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We propose atheoretically justified experimental magnetometric technique for determining the size of stochas-
tic domains spontaneously formed in the spin system of nanostructured ferromagnets and for evaluating the
effective anisotropy in these magnetically correlated regions. The method is based on monitoring the AM ~ H2
relationship in the low-field part of the integral magnetization curve. © 2003 MAIK “ Nauka/Interperiodica” .
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1. INTRODUCTION

Nanocrystalline and amorphous ferromagnets
belong to the class of nanostructured materials exten-
sively studied both in basic aspects and in view of pos-
sible applications. A currently important problem isthe
establishing of relationships between macroscopic and
microscopic parameters of these materials. For nano-
structured ferromagnets, such a relationship has been
described within the framework of the so-called ran-
dom anisotropy model [1-4]. According to this
approach, the spin system of aferromagnet is described
in terms of the following microscopic parameters:
exchange interaction A, magnetization M, local anisot-
ropy K, and the length 2R, of its homogeneous orienta
tion. It isassumed that the easy axes of local anisotropy
in the grains (clusters) of a ferromagnet are randomly
oriented. Some cases of gpatialy inhomogeneous
anisotropy, exchange, and magnetization have been
also considered (see, e.0., [2]).

A characteristic feature of the random anisotropy
model in systems of dimension d < 4 isinstability of the
ferromagnetic state with respect to the appearance of an
arbitrarily small random anisotropy even at a zero tem-
perature, which is completely analogous to breakage of
the ferromagnetic order in the random field model [5].
In both cases, the ferromagnetic order is established
over a characteristic distance—the magnetic orienta-
tion coherence length 2R, (R_ > R.). Both models pre-
dict an increase in the length of magnetic correlations
with decreasing correlation length of the random per-
turbations.

Thus, a magnetic structure of nanostructured ferro-
magnets can be represented by an ensembl e of stochas-
tic domains (with asize of 2R, ) obeying an approxima-
tion analogous to the model of exchange-independent

grains in polycrystalline solids. This well-known
approximation has been widely used for calculating
macroscopi ¢ parameters such as coercive force, suscep-
tibility, and residual magnetization in the region of irre-
versibility of the magnetization curve (beginning with
the original paper of Stoner and Wohlfarth [6]). The
same approximation was used to describe the law of the
magneti zation approach to saturation employed (begin-
ning with the works of Akulov [7, 8]) for determining
the microscopic anisotropy K from the reversible mag-
netization curve. Herzer [9] showed that this method
provides an adequate description of nanostructured fer-
romagnets. determination of the coercive force as a

function of the grain size, H, ~ RS was eguivalent to
estimating the macroscopic anisotropy in a stochastic
domain as K ~ (R/R )¥? and the domain size as R ~

AZK2R .

It should be emphasized that R_is a very important
parameter. Unfortunately, the possibilities of experi-
mental determination of the magnetic correlation
length are rather restricted. It is commonly accepted
that the main experimental method is offered by small-
angle neutron scattering (SANS). Using this method,
Loffler et al. [10] recently measured the value of L, =
2R, and studied the dependence of L, 0n the grain size
D = 2R, for nanostructured Fe. Ryne [11] used SANS
to measure L, and studied the dependence of L, on the
applied magnetic field H in a ThbFe, amorphous alloy.

This paper demonstrates the possibility to measure
the magnetic correlation length R in nanostructured
ferromagnets and to evaluate the macroscopic anisot-
ropy in these magnetically correlated regions using a
magnetometer—a commonly available instrument.
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2. THEORETICAL JUSTIFICATION
OF THE PROPOSED METHOD

For an inhomogeneous ferromagnet characterized
by alocal magnetic anisotropy of arbitrary origin and
symmetry, the law of the magnetization approach to
saturation can be written as

MIIMg=1—dn(H), (D)

where d,, is the normalized mathematical dispersion
(variance) of the transverse magnetization components

[2]:

4 = MO_ S(k)d®k

= = (aH)[ T
Mg ((2AIMQK" + H)

Here, H, = 2K/M, is the local anisotropy field, a is the

symmetry factor (for uniaxial anisotropy, a = 1/15%?)
and S(K) isthe normalized spectral density of the corre-
lation function K(r) of orientation of the local anisot-
ropy axes.

For an exponential model correlation function of the

(2)

type e"'™ we obtain
_ (aH,)’
m = Hl/z(ng_'_ H1/2)3’

©)

where Hg = 2A/MSR§ isacorrelation field (for the rea-
sons presented below, this parameter will be referred to
as the “upper” correlation field) and R, is the correla-
tion radius of the anisotropy inhomogeneities. As can
be seen, the character of the behavior of magnetization
as afunction of the field changes in the vicinity of Hg,
so that

H?, H>H
dn = (aH)’D RN C)
H?HR”, H < Hg

In the coordinates of logd,, versuslogH, thischangeis
manifested by a characteristic bending of the experi-
mental M(H) curve in the region of H ~ Hg. Note that,
if any other monotonically decreasing function (rather
than exponent) is selected as the model correlation
function, the analytical expression for d,(H) will
change, but the asymptotic behavior (4) and the corre-
lation field Hg remain the same.

Let us consider the physical reasons for the appear-
ance of a characteristic point Hg in the d.,(H) function.
Deviations of the magnetization vector M (x) from the
magnetic field direction in nanostructured ferromag-
nets are correlated within a region of size Ry =
(2A/MH)Y2, this value depends on the magnetic field
and exchange. For R, < R, (i.e., for H > Hp), the fluc-
tuations of magnetization orientation are uncorrel ated.
On the contrary, for R, > R_, the magnetization vector
orientation is strongly correlated. Therefore, H ~ Hi
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corresponds to a change in the character of the magne-
tization curve. For this reason, the value of Hgi and,
hence R., can be experimentally measured. A method
for processing the magnetization curve so as to extract
data on the correlation radius and the effective mag-
netic anisotropy is called the correlation magnetometry
[12].

Thelow-field effectsrelated to the formation of sto-
chastic domains are not manifested in formulas (3) and
(4). Thisis explained by the fact that these expressions
were obtained in the linear approximation of the pertur-
bation theory that fails to be valid in the range of small
fields. However, the correlation properties of the inho-
mogeneous orientation of M(x) in this range can be
determined by numerical methods. In particular, the
correlation function K, (r) and the corresponding corre-
lation radius R(H) were calculated [13] for a chain of
exchange-coupled grains with random anisotropy. The
main result of such numerical calculations consists in
the appearance of another characteristic field H, =

2A/M5Rﬁ, called the “lower” correlation field, where

2R, isthe size of a stochastic domain. In the range of
H > H_, the behavior of R,(H) isdescribed by the linear
theory, while for H < H, the R(H) function tends to
the constant value R, (instead of infinitely increasing as
predicted by the linear theory).

In order to take into account the formation of sto-
chastic domains, we suggest modifying expression (3)
asfollows:

1/2 1724
_ R THE e H ®
m OH O |:Hl/2+ H1/ !

R

d

where d is the dimension of the system of exchange-
coupled ferromagnetic nanoparticles. This expression,
in contrast to the exact formula (3), represents an inter-
polation and hasto be verified in experiment. Indeed, in
therange of H > H,, expression (5) describes the exper-
imental M(H) curvesford=3[14],d=2[15],andd=1
[16]. Below we will demonstrate that this expression
also adequately describes the experimental data for
H < H,. To this end, we will need expressions for the

asymptotic behavior of d.(H):
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Fig. 1. A schematic curve of the magnetization dispersion
d(H) of ananostructured ferromagnet.

Here, the macroscopic anisotropy field in a stochastic
domain is given by the formula

[HJ = Ha(HU/HR)Y* = Hy(R/R)™ = HLIN, (7)

where N is the number of nanoparticlesin this domain.
Figure 1 schematically presents the function (5) and
shows the asymptotes (6) on the double logarithmic
scale. As can be seen, the experimental task reduces to
monitoring the low-field crossover (bending) in d, the
presence of which proves the formation of stochastic
domains in the system.

3. RESULTS AND DISCUSSION

Figure 2 presents a double logarithmic plot of a
reversible part of the magnetization curve M(H) for a
2000-A-thick Cog,P;, amorphous alloy film. The films
of amorphous and nanocrystalline alloys were obtained
by chemical deposition onto cover glasses. The magne-
tization curves were obtained (with the substrate back-
ground subtraction) using a vibrating-sample magne-
tometer with a superconducting coil operating in a
range of fields up to 30 kOe.

As can be seen from Fig. 2, the experimental field
dependence M(H) is well described by expressions (5)
and (6) with d = 3. Asthefield H decreases, the magne-
tization sequentially obeys the high-field Akulov law
(AM ~ H?), the cooperative dependence (AM ~ H?),
and the low-field dependence (AM ~ H2). The theoret-
ical asymtotes described by expressions (6) are repre-
sented by straight lines. The points of intersection of
these lines determine the characteristic fields H, = 80
Oe and Hi = 3 kOe corresponding to the low- and high-
field crossovers (bending points) in the magnetization
curve M(H). Upon substituting the values of exchange
A and magnetization My into the expressionsfor H, and
Hg, We obtain the values of R, =500 A and R, = 80 A.
Using the portions described by the dependence AM ~
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Fig. 2. A plot of the magnetization dispersion AM/Mg versus
magnetic field strength for a 2000-A-thick CoggP;o amor-
phousalloy filmat T=4K (H_= 80 Oe, Hg = 3 kOe).

H—, we determine the macroscopic and microscopic
anisotropy fields: [H,[] = 150 Oe and H, = 2 kOe. Sub-
stitution of the measured and calculated values into
expression (7) proves the validity of thisrelation.

Figure 3 shows a reversible part of the magnetiza-
tion curve for a 100-A-thick CogP; nanocrystalline
alloy film. This curve reveals the low-field dependence
AM ~ H2, followed by aclearly identified dependence
of the type AM ~ H=¥* (for H from 0.2 to 2 kOe), a sta-
tistically reliable dependence of the type AM ~ H (for
H from 2 to 6 kOe), and a noisy signa in the fields
above 10 kOe (reflecting the fact that the dispersion of
magnetization becomes comparable with the accuracy
of magnetization measurements).

The grain size in the CogsP; nanocrystalline alloy is
on the order of the film thickness. Therefore, this film
features a two-dimensional system of ferromagneti-
cally coupled grains (d = 2). According to expressions
(5) and (6), this system hasto exhibit alow-field cross-
over in M(H) (reflecting the transition from AM ~ H2
to AM ~ H™). However, our experimental curveinitially
exhibits an intermediate transition from AM ~ H= to
AM ~ H=¥* and only then changes to AM ~ H. This

behavior is not an artifact. Indeed, the rms deviation

d¥? of magnetization has to be determined from the

condition of minimum for the total energy including a
magnetic dipole interaction (which is significant in the
case of thin films). The most exhaustive theoretical
analysis of this situation has been performed in [17—
19]. In our notations, the final expression for d,, is as
follows[19]:

_1(aH)® 1 _1 (M) 1
m = éMilesRMW_éMi/zHLH;MW' (8)
To our great surprise, an analysis of the availablelit-
erature showed that the region of AM ~ H=4 in the
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Fig. 3. A plot of the magnetization dispersion AM/Mgversus
magnetic field strength for a 100-A-thick CoggP; film (T =
90 K).

experimental curve of Fig. 3 isthe first observation of
the well-known theoretical dependence (8). The inter-
sections of asymptotes H=** and H with the line H2
givetwo values of the characteristic field: H ; = 140 Oe
and H , = 70 Oe. Thisisindirect evidence of a modifi-
cation of the shape of a stochastic domain in the thin
film under consideration related to the magnetostatic
effects, whereby a disk with a circular base existing at
H < H|, transforms into a disk with an ellipsoidal base
in higher fields.

Figure 4 presents the reversible parts of the magne-
tization curves M(H) for two multilayer
[CogsP(X)/Pd(14 A)],, structures with individual nano-
crystalline Co layer thicknesses x = 80 and 55 A. Note
that the total ferromagnetic layer thickness was 1600 or
1100 A, respectively; hence, the useful signal magni-
tude was more than ten times greater as compared to
that from a single ultrathin film. In the range of mag-
netic fieldsfrom 1-1.5to 20 kOe, these samples obeyed
the law AM ~ H~* that confirmed the two-dimensional
character of the system of ferromagnetically coupled
grains. In the region of low fields, the magnetization
followsthe dependence AM ~ H2, but the portion of the
M(H) curve in greater fields cannot be described by a
power function. In our opinion, this is explained by
more complicated magnetostatic phenomena(related to
the magnetic dipole interactions between the magneti-
zations of individual ferromagnetic layers) as com-
pared to those in athin single-layer film.

Assuming that the characteristic fields H, corre-
spond to the H values at which the experimental data
deviate from the low-field dependence AM ~ H7?, we
conclude that a decrease in the ferromagnetic layer
thickness (and, hence, in the R, value) leads to a
decrease in H, (and to a corresponding increase in R),
in agreement with the main stipulations of models [1-
5]. Another physically reasonable observation is a
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Fig. 4. A plot of the magnetization dispersion AM/Mg ver-

sus magnetic field strength for two multilayer
[CogP(X)/Pd(14 A)],q structures with individual nanoc-

rystalline Co layer thicknesses x = 80 and 55 A (T = 4K).

decrease in the macroscopic anisotropy field [H,[] with
increasing size of stochastic domains. Therefore, sto-
chastic domains are also formed in individual ferro-
magnetic layers of multilayer structures, but the shape
of these domains (like that in an ultrathin nanocrystal-
line ferromagnetic film) is significantly modified by
magnetostatic interactions.

Thus, the proposed interpolation formula (5) and
asymptotic expressions (6) qualitatively explain the
effects observed on the magnetization curves measured
in the entire range of magnetic fields. In the high-field
range, H > H, formula (5) coincides with the exact
theoretical expression (3), and in the low-field region,
this formula describes the behavior of M(H) related to
the formation of stochastic domains in nanostructured
ferromagnets. This approach allows effective quantita-
tive characteristics (H,, (H,[J, R) to be introduced for
description of the low-field magnetic correlations.

We are grateful to L.A. Chekanova for kindly pro-
viding the films for investigation.
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