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The magnetization of Au-Co alloys was studied over a large range of concentrations

(0. 05 <c<4-at.% Co), fields (0<H<70 kOe), and temperatures (0.05 K< 7' <200 K).

Magnet-

ization and specific-heat results are well represented by a model with the following character-

istics: (a) The isolated Co atoms are not magnetic.

(b) The isolated pairs are also not mag-

netic, but have a Kondo temperature nine times smaller than that of isolated Co atoms. (c)
The groups of three or more atoms are magnetic and lead to magnetic ordering at very low tem-

peratures.

I. INTRODUCTION
A. General Survey

Blandin and Friedel! have classified the behavior
of the transition-metal atoms in noble metals into
two types. For the first type, the Stoner condition®
for magnetism, U,y p,(Ep)>1, is verified; here
p4(Er) is the d density of states, and U,,, the effec-
tive intra-atomic interaction in the Anderson
Hamiltonian.®* Thus Cr, Mn, and Fe atoms in Cu
and Au hosts carry a magnetic moment. For the
second type, the previous condition is not satisfied;
thus V, Ti, and Ni atoms in the same hosts are not
magnetic. The Co impurity in Cu and Au is between
the two kinds of behavior, just at the limit of mag-
netism.

In the theories of the Kondo effect, it is assumed

that the condition for magnetism is satisfied.*°

The localized spin S interacts with the conduction
electrons, via an antiferrog_nagnetic interaction.
This s-d interaction, —2JS- 8§, leads, in the sec-
ond Born approximation, to a logarithmic diver-
gence in the scattering cross section as the tempera-
ture decreases.® This explains the resistivity mini-
mum.® More sophisticated techniques® are neces-
sary to remove this divergence at low tempera-
tures: A new many-body state builds up below the
Kondo temperature Ty; this quasibound state is
usually represented by a negative polarization of
the electrons around the impurity, leading to a
compensation of the local magnetic moment. The
relevance of this problem was increased by the ex-
perimental work of Daybell and Steyert on the Cu-
Fe system,!! and by the suggestion of Schrieffer®



3 INTERACTION EFFECTS BETWEEN NEARLY MAGNETIC. ..

that the nonmagnetic impurities in the Blandin-
Friedel-Anderson scheme could have very high
Kondo temperatures. The magnetic moment on Fe
was shown by Mossbauer effect,'? nuclear magnetic
resonance, * and magnetization measurements* to
be nonexistent. It was believed that the negative
polarization of conduction electrons around each
impurity was observed in the Cu-Fe alloys.!?

For the impurities of the second type, the theo-
ries assume that the condition for magnetism is
not realized. But Uy, is generally large, so that
the impurity is nearly magnetic: Spin fluctuations
exist on the impurity site which connect the non-
magnetic to the magnetic state of the impurities.
The concept of these local spin fluctuations (LSF)
has been developed by Lederer and Mills'® for iso-
electronic alloys such as the Pd-Ni system. Rivier
and Zuckermann'® have used this concept for all
transition impurities in noble metals. These LSF
have a lifetime

To=10Pa(Ep) [1 = Ugee py (Ep)]? =l/kTy .

At low temperatures, below the characteristic tem-
perature T, the Pauli susceptibility is enhanced
by the same factor

N=[1= Uye pg(ER)]™ . (1)

For T< Ty, the resistivity varies as 1 — a(T/Ty).
At temperatures above Ty, the frequency of the
LSF is lower than the thermal fluctuations of the
magnetic moment; the thermal fluctuations then
govern the decrease of the susceptibility. A Curie-
Weiss law is expected and the LSF behavior will
become indiscernable from the behavior of a lo-
calized magnetic moment. Levine and Suhl'” have
quantitatively shown this Curie-Weiss behavior.
The logarithmic behavior of the resistivity at high
temperatures has been obtained by Levine et al.!®

Experimentally, the existence of the LSF in iso-
electronic alloys has been shown by resistivity,'®
susceptibility, magnetization,?® and specific-heat
measurements.?®~2% At low temperatures, the re-
sistivity of Pd-Ni alloys contains a positive T2 term
proportional to the concentration ¢.'® The enhanced
Pauli susceptibility is nearly constant at low tem-
peratures,?® and also proportional to ¢. The elec-
tronic specific heat, proportional to ¢, contains a
T term, and also a corrective, negative T° or
T%logT term.?? The study of Pd-Ni Fe 2® alloys has
confirmed the local character of the enhanced sus-
ceptibility.

The LSF properties have also been sought and
found in different alloys (nonisoelectronic alloys)
of transition impurities in noble metals. Caplin
and Rizzuto?* have studied the T? resistivity behav-
ior of Al-Cr and Al-Mn alloys at low temperatures.
Recently, Star and Nieuwenhuys? have also shown
the T2 behavior of the Cu-Fe resistivity. The nu-
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clear magnetic resonance of Mn in Al has shown the
high susceptibility on the Mn atoms.?® Caroli

et al.,?" taking into account the orbital degeneracy
and intra-atomic Hund’s rule, have shown that the
ratio

62 )

of the specific heat to the susceptibility per impuri-
ty, is a constant for transition impurities in noble
metals. Experimentally, £ is observed to vary
from 0. 06 for®® Cu-Co to 0.3 for?” Al-Mn.

Now, there is experimental evidence that the iso-
lated transition impurities are not magnetic in
noble metals at very low temperatures.?*=3! Mn,
which is the most magnetic impurity in Cu, has
susceptibility behavior, indicating that the moment
will disappear at very low concentrations and very
low temperatures.® But the definitive experiment
which could decide between the Kondo and the LSF
theory remains to be done. In the Cu-Fe system,
it has been shown recently®® that interaction effects
were in fact responsible for low-ter.perature devia-
tions from the susceptibility which had been previ-
ously taken as experimental evidence” for the ex-
istence of a polarization cloud around each Fe
atom. In addition, the LSF model can explain the
T% term of the resistivity?® and the linear tempera-
ture dependence of the specific heat®* * below 7.

In the following part of this paper, we call Kondo
temperature Ty that temperature at which the ap-
parent magnetic behavior of the impurity ceases
(the end of the logT tevm resistivity) when the tem-
perature decreases, even when we ave considering
the LSF model.

B. - Influence of Local Environment around the Impurity
on the Existence of a Magnetic Moment

The problem of the effect of the local environ-
ment on the existence of a magnetic moment has
arisen in different situations. It hadbeen suggested®®
that in Cu-Ni alloys, the 1/T term in the low-tem-
perature susceptibility was due to the existence of
a magnetic moment, carried by small groups of
three Ni atoms. But these properties were finally
attributed to an Fe contamination.?” Blandin and
Friedel' have suggested that such a phenomenon
may exist in the case of virtual bound states. Be-
cause the environment changes the d-state density
of impurities at the Fermi level, the condition of
magnetism may be realized, and a magnetic moment
will appear.

Later, the interaction energy and the change of
the density of states were calculated for distant
impurities by Caroli.® The role of the d-d interac-
tion on the appearance of a magnetic moment has
been studied by Inoue and Moriya.?® The effect of
the environment has been discussed by Kim.*
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An experimental study of these phenomenons has
been made on Cu-Co alloys.*! The variation of the
magnetization as the cube of the concentration had
led to the idea that Co atoms included in groups of
three atoms carry a magnetic moment, and that
isolated atoms and pairs are not magnetic. Re-
cently, it has been suggested® that the Kondo tem-
perature is much lower for the pairs than for the
isolated impurities.

New considerations on the local-environment ef-
fect were introduced by Jaccarino and Walker.®
The existence of a magnetic moment on a Fe atom
in a Nb-Mo matrix, and on a Co atom in a Rk-Pd
matrix, as in Mo-Nb or Mo-Ti,*® depends on the
number of Mo atoms (Pd, Nb, or Ti) which are
first neighbors of Fe (or Co) atoms. A similar
model may justify the appearance of magnetism
and the presence of giant moments in Cu-Ni
alloys.**~*

Recently, Claus et al.*® and Creveling and
Luo® have tried to explain the decrease of the
susceptibility with ¢ in Az-V by assuming that
a V atom carries a magnetic moment, pro-
vided there are no V neighbors within a certain
critical radius. Narath and Gossard® have modi-
fied this point of view because their NMR results
suggest that the two types of V sites have different
spin fluctuation frequencies or, equivalently, dif-
ferent enhancement factors. Then it seems that
the Au-V alloys should be an example of a system
where short-range interactions favor nonmagne-
tism. On the contrary, the Cu-Co alloys® *! are a
good example of a system where short-range inter-
actions favor magnetism.

In this paper, ihe Au-Co alloys are studied be-
cause we expect that the conditions for magnetism
are favorable, as in the Cu-Co system; but here,
we hope that the higher limit of solubility will per-
mit a more exhaustive study of the properties of an
alloy where a transition from the nonmagnetic state
to the magnetic state is observed.

II. EXPERIMENTAL DETAILS

The samples have been prepared by the metallurgy
section of our laboratory from 99.99%-pure cobalt
and 99. 999% -pure gold provided by Johnson-Mat-
they. The magnetization of the pure gold is a
straight line at 4 and 1 K in fields up to 70 kOe, so
that the magnetic impurity level is very small. The
alloys were melted in a purified hydrogen atmo-
sphere, inside alumina crucibles, for 4 h at
1150 °C. All the samples were annealed at 950 °C
for 24 h, and then quenched in a flow of gaseous
hydrogen. The specimens were stored in liquid
nitrogen to minimize aging effects. They were only
warmed at room temperature when it was necessary
to place them in the different measurement holders.
The specimens were analyzed by atomic-absorption
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spectroscopy.

The standard dimensions of the samples
(7-mmdiam; I=20 mm) allowed measurements of
both the specific heat and the magnetization to be
made. The hyperfine specific heat®® was measured
just after quenching. The magnetization was studied
several months later so that small aging effects
could be observed for the highest concentrations.

For the magnetization measurements, three ap-
paratus have been used. They are described else-
where, 153

The first one was used to measure the magnetiza-
tion of alloys of concentrations larger than 1% from
0.05 to 4.2 K in fields up to 25 kOe.

The second device of the same type measures the
magnetization from 0. 05 to 4.2 K in fields up to
75 kOe. The epibond cell containing the paramag-
netic salt, silver wires, carbon thermometer,
sample holder, and sample, is moved along the axis
of the field for a distance of 3.5 cm. A small coil
connected to a ballistic galvanometer is used to de-
tect the change of flux, and hence, the magnetiza-
tion of the sample. The field on the specimen is
produced by a Nb-Ti superconducting coil with
¢4t =3 cm, which gives a maximum field of 80
kOe. It is necessary (to eliminate the effects of
eddy currents when the sample is moved), to have
an homogeneity equal to 10”3 on a 5-cm distance.
The cold source (iron-ammonium-alum) is adiabat-
ically demagnetized when an external field from a
Nb-Zr coil is decreased. The field on the sample
is proportional to the current intensity in the coil
for high fields. For low fields, a badly known
remanent field is added; thus, below 5 kOe, the
field values are not well determined.

A third apparatus has been used to measure the
magnetization from 1 to 200 K in the field produced
by a water-cooled copper coil; an extraction method
is also used.

III. EXPERIMENTAL RESULTS

For each alloy listed here, the analyzed concen-
tration is followed in parenthesis by the concentra-
tion obtained from the weighed constituents. We
used the analyzed concentrations for the calcula-
tions and figures.

The alloys of 0.044(0.053)-, 0.088(0.102)-,
0.19(0. 20)-, 0.47(0.50)-, 0.74(0.75)-, and
0. 94(1.00)-at.% Co concentration have been studied

in fields up to 70 kOe, at temperatures between

0.05 and 4.2 K.

The alloys of 0.47(0.50)-, 0.74(0.75)-,
0.94(1.00)-, 1.50(1.50)-, 1.92(2.00)-, 3.15(3.00)-,
and 3. 86(4. 00)-at.% Co concentration have been
studied from 0. 05 to 150 K.

A. Initial Susceptibility

In low fields, a great number of measurements
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fields, at T=0.05 K. The linear part permits aneval-
vation of the initial susceptibility X;. The remanent
magnetization o, rapidly increases with c.

were made in order to determine the vegion wheve
the magnetization is proportional to the external
field. The slope of this straight line is called the
initial susceptibility X; (see, for example, Fig. 1).
A plot of 1/, vs temperature is given in Fig. 15
showing the occurrence of magnetic ordering at
temperatures below Ty, where x; goes through a
maximum, and a remanent magnetization appears®
(Fig. 1).

In Au-Co, these ordering temperatures T are
an order of magnitude smaller than those observed,
for example, in Cu-Mn alloys of same concentra-
tion.*® Above the ordering temperature, the initial
susceptibility does not follow a Curie-Weiss law
(Figs. 2 and 15). We assume that the susceptibility
contains contributions from nonmagnetic impurities,
and also contributions from a small number of mag-
netic impurities. The nonmagnetic impurities
should contribute as®®

X(T)=C"/(T + Ty) .

(The characteristic temperature T, which we have
here, should be related to the true Kondo tempera-
ture by some proportionality coefficient, which
from Ref. 56 is Ty =4.5Txy,4,. Such a result has
never been clearly established experimentally, so
Ty will just represent for us the paramagnetic Curie
temperature.) For T< Ty, xo(T)= x,(0)=X,=const.
Then we expect the initial susceptibility may be
written for Ty >T> Ty:

X =C/(T+8)+x,(0)=C/T +%, . @)
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(The temperature 6, of order T, is generally small
for the alloys studied,®® T,<1 K for ¢<1.92 at.%,
so that we expect a Curie law to be a good approxi-
mation for the contribution of magnetic impurities
to the susceptibility.) It can be seen (Fig. 3) that
the relation x;T=C + x,T represents the observed
variation of the susceptibility below 10 K very well,
providing a good method of separating the magnetic
(C) and nonmagnetic (x,) contributions. Divergences
observed for the 3. 15- and 3. 86-at.% alloys indicate
that for these concentrations Ty is probably already
large, and 6 cannot be neglected in Eq. (3).

Deviations observed above 10 K for all concentra-
tions, suggest that temperatures of this magnitude
may not become negligible in regard to Ty (Fig. 4).
To study the behavior y,(T) of the nonmagnetic sus-
ceptibilities, the quantity (x, — C/T) is plotted vs
temperature (Fig. 5). The net decrease of xy(7T),
which is observed above 10 K, diminishes around
100 K, and X,(7T) becomes approximately propor-
tional to the concentration.

B. Magnetization Curves in High Fields at Low Temperatures

At high fields and zigh concentrations (c >0.47
at.%), the magnetization curves are parallel with
each other for the different temperatures. The
magnetization at low temperatures (see Figs. 6-8)
is composed of two parts: a saturated magnetiza-
tion which corresponds to the magnetic moments
aligned in the field, and another part the slope of
which increases with the concentration. In Figs. 6
and 7, the straight line o= (xg+ Xa,) H (Where xg
has been determined as above) is plotted and is to
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the initial susceptibility X; due to Co impurities. The
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be compared to the differential susceptibility x,q
=(A0/AH)y. s0r0e- These two quantities, ., and xo,
are seen to be much the same, considering that an
error in the susceptibility determination from low-
field data is introduced by the contribution of some
Fe impurities (see below). This allows two impor-
tant observations: The firstis that the part oy of
the magnetization due to the magnetic atoms is
easily saturated; the second is that the susceptibil-
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FIG. 4. The initial susceptibility does not follow the

law: X; T=C+X, T above 10 K.

ity of the nonmagnetic Co atoms does not change
between 0 and 20 kQe. [For fields much higher than
20 kOe, however, this nonmagnetic part is not
exactly proportional to the field for the high con-
centrations, as may be seen from the slight curva-
ture of the magnetization curves (Fig. 6). |

Since the magnetic contribution is easily satu-
rated, it is possible to obtain oy by a linear extrap-
olation in zero field from the slope of the mag-
netization in a 20-kOe field (Fig. 7). In Table I,
the values of C, x,, Xy, and oy are given for the
different concentrations.

Contamination by Fe impurities (confirmed by
the absorption analysis) make the values of oy, for
the lower concentrations of Co (0.044, 0.088, and
0.19 at.%) unreliable. The magnetization of a Au
sample prepared in the same manner as our alloys
is shown in Fig. 9. In high fields the diamagnetic
susceptibility has the correct value®’ Xay=—1.41
x 107" emu/g, but the saturation magnetization,
which is observed, is of the same order of magni-
tude as oy of the less concentrated alloys. This
would correspond to a contamination by about 25
+10 ppm of iron impurities (assuming 2. 2, per
atom of iron®). This average iron impurity con-
centration has been used to estimate correction
terms oy, and Cy, for oy and C for all the alloys,
yielding ¢3=0¢; ~ 05, and C3=C — Cp, as the best
values for the saturation magnetization and the
Curie constant of the magnetic Co atoms. The
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FIG. 5. Temperature dependence of the susceptibility
Xo(T) attributed to the nonmagnetic Co impurities: Xq(7)
=X;— C/T. A rapid decrease of X, is observed above
10 K; at high temperatures, X, is approximately propor-
tional to the concentration. The one-impurity effects are
dominant above 100 K; below 10 K, X, varies more rap-
idly than c.
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values of 05 and Cg are shown in Table I. For the
lowest concentrations, x, has been estimated from
the slope at high fields, where the Fe impurities
are already saturated.®®

C. Specific-Heat Results

The specific heat has been measured from
0.02 to 0.5 K by Costa-Ribeiro, Souletie, and
Thoulouze, and from 1.2 to 6 K by Crane.’? In
Ref. 52, both results were analyzed in the following
way:

(a) At very low temperatures, below the order-
ing temperature Ty, a nuclear hyperfine specific
heat, due to magnetic Co atoms, is observed. The
hyperfine term A/T? varies as the cube of the con-
centration. An additional term 7, which increases
with the concentration, is observed. It contains
an electronic contribution, due to nonmagnetic im-
purities, which depends on ¢, and a magnetic term
independent of ¢, analogous to the specific heat of
the Cu-Mn system below the ordering temperature.

(b) Around 5 K, the specific heat is proportional
to the temperature. The part due to magnetic im-
purities is negligible because the ordering temper-
atures are very low. Then Crane’s measurements
represent the electronic contribution of the non-
magnetic impurities only, and hence give the most
accurate values for this nonmagnetic part—which,
however, are in good agreement with the very low-
temperature values.

In Table II, we give the electronic specific heat
for different concentrations, deduced from Crane’s
work.

IV. INTERPRETATION

A. Model

Co impurities carry no magnetic moment at very

TABLE L

3839
O T T —
Magnetization / ’o;
emu /g of alloy /0.940,../. =
004} o B
E]
o ~
@
3
~
003 >
12
|6
0.02 /7{ 0.74at.%
5x107¢
0.01 / - _o0-°
P o—5="" 0.47at.%
)/
o2 —o
20.05 K
-001 f---- (XotXad) H -
............ Pur“e Gold 3 Field 'Sx10_‘
0 20 40 H (kOe)

FIG. 6. Magnetization curves of some Au-Co alloys at
two temperatures 4.2 and 0.05 K. The small variation
of the magnetization with the temperature indicates that
the number of magnetic impurities is very small. The
dashed straight lines o= (X, + Xa,)H are compared to the
magnetization curves, and the quantity X, +Xa, is seen to
be equal to (d0y10y/dH) g =59k0e - Consequently, all mag-
netic impurities are saturated in this field and the satura-
tion value is the difference at 20 kOe between the curve
and the dashed line.

low concentrations. When the concentration in-
creases, some Co atoms have a moment under some
conditions of environment. The following assump-
tions permit an approximate calculation of all the
properties of the alloys.

This table gives for each concentration the following data in emu/g of alloy: the Curie constant C of the

magnetic impurities; the contribution X, to the susceptibility of the nonmagnetic impurities; the magnetization slope Xy,
in 20 kOe at 0. 05K; the saturation magnetization oys; the concentration of iron impurities deduced from the average
value of the saturation magnetization of the pure gold and the 0.05, 0.1, and 0.2% alloys; the corresponding values of

OFe and cFe; 03=00f— OFe, C3=C—‘CF°.

[
at.% Co 0.044 0.088 0.19 0.47 0.74 0.94 1.50 1,92 3.15 3.86
c 2.3%0.4 6.220.2 1.0£0.1 4.0:0.8 8.5:1.0
emu/g x10~" %1077 x10-8 %1076 x10-8
Xo 2,8£0,3 4.5%0.5  9.7+0.5 3.0£0.1 5.18+0.1 7.22+0.2 1.2240.15  1.89x0.1
emu/g x10-8 %1078 x10-8 x10°7 %107 %1077 x10-¢ x10-¢
X20 2.93£0.04  5,15:0.04 7.4£0.15  1,34:0.03 2.210.15 4,3£0.3 8.340.3
emu/g x10~" 1077 x10~7 x10-6 %106 x10-6 x10-6
oy 1.07£0.05 1.15£0.06 2.7:0.1 2,5:0.1 2.88+0.2 5.150.2 1.65£0.1 3.5+0.1 9.0:0.5 1.65+0,1
emu/g x10-3 %1073 x10-3 %1073 x10-3 %1073 x10-2 %1072 %102 x10"!
Cp = 25 £10 ppm Fe emu/g Op=1.6+0.6%10"% emu/g Cr=2.0+0.8%10"" emu/g

o3 1.1£0.7 0.920.7 1.3+0.8 3.6:0.8 1.50£0,15  3.35£0.15  8.85+0.55  1.64+0.10
emu/g x107% x1073 £107% x10-3 x10-2 x10-2 x1072 x10~!
c3 0.31.2 4.2:1,0 0.8+0.2 3.8+0.8 8.3+1.0
emu/g x10"7 x10°7 %1078 x10-8 %107
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FIG. 7. Magnetization curves of the concentratedalloys.

oy is determined from the extrapolation to zero field of
the magnetization slope at 20 kOe.

A Co atom with no Co first neighbor, and a Co
pair, also without a Co first neighbor in the 18 sites
around it, carry no magnetic moment; in all other
situations, the Co atoms are magnetic.

Let the number of isolated Co atoms in a mole
of alloy be N,, the number of Co atoms included into
isolated pairs be N,, and the Co atoms included into
isolated groups of three atoms be N;. The concen-
trations being small, it is considered that all other
Co atoms in number N, belong to groups of four
atoms:

Ny=Nc—Ny-N,~-Nj, (4)

the N being the Avogadro number. In a perfectly
disordered alloy, Ny, N, and Njare given by the

following formulas®® %
N,=Nc(1-¢)*, (5)
N,=12Nc*(1 - ¢)®, (6)
TABLE II. The electronic term AY of the specific heat

deduced from Crane’s work (Ref. 59) is given with the
respective concentration ¢ of Co, of isolated Co atoms
N,/N, and of Co atoms included in pairs Np/N.

c Ay

at.% Co md/mole K* N;/N Ny/N Ny/Ny

0.57 0.39 5.3x103 3,5x10"% 6.6x10"?
0.98 0.85 8.7x10% 9.6x107¢ 1,11x10"!
1.8 1.95 1,45%1072  2.8x10"% 1,94 x10-!
2.0 2.45 1.57x10% 3.34x103 2,13x 107!
2.6 2.96 1.9%x10°2 5.05%10"% 2,66x10"!
3.5 5.5 2.28x10"% 7,74x10" 3.39x10!
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Ny=Nc®[24(1 - )2+ 36(1 - ¢)*®

+72(1-c)**+181-¢)*]. (7)

The Nj is composed of four terms. The first one
is the contribution of groups of three atoms which
are ordered on an equilateral triangle; the second
term is the contribution of right triangles; the
third term corresponds to triangles with a vertex
angle equal to 120°; for the fourth term, the three
Co atoms are aligned.

In Table III, we give the different values of N,
N,, Ng, and N, for the different concentrations of
our alloys.

'B. Saturation Magnetization, Hyperfine Field, and;
Curie Constant at Low Temperatures

On Fig. 10, the saturation magnetization o is
plotted against concentration on a logarithmic scale.
The quantities (N3 +N,) and (N, +N;3+N,) are also
plotted on the same diagram to compare with the
variation of o3 with ¢. A good agreement is ob-
served, between the N;+N, curve and the experi-
mental points, if it is assumed that each magnetic
Co atom, belonging to a group of three or more
atoms, carries a mean moment equal to
(1.2+0.2)up.

In Ref. 52, Costa-Ribeiro ef al. found the coeffi-
cient A of the T2 term of the hyperfine specific
heat of the same samples to be also proportional
to N3+ N, From the proportionality factor, they
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FIG. 8. Magnetization curves of the 3. 86~-at.% Co at
different temperatures. The linear dependence of the
magnetization on the external field above 20 K indicates
the absence of precipitated Co, even for the most con-
centrated alloy studied.
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at T=0.05 K. The magnetization in high fields, H>20
kOe, is a linear function of H. The existence of a satura-
tion magnetization even for two “pure” gold samples,
indicates the presence of magnetic impurities. The gold
sample No. 1 was melted in an hydrogen atmosphere,
exactly like all the Au~Co specimens. The gold sample
No. 2 was melted under vacuum. Thus it appears that
the magnetic impurities of Fe were mainly introduced

by the preparation procedure.

estimated a value of 200 kOe for the hyperfine field
H,q4, on the Co nucleus. H,,, is 225 kOe in metallic
Co0.% This suggests that in Au-Co, the value of
the moment should not be too different from the
value 1. 7ug which is observed in hexagonal Co.
The Curie constant C; also varies with the third
power of the concentration (Fig. 11). We may
write an expression for C; by attributing a spin
3S (a ferromagnetic coupling is assumed) to the
group of three impurities in number %N3, and a
spin 4S to the group of more than three impurities
in number 1N, (in our concentration range, the
probability associated with groups of more than
four atoms is negligible). Then,

C;=[35(35+1) 5N, +4S(4S+1)4N,] 4ud /32 . (8)

The best agreement between the calculated and ex-
perimental values is obtained for 25=1.7+0. 2.

The dependence of g3, A, and C; on the cube of
the concentration, makes it clear that magnetism
is associated with groups of three atoms. The
quantitative fit can be considered satisfactory for
the approximations used. The spin value deduced
from the Curie constant is a little larger than that
obtained from the saturation magnetization. (Such
a difficulty in relating the saturation magnetization
to the Curie constant is well known for Co and Ni.%)
The value of H,, deduced from specific-heat results
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FIG. 10. Concentration dependence of the saturation
magnetization o3 due to the magnetic Co impurities plot-
ted in a logarithmic diagram; o3=0¢ —0p,. The correc-
tion op, due to iron impurities, the average concentra-
tion being 20 ppm, has been evaluated assuming a magnet-
ic moment of 2. 245 per atom of Fe (Ref. 58). o3 is
proportional to Ny+XN,. The solid line shows the best
fit of our data, assuming that each magnetic Co atom,
belonging to a group of three or more atoms, carries a
mean moment equal to 1. 245. The dashed line is obtained
by trying to fit the results with the assumption that the
pairs are also magnetic, which should lead to a mean
moment per magnetic Co atom of 0. 194z .

however, suggests a value of 2S larger than that
obtained from saturation magnetization (1.2uz).
Undoubtedly, a better fit could be obtained by a
more precise description of the exact environment
which determines the appearance of magnetism on
an impurity. A direct microscopic determination
of Hg, should be useful for this.

C. Susceptibility and Electronic Specific Heat of
Nonmagnetic Impurities

The nonmagnetic impurities at very low tempera-

TABLE III. For each concentration ¢ of our samples,
we give the concentrations, respectively, of isolated Co
atoms, N{/N; of Co atoms included in pairs, N,/N; and of

Co atoms included in groups of three, N3/N. Here N,/N
=¢ —N;/N—N,/N—Ny/N,
C

at.%Co Ny/N No/N Ny/N Ny/N
0.044 4.42x10"* 2.35x10"¢  1.30x10"% 6.53x10~11
0.088 8.69x10% 9.11x10° 9.96x10"% 1.10x10"°
0.19 1.88x10"% 4.27x10"° 1.01x10°® 2,49x108
0.47 4.44x10°% 2,43x10"* 1.39x10°° 8.58%10~7
0.74 6.75%x10"% 5.72x10"*  5.07x10°% 5.02x10-¢
0.94 8.44x10"% 9.05x10™* 1.02x10-% 1.31x10-°
1.50 1.25%x107% 2,07x10"® 3.58x10~% 7.67x10"
1.92  1.52x10°% 3,14x10"3  6.79x10"% 1.93x10"4
3.15 2.15%x10"% 6.69x10~® 2,22x10"3 1.14x10-3
3.86 2.41x107% 8.80x10"3 3,43x10°% 2.30x10-3
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tures are the isolated atoms and the pairs. The
values of their total susceptibility x, are given in
Table I. Let x; and 2y, be, respectively, the sus-
ceptibility of a mole of isolated atoms, and of a
mole of isolated pairs. ¥, is assumed different
from x, as has been already shown by Lederer.%
Here, they are very different because of the rapid
change of x, with the concentration. Then,

Xo= X1N1/N+ XzNz/N s
so that

X _ N,
Nl/N X1+ X N]_ >

where N, and N, are defined in Egs. (5) and (6).

In Fig. 12, we see that the values of xo/(N,/N)
(open circles) are a linear function of N,/N,, for
c<1.92-at.% Co. This fit justifies our assumption
and yields

X;=(9+0.5)x 107 emu/mole of isolated impurities,
Xz=(7.6+0.5)x10"2 emu/mole of impurities in pairs,
Xz /xl =8.5.

The accuracy of x; and x, is good because results
are available for a very large range of concentra-
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FIG. 11. Concentration dependence of the Curie con-

stant of the magnetic Co impurities C3, plotted in a loga-
rithmic diagram; C3=C ~ Cg, C being determined in Fig.
3. The correction Cg, due to iron impurities has been
evaluated assuming an effective moment of 3. 25ug per
atom of iron (Ref. 58), the average concentration being

20 ppm. Cjis proportional toN3+Ny. The solid line shows
the best fit to our data, in a superparamagnetic model,
with a spin value of $=0.855 per atom belonging to a group
of three or more atoms.
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FIG. 12. The nonmagnetic susceptibility X, in emu/
mole of alloy (determined in Fig. 3) divided by the con-
centration Ny/N of isolated Co impurities is plotted vs
N,/N; (open circles). The quantity Y,(N;/N)™!, deduced
from Crane’s work (Ref. 59), is also plotted vs Ny/Ny
(crosses). For c<2%, these two quantities appear to be
linear functions of No/Ny. X, Xa, Vi, and Y, are deduced
from this diagram, and Y,/X, ¥7{/X; within experimental
error.

tions. If v, is the electronic specific-heat coeffi-
cient (Table II), we may write

Yo=Y1N1/N+¥,N,/N ,

where v, and 2y, are, respectively, the electronic
specific-heat coefficient for a mole of isolated
atoms and for a mole of isolated pairs. From a
plot of v,/(N,/N) vs N,/N; (the crosses in Fig. 12),
Costa-Ribeiro et al.’? deduced from Crane’s re-
sults®:

v, =38 mJ/K® mole of isolated impurities ,
¥, =520 mJ/K? mole of impurities in pairs ,

ve/v1=13.17 .

The errors in ¥, and %, are more important here
because of the difficulties inherent to the specific-
heat determination at very low concentration. The
fact, however, that we could find an appropriate
scale to superpose the experimental points of

v/ N1/N) and xo/ (N,/N) on the same line (Fig. 12)
indicates that the ratios v,/x, and v,/ X, are the
same within the expevimental evvor (a factor 2 on
the determination of 7, and ¥,). Our analysis per-
mits us to conclude that the nonmagnetic proper-
ties are mainly due to two types of impurities which
are the isolated atoms and the atoms included in
pairs.
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of impurities in pairs,
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Xz(T) B X; (T) - C3/T- x1(T) (Ni/N)

is plotted vs temperature. The X;, Xy, Xy, and C; are ex-
pressed in emu/mole. (a) Plotted with the assumption
that isolated atoms have a susceptibility independent of
the temperature [X;(T) =X;(0) determined in Fig. 3], the
figure shows that the Curie-Weiss law of pairs is not
followed above 40 K. (b) With the assumption that x; is
dependent on the temperature [x4(7) = C;/(T + Tgy) = X1 (0)

X Tgy/(T + Tgy)], thefigure shows that the pair susceptibility
obeys the law 2 Xy=2 Cy/(T + Ty,) within experimental
error. We have taken Ty,=25 K and Ty = TgyX5(0)/X4(0)
=225 K,

D. Au-Co Alloys and LSF Model

In the LSF model, when the degeneracy and the
intra-atomic Hund’s rule are taken into account,?’
the susceptibility at 0 K is

X=2M123(21+1)/(1rk3TK) (9)

(I=2; kp is the Boltzmann constant).

Let Ty, and Ty, be the Kondo temperatures for
isolated atoms and pairs, respectively. From the
measured values of yx; and yx, we find

Ty=190 K, Tga=22.5K.

In the same model, %’

fod\ [ odxY! _3uE dv
~(va2) ) - 10
is a constant and equal to 3/[2(21+1)]=0.3. Ex-
perimentally, we find £ =0.06 for the isolated
atoms, and £ =0.08 for the pairs. This value com-
pares with the values observed in other systems:
£=0.34 for Cu-Ni,%" 0. 24 for Au-V, ®® and 0. 06 for
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Cu-Co0.2® (Incidently, the fact that & is different by
a factor of 4 to 5 from the theoretically predicted
value explains why the values for Tj that we ob-
tain from magnetization differ from the values de-
duced in Ref. 52 from specific-heat results alone.)
We now may try to obtain the thermal variation of
X2(T) between 4 and 100 K from the observed varia-
tion of the total susceptibility x;(T) in this range:

Xi(T) = Xy (T)Ny/N + xo(T)Np/N + C3 /T . (11)

The magnetic contribution Co/T has already been
determined (Sec. IITA). As a first step, we may
assume the thermal variation of x,(7) is small in
the range 0-100 K because of the high value of Ty,.
In Fig. 13, we have plotted

1 N,/N
X(T) ~ x;(T) = Cy/ T - x,(0) (N,/N)

vs temperature for different concentrations.

The same Curie-Weiss law of the form® y,(T)
=C,/ (T + Tk,) with T, 25 K is observed for the
different concentrations at temperatures below 40 K.
[The deviation from the Curie law observed above
40 K may be removed if we assume that the thermal
variation of y,(7T) is also given by a Curie-Weiss
law C,/(T + Ty,),%" with T’ = Tk, x5(0)/x,(0) = 225 K;
Ty, and Ty, are not very different from the values
obtained from Eq. (9). ]

From the Curie constants, we can obtain the ef-
fective moments and the spin values.

In a simple paramagnetic model, we write

C=Np2,/3k with N=N,, Ny, or (N3+N,),

which gives an effective moment and spin value
per Co atom, respectively, when isolated,

Moge =(4£0.1)pp, S=1.57£0.05,
when in pairs,

Pege = (3.920.1) ug, S=1.5+0.07,
when in groups of three or more,

Moz =(3.5£0.4)pup, S=1.35+0.15.

In a superparamagnetic model, we have

Co=%N, pé, /3k=4N? g2 25(28 +1) u&/3k ,

which gives pge = (5.5+0. 2)iy per pair and 2S
=2.35+0.25. In the same way, we have

Cy=[35(3S +1) 3N, +4S(4S + 14N, g2ud /3% ,

which leads to a spin value per atom of S=0.855
+0.075. In the paramagnetic model, we get the
same spin value 1.5+ 0. 25 per atom within experi-
mental error. But the superparamagnetic model
leads to a smaller value of S for the Co which are
in groups, which agrees better with the value that
may be deduced from saturation measurements in
hexagonal Co (gSpz =1.7ug). The accuracy of the
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experiments seems insufficient to determine the
exact paramagnetic behavior of Co atoms.

E. Magnetic Ordering at Low Temperatures

The groups of iocalized magnetic moments are
statistically distributed in the matrix. As for Cu-
Mn alloys, the magnetic ordering at very low tem-
peratures is characterized by the appearance of a
remanent magnetization. For a Riidermann-
Kittel-Yosida (RKY) type of interaction,® it has
been shown that the magnetization and the specitic
heat, per atom of impurity, scale as universal func-
tions of T/c and H/c (H is the external field).

This has been verified, for example, on Cu-Mn®
for the magnetization, and in particular for the
remanent magnetization.

The Au-Co remanent magnetization divided by
N3 +N, is approximately described by a unique
curve as a function of T/(N;+N,) (Fig. 14), where
the concentration of magnetic impurities varies by
a factor (3.86/1.50)°=17 for the results on this
figure. Over the same range of concentration, we
observe that the initial susceptibility in the ordered
state is only varying by a factor 3 (Fig. 15). The
small increase with concentration is partly due to
the reduction of the electronic mean free path of
conduction electrons by the nonmagnetic impurities, 8°
but is mainly due to the susceptibility of the non-
magnetic impurities, which is contained in the ini-
tial susceptibility. Then the fact that the suscep-
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FIG. 15. Temperature dependence of the inverse of the
initial susceptibility at low temperatures. The ordering
temperature is approximately proportional to the cube of
the concentration. The susceptibility at the lowest tem-
perature depends only slightly on the concentration in mag-
netic impurities, although the latter varies by a factor of
17,

tibility due to magnetic impurities is nearly inde-
pendent of ¢, as for the Cu-Mn alloys,® clearly
indicates the 1/#° main character of the interaction
between groups of three or four atoms.

F. Pair Magnetization in High Fields

It is known that the magnetization of Pd-Ni alloys
is only approximately a linear furiction of the ex-
ternal field at low temperatures.?® Doniach™ attrib-
utes this deviation from linearity to a decrease
of the exchange enhancement factor 1 [Eq. (1)] with
increasing field; this property should be better
observed on impurities with a high susceptibility
at low temperatures because a larger magnetic
moment is produced in an external field, and then
larger deviations from the linearity are observed.

In Au-Co alloys, the susceptibility of Co pairs
is of the same order of magnitude as the suscep-
tibility of Ni in Pd.?® The curvature is not impor-
tant at low concentrations, because the number of
Co pairs is small compared to the number of iso-
lated atoms. But the curvature which appears in
high fields for the 0.74- and 0. 94-at.% alloys
(Fig. 5) shows that for these alloys the factor 7
is reduced by an increasing external field.

V. CONCLUSION

In conclusion, all the magnetic properties of
Au-Co alloys may be described by a simple model
of nearly magnetic impurities. Isolated atoms have
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a Kondo temperature of several hundred K and pro-
duce at low temperatures some physical properties
proportional to the concentration. Pairs of first-
neighbor Co atoms have a Kondo temperature nine
times lower and the physical properties vary as c2.
When a third atom is in the proximity of a pair in

a vaguely known position, magnetism appears;
magnetic ordering and hyperfine fields on Co nuclei
are produced at very low temperatures. The num-
ber of magnetic impurities varies as the third
power of the concentration.

The interaction produces a transition from non-
magnetism to magnetism for the Co atom. These
results may be compared with the Knight-shift
results on Au-V alloys.’! In this case, the conclu-
sions are exactly opposite; a V atom in the position
of a first neighbor decreases the exchange enhance-
ment factor. Other changes of magnetic properties
have been observed on Ni and Co impurities. A
magnetic moment appears on a Ni atom when it has
a critical number 8, 9, or more first-neighbor Ni
atoms.*® In the Cu-Ni nonmagnetic region, the
electronic specific heat and the susceptibility vary
more rapidly than strict proportionality to the con-
centration.’” Here, it is due to the increase of the
exchange enhancement factor with the concentra-
tion.*” The Cu-Co and Au-Co alloys have similar
properties.®® 1t is also possible to distinguish the
different contributions of pairs and groups of three
atoms in Cu-Co alloys. It has been recently shown5®
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that nearly magnetic Fe impurities become mag-
netic in Cu, when a Fe atom has a neighbor inside
a critical radius 7 equal to 6 A, Nearly magnetic
pairs of Fe atoms (6 A <7 <11 R) increase the
low-field magnetization and cancel the one-impurity
effects of very isolated atoms (»>11 A).

Fe impurities introduced into nonmagnetic Pd-Ni??
and Cu-Ni**™ alloys create some magnetic mo-
ments on Ni atoms inside a critical radius =~ 9 A
for the first alloy, and on the first-neighbor shell
for the second alloy.

Thus, this phenomenon of the influence of inter-
actions on the appearance of magnetism, which we
have described in Au-Co alloys, plays an important
role in all physical properties of this type of alloy
because many impurities are near the limit of mag-
netism.
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