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ABSTRACT 

Magnetoresistivity measurements are performed in fields up to 

40 kOe on some concentrated amorphous La-Gd-Au alloys exhibiting 

characteristics of a spin-glass. The negative magnetoresistivity at 

low te.mperature is found to be roughly proportional to the square of 

the magnetization. The resistivity minima in these alloys are 

attributed to a mechanism of electron scattering from magnetic clouds 

coupled by the RKKY interactions, in qualitative agreement with 

analysis of our remanent magnetization data. 
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Resistivity minima were observed in a large variety of crystalline 

awl amorphous magnetic alloys. Besides the ideal Kondo case of 

isolated localized magnetic moments diluted in a normal or noble 

metal 1, such minima occur also in many less -diluted
2 

or concentrated3 ' 
4 

5 6 
alloys or compounds ' containing magnetic components. This latter 

problem has received little attention from theoreticians so far. 
7 

Meanwhile, resistivity minima in amorphous magnetic alloys have been 

the subject of many detailed investigations from both experimental and 

8-10 
theoretical approaches for alloys close to the para-ferromagnetic 

. . 11' 12 d f 1 f . 11 ll 13' 14 trans1hon , an or strong y erromagnehc a. oys as we .. 

These minima are such a common phenomenon in amorphous and 

disordered magnetic alloys that it has been recently suggested that 

h . h b l l . . . l 5 ' 16 Th t t ey m1g t e mere. y structura 1n ong1n. e apparen 

insensitivity of the -log T dependent resistivity term to applied fields 

up to 40 kOe is the only experimental support presented for this latter 

interpretation. We report on the results of transverse magnetoresistivity 

measure.ments on concentrated amorphous (La
100

_xGd)
80

Au
20 

alloys 

(8 ~ x ~ 40 at.%) below the onset of long-range ferromagnetic order 

(x :::.. 70). The strong negative magnetoresistivity observed at low 

temperature leading to the depreciation of the resistivity minima can 

be correlated to the magnetization data. We conclude that the 

resistivity minima for our alloys are magnetic in origin. 

When Gd is substituted for La in amorphous (La 100 -xGd)8oAu20 

= T for m 
alloys, a resistivity minimum is observed at T 

0. 5 ~ X. ~ 100. The concentration dependence of T was presented 
m 

in a preliminary report
17 

together with the magnetic phase diagram. 

The "dilute'' alloys (0. 3 ~ x ~ 1) were found to behave like "canonical" 
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spin-glasses. JH, 19 For higher Gd concentrations up to x ~ 70, 

susceptibility maxima and thermomagnetic history effects were 

observed. Our remanent magnetization data for the intermediate 

concentration range ( l <: x ~ 40) were analyz;ed
20 

in terms of mag­

netic clouds coupled via RKKY interactions. 
21 

This concentration 

range, where the magnetization da:ta are still analyz·able in a simple 

way is also most suitable for magnetoresistivity measurements and 

analysis, for the small positive contribution from the La
80

Au
20 

matrix 

becomes negligible as compared with the large negative magneto-

resistivity due to Gd. For the dilute region, the normal magneto­
' 

resistivity should have been subtracted; and the uncertainties inherent 
I 

in such a procedure were already pointed out. 
22 

On the other hand, 

higher fields are 'needed to depreciate the resistivity minima in the 

most conc~ntrated alloys (x > 40). 

Amorphous samples of nominal composition (La 100 _xGd) 80Au20 

(with x = 8, 12, 16, 20, 34, and 40) were obtained by splat-cooling 

from the melt. The amorphousness of each foil was checked by 

X-ray diffraction. ~esistivity .measurements were performed by 

using the standard four-probe technique over a temperature range of 

2-270°K in zero field, and 2-40°K in transverse fields up to 40 kOe. 

The resolution of the measurements was l part in 10
5 

This is 

sufficient for our purpose since the ratio (p (2°K) -p (T ) I p (2°K) equals m . 

10-3 • 

Typical results of the measurements are illustrated in Fig. l for 

x = 8 and 40 alloys. General features are observed for the alloys 

investigated. We comment first on the zero-field data. First, there 

is no evident correlation between the values of resistivity minima T 
m 
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Fig. 1. Resistivity of x = 8 and 40 samples as a function of 

temperature and .magnetic field. Arrows indicate positions 

of resistivity minima. 
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at zero field and the temperatures TM for zero-field susceptibility 

maxirna (Table 1), contrary to the suggestion made in ref. 2. Second, 

in the vicinity of T , the zero-field resistivity may be fitted to a 
m 

phenomenological equation as: 

2 
p(T) = p

0
- AlogT + BT ( 1) 

At lowest temperatures, one. observes a departure from logarithmic 

dependence and a tendency towards saturation. A rough estimate of 

the anomalous part of the zero-field resistivity is given by p (2°K) -p (T ) ; 
m 

this quantity increases noticeably with Gd concentration (Table 1). 

In magnetic fields up to 40 kOe, the coefficient B in equation ( 1) 

remains practically constant within the limits of experimental accuracy, 

so that the T
2 

contribution do~s not originate fro.m localized spin­

fluctuations scattering
23 

nor from electron-magnon collisions with 

spin-flips. 
24 

It is more likely to arise from either phonon effects 
8 

or 

electron-electron Baber scatterings
25 

as to be investigated. In contrast, 

the low-temperature anamolous resistivity is drastically suppressed 

by an applied field. Although no resistivity maxima are observed in 

high fields as in Cu-Fe, CuMn dilute alloys
26

, yet our results are 

strongly reminiscent of those observed in other classical Kondo 

syste.ms like Cu-Cr
27

, Cu-Au-Fe, Cu-Au-Cr. 
28 

This analogy 

motivates us to analyze our magnetoresistivity measurements in 

conjunction with the magnetization data following the procedure 

used for dilute Kondo alloys. The justification follows in the 

discussion. Such an approach was previously found to be rather 

successful in some other concentrated amorphous alloys. 
11 



TABLE l. Resistivity and magnetizati.on data for amorphous concentrated (La
100

_xGd)
80

Au
20 

alloys . 

Concentration T M 

(x at. o/o Gd.) (°K) 

8 3. 2 

12 4.8 

40 21. 5 

8 

7 

34 

0 
p(2 K)-p(T ) 

m 
(1J.0 em) 

0. 15 

0.26 

"' l. 25 

p(H = 0) -p ( 40 kOe) 
at 2. 0°K 
(IJ.Ocm) 

0.38 

l. 45 

l. 80 

12 

15 

42 

... ··-c 
(at.%) 

4. 7 

5.5 

7.0 

5.0 

9. 5 

36 

Tsf 
(eV) 

0.09 

0. 13 

0.06 I 
0' 
I 
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As shown in Fig. 2 for a sample of x = 40, the magnetoresistivity 

0 
data b.pm = p(H, T) - p (0, T) at low temperatures (T ~ 16 K, for 

x = 40 alloy) may be fitted to a unique function of H/(T + B ), the c 

parameter B being concentration dependent. Similarly, the ma·g­
c 

netization M(H, T) (H = 70 kOe) follows a unique function of 
max 

. 0 
H / (T + A c) over the low-temperature range (T ~ 25 K for x = 40 alloy). 

This function is a Brillouin .function with 1-1':' = gJ IJ.B = 421-1B (practically 

identical to a Langevin function in this case) for a x = 40 sample 

(Fig. 3). Values of B and 1-1':' for x = 8, 12, and 40 are listed in 
c . 

Table 1. Such fittings fail at higher temperatures which probably 

indicates dissociation of 1-1':' into smaller moments. Finally, b.o m was 

found to be roughly proportional to M
2 

(Fig. 4), so the classical 

reLations derived for the dilute Kondo alloys are fairly we.U verified in 

our concentrated amorphous alloys for (g!J.BH/(T + Be)) " 2: 

( 2) 

The apparent Linearity of b.pm as a function of H/(T + Be) in Fig. 2 

originates from the fact that the Brillouin function is rather parabolic 

at intermediate values of H/(T + Ac) as can be seen in Fig. 3. The 

proportionality between b.pm and M
2 

has been observed long time 

ago. 29 This relation was found to be valid in concentrated magnetic 

alloys 30 • ll, 12 as well as in the dilute cases. 
26

-
28 

In the case of 

non-interacting moment, this result is rather general for any scattering 

process which involves spin flips of the conduction electrons and 

· · · 31 ' 3 2 Th ff' . f . 1' b 1mpunty sp1ns. e coe 1c1ent o proportlona 1ty; etween b.p m 

and M
2 

is derived in the limit of (g!J.BH/kT) < 2, or (g!J.BH/(T + 9c)) < 2 
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Fig. 2. Negative magnetoresistivity of the 40 at.% sample vs 

H / (T + 36). Solid line indicates the general behavior 

0 below 16 K. 
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Fig. 3. Magnetization ofthe 40 at.% sample vs H/(T + 36, Solid 

line is the Brillouin function fit with g = 2, J = 21, and 

a = 36 °K. Dashed line shows deviation from such "relation. 
c . 
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Fig. 4. Negative magnetoresistivity of the 40 at.% sample vs its 

.magnetization squared. Dashed line is an arbitrary line 

of slope unity. 
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if one replaces T by an effective thermodynamic temperature T + Be 

and in first order perturbation as: 

( 3) 

where the notations follow those in ref. 32. The fact that the ave raged 

magnetic clouds 11>:< obey a Brillouin function in equation (2) indicate 

that they may be regarded as pseudo single magnetic entities at the 

effective temperature T + B • It is tempting to apply the Beal-Monod­
c 

Weine1r results (equation 3) to the case of non-interacting magnetic 

clouds by replacing c 

(Table 1); l1eff by 11>:', 

volume of the clouds. 

by c>:<, the atomic concentration of the clouds 

* the size of the clouds; V by V , the "atomic'' 
0 0 

By doing so, we find that the values obtained 

for Jsf' the exchange constant between the conduction electrons and 

the magnetic clouds, (0.06 <Jsf < 0.13 eV, see Table 1) agree 

reasonably well with the values of J sf as determined for dilute 

La-Gd-Au alloys from the approach to saturation magnetization 

(Jsf = 0.14 eV) and from the initial depression of the superconducting 

transition (Jsf = 0,16 eV).
18 

We use EF ~ 7 eV as in ref. 18. 

A detail comparison between the present analysis and that for the 

remanent magnetization20 on the same samples is not feasible at this 

moment. The scaling laws hold for the remanent .magnetization while 

they do not for high field magnetization and consequently for high field 

magneto resistivity over this concentration range. From the analysis 

of the remanent magnetization data, we were able to describe our 

samples at low fields as an assembly of independent magnetic clouds, 

whose average size was concentration independent and contains- 50 
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spins. However, the uncompensated moment (net n1oment) in each 

cloud is equivalent to,..._ 7 spins. The high field measurements give a 

picture of magnetic clouds considerably smaller in size and concentration 

dependent (see Table l). It is possible that in high fields, magnetic 

interactions on a finer scale are manifested. Despite these differences, 

it is interesting to note that the magnetic properties of these spin-glass 

alloys in both the low-field and ·high-field limits may be explained by 

the same phenomenological approach of magnetic clouds indirectly 

coupled· via the RKKY interaction. 
21 

As mentioned by many authors, 

the fit of magnetization data to a modified Brillouin function with an 

effective temperature T + 9 is lacking in theoretical justification. c . 

This parameter 9 determined at higher fields cannot be correlated in 
c 

a priori with any ordering temperature. However, the concentration 

dependence of this parameter ec is characteristic of the.spin-glass 

regime, since in Kondo alloys such a 9 is practically concentration 
c 

independent and gives the order of magnitude of TK. 
21 

Let us emphasize also that the use of a single-impurity formalism 

for our analysis in terms of scattering from magnetic clouds does not 

allow us to draw any hasty conclusion about the single -impurity state 

of Gd in the La
80

Au
20 

matrix. For example, Ni does not carry any 

moment in the Hartree-Fork sense when diluted in Cu or V. On the 

other hand, Fe has a localized spin-fluctuation behavior
33 

when diluted 

in Rh. But the concentrated Ni-Cu
3

, Ni-v 4
, Rh-Fe

2 
alloys exhibit 

resistivity minima which may be explained by the common presence 

in these alloys of magnetic entities (giant moments or magnetic clouds) 

having a Kondo-like behavior. In the case of Gd in La
80

Au
20

, high 

field magnetization measurements showed that for concentration as 
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low as 0. 24 at.% the Gd has its full moment of 7 1-LB without any 

magnetic clustering effect. From electronic structure point of view
36

, 

a Kondo stat~ for single Gd is believed to be unlikely, contrary to the 

case of r~re -earth with almost empty or almost filled f shells
35 

(Ce, Yb). 

However, let us note that the giant moments systems are usually 

described by a ferromagnetic exchange coupling between the spin S 

of the impurity and the spin s of the conduction electron. Such a 

Hamiltonian overlooks.the possible existence of a Kondo-like singlet 

state which w auld imply an antiferromagnetic coupling at low temperature. 

In fact, recent nuclear orientation experiments yielded evidence for a 

36 
Kondo-like state for giant moments in Pt-Co and Pd-Co alloys. 

Finally, let us mention that the resistivity behavior of "less-diluted" 

alloys was satisfactorily explained by. calculations of the electron 

scattering by pairs of magnetic atoms. 
37 

As it has been already 

3-5 11 12 
suggested ' ' that such an approach extended to larger magnetic 

entities may lead to an understanding of resistivity minima in con-

centrated magnetic alloys in the amorphous as well as in the crystalline 

state. 
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