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MAGNETIC ORDERING AND LOCAL RANDOM ANISOTROPY IN DILUTE MAGNETIC GLASSES

G. R. firuzatski, J. D. Patterson , and D. J. Sellmyer

Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska

ABSTRACT

Magnetic susceptibility and high-field magnetiza-
tion measurements are presented for amorphous
Zr pnCugn_ My (M denoting Fe, Mn, Gd, and Tb) and

NbSONiso_xFex, with x ranging from zero to about ten.

The alloys for M = Gd, Tb, and Fe develop low-tempera-
ture ordered states that are characterized as spin
glass like, whereas the Mn alloy exhibits no evidence
of order down to 1.3 K. The magnetic properties of
these alloys are discussed in terms of local random
anisotropy, fluctuations in the interimpurity exchange
interactions, extremely short electron-mean-free
paths, antiferromagnetic interactions between the
Tocalized moments and the conduction electrons, and
moment instabilities.

INTRODUCTION

There is by now a considerable body of theoretical
and experimental Titerature on the behavior of amor-
phous transition-metal alloys containing magnetic ions.
Many of these alloys exhibit magnetic properties which
are quite different from those of crystalline alloys
of the same composition. Interpreting magnetic proper-
ties of these alloys is complicated because it is dif-
ficult to separate effects of chemical disorder (which
refers to the number, species, and positions of an
atom's near neighbors) from those of structural dis~
order (which denotes a lack of crystallinity). If
unique calculations are to be made, the disorder must
be sufficiently characterized; yet, one is usually
content with understanding the behavior of an amor-
phous system vis-a-vis a crystalline system by cate-
gorizing the former as disordered in some general
phenomenological sense. For example, one approach
used to describe magnetism in amorphous metals is
based on Gubanov's ideas [1] and uses phenomenological
fluctuations in the interimpurity exchange interaction
J. This approach can explain, for example, the obser-
vation that the ordering temperature and spontaneous
magnetization of an amorphous alloy are often much
lower than those of the corresponding crystalline
alloy. An objection to this approach, however, is
that it often requires fluctuations in J of order J,
which, at times, may be unlikely. A second approach
is to ignore the fluctuations in the exchange and to
subject each spin to a Jocal uniaxial anisotropy field
with random orientation. This second approach is the
random anisotropy model of amorphous magnetism [2,3].

Of course, the problem of describing an amorphous mag-
netic material is far more complicated than choosing
one of these two descriptions or some combination of
them. As already mentioned, one may wish to distin-
quish between the effects of chemical and structural
disorder. One may also want to investigate the nature
of the interaction, the effect of disorder on the local
moment stability, the role of Kondoism, the effect of
extremely short electron-mean-free paths, the effect
of magnetic clustering, and so on.

Some of the above-mentioned effects have been
studied by systematically investigating the magnetic
properties of splat-cooled Zr40Cu60_XMX (M denoting

Fe, Mn, Gd, and Tb) and NbSONiso_XFeX, with x ranging

from zero to about ten. These amorphous alloys were
chosen for several reasons. Firstly, the magnetism in
these alloys is expected to be due to Tocalized mo-
ments. Secondly, in each of these alloys there exists
only one type of "magnetic" atom; hence, interpreting
the behavior of such alloys should be less difficult
than for alloys containing two or more types of mag-
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netic atoms. Thirdly, these alloys are possible can-
didates for studying the effect of moment instabil-
ities in that the 4f moments are expected to be stable
whereas the 3d moments may be unstable depending on
their environment. The primary motivation for studying
the rare-earth alloys was to investigate the effect of
local random anisotropy. Because Gd is an S-state ion
and Tb an F-state ion, one would expect anisotropy
effects to be considerably more pronounced in the Tb
alloys than in the Gd alloys. Since these alloys have
the same host, one would expect only small differences
in the fluctuations in J for alloys of equal concen-
tration. Therefore, any differences in the magnetic
behavior of these two systems, that could not be
accounted for by a different de Gennes factor and/or
different interaction between the conduction electrons
and Tocalized moments, may be due to differences in
the strength of the local random anisotropy. Further-
more, in magnetically dilute alloys of this type, it
is possible to decrease the concentration to arbi-
trarily small values so that, in alloys for which ran-
dom anisotropy is present, the effect of random
anisotropy can be made to dominate that of interim-
purity exchange.

In this article, some of the results of this
investigation are reported and the behavior of these
alloys is discussed in terms of many of the ideas
mentioned above.

EXPERIMENTAL

The amorphous sampies were produced by melting
about 0.1 g of alloy (prepared by arc melting) in a

modified arc-melting furnace equipped with a copper
ptunger [4]. The alloys were quenched into foils
about 60 um thick by rapidly propelling the plunger
onto the melted alloy. From the velocity of the
plunger (ailmost 10 m/sec), a cooling rate of

106 - 107 K/sec was estimated. The amorphous nature
of all the alloys was confirmed by x-ray diffraction
measurements.

High-field measurements of the magnetization M
were made on all samples to 80 kOe in a supercon-
ducting solenoid. These measurements were made with a
vibrating-sample magnetometer (VSM) from 1.3 to about
80 K.

Two techniques were used to measure the magnetic
susceptibility x. The “zero-field" susceptibilities
were determined from the VSM data at H = 0; only
virgin-curve data were used for this purpose. The
"ow-field" susceptibility x was measured with a
standard Faraday technique between 1.5 and 300 K.
These measurements were made using various fields
between 0.23 and 10.4 kOe. Whenever possible, the
data were taken at fields in the region where M is
Tinear in the applied field H. When this was not
possible, the data were taken at fields as small as
nossible, vet still Targe enough to give reasonable
signal to noise ratios. For example, the low-field
M(H) data for Zrlm(iusoFe]O showed considerabie

curvature over the entire temperature range and the
x data were taken at about 0.7 kOe.

LOW~FIELD RESULTS AND DISCUSSION

As an initial attempt to understand the behavior
of these systems, the low-field susceptibility data
were fitted to the Gurie-weiss expression ]
X=Xy = bX = C(T-e). Values for p c. were obtained

from C in the usual way and values of the angular
momentum J were obtained using p e = gfJd(a+1)] .
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Here g, the Landé g-factor, was assumed to be 2 for
the samples containing Mn and Fe and, for the samples
containing Gd and Tb, g was calculated assuming tri-
valent ions. The results of the best fits obtained
are shown in Table I. Except for a small upturn
below about 50 K (presumably due to unwanted impuri-
ties), x(T) for Zr40Cu60 is indicative of temperature-

independent Pauli paramagnetism and has a value of
about 0.89 yemu/g. x(T) for NbgoNigy shows essen-

tially no temperature dependence and has a value of
about 2.1 pemu/g.
The samples containing Gd and Tb exhibit Paff

values very close to those expected for trivalent ions

subject to Hund's rules (7.94 for Gd3+ and 9.72 for
Tb3+). The positive values of 8 for these samples in-
dicate predominantly ferromagnetic interimpurity
coupling. The rather small values of Paff for both the

Fe and Mn alloys are suggestive of moment instabilities
on at least some of the magnetic atoms and/or some
antiferromagnetic clustering that subsists even at high
temperatures. However, because the values of peff are

roughly independent of concentration for the Nb-Ni(Fe)
alloys and Zr-Cu(Mn) alloys (Mizoguchi [5] obtains
Popg = 1.6 for a 6% Zr-Cu(Mn) alloy), it appears that

the more important effect is that of moment instabil-
ities. Furthermore, one expects that these ions will
tend to lose their moments as their local environment
goes from nearly all Cu (or Ni) to nearly all Zr (or
Nb) [6]. The negative ¢ values for these samples are
suggestive of predominantly antiferromagnetic coupling,
most probably between an impurity and the conduction
electrons.

Figure 1 shows the Tow-field susceptibility data
for Zr40Cu50Mn]0. Note that there is no maximum in

X(T) down to 1.5 K. Simitarly, the low-field x{T) for
all the samples exhibits no evidence of a spin-glass-
1ike transition. However, zero-field susceptibility
measurements did exhibit peaks in all the alloys ex-
cept for the Mn alloy (and the Nb-Ni(Fe) alloys, for
which zero-field susceptibility was not determined).
Of course, it is possible that the strength of such
interactions in, say Zr40Cu50Mn]0, is so weak that

spin-glass-1ike order would develop only at very low
temperatures.

The Tow-field magnetization M(H} measurements for
the samples containing Fe show considerable curvature
over the entire temperature range. For Zr40Cu50Mn]0,

Tow-field M(H) data exhibit more curvature at room tem-
perature than at Tower temperatures. These data sug-
gest the presence of magnetic clusters due to predom-
inantly ferromagnetic near-neighbor interimpurity in-
teractions. (Because these intracluster interactions
apparently are larger than thermal energies even at
room temperature, they do not affect the value of 6.)
In the case of the Nb-Ni(Fe) alloys, the effect of
these clusters was approximately taken into account [7]
and values of peff of about 0.7 of those in Table I

were obtained. A small amount of clustering was also
in evidence in Zr40Cu57Gd3 at room temperature. With

the possible exception of Zr4OCu50Fe10, it was con-
cluded that the presence of clusters had little effect
on the Curie-Weiss parameters.

HIGH-FIELD RESULTS AND DISCUSSION

Saturation did not occur in any of the samples,
even at 80 kOe and 1.3 K; however, the alloys con-
taining Gd approached normalized magnetization values
(m) of unity. {Here m = M/7“B for the Gd alloys and

m = M/9“B for the Tb alloys, where M is the magnetiza-
tion per impurity atom,) Note that for the Gd alloys,
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Fig. 1. X(T) and 1/ax{T) for amorphous ZroCugoMng -

TABLE I

Curie-Weiss parameters and TC (see text). ND denotes
that TC has not been determined.

Sample Xo(uemu/g) 6{K) Pots J TC(K)
Nb50N145Fe5 3.2 -134 1.7 0.49 ND
NbSONiaoFe]O 5.7 -79 1.7 0.49 ND
Zr4OCu50Fe]0 9.7 -33 2.8 0.99 ~4.3
Zr40Cu50Mn]0 3.7 -1.7 1.5 0.40 <1.3
Zr4OCu57Gd3 6.9 13 8.0 3.5 <5
Zr40Cu546d6 3.3 30 8.0 3.5 ~15
ZP40Cu57Tb3 3.6 8 8.9 5.5 ~4.8
ZY‘40CU54Tb6 1.6 6 8.2 ‘5.0 ~6.8

m(H) 1ies above a simple Brillouin function at high
temperatures, which also indicates that there exists a
predominance of ferromagnetic interimpurity coupling
in this alloy. Yet, at low temperatures, m(H) ap-
proaches saturation more slowly than does a simple
Brillouin function. This suggests the presence of
some random antiferromagnetic interactions along with
the ferromagnetic interactions. For the Tb alloys,
m(H) approaches saturation much more slowly than does
a simple Brillouin function over the entire tempera-

“ture range (m = 0.5 at 80 kOe and Tow temperatures).

For the samples containing Fe and Mn, M{H) is far
from saturated at 80 kOe. For example, at 80 k0e and
1.3 K, M for Nb50N140Fe]0, Zr40Cu50Fe10, and

Zr‘mCusoMn]O is 0'037“B/Fe’ 0.031pB/Fe, and 0.23pB/Mn,

respectively. Fluctuations in the exchange couplings
7 are more than 1ikely an important factor contribu-
ting to the small values of M(H) as well as the slow
approach to saturation. This behavior also is sup-
portive of the ideas mentioned above regarding moment
instabilities, antiferromagnetic interimpurity inter-
actions, and antiferromagnetic coupling between the
localized moments and the conduction electrons. Per-
haps, too, some form of anisotropy is an important
factor.

High-field hysteresis loops as in Fig. 2 were
taken on some of the samples. In all cases, the field
was taken to 80 kOe in both directions. Also, in all
cases, no "squaring off" of the hysteresis loop was
observed.

The temperature dependence of the coercive or
spin-reversal fields, HC’ was determined from the high-
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| ZraoCuseGd ) CONCLUDING REMARKS

T T=3K 08;

The purpose of this paper has been to briefly
describe some of the magnetic properties of a few
amorphous metallic alloys. The data for all the
Zr-Cu(M) alloys, except for M = Mn, are consistent
with the idea that at Tow-temperatures the local mo-
ments are frozen in directions with a large degree of
randomness, i.e., in a spin-glass-like state. It was
found that inciusion of crystal-field effects is
necessary for understanding the behavior of the Tb
alloys.

4 In many of the samples, magnetic clustering
appears to be in evidence even at room temperature.
It is not clear whether the magnetic clusters are in-
trinsic (due to purely random concentration fluctua-
Fig. 2. ions insic (due to segregation of the impur-
g. 2. M{(H) for Zr CugGdy o and ZryCuggThy - Note ?;;"azo%g)?Xtr sic (due egreg p

H(kOe)

that H. is much larger for the Tb alloy. From the values of the resistivity (p=350 uncm)%
: . one can estimate the electron-mean-free path to be o
field hysteresis data. H.(T) for the 10% Gd and Tb the order of the interatomic distances. That ferro-
alloys is shown in Fig., 3. Note that the values of magnetic interimpurity interactions predominate in the
H. for the Tb alloy are an order of magnitude larger rare earth alloys (if not all the alloys) may be due
. to such extremely short electron-mean-free paths,
than for the Gd alloy. The hysteresis data were also which effectively eliminate any long-range oscil-
used to determine “ordering temperatures" T., defined atory interaction. Under such circumstances, it is
as that temperature for which H, vanishes. Values of certainly possible that interactions of one sign will
T. for most of the sampl i i predominate. -
¢ ples are given in Table I. At The study of the Gd and Tb alloys was initially
low temperatures, hysteresis did develop in motivated by calculations of Harris and Zobin [2]

Nb50N140Fe]O, suqgestive of random ferromagnetic order, which suggested that whenever ferromagnetic exchange
. . interactions predominate, the strength of the local
but not enough data was obtained to determine values of anisotropy interactions may be crucial in determining

TC for the Nb-Ni(Fe) alloys. whether such alloys will exhibit spin-glass-like be-

The temperature dependence and magnitude of H. and havior. They constructed a phase diagram which indi-
¢ cated that as the uniaxial anisotropy strength is in-

the behavior of m(H) in the Gd and Tb alloys can be creased a system is driven from random ferromagnetism
understood by assuming that a) the magnetic behavior of towards spin-glass-like behavior. Preliminary esti-

the Gd alloys is affected primarily by fluctuations in mates of D/J [8] suggest that, if these original re-

J, and b) that of the Tb alloys is due primarily to the sults of Harris and Zobin were correct, spin-glass-like
existence of local anisotropy fields of ranQom orienta- behavior was predicted for the Tb alloys. That the Tb
tion. This follows for several reasons. First of ali, alloys exhibit such behavior, however, does not verify
the rapid increase in H. with decreasing temperature this theory. This follows because Harris and Zobin

£ Cu.--Tb Fig. 3) is reminiscent of what we [3 ignored fluctuations in J which are present in these
or Zr40 Y50'10 (Fig. 3) 31 alloys and in themselves lead to spin-glass-like order.

have obtained in a calculation using the random aniso- It should also be noted that subsequent calculations
tropy model. Secondly, the large values of HC for the of Harris and Sung [10] and others [3,9] suggest that

Tb alloys as compared to those for the Gd alloys can be  these spin-glass-like states are at best metastable.
understood in terms of spins getting "blocked" in the A fuller account of the results described above

Th alloys by the energy barrier produced by crystal will be published elsewhere.

field anisotropy. Furthermore, preliminary fits [8]
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