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Disordered Kondo Alloys at Low Temperatures
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The magnetic scattering rate of Kondo alloys with a finite concentration of magnetic impurities is
measured by means of weak localization. The three investigated systems —Fe in Mg and Co on the sur-
face of Mg and Cu—show magnetic interactions at liquid-helium temperatures. At much lower temper-
atures the magnetic scattering rate decreases drastically with a T' temperature dependence in the ex-
perimental range. This suggests a cooperative eff'ect between the diff'erent impurities which appears to
suppress the magnetic moments, although the condition for a Landau Fermi liquid is not fulfilled.

PACS numbers: 75.20.Hr, 71.55.Jv, 72.15.Qm

Magnetic impurities in metals interact strongly with
the conduction electrons. ' One of the interesting ques-
tions is their low-temperature behavior. Do the magnet-
ic moments remain active at low temperature or do they
lose their magnetic character? The latter case is denoted
as the "Fermi-liquid" behavior of the system. Two ex-
treme examples are well known: the single Kondo im-
purity and the periodic Anderson problem, also called
the heavy-fermion system. In our present investigation
we are interested in dilute Kondo systems. The single
Kondo impurity forms at low temperature a singlet state
with the conduction electrons. At zero temperature the
magnetic moment is suppressed and neither yields spin-
fiip scattering nor does it act as a random field. At finite
temperature T«TK, the Fermi-liquid theory yields a
T2 law for the magnetic scattering rate. Recent experi-
ments on thin disordered Mg/Fe/Mg sandwiches with
about 300 ppm Fe showed in the temperature range be-
tween 4.5 and 20 K qualitatively a T behavior on top of
a residual scattering. At He temperatures (which is —,',

of the Kondo temperature of about 45 K) the magnetic
scattering appeared to saturate at a finite rate. It could
be shown that this saturation is due to interaction be-
tween the impurities.

In this Letter we try to answer the question, What is
the ground state of interacting impurities? Do they form
a spin-glass or do they approach a Fermi-liquid behav-
ior? We extend the investigation to temperatures of
about 80 rnK, far below the Kondo temperature.

A rather dramatic indication for the suppression of the
magnetic behavior is the occurrence of superconductivity
in some heavy-fermion systems, which means that the
pair breaking due to the magnetic moments is sup-
pressed. The magnetic moments no longer dephase the
Cooper pairs. However, this detection of the nonmag-
netic character is restricted to potential superconductors.

We use a rather similar method which detects the de-
phasing of the electrons by the magnetic impurities—weak localization. By this method, which has been
described in several review articles, one can quantita-
tively measure the dephasing rate due to magnetic im-

purities.
When one is using weak localization, it is very favor-

able to use disordered thin films. Our films are quench
condensed in situ in an especially built dilution refrigera-
tor where the substrate is maintained at 4.2 K during the
evaporation. This has the very desirable feature that one
can produce sandwiches step by step and analyze them
after each evaporation step. Here it is possible to
separate the additional magnetic scattering from the in-
elastic background of the host metal.

Since the refrigerator operates without the use of ex-
change gas, it works as a cryopump and provides an ul-

trahigh vacuum for the film preparation; this avoids oxi-
dation of the magnetic impurities. The magnetoresis-
tance measurements are performed in the temperature
range between 80 mK and 4 K in fields up to 2.2 T. The
excitation to the film is low enough that the electron
temperature does not exceed the measured phonon tem-
perature. This has been verified by measurements of the
logarithmic temperature dependence of the film resis-
tance. Our films are 0.5 mrn wide and have an aspect ra-
tio of 52.

For the intended investigation we require Kondo sys-
tems with high Kondo temperatures TK. We investigat-
ed three different systems. For each system we describe
a characteristic sandwich which has been stepwise eva-
porated and investigated. The investigated systems are
the following:

(i) Fe in Mg as a bulk impurity with a Kondo temper-
ature of about 45 K. We investigated stepwise a
sandwich consisting of 31.2 atomic layers (atola) of Mg,
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about 0.008 atola of Fe, and 5.2 atola of Mg.
(ii) Fe at the surface of Mg which behaves diff'erently

than in the bulk. Its Kondo temperature is unknown but
our experimental results suggest that T~ lies clearly
above 20 K. We studied a sandwich consisting of a Mg
film of 30.7 atola and about 0.0007 atola of Fe; and in a
third step, an additional 0.0015 atola of Fe was later
added.

(iii) Co at the surface of Cu. The latter system has
unusual properties: Co in Cu has no magnetic moment
(below about 500 K). However, Co at the surface of Cu
has been recently investigated by means of weak localiza-
tion. ' It shows clearly a magnetic scattering which has
a maximum at 23 K corresponding to a Kondo tempera-
ture of Tq =23 K. We investigated a sandwich consist-
ing of a Cu film of 33 atola with a coverage of approxi-
mately 0.0025 atola of Co; an additional 0.0045 atola of
Co was later added. Superimposing a few atola of Cu
resulted in an almost complete suppression of the Co mo-
ments in agreement with bulk measurements (see for ex-
ample the review by Daybell").

Figure 1 shows some typical magnetoresistance curves
for the Mg/Fe sandwich. Each curve has its separate

field scale that is indicated at its right-hand side. The
left ordinate gives the change of the resistance in ohms.
Since the theory yields the change of the conductance in
units of Lao =e /2z 6, we have added on the right-hand
side a conductance scale in these units. The points rep-
resent the experimental results. The full curves are the
theoretical fits resulting from the Hikami-Larkin-
Nagaoka theory. ' This theory has been intensively dis-
cussed in the above-cited review articles and many
preceding papers. Therefore we recall here only the
essential physics. By means of magnetoresistance mea-
surements on thin films one determines the phase-
coherence time i& of the conduction electrons. This
phase coherence is limited by two processes, the inelastic
scattering of the electrons and scattering by magnetic
impurities. The total dephasing rate is essentially the
sum of these two rates. (More precisely one obtains the
dephasing rate of singlet and triplet electron pairs. ) To
avoid confusion it should be emphasized that the de-
phased scattering caused by the magnetic impurities is
denoted by "magnetic scattering. " This magnetic
scattering can be either scattering of the conduction elec-
trons according to the exchange interaction JScr or, at
low temperature, an induced inelastic scattering due to
the magnetic impurity. Since we can measure the inelas-
tic background of the pure Mg or Cu film before doping
with Fe or Co, the change in the dephasing rate corre-
sponds to the additional scattering by the magnetic im-
purities.

The temperature dependence of the magnetic scatter-
ing in the Mg/Fe/Mg film is shown in Fig. 2. The mag-
netic scattering appears to be almost constant between 2
and 4 K and drops to about half its value as the tempera-
ture is lowered to 80 mK. The observed plateau around
3 K fits very well to the temperature dependence ob-
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FIG. 1. Typical magnetoresistance curves of the Mg film
covered by approximately 0.0022 atola of Fe. The field units
are indicated at the right-hand side of each curve; the arrows
give the scale for resistance and conductance changes. The
points represent the experimental result; the curves are calcu-
lated with the Hikami-Larkin-Nagaoka theory.

FIG. 2. Temperature dependence of the magnetic scattering
rate in the Mg/Fe/Mg sandwich. The points show the mea-
surements; the line is a guide for the eye.
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FIG. 3. Double-logarithmic plot of the temperature depen-
dence of the magnetic scattering rates in the Mg/Fe films with
about 0.0007 atola of Fe (open circles) and 0.0022 atola of Fe
(filled circles), and the CuCo films with about 0.0025 atola of
Co (open squares) and 0.007 atola of Co (filled squares), re-
spectively. The slope of the solid lines is 0.50.

served in similar films at higher temperatures. What is
new is the fact that there is a second decrease of 1/r,
below 2 K indicating a cooperative effect between the
magnetic moments (and the conduction electrons). It
appears to introduce a new energy scale of about 2 K
into the system.

For Fe at the surface of Mg, or Co at the surface of
Cu, we observe a strong decrease of the magnetic
scattering to lower temperatures in the whole tempera-
ture range. It decreases by a factor of about 7 (14) for
the higher (lower) Fe concentration on Mg and by fac-
tors of 7 and 9 for Co on Cu. In Fig. 3 the magnetic
scattering rate is shown for the Fe/Mg and Cu/Cu sys-
tems as a function of the temperature in a log-log plot.
The full straight lines have a slope of 0.50 which means
that the magnetic scattering time varies at low tempera-
tures at T'/.

We do not believe that this reduction of the magnetic
scattering can be explained by the formation of a spin-
glass. If we assume a spin-glass freezing where the axes
of the moments are distributed isotropically (Heisenberg
spin-glass) then the magnetic moments act as random
fields which violate time-reversal invariance and yield a
constant magnetic scattering rate. In fact, recent calcu-
lations' show that the magnetic scattering decreases
only by a factor of S/(S+ I) when free spins freeze into
a Heisenberg spin-glass. This cannot explain our ob-
served reduction of I/r, by factors of 7 and more. If, on

the other hand, the magnetic moments freeze either
parallel or antiparallel to each other, we have an Ising
spin-glass. Its effect on weak localization is more com-
plicated and will be published elsewhere. However, in
the case of dominating spin-orbit scattering, i.e., if we
have a positive magnetoresistance curve, the effect of the
Ising spin-glass is essentially the same as in a Heisenberg
spin-glass. Our experimental data are essentially taken
in the range of strong spin-orbit scattering and therefore
we believe that the observed reduction of I/r, cannot be
explained by the formation of a spin-glass.

Nozieres derived on the basis of Wilson's "renormal-
ization approach"' a Fermi-liquid theory for the single
Kondo impurity. At low temperature he found no spin-
flip scattering due to the magnetic impurity but an in-
elastic scattering which depends as T on the tempera-
ture. The low-temperature inelastic scattering arises
from an indirect electron interaction. However, at low
temperatures, our experimental dephasing rate shows no
quadratic behavior. Furthermore, our former experi-
ments showed interaction effects in the Mg/Fe/Mg sys-
tem already above 4.5 K. We therefore conclude that our
observed magnetic scattering rate is not a single-Kondo-
impurity behavior but intimately connected with impuri-
ty interactions.

The simplest (but not simple) case of interacting mag-
netic impurities is the problem of two impurities. This
problem has been recently investigated by Jones and
Varma for two Kondo impurities' and by Fye, Hirsch,
and Scalapino for two Anderson impurities. ' Jones and
Varma have applied Wilson's renormalization-group
methods and found for ferromagnetic interaction that
the impurity spins are strongly correlated. Even for a
small interaction energy they obtain a ferromagnetic
alignment of the two Kondo spins. The quantum Monte
Carlo calculations by Fye, Hirsch, and Scalapino show
mutual polarization of the magnetic impurities in analo-

gy to the electrical polarization of two atoms (which
yield the van der Waals forces). The spin-spin correla-
tion (afcr2) is essentially given by J(r)/4TK where J(r)
is the interaction energy between the magnetic impuri-
ties for the distance r. The spin-spin correlation does not
change very much below the Kondo temperature, which
remains the characteristic energy of the system. On the
other hand, the experimental decrease of 1/r, in

Mg/Fe/Mg below 2 K suggests that the interaction in
the alloy does introduce a new (low) energy into the sys-
tem. Therefore the theory of single and pairs of magnet-
ic impurities cannot explain our data.

A T' power law of the dephasing scattering rate rep-
resents a very unusual and rather challenging tempera-
ture dependence which demands a theoretical under-
standing. It does not strictly fulfill the condition for a
Landau-Fermi-liquid behavior even when the magnetic
moments become suppressed because it means that for
sufficiently small energies the smearing of the quasiparti-
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cle energy due to inelastic eff'ects is larger than the exci-
tation energy itself. The Fermi-liquid theory requires
the opposite condition: that at least at low energies (and
temperatures) the quasi-particle energy is well defined.
A square-root temperature dependence of the magnetic
scattering makes it, of course, desirable to extend the
measurements to lower temperature to see whether there
is a change in the power law.

Summarizing our results we find that (i) there is a
new universal behavior proportional to T' for the
scattering by interacting magnetic impurities, (ii) the
data suggest the disappearance of the magnetic moments
at zero temperature, (iii) the data violate the Fermi-
liquid behavior, and (iv) a new temperature, different
from TK, is seen in the interacting system.
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