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Correlated spin glass generated by structural disorder in the amorphous Dy Fe,,B,, alloy
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Magnetic properties of the amorphous Dy-Fe-B alloy are studied in terms of the correlated-spin-glass
approach of Chudnovsky et al. Features predicted by the theory are clearly observed in the experiment.
It is shown that the magnetization law may be presented in the form where it is determined by the di-
mensionless correlation function of structural disorder, C(y), only. The analysis of the magnetization
curve allows one to distinguish between different models of disorder in amorphous solids. Experimental

data on Dy-Fe-B are in favor of C =exp(—1y?).

The structure of amorphous solids remains a challeng-
ing theoretical and experimental problem. While there
are many models of amorphous disorder,! one picture is
commonly kept in mind. It displays the process of
solidification as a diffusion-driven rearrangement of
atoms towards the minimum energy state. The length of
the structural order in a solid R, is, then, determined by
the average size of the volume in which atoms can suc-
cessfully rearrange until the diffusion coefficient becomes
exponentially small as temperature goes down. Depend-
ing on the rate of cooling, one obtains solids ranging from
monocrystals to disordered networks of atoms. Rapid
solidification has been used to obtain a number of amor-
phous ferromagnetic alloys. In this paper we present a
method that allows one to distinguish between different
models of structural disorder in amorphous ferromag-
nets.

As was noticed long ago, the behavior of the magneti-
zation on approach to saturation may be analyzed to elu-
cidate structural properties of an inhomogeneous materi-
al. Becker and Doring,? based upon early results for
monocystals,> ™5 showed that the magnetocrystalline an-
isotropy of randomly arranged crystallites gives a H 2
term in approaching saturation. Brown® demonstrated
that interaction of the magnetization with point, linear,
and layered sources of spin pinning give H /2, H™!,
and H ~? contributions to the magnetization law, respec-
tively. Chikazumi’ later noticed that the H ~!/? law for
localized pinning sources must change to H ~2? in high
fields. Vast literature on micromagnetism, which con-
tains these and other results, has been reviewed by
Brown® and Vonsovsky.’

In a more recent time, micromagnetic calculations
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were revived to describe amorphous ferromagnets.!0~14

Instead of considering different types of spin pinning, a
more universal approach has been applied, which
operates with structural correlation functions. Magnetic
properties of amorphous alloys are commonly described
within the random anisotropy model.!>!* The basic idea
of the model is that spin interactions in an amorphous
ferromagnet are similar to these in a ferromagnetic crys-
tal. The essential difference, however, is that instead of
having global anisotropy axes, an amorphous ferromag-
net has local easy axes whose direction n (x) varies ran-
domly in space. This direction is determined by the local
arrangement of atoms. Consequently, directions of n (x)
at different points must rapidly become uncorrelated at
distances greater than R,. The corresponding correla-
tion function C(x) is of particular interest to us, since it
reflects the short-range structure of amorphous solid. In
the past magnetic measurements were used'>!% to obtain
the value of R, in amorphous ferromagnets. The purpose
of this work is to extract from magnetic measurements
information about the form of C(x).

Let A(erg/cm) and K,(erg/cm®) be the exchange and
random anisotropy strengths, respectively, averaged over
the distance R,. It has been shown'® that the magnetic
behavior of the random anisotropy system changes drast-
ically with the value of the dimensionless parameter
A, =(2/15)Y%H,/H,,), where H,=2K /M, is the ran-
dom anisotropy field, and H,, =24 /M,R?. For A>>1
(strong anisotropy) and low temperature, directions of
spins are frozen along their local anisotropy axes. The
arrow representation of this state is then similar to that
of a spin glass. At A <1 (weak anisotropy) the ferromag-
netic correlation length R, becomes greater than R,

7698



44 BRIEF REPORTS

R f=Ra /A% In the absence of coherent anisotropy, R f
remains finite at 7 =0 for however small K,, in accor-
dance with Imry-Ma arguments.!” This magnetic state
has been called the correlated spin glass (CSG).!* Appli-
cation of a magnetic field transforms it into a partially or-
dered state that has been called ferromagnet with
wondering axes (FWA).!8

In the case of a strong anisotropy, the approach to
magnetic saturation follows a 1/H? law, independent of
the form of C(x).!® The case of the weak anisotropy is
more subtle.!’ ™! Regardless of the form of C(x), the
magnetization law in the FWA follows 1/VH at
H<<H, and 1/H* at H>>H,, . In fact, the 1/VH
dependence, which is a characteristic of the FWA, has
been observed in a number of systems.?’”2%1¢ On the
contrary, the 1/H? regime is more difficult to observe in
weak anisotropy systems since it requires large magnetic
fields. Information about C(x) may be obtained from a
measurement of M (H) that includes H ~H_,. In this pa-
per we suggest such a study based upon the formula?’
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which is valid for the whole region approaching satura-
tion; y =x /R ,. Equation (1) allows one to obtain an ex-
plicit form of C(y), performing an inversed Laplace
transformation of the magnetization curve. This pro-
cedure, however, requires a greater accuracy in M (H)
measurement than has been achieved in our experiment.
Instead, we have tried some typical forms of C(x) in or-
der to obtain the best fit of our experimental data.

Two important things should be mentioned before ap-
plying Eq. (1) to the study of C(y). First concerns the
inevitable presence of some coherent anisotropy in the
sample. Although a weak coherent anisotropy, satisfying
A2>2% [where A,.=(2/15)XH,/H,), H, is the
coherent anistropy field], destroys the CSG, ! the effect of
H_, becomes unimportant at H > H_. Second, the field
H,, must be accessible experimentally. For these reasons
the amorphous Dy-Fe-B alloy has been selected, in
which, according to our estimate (see below), H,, ~ 1000
Oe, H,~ 1500 Oe, A2~0.3, A}/ <<0.3.

A ribbon of Dy¢Fe;B,, was produced by the single
roller technique in a closed chamber with a helium pro-
tective atmosphere. The melt was quenched on a Cu-Zr
wheel (diameter 200 mm). The surface velocity was
about 40 m/s. The amorphous state of the ribbon has
been tested by x-ray and optical microscopy, and no evi-
dence of crystalline inclusions has been detected. dc
magnetic measurements have been carried out by using a
commercial superconducting quantum interference de-
vice magnetometer with in-plane applied fields up to 50
kOe at 4.2 K.

For the two field regimes discussed above, Eq. (1) gives
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is a dimensionless number of the order of 1. These two
regimes have been observed experimentally (Fig. 1). One
may notice a different slope at very high fields in Fig.
1(b). In that range of the field 8M becomes so small that
the validity of Eq. (1) is violated by weak magnetic effects
which have not been taken into account (the main effect,
apparently, comes from the magnetism of conducting
electrons). Equations (2) and (3), together with experi-
mental curves, enabled us to estimate parameters H, and
H,, (see above) and to verify self-consistency of the mod-
el.

The following procedure has been used to extract infor-
mation about C(y) from the magnetization curve. Let
S1,, and S, be the slopes in Figs. 1(a) and 1(b) for 1/V'H
and 1/H? regimes, respectively. With the help of Egs. (2)
and (3), Eq. (1) may be rewritten in the form
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FIG. 1. Two regimes in approaching saturation: (a)
8M «1/V'H; (b) 8M «< 1/H?>.
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FIG. 2. Magnetization law in Dy¢Fe;,B,, at 4.2 K. The solid
line corresponds to the fit by C,(y)=exp(— 1y?). The dotted
line shows the fit by C,(y)=exp(—y).
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A nice property of this formula should be noted. Since
the parameters My, S,,,, and S, are fixed by measure-
ments at H <<H,, and H>H_, M(H) at H~H_, de-
pends only on the explicit form of C(y), with no other
fitting parameters. Note that this dependence is also hid-
den in the parameter v, Eq. (4). The function C(y)
satisfies C(0)=1, C(y >>1)—0.%7 We have found that
the fitting of the entire magnetization curve is quite sensi-
tive to the rate of decay of the correlation function. One
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should also notice another important property of Eq. (5).
It is invariant under a scale transformation, y —ky. Con-
sequently, the fit gives the functional form of C(x); it is
not sensitive to the value of R,. As is shown in Fig. 2, a
good fit is provided by the Gaussian form of the correla-
tion function, C(y)=C2(y)=exp(—%y2). For compar-
ison, we show the fit of M (H) by C,(y)=exp(—y) (dot-
ted line), which is in apparent disagreement with experi-
mental data.

For one who thinks about an amorphous state as
formed of microcrystallites, C(y) brings information
about correlations in the orientation of locally defined
crystallographic axes. C,(y) corresponds to a very fast
decay of such correlations. Our observation that C,(y)
satisfies the experimental data much better than C,(y) is,
therefore, in favor of randomly oriented atomic clusters
(microcrystallites) rather than a highly polygonized struc-
ture with a more gradual rotation of anisotropy axes.
Notice, that for such a complex system as Dy-Fe-B, in-
formation about C(y) can be hardly obtained by any oth-
er means, and is, thus, extremely helpful for any specula-
tions on the nature of amorphous state in rapidly
solidified alloys.

In conclusion, we have demonstrated that magnetic
properties of amorphous Dy-Fe-B are well described by
the random anisotropy model. An experimental method,
based upon the approach of Chudnovsky and co-
workers,'>141827 i5 suggested, which allows one to distin-
guish between different models of structural disorder in
amorphous ferromagnets. Application of this method to
Dy-Fe-B indicates that its amorphous state is generated
by the Gaussian decay of correlations in the orientation
of atomic clusters.
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