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The temperature and field dependence of the magnetization in a series of amorphous Co-Ni alloys is reported.
We discuss the critical behaviour and introduce a phase diagram which includes paramagnetic, ferromagnetic
{FM) and spin glass (SG} pbases. A T* dependence for the magnetization is established in the FM phase.
Deviations from spin wave theory which are observed in alloys with a FM-SG transition are discussed in

terms of single spin excitations.

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

INTRODUCTION

In a recent paper (1) we described magnetic mea-
surements of amorphous (Fej.yMny)75P14BgAls which have
proven to be very fruitful in demonstrating the criti-
cal behaviour at the ferromagnetic (FM) - spin glass
(SG) transition temperature ng as well as at the Curie
temperature T.. In the present paper we introduce
similar results for (Coj-yNiy)75P16BgAl3 amorphous
alloys. We discuss briefly the critical behaviour
and derive a magnetic phase diagram with the qualita-
tive characteristics of the theoretical phase diagram
predicted by the Kirkpatrick-Sherrington (KS) model.
(2) Finally, we focus our attention on the tempera-
ture dependence of the saturation magnetization below
the Curie temperature. Spin-wave excitations result
in a T3/2 behaviour for FM materials at low temperature.
(3) However, conventional spin-wave theories cannot
be applied to a FM system which undergoes a SG transi-~
tion at low temperature, In an attempt to gain more
insight into the FM-SG transition, we analyze the
magnetization data at low temperature for the various
concentrations of Co and summarize the results in
terms of the stiffness constant D.

EXPERIMENTAL

Ribbons of the amorphous materials were prepared
by centrifugal spin quenching. (4) Small pieces of the
material (~5mm x lmm x 25 um) were packed in the
sample holder of a Vibrating Sample Magnetometer
with the long axis parallel to the external field to
minimize demagnetization effects. We used external
fields from 10G to 15 kG starting at 4.2 K and in
increasing order of temperature and field.

RESULTS AND DISCUSSION

Typical magnetization curves are shown in Fig. 1
for (Co.4oNi.60)75P BéA13. For low fields (see
insert of Fig. 1) the magnetization increases with
temperature, reaches a maximum at Ty and then decreases.
The maximum at Tp is shifted to lower temperatures as
the external field 1s increased. For Hgyy > 50 G the
maximum totally disappears and the isofield curves
exhibit the usual FM behaviour. Alloys with .5 < x < .7
exhibit the same behaviour - the lower x is the lower
is the external field which washes out the maximum
in M(T). This behaviour is typical of alloys with
FM - SG traneitions (compare ref. 1). For x = .8
the magnetization curves exhibit broader peaks and the
temperature of maximum magnetization does not depend
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Fig. 1 Temperature dependence of the magnetization

for (Co_40Ni g0)75P16BgAL3 for different
applied fields. %nsert shows M(H,T) for
Hoxr = 10G.

on external field. As we discuss later this is typical

of SG behaviour.

CRITICAL BEHAVIOUR

Scaling laws (5) imply a simple relationship
Y = B (8~1) between the critical exponents, and a
simple form of the magnetic equation of state:
M/ |t|B = o* (H/|t|B8-8gn1), where t = (T-Tc)/T¢. The

scaling function m* has two branches (t>0, T<0). By
choosing the correct parameters T.» B and & all data
pgints M(H,T) should collapse to these branches in an
m* vs H/’T’BG plot. (For more details, see ref. 1),
This scaling procedure leads to non-Heisenberg critical
magnetic expoments for the present system (.40< x <.66):
B= .41 2% .60 and 8§ = 5.1 + .4, Smaller § (4.3 % .5)
are obtained for x = .68, and x = .70. For higher con~
centrations of Ni the data do not exhibit scaling
behaviour. Arrott plots for x>.70 show clearly the
absence of spontaneous magnetization in those samples
for the whole temperature regime.
Pt gs : susmarydof the above discussion, we show in

g. the phase diagram for the (Co;_,Ni,.)7.PqcBgAl
system. Qualitatively the same phasé gfazr;g 5256 3
introduced in Ref. 1 for (Fej-xMny) 75P16BgAl3. However,
the multicritical point is x = .72 for the Co-Ni system
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compared to x = .36 for the Fe-Mn system. Using the

KS notations (2) we note that J/Jo is increasing with x
for both systems. However, the multicritical value
J/Jo = 1 is reached more rapidly in the Fe-Mn system.
We suggest that this is the result of additional
competing interaction between Mn spins in contrast to
the paramagnetic nature of the NiygPjgBgAl3 matrix. (6)
More evidence is necessary for support of this
explanation.
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Fig. 2 Magnetic phase diagram for (Coj-xNiyx)75PjgBg

Alj.

LOW TEMPERATURE BEHAVIOUR

Spin wave excitations in ferromagnets have a
dispersion relation of the form e(q) = Dq2+...,
where q is the wave vector and D, the stiffness
constant; 1s proportional to the exchange integral J.
Using this dispersion relation and neglecting magnon-

magnon interactions (as well as single spin excitations)

one gets for the saturation magnetization (3)

3/2

MS(T) = Mo[l -b T (1)

with b inversely porportional to M0D3/2, Mo = Mg(T=0).

Equation (1) is valid for amorphous ferromagnets
as well, since the long wave length spin waves can
be clearly defined. (7) 1Indeed, a T 2 dependence
is found experimentally in many amorphous alloys and
over a wide range of temperature. (8-10) This is also
the case for the present system. The saturation mag-
netization for alloys with concentration 0 < x £ .50
exhibit T3/2 pehaviour uwp to T/Tc = 0.6. However, for
.60 £ x < .70 -~ namely for alloys with a FM-SG
transition -~ we find deviations from 13/2 law at low
temperatures. Similar deviations were found in spin-
resonance measurements with (Fej_,Niy)75P16BgAl3
amorphous alloys. (10) These deviations, in both
systems, can be correlated with recent neutron
scattering measurements. (11) In these experiments
it was found that D is almost temperature independent
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over a wide range of temperature unless the sample
undergoes a FM-SG transition. In the latter case D has
a broad maximum within the FM phase and practically
vanishes below the transition temperature Tgo,. A
temperature independent D suggests that MS(T§ can be
described with a temperature-independent parameter b
as in Eq. (1). But, if the sample undergoes a FM-SG
phase transition, one may expect single spin instead
of spin-wave excitations to dominant the low tempera-
ture behaviour. In order to clarify the role of
single spin excitations, we recall the mean field
approximation (MFA) result at low temperature:

MS(T) =M, ~ aT (2)

where a is proportional to P(H=0), the internal field
distribution at H=0. (2,12) In a FM phase a is small
(compared to the value at SG phase) and the linear con-
tribution from single spin excitations is negligible
compared with the collective, spin wave excitatioms.
However, as the temperature decreases, P(H=0) increases
and the aT term becomes the dominant contribution
below Tfg-

In the following we present results of fitting
MS(T) with Eq. (1) for 0 < x £ .7 . For alloys with
FM-SG transition we ignore the lower temperature data
and start the fit, quite arbitrary, at 2ng. Also,
it is worthwhile to mention here that for x £ .5,
saturation is achieved with fields on the order of
10 kG while for larger x we have to use the (l/H +
1/H2) law to evaluate Mg (T).

The first remarkable result of the procedure is
the behaviour of b, which incr?ases rapidly with x
from a value of .25 x 107 K3/2 3t x = 0 to a value
of 16.9 x 1074 k3/2 at x = .7. To compare these
results with other materials it is common to describe
the dimensionless quantity B = b T, 2 instead.

The B values range from .22 to .49 which is common for
amorphous ferromagnets. (8,9) However, a plot of

B vs x (Fig. 3) exhibits a very unusual characteristic
of this system, namely a maximum of B at x - .6

(where FTM-SG transitions appear). Linear extra-
polation of B above x = .7 (see Fig. 3) gives zero T,
for x = .74 which is the multicritical concentration.

The stiffness constants determined from the
coefficients b(x) are plotted in Fig. 4 as a function
of the concentration. Over a wide range of concen-
trations (x > .4) D decreases linearly toward a
zero value at x; = .74. Zero (and negative) values
of D signal an instability of the FM phase (13) of
the system.

In Fig. 5 we replot D as function of T.. This
Figure suggests an empirical relation D = D, + k Te
with positive D, and slope k. Similar experimental
expressions, though with different D, and k, are
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Fig. 3 Slope of spin wave equation B as a function

of Ni concentration x.
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Fig. 4. Stiffness constant D as a function of Ni

concentration x.

known in the literature. (8) Theoretical linear cor-
relation has been discussed for the itinerant electron
model. (13) However, other features of this simple
model are not met by experimental results.

(e.g. Dy = 0)

In conclusion, through the temperature dependence
of the magnetization of amorphous (Coj-xNi,)75P1¢BgAl3
alloys we have located the ferromagnetic and spin-glass
phase boundaries. In the critical regime we find
the usual non-Heisenberg exponents. At low temperatures
we find a T3/2 dependence but with deviations from
spin-wave theory below the FM-SG transition temperature.
The results of T3/2 fit within the FM regime are
discussed in terms of the stiffness constant and
compared to previous experiments.
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