d)+AH, 4(x,d), where AH,, is the
d, pm contribution of the local anisotropy to the linewidth aféi,
6 is the contribution of some source that creates “relaxation”
b channels, which is reflected in the increase of the FMR line-
2 width and which predominates in the amorphous state of the
a b powders(See, for example, Ref. 10 for a detailed analysis of
2 the possible sources of relaxatipithe origin of this source
is to be determined by analyzing the experimental results
21 presented. First, we shall study the phase diagram of Co—P
powders and compare it with the phase diagram of films and
coatings of Co—P alloys, which, apparently, are character-
ized by the inequalitAH ,<AH,,.
0 1 2 3 Films and coatings of Co—P alloys, obtained by chemi-
d, pm cal deposition, in the concentration range from 1 to 20 at. %
G 3 Sesend the local an " A P are metastable solid solutiofgubstitution typg as is in-
oo o o kv 2 ST 1,15 57°  dicated by th lneariy oblo(x) observed in Refs. 7-3. The
15 at. % P2' — 18 at. % P. b — LinewidtlAH versus the average diam- grad|ent 0fMo(x) in this case is due to electronic mecha-
eter of particles of Co—P powdet — 4 at. % P, 2 — 15 at. % P. nisms of transport of the electrons of P into the band of
Co and does not depend on the type of structural ordering of
the solid solutior! Indeed, films and coatings of Co—P al-
magnetizationM y of amorphous powders (11 at. % Px loys are characterized by a hexagonal close-packed structure
<20 at. % P as a function of the particle siz# in Co—P  (hcp) in the concentration range 1-4 at. % P, face-centered
powder remains constant within the experimental accuracgubic structurefcc) in the range 5-8 at. % P, and an amor-
of the measurements. For crystalline Co—P powders, howphous structure in the range 9-20 at. % P, but the critical
ever,M, decreases by 15% adncreases from 0.1to @m.  concentrations; . of these concentration phase transitions
The local anisotropy fieldH, (Fig. 39 increases linearly up were not manifested in the linear dependeitg(x). We
to d=1um (H, changes by 35%with increasing average note also the results obtained in Ref. 12, where the NMR
particle size in Co—P powder for crystalline particles andmethod was used to show that short-range order in films of
then decreases by 40% dsincreases to 3um. For Co—P  amorphous Co—P alloys is characterized by fcc symmetry.
powder particles with amorphous structure, the dependenckhe latter fact served as a readas shown in Refs. 2 and 7
H.(d) (Fig. 3a is as follows: As the average particle size why the transition fcc Co—P~» amorphous state in films, in
increases tal=0.7um, H, decreases linearliby 30—20% contrast to the transition hcp Co—P fcc Co—P, was not
depending on the P content in the powdeasd asd in- manifested in the curveSH(x) andH ,(x).
creases furthelbl, increasegby 15-25%. The form of the phase diagram of powders of Co—P
The measurements of the FMR linewidtAd(d) for  alloys is qualitatively different — here there is no region of
amorphous and crystalline Co—P powders are displayed ifcc crystalline states. The powders of Co—P alloys have hcp
Fig. 3b. One can see that the particle-size dependenssélof structure in the region 1-8 at. % P and amorphous structure
is determined mainly by the structural state of the particlesin the region 10-20 at.% P. Comparing the cuitg(x)
For crystalline powders\H(d) is a convex curve with a with the analogous curve for filnfsdue to the jump-like
maximum at d=1 um, while for amorphous powders decrease ofH, near concentrationg~Xx., suggests that
AH(d) is a concave curve with a minimum alsodat 1 um.  short-range order in powders of amorphous Co-P alloys
We note that the relative deviation &fH on the curves (just as in film$ is characterized by fcc symmetry. This sup-
AH(d) for crystalline particles is more pronounced than forposition corresponds to the form of the diffraction curve of
amorphous particles. amorphous powdersgFig. 1), which can be obtained by
broadening of thg¢111] line of the fcc lattice according to
the Debye—Scherrer equation. We note that according to this
equation the broadening of the reflections of an hcp lattice
The experimental curveAH(x), H,(x), and AH(d), will lead to an asymmetric diffraction curve, which is at
H.(d) presented in Figs. 2 and 3 are of interest for twovariance with the experimental curve presented in Fig. 1.

AH, kOe

3. DISCUSSION
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Therefore the concentration transition “hcp Co-Ping. The resonance characteristiGehomogeneous FMR
— amorphous state” is accompanied by a decrease of thénewidth AH) of Co—P powders obtained by chemical
contributionAH, , to the total FMR linewidth neax.. The  deposition are more than an order of magnitude larger than
latter signifies that the relaxation source due to which theghe analogous characteristics of films and coatings of Co—P
contribution of AH,, to AH(x) predominates is activated alloys (prepared by the same methodhe linewidthAH of
near the concentration transitioq. powders of the alloys Co—P with amorphous particles is two
The indication of the origin of this relaxation source to three times larger thatH for Co—P powders of crystal-
contains the above-discussed dependevigéx) for Co—P  line particles. This is a result of stratification processes with
powders, which is characterized by a change in the gradierihe precipitation of nonmagnetic ¢® formations in the
of My(x) nearx.. Since the electron transport mechanismamorphous powders. For a constant concentration of non-
does not depend on the type of structural ordering of thenagetic precipitates in the powder particles, the dependence
solid solution*! the increase at~x, of the rate of decrease of the linewidthAH on the average particle size correlates
of My with increasingx is initiated by an additional factor with the analogous dependence of the local anisotropy field
which is realized in amorphous powders. Such a factor is thél, .
thermodynamically stimulated stratification of the supersatu-
rated solid solution Co—P into a less concentrated Co—P sg;
lution and CgP inclusions(precipitates This supposition
does not contradict the x-ray diffraction data which show———
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In summary, our investigations established the follow-Translated by M. E. Alferieff



