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Lund: A positive —exchange-constant Kondo system

R. W. Cochrane, J.-O. Strorn-Olsen, and Gwyn Williams*
Physics Department, McGill University, Montreal, Quebec, Canada H3A 2T8

S. C. Ho
Physics Department, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2

(Received 19 May 1977)

We report transport and magnetic measurements in dilute alloys of LuGd which provide the

first unambiguous observation of a ferromagnetic coupling between conduction electrons and iso-

lated local moments.

Antiferromagnetic exchange coupling between local-
ized magnetic moments and conduction electrons is

well established in a wide variety of dilute magnetic al-

loys, principally from the Kondo effect in which the
resistivity at low temperatures shows a minimum, and
a variation below the minimum of the form —lnT, the
sign being directly controlled by the sign of the ex-
change constant J, By contrast, transport data have
not yet provided any such clear observation of fer
romagnetic coupling in such systems, which is surpris-
ing since there is no a priori reason why J should not
be positive. In the few well-defined local-moment sys-
tems in which there are indications of positive ex-
change, the evidence is clouded by impurity-impurity
interactions, superconductivity, or Matthiessen's-rule
breakdown. '

In this paper we wish to report the first unambigu-
ous observation of a positive lnT variation of the
resistivity which scales with the concentration of mag-
netic impurity in a series of alloys oI' Lu containing up
to 1.4-at. % Gd.

The alloys were made by Rare Earth Products (UK)
by arc melting sublimed grades (99.99% purity) of
both metals. Resistivity samples of approximate di-
mensions 3 x 0.05 x 0.05 cm were cut by diamond saw
from the as-cast buttons, etched and then annealed
for 6 h at 650 C under a pressure of 10 ' Torr.
Resistivity ratios [p(T) —p(4.2) j/p(4. 2) were meas-
ured to better than 1 part in 10' using an ac tech-
nique. Absolute resistivities were then determined
after measuring p(4.2) with a conventional four termi-
na1 dc method, with a shape uncertainty of ~1%.
Temperature was found from He vapor pressure.

The incremental resistivity
Ap(T) = p,. „»(T) —pt „(T) between 1.07 and 4.2 'K is

illustrated in Fig. 1 for all the alloys. For samples
with less than l-at. % Gd, the variation of Ap(T) is

strictly logarithmic, i.e.,
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FIG. l. Incremental resistivity Ap(T) =
p„, ~i,„(T)—pt „(T)

as a function of log~oT for all the alloys studied.
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d p(T) =3 +D lnT

where D, and hence the appropriate exchange constant
J, is positive.

To ensure that the above behavior is characteristic
of single Gd ions we have measured the low-field (&5
kOe) magnetic susceptibility of these same samples
between 1.3 and 80 K using a vibrating-sample rnag-
netometer. The excess Gd susceptibility of all sam-
ples with less than l-at. % Gd obeys a Curie-gneiss law

with a Curie temperature of 0.0 ~ 0.5 'Il . This simple
behavior is shown in Fig. 2 and has been used to
determine the Gd concentration, using g = 2 and

7S = —.
2

'

In Fig. 3 we combine the magnetic and transport
data, showing that the resistivity behavior is indeed a

single impurity effect, since A and D vary linearly with
concentration.
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FIG. 3. Resistivity coefticients A and D, determined from

Fig. 1 plotted as a function of the Gd concentration X
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Quantitative analysis of hp(T) starts with the usual

expression derived from taking the Coulomb and ex-
change scattering to third order

Ap(T) = ax I V + 1 S(S +.1)

x [1 + (3JZ /EF) ln T] I
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FIG. 2. Inverse incremental susceptibility per at.% Gd
plotted against the absolute temperature for the same alloys

shown iri Fig. 1.

where a =3mm fl/2te'EF. 0 is the atomic volume, Z
is the number of valence electrons per atom, . V is the
direct Coulomb interaction, and the remaining param-
eters assume their usual meaning. Using Z = 2, a

density of states at the Fermi level of 4.6
states/eV atom' and the free-electron mass, the meas-
ured values of 3 and D yield J =0.057 eV, V =0.56
eV. The value of J is in excellent agreement with the
values deduced by Baberschke and Nagel from EPR
measurements and, furthermore, the comparatively
small value of Vis reassuring since one would expect
Gd to act as a nearly isoelectronic impurity in Lu.

A positive value for J is exactly what we would ex-
pect for Gd. Theoretically one finds two contributions
to J: a direct atomic ferromagnetic term J„and an
antiferromagnetic admixture term controlled by some
matrix element V . Thus we write

(3)

where 4E is, in essence, the energy required to add or
remove an electron from the magnetic ion. Now the
4f' configuration of Gd is known to be extremely
stable, so that 4E is large. Thus J, dominates and J is
positive. By contrast, the stability of 3d magnetic ions
is much weaker, so that the admixture term may dom-
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inate, as it apparently usually does.
Finally, it should be noted that the sign of J and the

smallness of shave important consequences for mag-
netoresistance. With positive J, a field changes the
second and third-order terms [the terms in J' and J',
respectively, in Eq. (2)j in opposite directions. Thus
the magnetoresistagce should be much weaker than
when J is negative. We have in fact measured the
magnetoresistance and its magnitude is indeed under-

standable only if we take J positive. Full details of
this will appear later.

In conclusion transport and magnetic measurements
in LuGd have given the first clear example of a posi-
tive Kondo eAect of single impurity origin. In addi-

tion, the close agreement between these results and
EPR measurements establish the first unambiguous
instance of local-moment conduction-electron scatter-
ing with a positive exchange coupling.
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