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The magnetization of very dilute Cu:Fe alloys contains one term proportional to ¢ due
to the isolated impurities and another proportional to c? which is attributed to nearly
magnetic or magnetic pairs. The susceptibility of the isolated iron atoms follows a
Curie-Weiss law C(I' +7T,) ™! with T, =29 K well below T,. The c? term which is nearly
saturated in 60 kOe at 1.3 K is responsible for the important temperature dependence

of the initial susceptibility below T, .

The Cu:Fe system is considered as a charac-
teristic example of the Kondo effect at very low
temperatures.! The existence of a compensated
spin being suggested by the experiments of Day-
bell and Steyert,>® the nonexistence of the mag-
netic moment of the iron atom in copper was
shown by Mossbauer effect,* NMR,%"” magnetiza-
tion,® and magnetoresistance measurements.®
The apparent existence of a magnetic moment at
high temperatures is confirmed by the Curie-
Weiss behavior of the susceptibility measured
either directly or by NMR, Mossbauer effect,
and by the logarithmic dependence of the resis-
tivity on the temperature. The experimental re-
sults on the temperature dependence of the physi-
cal properties in the nonmagnetic region are very
important for testing the different theories on
the ground state of the impurity. Unfortunately
the experimental situation is as complicated as
the theoretical one. The susceptibility was found
to follow a T~Y2law.® The difference between
the magnetization deduced from Mossbauer effect
on iron and from NMR on copper was interpreted
as due to the formation of a conduction-electron
cloud around the impurity.®” The resistivity
varies like 1-a(7/T,)? and some interaction ef-
fects appear when the concentration reaches
several hundred ppm.’® The variation of the
specific heat seems to be proportional to T rath-
er than to TY2, 1!

We present here some new results on the Cu
:Fe system which show the effects of the inter-
actions on the magnetic properties of the alloys,
when the one-impurity effects are separated
from the interaction effects. The magnetization
of our alloys has been measured between 0.05
and 33 K in fields up to 70 kOe. The method con-
sists in the movement of the cylindrical sample
(¢ =7 mm, I=20 mm) in the uniform field (103
over 6 cm) produced by a superconducting sole-
noid, inside two detection coils connected in
series opposition. The variation of the magneti-

zation of our alloys when the temperature is de-
creasing from 1.3 to 0.05 K corresponds essen-
tially to the nuclear magnetization of copper
[x=~(3.5X107")/T in emu/at. g|, and we cannot
distinguish with good accuracy the contribution
of the iron atoms. Therefore, we shall present
here only our measurements above 1.3 K.

All the samples were prepared from 99.999%
Cu and 99.99% Fe. A first set of Cu:Fe samples
has been obtained by fusion for 4 h in high vacu-
um at 1250°C in an alumina crucible; The sam-
ple A (455+ 5 at. ppm) after annealing at 950°C
for 24 h in a hydrogen atmosphere was quenched
in a jet of gaseous hydrogen. The samples B
(153+ 3 ppm) and C (74 2ppm) were annealed
at 1000°C for 24 h in quartz tubes sealed under
vacuum, then quenched in cold water. The sam-
ple D (46 + 2ppm) was cooled in 2 h (natural cool-
ing of the furnace). This first set allowed us
to clarify the metallurgical problems involved
and to observe their effects on the magnetization.
Better quenched samples with more reproducible
characteristics were obtained in a vacuum induc-
tion furnace, where the melting was followed by
direct casting in a water-cooled mold (second
set). The concentrations of these samples, de-
termined by absorption spectroscopy analysis,
are 11+2, 33+2, 108+3, 200+4, 314+6, 337
+9, and 603 +9 at. ppm Fe. All the samples were
kept in liquid nitrogen when not in use (the mag-
netization of 0.1% Cu:Fe may become twice as
great after aging at 300 K for several months).

In Fig. 1(a), the magnetization curves at 1.3
K of all our alloys are represented. Similar
curves were obtained at 4.2, 10, 20, and 33 K.
For the calibration of the apparatus we have used
the value of 0.881X 1077 emu/g ! for the suscep-
tibility between 1.3 and 4 K of a pure copper sam-
ple (c <2 ppm Fe). The magnetization due to the
iron impurities is given by the difference between
the magnetization of the alloy and that of the pure
copper sample. The slope (AM/dH) 4~ 40 10e iS
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Fig. 1.

bility (H<1 kOe) contains a c? term.

plotted as a function of the analyzed concentration
in Fig. 1(b). We observe a linear variation with
the concentration up to ¢ ~ 0.00034 at. This be-
havior shows that the one-impurity effects govern
the variations of the magnetization in high fields.
Let us study now the part of the magnetization

0p which seems to be saturated in high field. op
is obtained by a linear extrapolation to zero field
from H=60 kOe [Fig. 1(a)] and its variation as a
function of the concentration is well represented
by a straight line in the diagram of o,/c=f (c)
[Fig. 1(c)]. opis equal to 4.5¢+4.3X10%? emu/g.
Moreover, for the insufficiently quenched sam-
ples (first set) the o, value is higher. The mag-
netization of the samples of the second set is
smaller and less sensitive to the temperature
than that of the first set of samples. The initial
susceptibility (H < 2 kOe) contains also a ¢? term
[Fig. 1(d)]. All these observations imply that
some interaction effects are superposed on the
one-impurity properties. The ¢? term may be
attributed to the effects of pairs of impurities.
The curvature of the magnetization as a function
of the field, also observed in NMR experiments,
cannot be attributed only to a negative polariza-
tion because, in this case, the magnetization
should be proportional to the concentration at
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(a) Magnetization curves M(H) at 1.3 K before subtracting the diamagnetism of copper.
=60 kOe versus the concentration presents a linear dependence up to ¢=0.00034.
line for the second set of samples (crosses). The first set gives higher values (circles).

(b) dM/dH at H
(c) op/c vs c is fitted by a straight
(d) The initial suscepti-

all fields.

From what has been pointed out above we pos-
tulate that the magnetization may be given by an
expression of the form M (H)=M,(H)c + M,(H)c?.
We have then plotted for different temperatures
M/c versus c for several values of the field [Fig.
2(a)]. [Since the accuracy on the final slope
(dM/dH)4, voe is very good we have considered
it a better measurement of the concentration
than the analysis in the region where it is seen
to be linear in concentration. Therefore the
values which are used for c¢ in Fig. 2(a) for the
samples of the second set are, respectively, 13,
111.5, 195, 316, and 337 at. ppm, which are
easily seen to fall within the error bars of the
analysis.] For all the alloys of the second series
M(H)/c is seen in Fig. 2(a) to be a linear func-
tion of ¢, for the lowest values of ¢ (c < 0.00034
at.), where we expect the above approximation
to be valid. M,(H) is obtained from the intercept
at zero concentration. MH) is the slope of M(H)/
c vs ¢. M,(H) is almost proportional to the ap-
plied field up to 50 kOe [Fig. 2(b)]. Above, we
observe a small curvature. The thermal be-
havior of M,(H) follows a Curie-Weiss law x,
=[aM,(H)/dH] 4-,=C,/(T+T, ) [Fig. 2(c)]. The
Curie constant corresponds to an effective mo-
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Fig. 2. (a) M(H), is plotted versus c, to separate the ¢ and c?terms of M(H) [M(H) =M, (H)c +My(H)c? up to
¢=0.00034]. (b) Temperature and field dependence of M;(H). (c) The initial susceptibility of isolated impurities
X1(H) =dM y(H)/dH follows a Curie-Weiss law and may be compared to the total initial susceptibility (dashed

curves).

ment . =3.4up and Tk1 is equal to 29+ 1 K.
These results are in a good agreement with the
results of Hurd'? obtained above 7,. The small
curvature in high fields of M,(H) is not very
surprising. Such an effect has been observed
for some nearly magnetic impurities of nickel
in palladium.'® The Curie-Weiss behavior of
the magnetization due to the isolated impurities
is well established for all temperatures either
smaller than T, (7 <T,/10) or higher. The
M,(H) term is represented in Fig. 3(a). The
pairs seem to be saturated in a field of 60 kOe
at 1.3 K. The susceptibility x,= (dM,/dH),-,
may be fitted by the law x,=C,/(T+T,,) with
0<T,,<5K. Letn be the concentration in mo-
ment carriers of spin S, then (N/IM)2ruzS=6.1

x10%*c? emu/g (at 1.3 K and 60 kOe) and (N/9M)
xn4S(S+1)ug?/3K =10.2¢? (emu/g) are the satura-
tion and the Curie constant for the impurities
responsible for the M,(H) term (N=Avogadro’s
number, M =molar mass). This gives n=130c¢?
and $=2.7+0.1. This last value corresponds

to the spin of two iron impurities ferromagnetic-
ally coupled and confirms the validity of our
analysis of the ¢? term as being due to pairs.

Let us suppose that the condition of magnetism
of the iron atom U.¢rp, (E ) =1 is not satisfied
[U.¢s =effective Coulomb interaction in Ander-
son’s Hamiltonian, p, (E ) =density of states for
one spin direction at the Fermi level]. In such
a model of nearly magnetic impurities, we can
imagine that the oscillating change!* in the den-
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Fig. 3. (a) The c? term M,(H) is nearly saturated in

60 kOe at 1.3 K. (b) The initial susceptibility of pairs
varies like Cy/ (T +T, ) with 0<T,,<5 K.

sity of states introduced by one neighbor impurity
modifies the condition of magnetism, so that
some pairs of impurities may have a Kondo tem-
perature smaller than that of the isolated im-
purities. This has already been shown for the
Au:Co and Cu:Co alloys.!® But here the pairs are
not restricted to near-neighbor impurities, as
evidenced by the high value which is found for
n. Then, the oscillating character of the Ruder-
man-Kittel -Kasuya-Yosida interaction, which
probably couples the pairs, suggests that an
equal number of antiferromagnetic pairs should
exist. Then 260c?, the concentration of pairs,
i.e., 520c¢? concentration of impurities actually
contributes to M,(H).'® Such a value implies that
a neighbor may be found to build a pair in any
of 520 given sites around an impurity and we
suggest a critical radius (of the order of 11 A
in the fcc lattice of Cu) where this pair formation
occurs. However, it remains to distinguish
whether M,(H) is due to the ferromagnetic cou-
pling between two magnetic or two nearly mag-
netic impurities. Such nearly magnetic pairs
exist in the Au:Co and Cu:Co alloys, and in an
external field they may be magnetized more
easily than the isolated impurities.'®

In the Cu:Fe system, the existence of nearly
magnetic pairs is suggested by the more rapid
increase of the linewidth of NMR on copper be-
tween 2 and 40 kOe.” The contribution of really
magnetic pairs to the linewidth would be indepen-
dent of H and we suggest it is responsible for
the linewidth found in zero field (extrapolated
from 2 kOe) which was formerly interpreted as
due to ferromagnetic clusters. The ratio of
magnetic to nearly magnetic pairs obtained from
the linewidths in zero field extrapolated from 2
and 50 kOe, respectively, would be about 3.

Let us now compare our results with those of
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Daybell and Steyert.® First, the total suscepti-
bility in zero field may be written x(2=0) =y,
+C,,/T rather than x=aT Y2 for T < 1K (x,
=0.15X1078 emu/g ppm). Since their measure-
ments were made at low temperature (<1 K) and
low field (<1 kOe) we may expect that their value
of x, contains the contribution of all isolated
impurities and nearly magnetic pairs. C, /T is
then the contribution of pairs which are really
magnetic below 1 K. The values of C,, (respec-
tively 1.19x1078 2.9%X1078 and 16.5x1078
emu/g for the samples of 54, 145, and 330 ppm
of Daybell and Steyert) are about 6 times small-
er than our value of 10.2¢? emu/g deduced from
Fig. 3(b). As from NMR results, about % of

the pairs are magnetic; at low temperatures
they can be saturated in low fields (1 kOe).

To conclude, we have separated the properties
of the isolated atoms from those of the pairs of
impurities. One iron atom may be considered
isolated (properties proportional to c¢) only if it
has no neighbor iron atom in a sphere of radius
7, ~11 A. The susceptibility of the isolated im-
purities follows a Curie-Weiss law x=C/(T+7T,),
to well below T, ~ 29 K, and their magnetiza-
tion is almost proportional to the applied field
up to 70 kOe. For impurities within a distance
<7, the criterion for magnetism is modified and
they constitute a nearly magnetic or a magnetic
pair.

The susceptibility in zero field and the line-
width of NMR of copper cannot be attributed only
to one-impurity effects: The nearly magnetic
pairs contribute to these properties by some
terms proportional to ¢?, which are more field
and temperature dependent below T, than the
terms proportional to ¢ due to the isolated im-
purities. A careful study over a large region
of concentration is necessary to separate this
¢? dependence.
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We investigate the appearance of magnetism in the Hubbard model. In the limit of large
value of the interaction U, we show that localized moments appear below a critical tem-
perature T;. We find a Ruderman-Kittel interaction between these moments, which gives
an ordered magnetic phase at a critical temperature T, smaller than T'.

For many years, there has been important activity in the fields of itinerant ferromagnetism, metals
which exhibit localized-moment behavior above the transition temperature and the Mott transition. A
particularly important start for this problem is the Hubbard Hamiltonian,! where one assumes a non-
degenerate band of width A studied in tight binding and where electrons interact only when they are on
the same atom, i.e., on the same Wannier state, the interaction being U, in that case.

In this Letter, we want to show that for this model magnetism can occur in two stages. For large
values of the ratio U/A, there exists a first critical temperature T, below which localized moments
appear on each site. These localized moments interact and one can take into account only a two-body
interaction which is a Ruderman-Kittel type. As a result of this interaction one can have a transition
to a ferromagnetic or antiferromagnetic state at a second critical temperature 7, smaller than T,
For small values of U/A, T, =T, and the appearance of localized moments is connected with the ap-
pearance of magnetism if any. These results are in qualitative agreement with a model for magnetism
in transition metals suggested by Friedel, Leman, and Obsewski.? The differences in approach and
in choice of model have made if difficult to compare the present results in detail with previous works.
However our results are different from the Hartree-Fock calculation of Blandin and Lederer,® although

we agree with the qualitative features.

We support these conclusions with the calculation of the free energy using a functional integral rep-
resentation.* This replaces the interaction U by an arbitrary magnetic field varying from site to site
and having a Gaussian probability. We show that the free energy can be written as a series F,+F,
++++ of functions of the local field on one, two, --- sites. For large U/A, the main term is the first
one and F, is strongly peaked over two symmetrical values of the local field for temperature smaller
than 7';. This shows the existence of local moments. This magnitude is a function of temperature and
gives a susceptibility which deviates from a Pauli law. The second term of the series gives the inter-
action between moments. So one obtains an ordering temperature of these local moments of the order
of T,=F,. For small U/A, F, and F, are comparable and greater than the remaining terms. We ob-

tain 7, =T, when magnetism can occur.
As a start we have a Hubbard Hamiltonian:

H=E Tijociorcjo"'%Unicni—o'

ijo

(1)
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