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The electrical resistivities p of amorphous metallic spin-glass alloys (Fe,Nig,_.P4B¢) indicate
that the relative importance of the collective versus individual aspects of the spin-freezing
phenomenon are not the same in the transport properties of metallic amorphous systems as in
crystalline spin-glasses. The observed negative magnetoresistance and the concentration depen-
dence of the low-temperature behavior of p are indicative of a contribution of magnetic origin
which, however, cannot be adequately explained on the basis of current theories.

Studies on spin-glasses have continued to be of
growing interest from theoretical as well as experi-
mental points of view. While the precise nature of
the spin-freezing transition still remains a mystery,
the general features of the manifestations of this
“‘phase transition’’! in the static and dynamic proper-
ties of crystalline metallic spin-glasses are well '
known. In particular, the magnetic contributions to
the electrical resistivity in the spin-glass regime of
metallic crystalline alloys have been fairly well ex-
plained theoretically,? and confirmed experimentally,’
in terms of a competition between the RKKY
(Ruderman-Kittel-Kasuya-Yosida) and ‘“Kondo”’
mechanisms. Studies of the role of the RKKY in-
teraction in the collective freezing phenomena are
therefore of particular relevance.* One approach to
this question, from the transport property point of
view, would be to study the effect of attenuating the
RKKY interaction according to the exponential law
e~r'L where L is the electron mean free path, as
suggested by de Gennes.> A direct test can be
achieved by studying amorphous metallic dilute alloys
where the mean free path L is of order of interatomic
distances as deduced from free-electron-theory con-
siderations. Furthermore, studies on rapidly
quenched amorphous ribbons minimize the usual

metallurgical complications such as segregation and
the crystal defects often encountered in the produc-
tion of crystalline alloys. In addition, such studies
provide further insight into the origin of the low-
temperature resistivity anomalies observed in amor-
phous transition-metal—metalloid systems. In this
paper we present the first systematic study of the
electrical resistance and the magnetoresistance
through the spin-glass regime in amorphous
Fe,Ni;_.P4Bg alloys. These studies, along with ear-
lier ac-susceptibility work on the same system,® show
that the resistivity behavior in amorphous metallic al-
loys in the spin-glass regime is completely different
from that observed for crystalline metallic spin-
glasses. In particular, the resistivity in amorphous al-
loys exhibits a simple ‘‘Kondo-like’’ behavior even at
temperatures two orders of magnitude lower than the
spin-freezing températures, which is in contrast to
the positive temperature dependence observed in crys-
talline metallic spin-glasses. These results indicate
that the relative importance of the interaction
between spins, versus that between the individual
spins and conduction electrons, are different in me-
tallic amorphous spin-glass systems at least as far as
the transport properties are concerned. The observed
negative magnetoresistance, together with the compo-
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sitional dependence of the resistance as described
below, cannot be explained by present theories based
on electron interactions of nonmagnetic origin. A
microscopic description of the magnetic origin of
these anomalies is not yet available.

Samples in the present studies were cut from rib-
bons of the alloy system Fe,Ni;_,P4B¢ in which ear-
lier studies® indicated a spin-glass regime for x < 5.
These amorphous ribbons with x =0, 1, 2, 3, 4, 5, 7,
13, 20, and 27 were prepared by the melt-spinning
technique.” The ribbons were typically ~1 mm wide
and —30 um thick. Resistance measurements in the
temperature range 0.1—5 K were carried out in a dilu-
tion refrigerator using an ac four-probe technique.
Studies at higher temperatures, to 300 K, were most-
ly carried out using a current-comparator bridge.
Magnetoresistance studies were made in fields
B <0.56 T. The relative precision of the resistivity
data is typically 1—10 ppm, while temperatures were
determined to within a few millidegrees Kelvin.

The electrical resistivities of all the alloys exhibited
a minimum at low temperatures similar to what has
been observed in many other amorphous metal-
metalloid systems.® The resistivity behavior of the
x =35 alloy near the spin-glass regime is shown in Fig.
1. The rise in the resistivity is found to increase con-
tinuously down-to 0.1 K although in the figure only
data above ~1 K are shown. Also shown are the
ac-magnetic-susceptibility data for this same alloy as
measured by Onn et al.,° in which the spin-freezing
temperature 7, was found to be near 9 K. There is
no noticeable feature in the resistivity which can be
associated with T, and this is true for all the other
samples having x < 5. The lack of any sharp anoma-
ly at T itself is not surprising and can be understood
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FIG. 1. Typical temperature dependence of the ac suscep-
tibility (from Ref. 3) and the resistivity of amorphous
Fe,Nigyg_xP4Bg alloys in the spin-glass regime, shown here
for the alloy with x =5. The resistivity continues to increase
with decreasing T to at least 0.1 K.

in terms of the scaling laws along with known critical
exponents.’ It must be pointed out that such a resis-
tivity behavior in the spin-glass regime has been ob-
served before,'? and thus this behavior is not con-
fined to the present alloy system alone. This tem-
perature dependence of the resistivity below Ty is
quite different than that observed in crystalline spin-
glasses, for which the resistivity exhibits a broad
maximum above T and a positive temperature depen-
dence below 7,.'" The question arises as to whether
the negative temperature dependence of the resistivi-
ty in the present alloys is, in fact, associated with the
magnetic state of the sample, or whether it is caused
by a nonmagnetic electron scattering mechanism as
suggested by previous authors.'?

Available evidence indicates that the negative tem-
perature dependence of the resistivity in these alloys
is indeed of magnetic origin. Figure 2 shows the
temperature dependence of the normalized resistivity,
[R (T) = R pinl/R min, as a function of the reduced
temperature, 7/7T ., for four of the samples studied.
As is further illustrated in Fig. 3, the magnitude of
the ‘‘rise in resistivity’’ at low temperatures is strong-
ly dependent on the Fe concentration and has a
broad maximum around x =5, the border between
spin-glass and mictomagnetic behavior. Similar infor-
mation is conveyed by the concentration dependence
of T pmin, Which also exhibits a maximum around
x =15. It would be difficult to explain these composi-
tional dependencies using a model of nonmagnetic
electron scattering. Figure 4 shows the observed.
magnetoresistance [R (H) — R (0)]/R (0), again for
the sample x =95 alloy. The magnetoresistance is neg-
ative and of the same order of magnitude as observed
in comparable crystalline alloys. Furthermore, the
magnetoresistance is. reproducible and independent of
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FIG. 2. Temperature dependence of the electrical resis-
tivity (normalized to R ;, at T, of four of the amor-
phous Fe, Nigy_, P4B¢ alloys studied.
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FIG. 3. The rise in the resistivity [R (T) = R pinl/R mins
plotted at various values of 7/T ;,, as a function of concen-
tration for amorphous Fe,Nigy_, P 4B alloys. In the upper
part of the figure are shown temperatures at which the resis-
tance minimum occurs. Also shown are the spin-glass or
mictomagnetic transition temperatures, 7, for these alloys
as taken from Ref. 3.

the orientation of the applied field relative to the
current.”” At temperatures well above T the magne-
toresistance was zero within experimental accuracy.

A similar field dependence for the resistance is ob-
served for other samples having x < 5, and for tem-
peratures lower than T,. Again, this behavior strong-
ly suggests a magnetic origin to the resistivity rise at
low temperatures.

Among the mechanisms introduced to account for
the resistivity anomaly at low temperatures in amor-
phous alloys, two models have been widely discussed.
One model, mentioned above, employs electron
scattering from the localized two-level excitations in
amorphous materials.'> This model cannot explain
the compositional and magnetic field dependence ob-
served in the present alloys. The second model is
based on spin fluctuations at the weak exchange-field
sites that occur because of the randomness of the
structure.!* !> This mechanism, which is similar to
that responsible for the Kondo phenomena, would
appear to be applicable to the present results. How-
ever, the magnitude of the susceptibility below T is
found to be a minimum around x =5, while the
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FIG. 4. Field dependence of the magnetoresistance for an
amorphous FesNi;sP4Bg alloy well below its spin-freezing
temperature of =9 K.

resistivity rise (Fig. 3) is a maximum. Furthermore,
the coefficient of the linear term in temperature for
the magnetic contribution to the specific heat is
found to continuously decrease as the value of x is
increased.'® Hence, the density of weak-field sites
would appear to require a different x dependence for
different measured properties. In brief, while the
resistance rise and other low-temperature features of
these alloys are convincingly of magnetic origin in the
spin-glass regime, a microscopic explanation of these
phenomena appears not to be available.

In a qualitative sense, two basic energy scales have
been invoked in describing the low-temperature
behavior of metallic crystalline spin-glasses,? namely,
the rms RKKY interaction strength, A., between the
spins, and the Kondo interaction between conduction
electrons and individual spins as characterized by Tk.
The Kondo term causes the negative temperature
dependence of the resistivity, while the maximum
above T, followed by a positive temperature depen-
dence at lower temperatures is produced by the de-
crease in spin-flip scattering associated with spin-
freezing through the collective A, interaction. Broad-
ly speaking, the properties of a ‘‘spin-glass’’ or a
““Kondo system’’ are therefore determined by the ra-
tio A./Tx. Clearly, the competition that is taking
place between these mechanisms in metallic amor-
phous spin-glass, where the electron mean free path
is not more than a couple of atomic distances, is of
considerable interest and needs to be explored
theoretically.

It may be useful to point out that the behavior of
the electrical resistivity for x > 5, i.e., in the mic-
tomagnetic regime, is rather similar to that below
x =15. The resistivity has the same general tempera-
ture dependence, lacking any distinct features associ-
ated with the magnetic transitions. Also, the magne-
toresistance is negative below the magnetic transition
temperatures. Only the rather subtle behavior depict-
ed in Fig. 3 separates the spin-glass regime insofar as
the electrical resistivity is concerned.
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In summary, we find the electrical resistivity of
amorphous Fe,Nigo_,P4B¢ alloys behaves quite dif-
ferently in the spin-glass regime than do crystalline
spin-glasses, yet the pertinent electron scattering
mechanisms are of magnetic origin. As far as we
know this is the only physical property that behaves
differently between the amorphous and crystalline
states of metallic spin-glasses. No theory adequately
accounts for the low-temperature magnetic behavior
of these glassy alloy systems.

ACKNOWLEDGMENTS

We wish to thank T. Kudo and J. Krause who
prepared the samples that were used in this study.
This research was supported by the Swedish Natural
Science Research Council and by the National Sci-
ence Foundation Grants No. DMR 77-08599, No.
DMR 77-23999, and No. DMR 76-80994. One of us
(H. G.) acknowledges a travel grant from the Wallen-
berg Foundation of Sweden.

IM. B. Salamon, K. V. Rao, and H. S. Chen, Phys. Rev.
Lett. 44, 596 (1980).

2U. Larsen, Phys. Rev. B 14, 4356 (1976).

3], S. Schilling, P. J. Ford, U. Larsen, and J. A. Mydosh,
Phys. Rev. B 14, 4368 (1976).

4U. Hardeburch, W. Gerhardt, and J. S. Schilling, Phys.
Rev. Lett. 44, 352 (1980).

5P. G. de Gennes, J. Phys. Radium 23, 630 (1962).

6David Onn, T. H. Antoniuk, T. A. Donnelly, W. D. John-
son, T. Egami, J. T. Prater, and J. Durand, J. Appl. Phys.
49, 1790 (1978).

7H. H. Liebermann and C. D. Graham, Jr., IEEE Trans.
Magn. 12, 921 (1976).

8K. V. Rao, H. Gudmundsson, H. U. Astrom, and H. S.
Chen, J. Appl. Phys. 50, 1592 (1979).

9J. J. Hauser, F. S. L. Hsu, G. W. Kammlott, and J. V.
Waszczak, Phys. Rev. B 20, 3391 (1979).

103, Durand, in Amorphous Magnetism 11, edited by R. A.
Levy and R. Hasegawa (Plenum, New York, 1977), p.
305. The alloys studied in this work are of slightly dif-
ferent metalloid concentration. This changes the coupling
between Fe-Ni moments.

llSee, for example, P. J. Ford and J. A. Mydosh, Phys. Rev.

B 14, 2057 (1976).

12R. W. Cochrane, R. Harris, J. O. Strom-Qlsen, and M. J.
Zuckerman, Phys. Rev. Lett. 35, 676 (1975). A recent
calculation by J. L. Black [Philos. Mag. B 40, 331 (1979)]
gave a positive rather than a negative 7-dependent contri-
bution to the resistivity besides being three orders of mag-
nitude weaker than possible observation in the resistivi-
ty of metallic amorphous alloys.

13H. Gudmundsson, K. V. Rao, and A. C. Anderson (un-
published). Further details on the field and temperature
dependence of the resistivity in this system are planned to
be discussed.

I14R. Hasegawa, Phys. Lett. A 36, 207 (1971).

I15G. S. Grest and S. R. Nagel, Phys. Rev. B 19, 3571 (1979).
We note that even if the local field is weak as a result of
cancellation of competing exchange fields due to neighbor-
ing spins, the excitation energy of such a spin may not be
necessarily zero since the Kondo effect is a dynamical
phenomenon for which the mean-field approximation is
not adequate.

16]. Krause, T. Egami, and David Onn (unpublished).

These authors find no anomalies in the concentration
dependence of this coefficient, around x =S5.



