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On the basis of the phenomenological theory of amorphous and microcrystalline magnetic systems developed
by V. A. Ignatchenko ez gl [Sov. Phys. JETP 45, 526 (1977); 47, 725 (1978); 48, 328 and 726 (1978); Izv.
Akad. Nauk SSSR, Ser. Fiz. 44, 1434 (1980)}, an analytical expression is obtained for the law of approach of
the magnetization to saturation (LAS) in such substances. The LAS is studied experimentally for amorphous
and microcrystalline Co-P alloys with various concentrations of P. It is shown that from the form of the LAS
it is possible to determine such characteristics of a magnetic stochastic system as the value of the effective
local magnetic anisotropy and the correlation radius of the fluctuations of direction of the axes of this
anisotropy. These characteristics are determined for an amorphous ferromagnet for the first time, and their
variations with concentration are investigated. It is shown that the value of the local magnetic anisotropy for
the alloys studied does not undergo any abrupt changes at the transition (with respect to concentration)} to the
amorphous state. The principal contribution to the value of the local anisotropy in Co-P alloys comes from
the magnetocrystalline anisotropy, a minor contribution from the anisotropy of elastic stresses. The
correlation radius of the fluctuations of anisotropy decreases abruptly at the concentrational transition to the

amorphous state but remains much larger than the correlation radius of exchange fluctuations.

PACS numbers: 75.30.Cr, 75.30.Kz, 75.30.Gw, 75.50.Kj

INTRODUCTION

In sufficiently strong magnetic fields, when the proc-
esses of domain-wall displacement in a ferromagnet
terminate, the magnetization approaches saturation,
with increase of magnetic field, by processes of rota-
tion of the magnetic moments. In a single crystal mag-
netized otherwise than along an anisotropy axis, this
may be a process of uniform rotation; in a structurally
nonuniform system (a polycrystal, a crystal with elas-
tic inhomogeneities or dislocations, etc.), a process of
spatially nonuniform magnetic-moment rotation occurs.
The energy of the external magnetic field is thereby ex-
pended in overcoming the energy of local effective mag-
netic anisotropy: the crystallographic anisotropy of
each crystallite in a polycrystal, the effective magnetic
anisotropy of elastic stresses and dislocations, etc.

This process of approach of the magnetization to sat-
uration has been used, beginning with Refs. 2-5, to ob-
tain certain information about the structural inhomo-
geneities of a magnetic material. For this purpose, the
magnetization in high fields was written as an expansion
in powers of the magnetic field (“law of approach of the
magnetization to saturation”):

TR TR )

Each term of this expansion was identified with a cor-
responding source of magnetic inhomogeneities. By
measuring the coefficients a;, experimenters deter-
mined the “strength” of the corresponding source. The
law of approach of the magnetization to saturation (LAS)
was used most effectively for measurement of the mag-
netocrystalline anisotropy on polycrystalline speci-
mens. %’

An amorphous magnet is also a structurally inhomo-
geneous system, and therefore it is natural that study
of the LAS in such materials should give certain infor-
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mation about these inhomogeneities. The LAS was first
investigated for a series of amorphous alloys in papers
of Kronmuller etal.®~!! They developed a phenomenolog-
ical? description of the LAS (that is, one based on the
Landau-Lifshitz'? equation), taking into account the ex-
change and magnetic-dipole interaction of the magnetic
inhomogeneities. The authors started from the tradi-
tional concept of the construction of an a priori model:
sources of magnetic inhomogeneities, and determina-
tions of the contribution of each source to the coeffi-
cients a; of the series (1).

The present paper developed another approach to the
interpretation of the LAS in amorphous magnets, based
on the ideas of Refs. 13-16. We shall briefly review
these ideas.

For a uniaxial crystalline ferromagnet, the phenom-
enological Hamiltonian has the form

H="/,0.(VM)>~1/,8 (M1)>*—~HM—*/,H.M, (2)

where a is the exchange constant, B is the anisotropy
constant, 1 is the unit vector along the direction of the
anisotropy axis, H is the external magnetic field, and
H,, is the magnetic-dipole field, determined by Max-
well’s equations. In a phenomenological description of
an amorphous magnet, it is assumed that the form of
the Hamiltonian (2) is retained but that the parameters
that occur in it become random functions of the spatial
coordinates. The characteristics of these random func-
tions —the mathematical expectation and the correlation
functions —are assumed to be arbitrary. Calculation of
them is a problem of microscopic theory. But the
problem of phenomenological theory is to look for phe-
nomena and effects that would enable experimenters to
measure these characteristics. Thus it was shown in
Refs. 13-16 that the dispersion relation for spin waves
is the most informative: it in principle contains infor-
mation about all the correlation functions of an amor-
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phous magnet. On the basis of this theory it has already
been possible to detect a modification of the dispersion
law corresponding to exchange fluctuations, and to
measure for the first time the principal elements of the
correlation function'” of these fluctuations: the mean
square deviation and the correlation radius.

In the present paper, the analogous problem is posed
for fluctuations of the axis of effective magnetic anisot-
ropy: from the experimentally studied process of mag-
netic saturation, to determine the principal elements of
the correlation function—the value of the local magnetic
anisotropy and its correlation radius. We emphasize
the paramount value of knowledge of the correlation ra-
dius (the region of relative orderliness of the corre-
sponding parameter) for understanding of the real
structure of an amorphous magnet. The urgent neces-
sity for determining this characteristic forces us to
abandon the traditional simplified description of the
LAS in the form (1) and to obtain a more rigorous ana-
lytical expression for the LAS; also required are a for-
mulation of the experiment and a processing of the ex-
perimental data that are somewhat different from the
traditional ones. These special features of our ap-
proach to the investigation of the LAS in amorphous
magnets will be analyzed in detail at appropriate places
in the paper.

A comparison of our approach with the approach de-
veloped in Refs. 8-11 is conveniently made in the Con-
clusion.

THEORY

The theory of stochastic magnetic structure in amor-
phous ferromagnets was developed in Refs. 13 and 14;
here, therefore, we shall merely recall the principal
results briefly and make some necessary additions.

In an amorphous ferromagnet described by the Ham-
iltonian (2), all the parameters may fluctuate in space:
a, B, the modulus M of the magnetization, and the di-
rection 1. In fluctuations of @, B, and M (if the signs of
a and B do not change), the ground state (in magnetic
fields larger than the field for technical saturation) is
a state with spatially uniform orientation of the magne-
tization vector. Only fluctuations of the anisotropy ax-
is, 1=1(r), lead in this case to the establishment of a
spatially nonuniform ground state, a stochastic magnet-
ic structure.®’ As has already been indicated in Ref.
19, where this approach was proposed for description
of a stochastic magnetic structure—“magnetization rip-
ple” —in thin polycrystalline films, magnetic anisotropy
is here understood in a generalized sense: both as a
real local crystallographic anisotropy, and as the ani-
sotropy of elastic stresses or other defects, to the de-
gree to which the action of these factors can be repre-
sented in the form of the anisotropic term in the Hamil-
tonian (2) or of a term similar to it (the last assertion
will be made more precise below).

The general expression for the LAS in an amorphous
ferromagnet has the form

M./M=(1-2d,)",
1 <M\ 1
o (G2 = o @
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where d,, is the relative dispersion, and where S,(k) is
the spectral density of the correlation function of the
fluctuations of the transverse components of the mag-
netization.

In the linear approximation, S,(k) was determined in
Ref. 14. In a spherical coordinate system, after inte-
gration over the azimuthal angle ¢, it has the form

1 Jse, @

Ho\? 1
- (k, 0) = (-—-) [ +
Sn(k,0) = | == (FHin®)? | (Ftkn+ o 5in 0)

where H, = BM is the local-anisotropy field, k,=(H/
aM)'’? is the characteristic wave number of the interac-
tion of the magnetization with the magnetic field, %2,
=(47/a)"? is the characteristic wave number of the di-
pole-dipole interaction, and S(k) is the spectral density
of the correlation function for the random function p_(r)
=1,(r)l(r) of the fluctuation of the anisotropy axis (be-
cause of the magnetic symmetry in the xy plane, the
correlation functions of the random functions p,, and

Py, are the same).

The experimental problem consists in the determina-
tion of the value of H, and of the form of the spectral
density S(k). This is the maximum information that can
be obtained from investigations of the stochastic mag-
netic structure. In the expression for the LAS, how-
ever, S,(k,6) occurs under an integral sign. Therefore
in practice, the inverse problem can be solved only ap-
proximately: having postulated a general form of the
desired function S(), substitute it in (4) and subse-
quently in (3) and carry out the integration. Then it
will be possible to determine from the LAS the values
of the arbitrary parameters by means of which we
characterized the approximating function S(k). Follow-
ing Refs. 13 and 14, we choose the simplest form of the
correlation function:

K(n)=D exp(—km), Dk

TRy (5)
where 7= |r—r’|, D is the dispersion of the function
Pye, R, is the correlation wave number, and 7, =k, is
the correlation radius. For the case of equiprobable
fluctuation of the orientation of the unit vector 1 in all
directions, D=1/15.

S(k)=

Carrying out the integration over & in (3) by means of
the theory of residues, and transforming the remaining
integral over 6 by a change of functions, we have

D (Ho\'[ 1 1
== | —) | —————t — 1];
4 2 (aM) [ ku(kitka)®  ks'kx (6)
‘ dz 2 b
= — =—, =—, kgt=ku?+kut.
Jemras PR ot =kt

q

The remaining integral is easily evaluated; it has dif-
ferent analytical expressions, depending on the relative
locations of the correlation number &, and of the char-
acteristic number kg of the magnetic induction:

14+ (nu) ™
1—(mu)*

n . [1+taqp
— >
[ 5 ar051n(q+p )], p>1

(1)

In , <1
1+2p*

2[1—pl":

(1—3pg—4p*)
2(1-p*)*(¢+p)*

Ignatchenko et al. 879



where n1=(1 -=p)/(1+p), u=(1 —g)/(1+4). The poles at
p—1are only apparent: the expression for J contains
no divergences, and for p=1 we have

'
J='/, [1/5u-/,+g/’uv=+u'l.] . (7 )

In order to visualize more graphically the structure
of the LAS, we consider what form the exact expres-
sions (6) and (7) take for the case k; <ky:

_ . DHg? H(B+2H+B"H")
'—-—~2H"‘(H."'+H"')’.“-H(H'B)]' f(H,B)=~ T Y O

(8)
where H,; = aME? is the correlation magnetic field, and
where B=H +41M. )

d’l

The LAS corresponding to the case k, <k, (H, <47M)
is shown schematically in Fig. 1, in logarithmic coor-
dinates. The asymptotes a, b, and c in this figure cor-
respond to the limiting expressions for the LAS at dif-
ferent values of the magnetic field:

12H H", H<H <M
d,~DH{ 12 H?, H < H<4nM. (9)
1/H?, H<inM<H

It is evident from Fig. 1 that the LAS has two charac-
teristic points along the field scale: H; and 47M. In
the vicinity of the correlation field H,, there occurs a
change of the functional dependence, caused by the ex-
pression in front of the square brackets in formula (8):
the function f(H, B) here is close to zero. In the vicin-
ity of H=47M, the numerical coefficient of the function-
al dependence H % changes from 1 to 2 because of the
change of the function f(H, B) (in the shcematic Fig. 1,
this change is shown, for clarity, in exaggerated form).
It is evident that when H>> H, the expression (9) re-
duces to the usual classical LAS, in which the mean-
square fluctuations of the direction of the magnetization
are determined solely by the ratio of the anisotropy
field to the external magnetic field. On decrease of the
field, an ordering effect of the exchange interaction
manifests itself in the region H~ H;; this partly sup-
presses the spatial fluctuations of the orientation of the
magnetization, and this in turn leads to a change of the’
law for H< H,.

-lgd,

LA igixM  WH

FIG. 1. Schematic representation of the law of approach to
saturation in logarithmic coordinates. The asymptotesa,bd,
and c correspond to the expressions (9).
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Before doing the further analysis, we shall make one
generalization of the expressions (7)-(9). We obtained
these expressions for a definite form of the magnetic-
anisotropy term in the Hamiltonian (2). What will
change if the anisotropy is described by a term of dif-
ferent form? It can be shown that in the theory linear
with respect to Dy, within the framework of which all
expressions here are obtained, nothing will change ex-
cept the value of the constant D, which characterizes
the dispersion of the easy axes of anisotropy in an equi-
probable distribution of their orientations.

We shall now give a simple method of calculating this
constant for an arbitrary form of the anisotropy term.
For this purpose, it is sufficient to derive the law of
approach to saturation in the simplest case of formal
neglect of the exchange and dipole-dipole interactions.
For the uniaxial case considered above, this means that
in the Hamiltonian (2) we restrict ourselves to the sec-
ond and third terms. Since we now have to do with an
ensemble of noninteracting regions (crystallites) with
different directions 1, we can go over from the methods
of the theory of random functions to the simpler meth-
ods of direct averaging over an ensemble with a known
distribution function (in our case, one uniform with re-
spect to the orientations 1). For an arbitrary form of
the magnetic anistropy, this averaging is carried out
more simply in a system of coordinates rigidly attached
to the anisotropy axis; then the members of the ensem-
ble differ in the direction of the magnetic field H.
Therefore, we shall proceed in the same way also for
uniaxial anisotropy, where the problem is equally sim-
ple in both coordinate systems.

Thus let 1 be directed along the z axis, and H in an
arbitrary direction described by polar angle 6 and azi-
muthal angle ¢. The direction of the magnetization is
then described by certain angles 6, and ¢,, determined
by the static Landau-Lifshitz equations.'? Supposing the
magnetic field to be sufficiently large, and linearizing
the problem with respect to the small quantities n=6,
-0and £E=¢, - ¢, we get

n=—(HJ/H) sin0 cos§, £=0, ~ (10)

The projection of the magnetization on the direction of
the magnetic field, independently of the form of the ex-
pression

my=1—1/,(n*+§*sin*0). A ' (11)

Substituting here the values of 7 and ¢ and carrying out
an averaging over all values of the spatial angle, we
obtain an expression for the law of approach to satura-
tion in the form

may=A— s (HJH)?, Ho=pM. (12)

Comparing this expression with the bottom formula (9),
we see that they agree and differ from the middle for-
mula (9) by the coefficient 3. This coefficient results
from allowance for dipole-dipole interaction. Its origin
is easily traced from the structure of the expression
(4): here on formally setting 2, =0, we obtain directly,
for H> H,, the limiting case (12). In fact, of course,
neglect of the long-range action is not permissible, and
in the range H< 47M the correct expression is (9); but
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understanding of the essence of the matter allowed us to
find easily that for a uniaxial crystal, D=1/15,

We shall carry out the same procedure for a cubic
crystal:
H=—HM+K (m2m+m*m. +mm.?). (13)
In this case, we have by linearization of the static Lan-
dau-Lifshitz equation with respect to 7 and £
He ., .
E= — g Sin 0 sin 4¢.
(14)

Substituting this solution in (11) and averaging, we get
the LAS in the form
2

<mh>z1—ros(

H. 1
n= —il-sin 0 cos 9[ —4—sinz 0(7+cos 4<p)—-1] ,

) m=E (15)
It is evident that now D=2/105. In the same way, the
value of this constant can be easily determined for an
arbitrary law of magnetic anisotropy, whether crystal-
lographic or caused, for example, by nonuniform elas-
tic stresses.

We turn now to a discussion of the general expres-
sions (6)—(9) for the LAS. Within the framework of the
approximations used in deriving them [consideration of
linear terms only, in the equations for the transverse
components of the magnetization; approximation of the
unknown correlation function by the simplest expres-
sion, (5)], the expressions (6)—(9) are of quite univer-
sal character. Specifically, they are invariant with re-
spect to the analytic form of the local anisotropy ener-
gy. Change of the symmetry of the anisotropy (or al-
lowance for higher degrees of the expansion in the an-
isotropic term) leads only to a renormalization of the
constant D in the expressions (6)-(9).

It is evident that for solution of the inverse problem
that is of interest to us, it is necessary to do experi-
mental measurements in the range H~ H,. This differs
significantly from the usual experimental situation in
classical investigations of the LAS, which are restric-
ted to the range H>4mM (sufficient for finding H,, but
giving no information about H,). - The necessity for mak-
ing experimental measurements in fields H<4mM leads
to specific difficulties in the processing of the experi-
mental data; these must now be discussed.

We approximated the unknown correlation function
with the expression (5) and thereby decreased the gen-
erality of the derived expressions (6)-(9). The asymp-
totes (9), however, are independent of the form of the
approximating function. Therefore if one carries out
investigations of the LAS at H< H; and at H> H;, one
can determine H,, independently of the form of the ap-
proximating function. Here, however, it is necessary
that in fields H < H, the inequality 84, > 1, which lim-
its the range of applicability of the linear theory of sto-
chastic magnetic structure,'® shall be satisfied. This
ideal situation can be realized extremely rarely. For
the Co-P alloys investigated in this paper, as will be
evident below, only those experimental curves that cor-
respond to fields H>H; may be compared with the lin-
ear theory. Furthermore, the inequality H, <47M is
also not satisfied sufficiently strictly for all the alloys.
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This means that the characteristic points in Fig. 1 are
drawn together and the asymptote b is “washed out.”

Thus the processing of the experimental data must be
carried out not on the basis of the asymptotic expres-
sions (9), which as a rule are not attained, but on the
basis of a finite segment of the exact expression (7).
But the expression (7), in contrast to the asymptotes,
depends on the choice of the approximating correlation
function. In order to test how large an error is intro-
duced into the determination of H, and H, by the inde-
terminacy of the functional form of K(7), it would be
necessary to obtain expressions for the LAS by use of
different approximating correlation functions and to
compare the results with each other. So far, we have
carried out this program only for the function (5) and
for a function of the form

4Dk,"?

K(n)=D({+k/n)exp(—=k'n), S(k)= PP (16)

The correlation wave number &, that occurs in these
expressions can be related to the correlation wave
number &, of the expressions (5) by the linear relation
k,' =vk,, with an undetermined numerical coefficient v.
On substituting (16) in (4) and then in (3) and carrying
out the integration over %2 and 6, we get a new expres-
sion for the LAS. For the case H, <4mM, it takes the
form

DH (4vH,"+H")

=W[1+f(ﬂ,3)l, 1)

dm

where H, =aMF; is the same correlation field as in the
expression (8).

If we choose as the value of the numerical coefficient
v=(4)'/3, then all the asymptotes of the expression (17)
coincide with the corresponding asymptotes of the ex-
pression (8). Despite the functional difference between
the expressions (8) and (17), the laws of approach to
saturation described by them differ little from each
other. In the processing of the experimental data ac-
cording to formulas (8) and (17), the discrepancy in the
determination of the desired parameters did not exceed

%.

It can now be stated more precisely what information
can be extracted from experimental study of the law of
approach of the magnetization to saturation (6)—(9).
This law contains only two parameters characterizing
a certain random function of the coordinates, an effec-
tive magnetic anisotropy that fluctuates in direction:
the value of the root-mean-square fluctuation of the
anisotropy field D'/2H, and its correlation field H;. Fur-
ther information can be extracted from these two pa-
rameters only if additional information about the mag-
netic system is known from independent experiments.
Thus knowledge of the symmetry of the local magnetic
anisotropy (that is, knowledge of the numerical value
of the constant D) permits determination of the effec-
tive local magnetic anistropy field H,. Knowledge of
the value of the magnetization and of the exchange
makes it possible to calculate from H, a fundamental
characteristic of the local anisotropy, the correlation
radius 7,.
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EXPERIMENT AND DISCUSSION

The law of approach of the magnetization to saturation
was studied experimentally on microcrystalline and
amorphous Co-P alloys. Co-P alloys prepared by the
method of chemical deposition in the form of thin films,
with P concentration from 1 to 13 at.%, have now been
quite thorougly investigated at the Institute of Physics,
Siberian Branch, Academy of Sciences, USSR?® and
therefore are suitable objects for experimental applica-
tion of the method of extracting the stochastic charac-
teristics of the fluctuations of local anisotropy that was
theoretically validated in the preceding section. We
shall present here some information®'# that will be
needed in the interpretation of the results obtained in
the present paper. It is well known that pure Co has
two polymorphic modifications: the hexagonal, stable
at low temperatures, and the cubic, stable at high tem-
peratures (the temperature of the polymorphic transi-
tion for Co films usually lies in the range 400-420°C).
But Co-P alloys, depending on the phosphorus concen-
tration and the conditions of deposition may be obtained
either in the crystalline (hexagonal or cubic modifica-
tion) or in the amorphous state. For the crystalline
solid solution of P in Co, the concentrational transition
from hexagonal to cubic symmetry is observed in the
range 4-5 at.% P. With further increase of the P con-
centration, a concentrational transition to the amor-
phous state occurs in the neighborhood of 9 at.%.

We investigated the law of approach of the magnetiza-
tion to saturation with a vibration magnetometer, at
room temperature, on specimens that were rectangles
of dimensions 2 X4 mm, of thickness 10 to 30 um.
Certification of the specimens was carried out by the
methods of x-ray spectroscopic, x-ray diffraction, and
thermographic analyses.® The magnetic field was ap-
plied in the plane of the layer, along the smaller side of
the specimen; the value of the magnetic field was var-
ied from 50 Oe to 33 kOe. The error of measurement
of the field with an NMR probe was 0.01%; the error of
measurement of the change of magnetization M,/M did
not exceed 0.05%. The results of the measurements are

L I
[ 7 2 H, kOe

FIG. 2. Variation of the magnetization with the value of the
magnetic field for specimens of Co-P alloys with various con-
centrations of P; x is the concentration of P in at.%.
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shown in Fig. 2 (here, for convenience of perception,
the field axis is terminated at the value 3 kOe). As is
seen from the figure, the M (H) curves are grouped in
three families, corresponding to three concentration
ranges: 1) a solid solution with hexagonal Co lattice (x
=1 to 4 at.% P); 2) a solid solution with cubic Co lattice
(x=6 to 8 at.% P); 3) an amorphous alloy (x =9 at.% P).
The curve corresponding to x =5 at.% P reflects the
transitional nature of this state.

For comparison with the theory set forth in the pre-
ceding section, it is convenient to represent the exper-
imental curves of Fig. 2 in the form of logd,, vs log H
relations (Fig. 3). The simple theoretical laws corre-
sponding to the conditions (9) are plotted in this figure
as dashed lines: the line a corresponds to d,,~H™'/2, the
line b to d,,~ H~% Change of the value of D'/?H, leads to
a parallel displacement of both these lines along the
axis of ordinates, change of H, to a similar displace-
ment of the line a alone.

We shall discuss the correspondence between theory
and experiment. It is evident that it is possible by par-
allel displacement to match the curve b with the high-
field sections of the experimental curves corresponding
to the hexagonal phase (x =1 to 4 at.% P); at the same
time, comparison of the curve b with the experimental
curves for the cubic and amorphous phases shows that
the high-field sections of these curves no longer fit the
H"2law. We shall now compare the curve a with the
low-field sections of the experimental curves. 1t is
possible by parallel displacement to make the line a
tangent to all the curves corresponding to crystalline
states. But this occurs already far beyond the limits
of applicability of the linear theory: only experimental
data corresponding to log d,,< -1 may be compared with
this theory (see Ref. 19, where the relation 8d, <1,
which determines the limits of applicability of the lin-
ear theory of stochastic magnetic structure, is de-
rived). Therefore in a comparison with the theory de-
veloped in the preceding section, only those sections
of the experimental curves have significance that lie
above the straight line log d,,= -1 in Fig. 3. But these

v§dm

i

-2+

W H

FIG. 3. Variation of the dispersion d,, of the stochastic mag-
netic structure of microcrystalline and amorphous Co—P
alloys with the value of the magnetic field, in a log-log co-
ordinate system. The curve c is the similar relation for an
amorphous Fe—-Ni-B alloy, plotted from the data of Ref. 11;
a and b are the limiting theoretical relations.
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sections correspond (to judge by a comparison of them
with the lines a and b) to the range Hz H,. Thus the
asymptotic expressions (9) for the law of approach to
saturation cannot be used for extraction of the param-
eters D'/2H, and H, in our case.

The processing of the experimental data was carried
out in the following manner. With a computer, a set
of curves was constructed that corresponded to the the-
oretical relations (6) and (7) for various values of H,.
The experimental curve was superposed on this grid
and was displaced along the axis of ordinates until the
section of it corresponding to [log d,,|>1 coincided with
one of the curves of the grid. Thus the value of the cor-
relation field H, was determined. The root-mean-
square fluctuation of the anisotropy field D'/2H, was es-
timated from the value of the segment formed by the
zeroes of the coordinates of the theoretical grid and of
the experimental graph (to different values of D'/2H,
there corresponds a displacement of the whole grid of
curves along the axis of ordinates). The parameters
thus determined are shown in Fig. 4 as functions of the
phosphorus concentration (at.%). (In the processing of
the magnetization curves, no account was taken of the
demagnetizing field, which in these fields varies from
25 to 30 Oe. But the amount of this systematic error
is significantly smaller than the error of the proposed
graphical method, for which the error of determination
of D'/2H, and H, amounts to 10%.)

In the range x= 5 a transition occurs from the hexa-
gonal structure of the cobalt lattice to the cubic; the
cubic structure persists in the form of short-range or-
der even in the amorphous state. Describing the hex-
agonal phase approximately with uniaxial anisotropy,
we find that for x <5 the constant D=1/15, while for x
=5,D=2/105; knowledge of this constant enables us to
determine the value of the local magnetic anisotropy
field H,. In order to find from the concentration depen-
dence of H, the concentration dependence of 7,(x), it is
necessary to know the concentration dependences M(x)
and o{x). Such investigations were made in Ref. 22;
their results are shown in Fig. 5.

The concentration dependences H,(x) and 7,(x) that we
obtained are shown in Fig. 6.

It is seen that with decrease of x, the anisotropy field
H, approaches the known value (~12 kOe) corresponding
to the magnetocrystalline anisotropy of a hexagonal sin-
gle crystal of Co. In the vicinity of x=5 there is a
sharp decrease of H,, and then there is a slow, prac-

l .
"H,, xoe H,, kOe

Il !
J 7 x, at.%P

FIG. 4. Concentration dependence of the root-mean-square
fluctuation of the anisotropy field D!/2H, and of the correlation
field #; for Co—P alloys.
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10" cm M, emu
3 —
-1200
(J
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1150
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l . — 100
T g 10 x,at%P

FIG. 5. Concentration dependence of the saturation magnetiza-
tion M and of the exchange constant & for Co—P alloys, accord-
ing to the data of Ref. 22. On the a(x) curve, limiting con-
centrations are evident: 9 at.% P separates solid-solution
states from amorphous; 5 at.% P separates solid solutions of
different symmetries.

tically linear increase with increase of x. As far as
we know, this is the first measurement of the local an-
isotropy of cubic solid solutions and amorphous states
of Co-P alloys. Conventional extrapolation to x =0 of
the linear concentration dependence of H, found for x>5
leads to satisfactory agreement with the known® (ap-
proximately) value of the magnetocrystalline anisotropy
of cubic Co, H,=900 Oe.

It is seen from the H,(x) curve that the value of the
local anisotropy is insensitive to the concentrational
phase transition of the solid solution to the amorphous
state. This in general is not surprising, if the value of
H, is principally due to magnetocrystalline anisotropy;
then it is determined by short-range order, which does
not change in such a transition.

We shall now discuss the concentration dependence of
the correlation radius 7,(x). This quantity character-
izes the size of the region of uniform orientation of the
anisotropy axis. In a polycrystal, 2r, corresponds to
the mean size of a crystallite; in an amorphous mater-
ial, to the size of some oriented cluster. Thus the
abrupt change of 7, at the polymorphic transition of the
hexagonal Co-P solid solution to cubic (=5 at.% P)
corresponds simply to a decrease of the size of the
crystallites. The decrease of 7, beginning with x =8 is
due to the process of amorphization of the substance.
This is the first measurement of the correlation radius
of the fluctuations of direction of the axis of anisotropy
in an amorphous magnet. The general tendency of the

Hq , kOe A

5 10 x, at. %P

FIG. 6. Concentration dependence of the values of the local
effective magnetic anisotropy field H, and of the correlation
radius 7; of the fluctuations of the axis of magnetic anisotropy,
for Co—P alloys, calculated from experimental LAS curves
(Fig. 2) according to the theory developed in the present paper.
The errors of determination of H, and of »; are 10% and 20%.
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behavior of 7,(x)—an abrupt drop on transition to the
amorphous state, and thereafter a slow decrease with
increase of the amorphizing ingredients (which increase
both the chemical and the structural disorder)—agrees
qualitatively with the intuitive ideas about the amor-
phous state that have been put together so far. An un-
expected fact is the large value of the correlation radi-
us of the fluctuations of the anisotropy axis in the
amorphous state: 7,~100 A. We recall that for the
correlation radius of exchange fluctuations in these
same alloys one gets 7,~ 20 to 30 A (Ref. 17), and that
the structural correlation radius for all known amor-
phous substances is still shorter and corresponds to 6
to 8 A (Ref. 24).

As we have already noted above, the local anisotropy
field H, is here understood to mean both the magnetic
anisotropy proper of the immediate environment, and
the anisotropy of elastic stresses. Therefore the fol-
lowing experiment was done: for one of the composi-
tions (x=9), a prolonged (10 h) anneal was carried out
at temperature 125 °C, substantially below the crystal-
lization temperature (240 °C). After the first 4 h of the
anneal, the value of H, had decreased by about 30%
from the initial value; further annealing for 6 h did not
lead to any change of the value of H,. The anneal had
no effect on the value of the correlation radius 7,.
These results can apparently be interpreted as removal
by the anneal of nonuniform elastic stresses. Then the
initial effective local magnetic anisotropy that we de-
termined for the amorphous Co-P alloy (Fig. 6) is the
sum of the crystallographic anisotropy (~70%) and the
anisotropy of elastic stresses (~30%).

Thus from the curves of Fig. 2 and from certain aux-
iliary data, we have determined for each x the numeri-
cal values of two fundamental parameters that charac-
terize the effective magnetic anisotropy: H, and 7,.
That is, we have solved the inverse problem; that was
the goal of this paper.

CONCLUSION

A fundamental characteristic of any spatially fluc-
tuating parameter of the spin system of an amorphous
(or microgrystalline) magnet is its correlation func-
tion K (n) [or the Fourier transform S,(k) of the corre-
lation function]. In the phenomenological theory devel-
oped in Refs. 13-16, the correlation functions occur in
general form, as certain unknown functions that must
be determined from experiment. This approach has
maximum generality, since it is not connected with a
choice of any model. At the same time, it permits sys-
temization of the experimental data, showing how the
same fundamental characteristics of a stochastic sys-
tem can be determined from different experiments; ac-
cumulation of such experimental data will make it pos-
sible hereafter to approach the construction of con-
crete models on a firmer basis.

A number of parameters of an amorphous magnet can
be represented, in a phenomenological theory, inthe
form of an effective magnetic anisotropy fluctuating in
direction. This is first of all the magnetocrystalline
anisotropy, and then the effect of the action of inhomo-
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eneous elastic stresses or of any other defects and in-
homogeneities, which in the phenomenological Hamil-
tonian are representable by anisotropic terms of arbi-
trary form and symmetry. The principal difference of
these anisotropic parameters from the isotropic (see
footnote 3) is that they produce an orientationally non-
uniform state of magnetization—a stochastic magnetic
structure.

The spectral density S,(k) of the stochastic magnetic
structure depends on the characteristics of the effec-
tive local anisotropy: the quantity H,, the symmetry
(which determines the parameter D), and the spectral
density S(k) of the fluctuations of the anisotropy axis.

The problem of the present paper was theoretical and
experimental validation of a method of determination of
some of these characteristics by investigation of the
LAS (since the latter is one of the indirect methods of
studying stochastic magnetic structure). Since the
quantity M, (H) measured by this method is expressed in
terms of an integral (3) of S,(k), in order to obtain an
analytic expression for the law of approach to satura-
tion it is necessary to assume some analytic form for
the desired function S(k). Here we used the two sim-
plest correlation functions, each of which is character-
ized by a single parameter: an arbitrary correlation
radius 7,.

Within the framework of these approximations, an
analytic expression for the LAS was obtained; it has a
quite universal character:

a) it describes (formally) polycrystalline, amorphous,
and any clustered classical systems;

b) it is invariant with respect to the analytical form
of the local magnetic anisotropy energy.

It has been shown theoretically and experimentally
that two characteristics of a spatially fluctuating mag-
netic anisotropy can be determined from the LAS: the
value of the root-mean-square fluctuation of the aniso-
tropy field DY2H, and the correlation field H,. Supple-
mentary information, obtained from independent exper-
iments (the symmetry of the anisotropy, the values of
the exchange and of the magnetization), make it possi-
ble to calculate from these characteristics the effec-
tive local magnetic anisotropy field H, and its correla-
tion radius 7,.

Both amorphous and polycrystalline systems are de-
scribed in terms of these fundamental characteristics.
Therefore the quantity »; responds sharply both to a
polymorphic transition accompanied by change of size
of the crystallites, and to a transition between the poly-
crystalline and the amorphous states. It has been
shown for the first time experimentally that on transi-
tion to the amorphous state, the value of the local an-
isotropy experiences no abrupt changes.

We shall now consider the difference of the approach
proposed here from the approach developed in the pa-
pers of Kronmiller and coworkers.®~!! We shall
demonstrate this difference in the example of a calcu-
lation of the fluctuations of the magnetic anisotropy and
of the elastic stresses that can determine the law of
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approach to saturation. (Refs. 8 and 9 also analyzed the
contribution to the LAS from fluctuations of the isotrop-
ic characteristics, the modulus of the magnetization
and the exchange parameter, and it was shown that it
was negligibly small; we shall not return to this ques-
tion here.)

The principal difference of the approach of Refs. 8-11
from ours is the traditional construction, from the very
beginning, of a priori models for each fluctuating pa-
rameter: models, in our view, often not justified by
anything (and, from the point of view of our approach,
superfluous). Thus in analyzing the contribution to the
LAS from fluctuations of the magnetic anisotropy, the
authors of Refs. 9-11 assume from the very beginning
that in the phenomenological theory one must consider
its correlation radius to be zero (that is, that the cor-
relation dies off at distances of the order of the lattice
parameter). As a result, they obtain for the LAS an
expression in the form of a sum of two terms:

dn=A/H"+B/H". (18)

The first term of this expression corresponds in our
approach to the first term of the expansion of the LAS
in small magnetic fields, H < H,; see(9). The coefficient
A corresponds approximately to the special value of the
analogous coefficient in (9) obtained by replacing the
correlation radius 7, in the latter by the lattice param-
eter.

The second term in the expression (18) has a field
dependence corresponding in our case to sufficiently
large fields. But here the coincidence is purely acci-
dental. The 1/H? dependence in Refs. 9-11 appeared as
a result of the fact that the value of {p) (in our notation)
is considered to be different from zero. But this means
that the authors of Refs. 9-11 are considering magnet-
ization of a textured magnet by a magnetic field whose
direction does not coincide with the texture axis; this
problem simply has no relation to the LAS problem.
Therefore the coefficient B in the expression (18), ob-
tained in Refs. 9 and 10, does not correspond to the co-
efficient of the H % term in any of our limiting cases (9).

In the limiting cases of small and large magnetic
fields, the expression (18) behaves completely opposite-
ly to our expression for the LAS: for us, the H™'2 de-
pendence corresponds to small and the H 2 dependence
to large fields, whereas for the expression (18) the op-
posite is true. It is therefore natural that the authors
of Refs. 10 and 11 were unable to describe their exper-
imental results with this expression. From this they
concluded that the LAS observed by them was not
formed by fluctuations of the magnetic anisotropy. In
actuality, from the disagreement of (18) with experi-
ment it follows only that the fluctuations of anisotropy
cannot be characterized by zero correlation radius.

Further, the authors of Refs. 10 and 11 in the same
way, i.e. by starting from a concrete model, investi-
gate the effect of fluctuations of elastic stresses on the
form of the LAS. They postulate the existence of
dislocation dipoles of length L, with a mean dis-
tance & between them, and a geometry of distribution
of these dipoles. As a result of mathematical proc-
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essing of this model, the authors find an integral ex-
pression for the LAS, from which, in the limiting cases
of small and of large fields, analytical expressions are
obtained for the LAS; they correspond to the expres-
sions (9). These expressions correspond qualitatively
to the experimental relations obtained by the authors;
therefore they conclude that the LAS is determined by
nonuniform elastic stresses. Further, from a compar-
ison of their theory with experiment, they estimate the
mean distance & between the hypothetical dipoles.

But in actuality, the qualitative agreement of theory
with experiment came about not because elastic stres-
ses, dislocation dipoles, etc. were considered, but be-
cause in the solution of this problem the authors tacitly
allowed the existence of an arbitrary (nonzero) corre-
lation radius of the fluctuations. And only the value of
this correlation radius (and the value of the effective
magnetic anisotropy field) can be determined from ex-
perimental investigation of the LAS. In Fig. 3, the
curve ¢ was plotted from the experimental data of Ref.
11, in which the LAS was investigated for an amor-
phous Fe-Ni-B alloy. Processing of it according to our
theory gives the following results: H, =750 Oe, 7,
~8800 A. And this is all that can be obtained from the
LAS.

It is impossible to determine from the M (H) curve
alone what contribution to H, is made by magnetocrys-
talline anisotropy and what contribution is made by
elastic stresses or other defects. For this purpose it
is necessary to investigate at least the concentration or
temperature dependence of the LAS. Such investiga-
tions, made by us for Co-P alloys, enabled us to con-
clude that for these alloys the principal contribution to
H, comes from the magnetocrystalline anisotropy.

DA short exposition of this work was published in Ref, 1.

2)The authors of Refs. 8~11 use the term “micromagnetic”.
This term, introduced by W. F. Brown at the end of the thir-
ties, is still used, in accordance with tradition, by many
authors, although at the present time the use of the prefix
“micro” for a purely classical (nonquantal) problem seems
somewhat archaic. [Translator’s Note: 1 introduced the term
‘“micromagnetics” in my paper at the 1958 Grenoble Con-
ference, published in 1959. I do not recall encountering the
adjective “ micromagnetic” earlier, although Quimby used
the term “micromagnetization” before 1936].

3)Because of the anisotropic character of the magnetic-dipole
interaction, isotropic fluctuations of the modulus of the mag-
netization also lead to orientational oscillations of the mag-
netization vector; but an estimate® ? shows the negligible
smallness of this effect. In ferrimagnets, fluctuations of ex-
change, of magnetization, and of the value of the anisotropy
may lead to the occurrence of a stochastic magnetic struc-
ture comparable in intensity with that produced by fluctuations
of the anisotropy axis.!®

v, A. Ignatchenko, R. S. Iskhakov, and G. V. Popov, Summa-
ries of Second Seminar on Amorphous Magnetism, Krasno-
yarsk, 1980, p. 94.

°N. S. Akulov, Z. Phys. 69, 78 and 822 (1931).

3W. F. Brown, Jr., Phys. Rev. 58, 736 (1940); Micromagnetics,
Wiley, 1963 and Krieger, 1978, p. 61 (Russ. transl., M.:
Nauka, 1979, p. 79).

Ignatchenko et al. 885



4L. Néel, J. Phys. Rad. 9, 184 and 193 (1948).

SL. V. Kirenskil and L. I. Slobodskol, Dokl. Akad. Nauk SSSR
69, 639 (1949).

8S. V. Vonsovskil and Ya. S. Shur, Ferromagnetizm (Ferro-
magnetism), M.: Gostekhizdat, 1948, p. 494.

'R. M. Bozorth, Ferromagnetism, Van Nostrand, 1951, p. 484
(Russ. transl., M.: IIL, 1956, p. 388).

8H. Kronmiiller and J. Ulner, J. Magn. Magn. Mater. 6, 52
@977).

M. Fihnle and H. Kronmiiller, J. Magn. Magn. Mater. 8, 149
1978).

104, Kronmiiller, M. Fihnle, M. Domann, H. Grimm, R.
Grimm, and B. Groger, J. Magn. Magn. Mater. 13, 53 (1979).

UH, Kronmiiller, IEEE Trans. Magn. 15, 1218 (1979); J. Appl.
Phys. 52, 1859 (1981).

121, D, Landau and E.' M. Lifshitz, Phys. Z. Sowjetunion 8, 153
(1935) (reprinted in L. D. Landau, Collected Works, Perga-
mon, 1965, No. 18 and in D. ter Haar, Men of Physics: L. D.
Landau, Vol. 1, Pergamon, 1965, p. 178).

13y, A, Ignatchenko and R. S. Iskhakov, Zh. Eksp. Teor. Fiz.
72, 1005 (1977) [Sov. Phys. JETP 45, 526 (1977)].

Uy, A. Ignatchenko and R. S. Iskhakov, Zh. Eksp. Teor. Fiz.
74, 1386 (1978) [Sov. Phys. JETP 47, 725 (1978)].

5y, A. Ignatchenko and R. S. Iskhakov, Zh. Eksp. Teor. Fiz.
75, 1438 (1978) [Sov. Phys. JETP 48, 726 (1978)].

18y, A. Ignatchenko and R. S. Iskhakov, Izv. Akad. Nauk SSSR,
Ser. Fiz, 44, 1434 (1980).

11y A, Ignatchenko, R. S. Iskhakov, L. A. Chekanova, and N. S.

Chistyakov, Zh. Eksp. Teor. Fiz. 75, 653 (1978) [Sov. Phys.

886 Sov. Phys. JETP 55(5), May 1982

JETP 48, 328 (1978)].

181, V. Bogomaz, V. A. Ignatchenko, and R. S. Iskhakov, Sum-
maries of Fifteenth All-Union Conference on Ferromagnetic
Phenomena, Perm, 1981, Part 2, p. 6.

18y, A. Ignatchenko, Zh. Eksp. Teor. Fiz. 54, 303 (1968) [Sov.
Phys. JETP 27, 162 (1968)].

201, A, Chekanova, R. S. Iskhakov, R. G. Khlebopros, N. S.
Chistyakov, and G. I. Fish, Fiz. Tverd. Tela (Leningrad) 20,
3501 (1978) [Sov. Phys. Solid State 20, 2026 (1978)]; L. A.
Chekanova, R. S. Iskhakov, G. I. Fish, R. G. Khlebopros, N. S.
Chistyakov, and E. N. Agartanova, Fiz. Metal. Metalloved.
41, 536 (1976) [Phys. Met. Metallogr. 41, No. 3, 72 (1976)];
L. A, Chekanova, R. S. Iskhakov, G. I. Fish, R. G.Khlebopros,
and N. S. Chistyakov, Pis’ma Zh. Eksp. Teor. Fiz. 20, 73
(1974) [JETP Lett. 20, 31 (1974)].

2y, N. Berzhanskii, L. A. Chekanova, and N. S. Chistyakov,
Fiz. Metalloved. 46, 63 (1978) [Phys. Met. Metallogr. 46,
No. 1, 47 (1978)].

224, S. Mel'nik, L. A. Chekanova, L. M. Khrustaleva, G. V.
Popov, M. M. Karpenko, and A. G. Olado, Summaries of
Second Seminar on Amorphous Magnetism, Krasnoyarsk,
1980, p. 87.

3, V. Vonsovskii, Magnetizm (Magnetism), M.: Nauka, 1971,
p. 784 (transl., Wiley, 1974).

%G, 8. Cargill, III, Structure of Metallic Alloy Glasses, Solid
State Physics, Vol. 30, Academic Press, 1975, p. 227.

Translated by W. F. Brown, Jr.

Ignatchenko et al. 886





