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The low-temperature resistivity of AuFe thin-film spin-glasses (c 0.24-, 0.6-, 6.0-at.ok Fe) is in-

vestigated after quench condensation in ultrahigh vacuum, and after annealing at dift'erent tem-

peratures. By this method the mean free path (mfp) A. of the conduction electrons is varied, and

the influence of the variation of A, on the low-temperature resistivity anomaly can be studied. The

shortening of the mfp results in a damping of the Ruderman-Kittel-Kasuya-Yosida interactice

strength, expressed by the de Gennes factor exp( —r/A). %ith decreasing mfp the resisitivity max-

imum at 1'~,„is shifted to lower temperatures. A comparison with bulk-material data and a dis-

cussion of.the dependence T~,„(A,) within the framework of diA'erent theoretical models allo~

predictions about the variations of the spin-glass freezing temperature To with the mfp. Changes

between 10% and 100'k are deduced, depending on the impurity concentration and the chosen

model. Moreover, the A, dependence of the slope of b p(T) in the linear-T region below T,„is

discussed. The absolute value of the coefhcient A of the spin-glass typical T3~2 region and its ob-

served variation with the mfp can be explained by the theory of Rivier and Adkins, which also

predicts our observation of increasing slope and extension of a T~ region in the resistivity at very

low temperatures with decreasing mfp. The occurrence of a minimum in hp(T) as found in films

with very short mfp at temperatures below the T2 range is believed to be due to residual rnagne-

tism of single impurities not participating in the freezing process.

The properties of the so-called spin-giasses, dilute
alloys containing magnetic impurities in concentrations
above the Kondo regime, are currently a subject of
considerable interest. ' ~ Especially the question of
whether there exists a phase transition in a spin-glass
at a characteristic temperature To is still unsolved. So
far, from an experimental point of view, there is a
sharp transition temperature (cusp) present only in
the zero-field ac susceptibility, although measurements
of the Mossbauer effect and p,

+ precession possibly
yield the existence of a well-defined To, too. On the
other hand, measurements of the specific heat, resis-
tivity, and thermopower show no s'harp transition in
the temperature region around To. These experiments
therefore give morc: support to thc non-phase-
transition models, which explain the changes in

the properties of a spin-glass as a freezing process of
magnetic clusters. '6 The magnetic moments of the
clusters —originating from the Ruderman-Kittel-
Kasuya-Yoslda (RKKY) lntefactlons between tile
magnetic 1mpurltics —are free to rotate at tempera-
tures above To, whereas below To they freeze progres-
sively, depending on their size, into random direc-:
tions. Therefore the freezing does not result in an
equilibrium state, but a spin-glass appears to be rneta-

stable, e.g., to the application of an external magnetic

fieM."
As mentioned above the freezing temperature To

cannot be deduced directly from measurements of the
resistivity. At high temperatures the incremental
resistivity first increases due to spin-Aip scattering un-
til it reaches a maximum. ~ The maxirnurn tempera-
ture T,„roughly marks the temperature range in
which the clusters start growing. Due to the progres-
sive freezing out of spin-Aip scattering the resistivity
decreases below T,„ following'di6'erent power laws in
T. The occurrence of a maximum in hp(T) is thus
the result of two competing physical mechanisms: the
Kondo CA'ect and the RKKY interaction.

Since the RKKY interaction is mediated by the con-
duct~on electrons the strength 5„«,of this interac-
tion depends on the mean free path (mfp) of the con-
duction electrons. This was first pointed out by de
Gennes, '0 who showed that a shortening of the mfp
damps the RKKY interaction. The damping of the
RKKY amplitude can mainly be expressed by a factor
e-'", where r is the distance from a magnetic atom,
and A. is the mfp. Consequently, the properties of a
spin-glass depend on the mfp. The aim of the present
work is to study this infiuerice experimentally,

%e think the best method to vary the mfp in alloys
is to evaporate the materials at low temperatures.
Due to the high degree of lattice disorder introduced
by the quench condensation, the mfp is very short.
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Afterwards it can be increased by annealing of the
sample until the impurity limited bulk value (self-
damping) is reached. " "For our investigations we
have chosen the AuFe system, because it is the most
widely studied spin-glass system and a large number
of data is available for the comparison with the films.

The present study is mainly concerned with, the
question of how the low-temperature resistivity is
influenced by changes of the excitations of the frozen
spins with the mfp. We will show that when ) is short
there exists a T' dependence in the resistivity at
T &( T,„. This behavior has been predicted theoret-
ically by Rivier and Adkins. ' These authors also
predict that the T' law is replaced by a T' ' depen-
dence when the mfp is increased. This change is
demonstrate'd experimentally in the present work, and
makes questionable earlier statements asserting
that the occurrence of the T'!'law in the resitivity
is really a typical spin-glass feature. Our results obvi-
ously support the idea that the T' law is only a tran-
sition between a T' region at low temperatures (rem-
inding of localized spin fluctuations) and the resistivi-
ty maximum. A T dependence on dilute AuFe bulk
alloys has been found recently by Laborde and
Radhakrishna. '~

Further on, we will study the changes of the
coefficients of the differen power laws in the incre-
mental resistivity dp(T) as a function of the mfp.
Since a comprehensive theoretical description of the
behavior of hp(T) of a spin-glass so far does not ex-
ist, we will discuss these results separately within the
light of different theories.

Finally, we will analyze in detail the changes of the
freezing temperature To with the mfp To(P,). With
respect to the question whether there is a phase transi-
tion or glass transition it is interesting to note. that in a
spin-glass To does not change when a magnetic field is
applied (cusp in X(T) rounds oN, nor does it depend
on the measuring time." For the latter reason
Smith" considers To to be a "percolation temperature. "

With decreasing temperature the average cluster size
grows and the susceptibility cusp is due to the null
response of the infinite cluster to an applied field
when the percolation limit is reached. To therefore
depends mainly on the impurity concentration and the
RKKY interaction strength AR~q~, which itself is
damped by a shortening of the mfp.

Although one cannot study the dependence To(X)
directly by resistivity measurements, an investigation
of the variation T,, „(A.) allows a determination of the
changes of To with A. by applying a theory of Larsen. '6

Previously we have discussed" the shift of T,. „with
the mfp for a low concentrated AuFe film within the
framework of this theory. In the meantime new
theoretical work has become available. We shall dis-
cuss the former results and new data on higher con-
centrated films in detail and compare them to recent
theoretical models by Larsen' and by Kinzel and

Fischer. ' " For example, numerical calculations of
To(h, ) can be done by using the To values from the
bulk susceptibility measurements and the experimen-
tally determined values of P as parameters.

II. EXPKRIMENTAI

The experiments have been carried out in an
ultrahigh-vacuum 'He cryostat, earlier described in de-
tail." A highly disordered alloy film is prepared by
successive flash evaporation of small pellets of the
thin rolled alloy material onto a helium cooled quartz
substrate. About 200 pellets have to be evaporated to
condense a film of roughly 1000 A in thickness. Dur-
ing the evaporation process the vacuum remains
better than -5 x 10 ' Torr. In order to study the
influence of changes in the mfp of the conduction
electrons on the low-temperature anomalies, the film
is stepwise annealed at different temperatures and
recooled for measurement.

The resistance is measured using a standard four-
probe dc technique. The setup has such a high stabili-

ty that the relative accuracy of the measurement is
greater than 2.5 x 10 ' during a period of 3 hours.
This is the time necessary for measuring the low-

temperature resistance after each annealing step. De-
tails have been described earlier. ' For a comparison
of different films. with each other and with appropriate
bulk alloys, one has to know the resistivity of the
films. Therefore, it is necessary to determine the
geometry factor, and thus especiaHy the film thick-
ness, as accurately as possible. Using a mask tech-
nique, the films are given a meander geometry, result-
ing in an overall 110-mm length and 0.3-mm width.
These dimensions can be determined with relatively
high accuracy. Exact values for the film thickness are
more difficult to achieve. Within the present work,
the film thickness is determined optically by a multiple
beam interference method. For alloy films with high
impurity concentrations this method gives more satis-
fying results than calculating the thickness from the
temperature-dependent part of the resistance, as dis-
cussed by von Bassewitz and von Minnigerode. 24 The
discrepancies between the results of the two methods
are mainly due to deviations from Matthiessen's rule
(DMR).

The magnetic impurity concentration is determined
from the residual resistivity ratio for the bulk alloy
Ar =7.4 p, O cm/at. %. For the films we take the
difference between the residual resistivities of a
room-temperature-annealed AuFe film and a respec-
tive pure Au layer, and compare it to the above value.
The concentration values found in this way
correspond within +2% to the nominal concentration.

Most important for the analysis of the temperature
dependence of the resistivity as measured in our
disordered films and its quantitative comparison to
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bulk materia1 values is the knowledge of the correct
impurity contribution dp(T). For bulk samples this
contribution is normally obtained by subtracting the
pure matrix part:

~pb(T) = Pb(T)ahoy Pb(T) toatrix

It should, however, be mentioned that even for bulk
alloys this method is not correct, because it does not
include the DMR. Therefore, one shouId write:
~pb(T) pb(T)apoy pb(T) matrix pb (T ppr )r Since

pb ".(T, pp) is also a function of the residual resistivi-
ty pp"

For the disordered films this dependence of the ma-
trix part on pp is of great importance, since pp changes
drastically with the degree of disorder. The latter is
dificult to control in detail; two di6'erent films having
the samie pp can hardly be produced separately.
Therefore, we take the following procedure to over-
come these difhculties. %e define

~p(T) = p(T)'ii. —PA. (T, pp),

where pA„(T, pp) ia the temperature-dependent part of
the resistivity' of the disordered pure Au film with the
same pp as the alloy film.

For the determination of hp(T) the procedure is as
follows. First, we measure the resistivity of a pure Au
film after quench condensation and after diA'erent an-
nealing steps, i.cry we determine pA„(T, pp) for
diA'erent pp values. A double logarithmic plot of
p*„(T,pp) vs pp shows that for each fixed teinperature
T„ the pA„(T, pp) data catt be represented by straight
lines. This me~ns we have received a set of straight
lines giving pA„as a function of pp with T, as the
parameter. Second, we measure the resistivity of the
alloy films, again with diA'erent pp. Since the residual
resistivities of the alloy films do not coincide with
those of the pure films, we determine the respective
pA„(Tx a pp) from the diagram discussed above. An ad-

vantage of this method is that the DMR in the alloy
films are subtracted to a very far extent.

Finally we turn to the determination of the electron-
ic mfp A.. The X values for the, films and the bulk
samples given in this paper have been determined
from the resistivity at 4 K using the relation (free-
electron gas) 'b:

pit = mvFlne' =8.36 x 10 " ft cm'

For the Au+0. 24-at. %-Fe alloy we find a mfp of 460
A for the bulk alloy. Bg quench condensation this
value is reduced to 50 A for the film sample after the
first annealing step. For the Au+6-at. %-Fe alloy the

0
mfp for the bulk sample is only some 20 A. For this
concentration the mfp can be changed only by about
30% by quench condensation. Thus it is obvious that
true mfp efkcts can be studied best in low concentrat-
ed magnetic alloy films, as a wide range in the mfp is

accessible.

III. RKSUI TS AND 9ISCUSSION

A. General behavior of t4e resitivity and

investigation of the region T & T„„„
Figure 1 shows a set of curves of the incremental

resistivity Ap as a function of temrperature for a
Au+0. 24-at. %-Fe alloy film with A. as parameter, to-
gether with the data for the corresponding bulk sam-
ples. ' An interesting feature concerning the appropri-
ate subtraction of the pure Au resistivity can be seen
from this graph. If for the bulk sample the
temperature-dependent part for pure Au as given by
Mydosg et at. 28 is subtracted, theie still is a minimum
present in the d,p(T) curve for T & T„,„, which. is due
to DMR. To account for the phonon scattering and
DMR, Schilling et al. '9 proposed to subtract from the
resistivity measured an amount equal to 2.2p, h,„,„.
For the bulk alloy this results in the crosses shown in
Fig. 1. Around T,„ these values coincide with those
obtained by subtracting the contribution p„„(T,pp), as
determined for the corresponding pp from our pure
Au film (open circles in Fig. 1). This demonstrates
that the method to determine the increrrietntal contri-
bution Ap as discussed in Sec. II accounts to a great
extent for the subtraction of the DMR.

As already mentioned in the introduction, the ex-
ponential factor e " " damps the RKKY amplitude and
therefore, with decreasing mfp A. , the impurity-
impurity interactions are progressively reduced. Be-
sides the influence of this damping on the spin-glass
properties of the AuFe system, which will be discussed
below, changes of the mfp also alter the resistivity in
the temperature regime T & T,„, ~here the Kondo
eAect causes the increase of the resistivity with falling
temperature. As can be seen in Fig. 1 for T & T,„
the maximum slope of hp(T) increases from
0.28 n Q cm/K for the bulk alloy to 1.4 n Q cm/K for
the film with X =50 A. This can be qualitatively un-
derstood in the following way. The damping of the
RKKY amplitude by the reduction of A. results in the
onset of the impurity interactions at progressively
lower temperatures. Thus, the spin scattering is
higher, leading to an increase of the slope in the re-
gion T & T,„and to a shift of T,. „ to lower values,
Finally even the "one-impurity limit" is reached in our
relatively high concentrated AuFe film when A, is
short. This is demonstrated in Fig. 1, where the solid
curve gives the "one-impui'ity limit" for the AuFe sys-
tem, as calculated by Laborde'P using the model of
Souletie. " For the film. with k=50 A, this one-
impurity limit is approached for temperatures T ~

1. 5
K.

Quantitatively, however, a detailed analysis of the
observed variation in the slope is rather dificult, be-
cause we actually deal with four competing contribu-
tions: (i) the RKKY damping due to the reduction of
)t (this enhances the slope for T ) T,„as just dis-. ,

cussed);, (ii) the DMR, being important in this tem-
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»G. 1 Resistivity ~p~» @alloy p matrix vs tefnpefature T fof the alloy Au+0. 24-at.% Fe. The upper curve shows the resis-

tivity of the bulk sample as measured by P. J. Ford (Ref. 27), (For explanation of the; di6'erent symbols see text. ) The four lo~er
curves sho~ the resistivity for the film after diferent annealing steps. The mfp values for the diN'erent curves are given in the

graph. The position of the maximum has been marked by vertical bars. The solid curve gives the "one impurity limit" for AuFe as

calculated by Laborde (Ref. 30) using the model of Souletie (Ref. 31).

perature range, but quantitatively difticult to estimate;
(iii) the reduction of the Kondo temperature with in-

creasing degree of disorder in thin Alms, as recently,
discussed by uS for CuFe. '2 This ~ould reduce the
slope, although the qA'ect is believed to be small, since
for AuFe T& is srtiall, and in a temperature range
T && T~ changes in T~ with ) are of minor influence.
(iv) According to a model proposed by Daybell and
Yeo,3' recently discussed in detail for ZnMn alloys, 33 a
concentration-dependent number of impurity pairs is

formed at high temperatures, which do not contribute
to the temperature-dependent resistivity. Certainly,
when the-RKKY interaction is,reduced, the number of
pairs at a given temperature is reduced, and this
would lead to an increase of the slope in the discussed
temperature range in the disordered film. Ho~ever,
.in ZnMn (and all the other magnetic bulk systems)
the changes of the slopes in Ip(T) for T )T,„with
increasing impurity concentration (decreasing X) are
small compared to o'ur AuFe film.
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8. Resistivity maximum and spin-glass
freezing temperature

Probably the most striking change in the resistivity
'curves of Fig. 1 is the shift of the maximum tempera-
ture T, ,„ to lower values when the mfp is reduced.
The T,„values —marked by vertical bars in Fig. 1—
together with those of the 0.6% alloy are listed in

Table I. Maxima cannot be observed in the 6% sarn-

ple, even after quench condensation when A. is small.
As already mentioned, the occurrence of a max-

imum in the resistivity as well as the shift of its posi-
tion with changes in the mfp are qualitatively under-
stood. The maximum originates from the competition
of.two different mechanisms; the resistivity increase
due to the Kondo eft'ect and the freezing out of spin-

Aip processes due to RKKY interactions. A damping
of the RKKY interaction by the de Gennes factor
reduces the coupling and thus T,„.

In a previous paper" we have analyzed the shift in

T,„quantitatively within the framework of a theory

by Larsen'6 (hereafter referred to as L I). This theory
takes into account the Kondo eifect (calculated to .

infinite order) and compares it to the, RKKY interac-
tion strength, expressed by a rms interaction parame-
ter b, T,. „ is thus a function of 4,. and T~. An ana-
lytic expression (Eq. 79 in L I) allows a numerical cal-
culation of the interaction parameter 4, for given T,„,, „,

and T~. It has been further argued by Larsen et al. "
that an expression similar to the one for T „. „should
hold for the spin-glass freezing temperature Tp, i.e.,
To '= To(h, , TI;). In fact, it has been proposed that
Tp=b, ., provided T;.&& Tp =I && Tx In the
same paper" a comparison of experimental data of the
concentration dependence of T,. „and Tp for the
AuFe system supports this result. The 5,. values (cai-
culated from the measured T,,„using T~ =0.19 K in

the L I formula 79) coincide with the spin-glass freez-
ing temperatures Tp as measured in the susceptibility
in the concentration range from 0.1'/o to I'lo (where
the self-damping is negligibly small). The authors
state, however, that the equality between the 6,. and

TABLE I. Concentrations e, annealing temperatures T„, mean-free-paths A. , tempera-

tures of, the maximum in d p, Tm,. „, and values for the freezing temperatures Tp as deter-

mined by diA'erent theories: L I (Ref. 16): Tp=h, .; b, has been calculated by Eq. (79) in

L I taking T& =0.19 K and the measured Tm„, , valtIes. L II (Ref. 18): Tp has been cal-

culated by Eq. (5) in L II (P = I,A /k =502) as a function of the mfp A, . F I, F II (Refs.
19—.21): The Tp(A. ) values are normalized to the Tp values of the bulk samples. F I:
this case should hold for span-glasses with small concentrations of magrietic impurities

and with interactions of sufticiently short range. Tp ~ c. F II: this case holds for spin-

glasses with uncorrelated spins and interactions. Tp~ c'

T,„[X]
LI L II

Tp[K.]
'F I F II

0,24 at% 9
Sa

150
220

300
bulk

43
50
70 .
88

195
460

5.4
6.0
6.5
8.7

10.5

2;45
2.66
2.83
3.56
4.13

2.37
2.42

2.50
2.54

2.65

2.7

1.32
1.40
1.59
1.72

2.19
2.7

2.48
2.5
2.57

2.60
2.66
2.7

0.6 at. ~/o 9
50

120
220
300
470
bulk

36,
40
47

60
112
135
191

13.5
14.5
14.8
16.8
21.0
23.0

(25.0)

5.05
5.35

5.50
6.03
723
7.79
8.35

S.S0

5.58

5.69
5.83
6.07
6.12

6.2

3.45 5.68
3.62 5.73
3.87 ' 5.82
4.25 5.93
5.26 6.12

5.57 6.16
6.2 6.2

6.0 at. 0k 9
50

150
220
300
bulk

13.3
13.8
14.9
15.9
17.8
19.2

22.6
22.8
23.2
23.6
24. 1

.24.5

19.3 22.4
19.9 22.5
2 I.1 23.2
21.8 23.4
23.4 24.2
24.S. , 24.5
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Tp values might be somewhat fortuitous.
Following this result, the variation of Tp with the

mfp can be directly deduced for the films. Thc data
are given in Table I, column L I. They have been cal-
culated using the experimentally determined values
for T„„,„and a Kondo temperature T~=0.19 K, Pos-
sible changes of T~ with A, are disregarded in this
analysis. The analysis shows that the variation of Tp

with A is appreciable, e.g. , for the 0.24o/o alloy of the
order of 75'k between the film with thc highest degree
of disorder (shortest X) and the bulk. Furthermore, it
should be mentioned that the freezing temperatures
for the bulk turn out to be rather high compared to
those determined from susceptibility measurements.

We think„however, that the variation of Tp with A,

cannot be predicted correctly by L I. One would not
expect that a theory describing a physical property like

T,„, which originates from a competition of the Kon-
do efIt'ect and the RKKY interaction, can allow a direct
deduction of Tp, which is a pure spin™glass property.

In a further paper" (hereafter L II), Larsen calcu-
lated the concentration dependence of the spin-glass
freezing temperature, also taking thc damping of the
RKKY interaction into account. Equation (5) in L II
allows a direct calculation of the variation of Tp with A.

for our thin films, if one normalizes the data to the Tp

values of the bulk samples and uses P =1, A /k =502.
These Tp values are also given in Table I, column L II.

can sec that in this case the change of To wit
A. is small for all concentrations of the order of 10o/o.

Recently, a different thcoretjca? approach on the
basis of a generalized mean-fiel theory of an Ising
spin-glass, taking into account correlations between
the spins and their interactions has been given by
Kinzel and Fisher. '9 " Two limiting cases of the
model are discussed:

(i) The spins and interactions are completely corre-
lated„ in which case X(0) 0 for" T-"0 and To ~c
(scaling). Case (i) corresponds to spin-glasses with

small concentrations of magnetic impurities and with
interactions of suSciently short range, It can, howev-
er, , probably not be realized experimentally.

(ii) spina and interactions are uncorrelated. Here
X(0) =0.64X(TO) —which is experimentally realistic-
and Tp 0: c'"-, which holds for high concentrations.
Case (ii) perhaps could also be fulfilled in amorphous
spin-glasses or in the disordered films, in which the
range of RKKY interactions is strongly reduced.

The authors also investigate the dependence of Tp

on the mfp P taking into account the usual damping
factor e '~". Their result allows a numerical calcula-
tion of the variation To(h.) in the two limiting cases (i)
and (ii). We use the X values as measured in the
resistivity of the films and normalize the data to the
Tp of the bulk samples. Thc results are given in Table I
under the columns F I and F II. One can see that in

case (ii) —which should hold for the disordered
films —the overall variation of Tp with P is small, of

the order of 10% for all concentrations, and compar-
able to L II. In case I—which is a nonrealizable limit-
ing case —the variation Tp(A. ) is large, especially for
low concentrations. We determine for the 0.24% alloy0
a change from TO=1.4 K (h. =50 A) to TO=2.7 K
(A. =460 A) for the bulk sample. This is closer to the
changes predicted by L I. For the 6-at. '/o alloy case F
I predicts a change from TO=19.3 K (A. =13.3 A) to
Tp =24.5 K (A. =19.2 A). Although case (i)—
complete correlation, i.e., totally ordered spins-
should not hold here, there are early and recent ex-
perimental data by Korn" and Zibold and Korn ' on
the variation of Tp in quench condensed films, and
the change of Tp during annealing. For example, in

their recent measurement on a Au+4-at. %-Fe alloy
film" these authors have found a change from
Tp = 12.5 K in the quench condensed film to Tp = 17
K in the annealed status (T„=800'C). This change
would better be described by the cases L I or F. I, but
it is unknown to what extent a rearrangement of'

nearest-neighbor &e atoms during the annealing would
inAucnce the value of Tp in films with impurity con-
centrations that high.

In conclusion, one can say that at present it is not
predictable how much the spin-glass freezing tempera-
ture Tp will change in low concentrated alloys, if the
damping of the RKKY interaction is increased by
shortening the mfp of the conduction electrons, It is,
however, quite obvious that a spin-glass with a high
concentration of magnetic impurities is less sensitive
to additional nonmagnetic scattering of the conduction
electrons than a dilute system, The relative degree of
disorder which can be introduced into high concentrat-
ed thin-film systems is much lower and self-damping
is more important. One would expect therefore the
bigger changes of Tp with A. to occur in the lower con-
centrated spin-glass films, as, e.g. , predicted by the
theory of' Kinzel. and Fischer, "case (i).

iL". I ow-temyerature behavior of the resistivity

In the following, the temperature dependence of the
resistivity in the spin-glass region, i.e., for T ( T,, „,
and its variation with the mfp will be analyzed. Un-
fortunately, to date no comprehensive theoretical
description of all the effects observed experimentally
does exist. Thus, we will discuss hp(T) in terms of
different power laws in T, and compare it to available
theoretical models for each range separately.

Linear-T region

Figure 2 sho~s the low-temperature part of the
resistivity for the two more dilute alloy films with
dift'erent A. plotted versus temperature on a linear
scale, together with the data for the corresponding
bulk samples. For comparison with the 0.6'/o film we
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use the 0.5% bulk sample of Mydosh et al. ' Two
general features can be seen from the graph. Firstly,
the slope of the curves increases with decreasing mfp
and secondly, the width of the linear range increases
with increasing magnetic impurity concentration. This
width, however, does not change very much with the
variation of A..

At low-temperature linear T dependence of the resis.
tivity in dilute magnetic alloys has been predicted '

.

theoretically by Harrison and Klein. 38 They intro-
duced a short-range interaction between magnetic im-
purities within the framework of a molecular field
theory. The authors assume each individual spin to
be submitted to a molecular field H„, the values of H„
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FIG. 2. Resistivity p vs temperature T for two diff'erent AuFe alloys. The existence of a linear-T regime is demonstrated by

the solid lines. The uppermost curve shows the temperature dependence of the resistivity for a Au+0. 5-at. at.% Fe bulk sample

measured, by Mydosh et al. (Ref. 9)], which has been chosen for comparison.
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corresponding to a random variable resulting from the
random distribution of the magnetic impurities. From
the distribution P(H) the iff'erent properties of the

system have been deduced. Especially, it has been
shown that the distribution function P(H) derived
within an Ising model" 4p has Lorentzian character,
with P(H =0) being infinite and inversely proportion-
al to the impurity concentration P(H =0) cc I/c. This
scaling behavior of P(0) is a direct consequence of the
I/r' variation of the RKKY interaction. "Within a
perturbation treatment, Harrison and Klein3 have
shown that for 0 & T (& T„„„alinear temperature
dependence of hp(T) exists, the slope m = 8(hp)/8T
being proportional to

m ~ SJ'cP(0)

where 5 is the impurity spin, J is the exchange con-
stant.

Taking into account P(H = 0) ~ I/c it follows that m

is concentration independent. By using the width b, of
the distribution P(H) as determined experimentally in

specific-heat measurements on Aupe, the authors'8

have found by a numerical calculation m Sn 0 cm/K.
This corresponds rather well to m 13—14n0 cm/K
as derived from our results (Fig. 2) and!

other experiments. 3 The numerical calculation also
confirmed the experimental result that the width of
the T range increases with increasing impurity concen-
tration.

The increase of m with decreasing A. can also be un-

derstood from this model. Thc weakening of the
RKKY interaction strength by the damping factor
e '/" results in an increase of the number of sites in

zero field cP(0). Therefore, the slope m in the linear

T region increases with decreasing A. reaching values

of 20 nO cm/K for the highest degree of disorder
(see Fig. 2).

Although the molecular field model seems to
describe well the experimental situation, it should be
mentioned that its application to spin-glasses is prob-

ably incorrect. Firstly, there arc power laws in T of
higher order observed in thc resistivity at lower tem-

perature (see below) which are not found by Harrison

and Klein. " Secondly, the peak in the susceptibility at
the spin-glass freezing temperature Tp, which is

characteristic for spin-glasses, cannot be described at
all within the molecular field picture.

Wc think a dift'ercnt explanation is more adequate.
According to a theoretical work by Rivier and
Adkins"-which will be discussed in detail belo~ —the
linear T range is just a transition region between T,. „
and the low-temperaturc spin-glass characteristic T' '
regime. Thus, the increase in slope with decreasing'A.

in the linear range is just a consequence of the shift in

T,. „with A. to lo~er temperatures.
As can be scen from Fig. 2, the position and exten-

sion of the linear T range do not change very much

with the mfp. This result is interesting in relation to
the shift of Tp with A. , as discussed in the preceding
chapter. Since Tp lies in the linear T range, a small
shift of this range with X of about 0.1—0.2 K as ob-
served in Fig. 2, would support more the models L II
and F II (see Table I), where changes of To of the
same order of magnitude have been proposed. As

long as there is no direct way to determine Tp from
resistivity measurements, this point has to be left
open in the discussion.

A remark should be made concerning the tempera-
ture T of the maximum in the derivative of the
resistivity, and its relation to Tp, as discussed by Ford
and Mydosh. 9 These authors have found that within

a concentration range 3.0 «e «6-at. '/o-Fe in Au the
maximum dhp/dTcoincided with To. A detailed
analysis of the available data ' on AuFe, especially
those at lower concentrations shows that this agree-
ment is accidental. Wc find for the concentration
dependence of T,„: T,

„chic'-",

and for Tp above 1

at. '/o. Tp ~ c . Within the concentration range 3
«c «6 at. '/o these two curves just cross.

In a recent-paper it has been argued that a shoulder
can be present in dh p/dT if the magnetic clusters are
sufticiently large and their average radius rp is larger
than the electronic mfp ) . This shoulder can be
roughly correlated with Tp. For binary a'lloys rp & A.

should hold only at high impurity concentrations, and

indeed in, e.g. , Cu+6. 3- and 10-at. '/o Mn a shoulder
in the derivative curves of the resistivity has been ob-
served. 9 In bulk AuFe no shoulder has been found at
all.

In the films the situation is different, since the con-
dition rp & A. can be fulfilled already at low impurity
concentrations just by reducing the mfp by quench
condensation. Figure 3 shows the result for the 0.24o/o

alloy film, where computer calculated values of
dhp/dT are plotted versus temperature with X as the
parameter. Besides the maximum, always present at
T =1 K for all X, the development of the shoulder at
T =2.6K = Tp and its shift with increasing X is clear-

ly visible. Similar results are obtained for the other
samples. However, as long as details about the freez-
ing process arc still unknown, it is dificult to get in-

formation about it from transport properties.

2. r'" and r' region

The T'~' temperature dependence of the resistivity,
observed for temperatures below the linear T region,
is supposed to be typical for spin-glasses. Figure 4
gives an example for the 0.6-at. 'k film and sho~s that
the slope —as in the T range —increases with decreas-
ing mfp. The origin of the T' ' power law has been
discussed within the spin diff'usion theory by Rivier
and Adkins. '-' They explained the low-temperature
resistive behavior in terms of the scattering of conduc-
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TABLE II. Annealing temperatures T„, mean-free-paths A, ,
and coeScients of the T 2 law, A, for the film Au+0. 6-at. %
Fe.

Ta

[K] [A] [nn cm/K ]

0.6 a&96 9
50.

120
170
220
260
300
470

36
40
47
53
60
67

112
135

11.9
11.9
11.7
11.8
11.3
10.3
8.4
7.2

tion electrons by long-wavelength spin diA'usion

modes. The model is restricted to a supercooled
paramagnet, i.e., a spin-glass with negligible short-
range order. The cocScicnt of the T law, A in the
Rivicr and Adkins theory, depends weakly on the im-

purity concentration. Mydosh et al. "have found ex-
perimentally A 0(:—inc or a dependence like A ~ c ' '
describing the results equally well.

The c dependence of the 3 values of thc films is
qualitatively the same as in the bulk, but our absolute

' values of A are higher and more consistent with the
data for a dilute bulk 0.03-at. % AuFc alloy for which
we have recently measured A =15 nO cm/K for
temperatures below 0.3 K.

According to Rivier and Adkins" the slope of the
T' ' region A is also a function of the electronic mfp.
For' constant impurity concentration they find
A ~ In(X/a)3~'/X', where a is the lattice constant. For
h )& a this corresponds approximately to A ~ IJX'.
As can be seen in Table II for the 0.6-at. % alloy, A

indeed decreases appreciably with increasing mfp. Un-
fortunately, for the 0.24-at. % alloy only the A

coeScicnt after annealing of the film to 300 K could
be determined. Thus, for a quantitative determination
of the A. dependence of A more experimental data are
necessary.

In the Rivier and Adkins" theory the low-
temperature T' ' behavior of the resistivity depends
critically on the availability of spin diA'usion modes
with very long wavelength. If these modes are no
longer 'operative, e.g. , due to spin relaxation of the
conduction electrons by additional imperfections, then
a T' dependence of hp is expected at low tempera-
tures (as in a least-squares-fit (LSF) theory). Clearly,
this has to be the case in the quench condensed thin
films, where a high amount of lattice defects is addi-
tionally introduced by the evaporation process. With
'increasing annealing the concentration of these
defects is progressively reduced. As a consequence,
the T' region should be less pronounced. These pred-

ictions arc confirme by our measurements, as sho~n
in Fig. 5, where the impurity resistivity is plotted as a
function of T' for the 6% sample. While for the high-

0
ly disordered film with A. =13.3 A the T2 region ex-
tends from 1 to 3 K, the annealed film with

0
A, =17.8 A shows a T' law only between 1 and 1.5 K.

So far, a T' dependence has been found in lower
concentrated bulk alloys of CuMn, AuFe, and AuMn
(0.075 «c « lat. % in all systems) by Laborde'o for
temperatures below T/c (0.25 K/at. o/o, a temperature
range not reached in the earlier work of Mydosh
ef al. ' on AuFc. In higher concentrated alloys of
AuCr (7.9 at. %; 10.6 at. %) a T' temperature. depen-
dence has been measured above 1.5 K by Ford and
Mydosh. ' Our results on the thin films demonstrate
that with increasing mfp and decreasing concentration
the extension of the T' range gets shorter and shorter,
and the interval shifts to lower and lower tempera-
tures. We think that the occurrence of a T' depen-
dence in the resistivity at very low temperatures is a
general feature of all spin glasses, although its ex-
istence might be difFicult to verify, especially for low

concentrated bulk alloys.

3. Resisti i~ity minimum

Figure 5 shows that at very low temperatures a
minimum occurs in the resistivity of the disordered
6-at. 'k AuFc film. An indication of the presence of such
a minimum has also been found for the quench con-
densed 0.6%-film. The position and depth of the
minimum clearly depend on the mfp of the conduc-
tion electrons. In Fig. 5 it shifts from T;„=0.84 K
for A. =13.3 A to T;„=0.65 K for A. =13.8 A and for
X =17.8 A out of the range of measurement. Minima
are normally not observed in bulk material, except
when the impurity concentration is very high (very
high self-damping) as in the Au+22. 2-, 28.3-at. % Cr
alloys by Shiozaki et al. " The minimum could be un-
derstood as a r'esult of the Kondo cA'cct of residual
magnetic impurities, which —because of the short X—
have "escaped" the RKKY coupling, and thus do not
participate in the freezing process. The occurrence of
isolated impurities can, e.g. , be understood from the
statistics of an Ising model'4 (see also Sec. III Cl).
However, for a quantitative study of the temperature
dependence of p(T) below the minimum as well as
the determination of p(0) investigations in the mK
range are necessary.

IV. SUMMARY

Within the present investigation it has been shown
that the low-temperature resistivity behavior of the
spin-glass can appreciably be changed if the mfp of the
conduction electrons of the matrix is changed. This
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FK)'. 5. Resistivity p as a function of T after three annealing steps for the film Au+6. 0 at. % Fe. The solid tines show the T
dependence. Minima are clearly visible for the two lower curves. T&,„decreases wit& increasing mfp X.

variation of X can be achieved by introducing nonmag-
netic scattering centers into the alloys. We have used
the method of quench condensation of thin films, with
consecutive annealing at higher temperatures. A
shortening of the mfp of the conduction electrons
results in a damping of the amplitude of the RKKY
interaction —expressed by the de Gennes factor
e '~' —and thus with decreasing A. the impurity-
impurity interaction strength is progressively reduced.
In the resistivity dependence of the AuFe films this

has the following results.
(i) There is higher spin scattering in the region

T & T,, „, where the Kondo eff'ect governs the resis-
tivity behavior. The impurities are "decoupled" to
such an extent that even in a relatively concentrated
Au+0. 24-at. %-Fe film the "one-impurity limit" is ap-
proached for T &15 K.

(ii) We observe a shift of the maximum tempera-
ture T,„ to lower values when A. is reduced. From
the dependence T,„(X) a shift of the spin-glass freez-



4326 BUCHMANN, FALKK, JABLONSKI, AND WASSERMANN

ing temperature To with X has been deduced by ap-
plying diAerent theoretical models. Variations of To
between 10% arid 100% are predicted, depending on
the model used. From our resistivity measurements,
however, we cannot decide which model is adequate.

(iii) We obtain changes of the position, width, and
slope of the di6'erent power laws, describing the resis-
tivity for T & T„„„.There is always a T' dependence

present in thy resistivity of a spin glass for T « T,„,
when the mfp is short. This is well understood within

the spin diA'usion theory of Rivier and Adkins. "
(iv) We fin'd the occurrence of a minimum in the

resistivity of the films below the T' region, when X is

very short. The minimum can probably be un'der-

stood as the Kondo eA'ect of residual magnetic impuri-
ties.
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