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Magnetic susceptibility of a-phase CuAu and dilute magnetic CuAu(Fe) alloys*
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The magnetic susceptibilities of a series of a-phase CuAu and dilute magnetic CuAu(Fe) alloys with Fe (&
760 ppm) have been measured at six difFerent magnetic fields in the range from 3.95 to 12.75 kOe and over
the temperature range from 1.5 to 300 K. The excess susceptibility attributed to Fe in the Fe-bearing CuAu

samples was evaluated by comparison with the results of measurement on similar CuAu samples. We separate
the single-impurity from impurity-impurity interaction efFects in the part of the total susceptibility attributable
to the Fe additions. In this treatment, the high-temperature excess susceptibility data are fitted to the
expression g(H, T) = go + C/(T+9) + C,t JB~(H/T)/Hj that consists of a constant go, a Curie-Weiss term,
and a single Brillouin-function term. The low-temperature single-impurity susceptibility g, is obtained by the
use of the coefficients yo and C, in the expression g, = g(H, T) —Xo —C2[JB~(H/T)/R]. The single-impurity
term a is field independent. The interaction efFect of parallel-coupled-spin impurities which contribute to the
field dependence of the measured susceptibility is explained by a single Brillouin function with J = 3. The
efFective Bohr magneton p.,„was found to be (3.4 + 0.1)p,~ for all Fe-bearing samples. The pair concentration
Cp„., deduced from the coefficient C~ appears to be independent of Au concentration and has a magnitude of
(68 ~ 14)CF,. Indications are that the characteristic temperature T„obtained from the relation, 9 = 1.25 T„
depends on both Au and Fe concentxation. The existence of a universal relation for g, has been found in which

T, acts as a scaling temperature with the values of 13.6, 12.2, 10.6, 9.6, and 9.6 K for the alloys with Au
concentrations of 0, 2.4, 4.8, 10.0, and 10,8 at. '% and Fe concentrations of 750, 450, 440, 350, and 760 ppm,
respectively.

I. INTRODUCTiON

In recent years, significant progress has been
made in understanding certain aspects of dilute
magnetic alloys. Most theoretical investigations
have eoneentrated mainly on the Kondo problem,
which is essentially a single-impurity effect. Many

experimental results show other effects that can
be attributed to the correlation between impurities
acting as magnetic pairs and influencing the prop-
erties of dilute alloys. These magnetic pairs are
assumed to be responsible, in part, for the ob-
served impurity-impurity interaction effects in the
magnetic susceptibility, NMH linewidth in Cu, mag-
netization, resistivity, and specific-heat experi-
ments conducted in magnetic fields. ~ Such mag-
netic pairs appear to have a small or zero char-
acteristic temperature and they produce significant
effects at low temperature (T & T,). There is gen-
eral agreement that the anomalous susceptibility
of a dilute magnetic alloy could be due in part to
magnetic pairs. The separation of the single-im-
purity susceptibility from that due to pairs or
other entities has presented a problem. Some sus-
ceptibility measurements have been analyzed by
means of fitting the data to the sum of several
Curie-Weiss expressions. This is an empirical
method for the analysis of the data that fails to ade-
quately describe the single-impurity susceptibility
at low temperatures (T & T,). Recently a theory for
the temperature- and field-dependent isolated-im-
purity susceptibility has been proposed by Gotze
and Sehlottmann. This theory is in general
agreement with the results of an experiment on a

dilute Cu(Fe) system. '0 A coniparison can be made
of this theoretical result and the single-impurity
susceptibility obtained by our analysis.

We have measured the magnetic susceptibility of
four dilute Fe in ~-phase CuAu alloys in the tem-
perature interval from 1.5 to 300 K and at six mag-
netic fields from 3.95 to 12.V5 kOe. Measure-
ments were also made on three CuAu host sam-
ples with similar Au concentrations but without Fe
impurities. The latter measurements were sub-
tracted from the former to evaluate the excess
susceptibility contributed by Fe in the correspond-
ing Fe-bearing sample. The results have been
analyzed by a simple procedure in which the sin-
gle-impurity susceptibility can be separated from
the susceptibility attributed to pairs. The present
result strongly indicates that CuAu alloys can be
interpreted in terms of an average of electronic
properties of the constituents as observed in both
low-temperature-resistivity~~ and specific-heat~2
experiments.

The samples, apparatus, and measuring tech-
nique are described in Sec. Il. A summary of the
theoretical treatment bv Gotze and Schlottmann for
the susceptibility is presented in Sec. IH. Re-
sults and discussion of the measurements on the
set of seven samples are given in Sec. IV.

II. EXPERIMENTAL

A. Samples

The samples used in this susceptibility experi-
ment are polycrystaQine z-phase CuAu host alloys
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'I'ABLE I. Composition of the CuAu alloys investigated.

Sample

C uAu

C uAu

C uAu

C uAu(Fe) -1
C uAu{Fe)-2
C uAu(Fe)-3
C uAu(Fe)-4

Au

(at. %)

2. 4 j-0. 1
4. 8+0.1

10.0+ 0. 1
2. 4+0, 1
4. 8~ 0. 1

10, 8+0.1
10.0 +0.1

Fe
(at. /o)

0. 045 *0. 005
0. 044~0. 005
0. 035+ 0. 005
0. 076 + 0. 005

Less than a few ppm Fe as determined by low-tem-
perature-resistivity and susceptibility measurements.

a.nd dilute CuAu(Fe) alloys. These were obtained
from the same alloys used in the calorimetry ex-
periment by Delinger et gl. and mere cut from
the section of the same alloy bar which adjoined
his samples. These alloys were prepared from
Cu and Au of 99.999% purity by Material Research
Corp. , Orangeberg, N. Y. The starting materials
were combined in a spectrographically pure high-
density graphite crucible and were induction
melted for over 8 hs under high-vacuum conditions.
Then the samples were removed from their molds.
After being annealed in argon-filled quartz tubes
at 900'C for 72 hs, they were quenched immedi-
ately in ice mater. The alloy bars were stored at
room temperature for three years and were used
in our susceptibility experiments without additional
heat treatment. Except for the period of storage
the susceptibility samples had the same heat treat-
ment as the specific-heat samples. '

The actual concentration of Au in these alloys
was determined in several different laboratories
by the following methods: standard quantitative
method, atomic absorption method, precision
back-reflection powder pictures, and from density
measurements (determined by hydrostatic weigh-
ing). The Fe concentration of impurity-doped
samples was determined by atomic absorption an-
alysis in two independent laboratories. Chemical
analysis and a weak Kondo effect in the nonmag-
netic samples indicated as ion content of a few

ppm. A value of 3-4 ppm for the iron content was
obtained by the use of the Curie law for the para-
magnetic contribution to the low-temperature sus-
ceptibility of the nonmagnetic samples. The com-
positions of the Cu, „Au„and Cu, „Au„(Fe) alloys
are shown in Table I. The quantity x is the atomic
fraction of Au in the alloy. In Table I and the fig-
ures this quantity is reported as atomic percent
(at %)

Chemical etching was used to remove any ferro-
magnetic impurities on the surface and work dam-
age done in shaping the samples. First, the sam-
ples were cleaned in aqua regia. A black film of

Au resulted which was removed by a mixture of
10% solution of potassium cyanide and ammonium
persulfate. Final cleaning was in several changes
of deionized water and in methanol. After the
above process the mass of each sample was about
800 mg.

B. Apparatus and measuring technique

A Faraday susceptibility apparatus was used for
this magnetic susceptibility measurement. The
apparatus operates in the temperature range of
l. 5-300 K with a precision of +4&&10 ' cgs emu/g.
This corresponds to a minimum detectable change
in force on the sample of 3&&10 3 dyn. The balance
was calibrated at room temperature with 99.999/p-
purity zone-refined ASARCO copper as the primary
standard. The standard had been annealed for
seven days at 650 'C. The measurements mere all
compared to the mass susceptibility of pure
ASARCO copper at 295 K, which value was as-
sumed to be 0.0858X10 6 cgs emu/g. In order to
extend the calibration to include forces corre-
sponding in magnitude to those obtained for the larg-
est susceptibility measurement, samples of very-
high-purity annealed Al, Nb, and Pt mere used as
secondary standards.

At each temperature in this experiment the sus-
ceptibility was measured at six different magnetic
fields. The measurement of each sample was taken
in two stages. In the temperature range from VV

to 300 K, the He exchange gas in the research
chamber mas maintained at 15 Torr. In the range
from 1.5 to 77 K it mas kept at 25 m Torr. These
particular pressures were used to avoid the un-
desirable effects due to thermomolecular flow. The
stabilization of temperatures above 4. 2 K was ob-
tained with the aid of a temperature controller and
below 4. 2 K was maintained by pumping on liquid
helium in a small helium chamber surrounding the
sample chamber. Temperatures between 1.5 and
40 K were measured by a calibrated germanium
thermometer; in the temperature interval from 15
to 300 K a calibrated platinum thermometer was
used. Both thermometers mere calibrated to pro™
duce temperature scales uncertain to less than
0. 1 K. The details of the cryostat design and op-
eration have been given by Huck et gl.

III. THEORY OF SINGLE-IMPURITY MAGNETK
SUSCEPTIBILITY

Recently a nem treatment of the s-d exchange
model has been proposed by Gotze and Schlott-
mann. For the Tomonaga ~ model, they have cal-
culated the impurity spin polarization, static sus-
ceptibility, and longitudinal impurity spin relaxa-
tion rate as a function of temperature and magnetic
field. This was done using a self-consistent per-
turbation approach for both ferromagnetic and an-
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dependent within our range of fields and tempera-
tures. The success of the separation of the sin-
gle-impurity susceptibility from that due to Fe-Fe
interaction effects is supported by the existence
of a universal relation for the single-impurity mag-
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FIG. l. Atomic susceptibility (at 77 K) as a function
of Au concentration for CuAu solid solution. The solid
line is drawn from the additive law.

tiferromagnetic coupling between impurity spin
and the conduction electrons. For the antiferro-
magnetic coupling, the zero-field susceptibility
It,(r) obeys a Curie-Weiss law for high and inter-
mediate temperatures and approaches a finite con-
stant at zero temperature:

4. 6(r+e), r &r,
q, (r) 3.8e, r=o,

where 8 is a parameter with a value of 1.25T,.
The characteristic temperature T, has been defined
by Emery and Luther. The analytic expression
of y, (T) vs T/T, obtained by Gotze and Schlottmann
has been compared with a Monte Carlo calculation
for a long-time approximation by Schotte and
Schotte, 6 and also compared with the accurate
Mossbauer hyperfine-field measurements for a
very dilute Cu(Fe) alloy. i The agreement appears
to be within the experimental uncertainties.

We have calculated the temperature- and field-
dependent susceptibility It, (H, T) by adopting this
theoretical model. The single-impurity suscepti-
bility which can be separated from the total mea-
sured susceptibility by our procedure may then be
compared with the theoretical result. In our data
analysis we have assumed that impurity-impurity
interaction effects are superimposed on the single-
impurity effect. The Fe concentrations in our al-
loys are not small enough that the Fe-Fe interac-
tion can be neglected. At low temperatures, the
interaction effects possibly contribute the major
portion of the total susceptibility. The field-de-
pendent susceptibility observed in our data could
be attributed to interaction effects which "an be
described by a single Brillouin function. We found
that the single-impurity susceptibility is field in-
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FIG. 2. Susceptibility of the Fe-free specimens mea-
sured at 12.75 kOe in the temperature interval from 1.5
to 300 K.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. CuAu nonmagnetic binary alloys

The results of our measurements on binary host
alloys are shown in Fig. 1 and 2. The mean sus-
ceptibility used in Fig. 1 is obtained by extrapolat-
ing six different sets of field susceptibility data by
the Honda-Omen method. 7 Figure 1 shows the
atomic susceptibility concentration curve (at VV 'K),
which demonstrates the variation of atomic sus-
ceptibility with Au concentration. In this figure,
some previous experimental data of Haddad and
Sarachik are also presented for comparison. The
solid line is drawn as if a simple additive rela-
tion of the atomic susceptibilities are valid for this
binary alloy. The straight line connects the sus-
ceptibilities obtained by Hurd'9 for pure Cu and Au.
The degree to which the susceptibility of our sam-
ples deviated from a straight line agrees with
other experiments.

In Fig. 2 the temperature-dependent property
of the susceptibility of our CuAu alloys is shown.
The diamagnetic susceptibility is reduced slightly
with increasing temperature, and at low tempera-
tures there is a strong tendency toward paramag-
netism. These two interesting features are found
in many other pure metals and metallic aQoys.
We agree with Hurd's interpretation of a similar
observation of the low-temperature trend toward
paramagnetism for Cu and attribute the effect to a
small amount of magnetic impurity, probably Fe,
in the specimens. Such impurities in our sam-
ples, estimated from the temperature dependence,
are about 3-4 ppm, which is consistent with the
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TABLE II. Coefficients of Eq. (2), which approximately describes the temperature dependence in the range 77-300 K
of the susceptibility of the Fe-free hosts.

Sample

Gold
concentration

(at. %)

Atomic
susceptibility

(300 K)
(10+ cgs emu/g)

x(0)
(10 8 cgs emu/g)

C (1)
(10 " cgsemu/gK)

C (2)
(10 ~4 cgsemu/gK2)

Coefficients in Eq. (2) after least-squares fitting

C uAu-1
C uAu-2
C uAu-3

2, 4+0. 1
4, 8+0.1

10, 0+0.1

—0. 0924
—0. 0974
—0. 1080

—9.32
—9, 73

—10, 67

—1.08
—1.07
—1.05

2. 60
4. 78
3, 15

result of the electrical resistivity measurement.
The temperature-dependent characteristic of

nonmagnetic alloys has been found and discussed
in several papers. Both the Pauli paramagnetism
and the I andau diamagnetism are predicted by the-
ory to be temperature independent. With the ref-
erence to the observed temperature dependence of
the susceptibility of alkali metals, Stoner first
suggested that the temperature-dependent property
arises mainly from the change in the density of
states at the Fermi level brought about by the ther-
mal expansion. This suggestion has been supported
by Hurd in his experiments on group-IB metals,
Cu, Ag, and Au. In the temperature range of 6-
300 K, Hurd suggests an empirical equation that
can be used for representing the susceptibility of
pure metals such as Cu and Au:

X(T) = X(0)+C(1)T+ C(2) T'

in each figure shows more clearly the low-temper-
ature characteristics of the data.

Most recent theoretical predictions and experi-
mental measurer. .ents on the susceptibility of dilute
magnetic alloys have confirmed that the single-
impurity susceptibility should saturate to a constant
value at 7.' = 0, and it should obey a Curie-Weiss
law at temperatures large with respect to the char-
acteristic temyerature of the dilute-alloy system.
Furthermore, Steiner et c/. , from their recent
experimental results on very dilute Cu(Fe), Ag(Fe),
and Au(Fe) alloys, ' indicated that the single-im-
purity susceptibility follows a T behavior rather
than a Curie-Weiss law at low temperatures.
Therefore, the assumption that the single-impurity
susceptibility obeys the Curie-Weiss law at low
temperatures may not be appropriate.

In the analysis of the data, a new two-step pro-
cedure has been employed. At first, we have made

where T is temperature in kelvin, y(T) is the mea-
sured gram susceptibility, and X(0), C(1), and

C(2) are parameters to be determined by a weighted
least-squares method. Since the alloys used in
our experiment are formed from group-IB metals,
we use this equation for the host susceptibility.
The constants for our alloys are presented in Ta-
ble II. Also, In Fig. 2 it shows that the tempera-
ture dependence is less pronounced as more Au is
added to the Cu. This phenomenon also seems to
exist in CuSn alloy systems. The accuracy of
the measurement and the lack of data on the ther-
mal expansion coefficients of such alloys restrict
further detailed analysis in this section.

B. CuAu(Fe) magnetic alloys
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The total Fe-impurity contribution to the sus-
ceptibility of the magnetic alloys was obtained by
subtracting the appropriate diamagnetic portion of
the host susceptibility of CuAu from the measured
susceptibility of CuAu(Fe) over the whole tempera-
ture range. In Fig. 3, the reciprocal gram sus-
ceptibility at high temperatures from 20 to 300 K
has been plotted versus absolute temperature at a
field of 12.75 kOe. In order to distinguish curve
B from A, we have shifted the vertical coordinate
for curve 8 in this figure. In Figs. 4-7 the y curve
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FIG. 3. Fe contribution to the susceptibility of each
Fe-bearing specimen. The data at 12.75 kOe are shown
for the temperature interval from 20 to 300 K. The solid
lines are the best-fitting curves resulting from a least-
squares analysis of the data by using the expression in
Eq. (3).
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with positive value. The resulting values of yo and

x~, obtained from Eq. (3) by a weighted least-
squares fitting method, were used to find the sin-
gle-impurity susceptibility x, (H, T) at low temper-
atures (1.5-20 K) by the equation

x.(H, T)=x(H, T)-x.-x, . (4)

The single-impurity susceptibility X,(H, T) can be
separated from the field-dependent susceptibility
attributed to pairs over the range of the experiment
by an extension of Eq. (4) to higher temperatures.

In the process of fitting the high-temperature
data to Eq. (3) by the method of least squares, a
reduced-residual-squared test was used as the
"goodness-of-fit" criterion. Note that Eq. (3) is
nonlinear in the parameter 6. The remaining three
parameters, yo, C, and Ca, appear in the equation
in a linear way. An initial range was estimated
for the nonlinear parameter 6. Then, for each
value of 6 the linear least-squares method was
used to find values of Xo, C, and C~ that gave a
minimum value for the goodness-of-fit criterion.
Since the minimum in the sum of squares of the
residuals is not a sharp function of 6, an addition
criterion was used to locate the "best-fit" value.
The value of 6 was chosen such that the Brillouin

FIG. 4. Fe contribution of the susceptibility of the 2.4-
at. %-Au alloy (0. 045-at. % Fe). The figure also sho~s
the Xo, X» and Xp curves resulting from an analysis of
data by using the expression in Eq. (4).

two assumptions: (i) The impurity-impurity in-
teraction effect between two isolated Fe impurities
is considered as a parallel-spin-coupled pair, with
an effective spin just twice that of the isolated im-
purity (S~,= ~ for an isolated Fe atom in Cu). The
susceptibility arising from this effect can be ex-
pressed by X~= C2[JB~ ~(H/T)/H), where Bz 3(H/T)
is the Brillouin function and H is the applied mag-
netic field. The pairs of Fe impurities are re-
garded as isolated and noninteracting. (ii) The
single-impurity susceptibility is assumed to be
nearly field independent for the analysis of our
measurements. The high-temperature portion of
the excess susceptibility can be described by a
Curie-Weiss term and a constant. The low-tem-
perature portion cannot be described by such a
simple expression.

From the high-temperature behavior of the sin-
gle-impurity susceptibility and the assumptions
made about the pairs, the following expression was
used to fit the measured impurity susceptibility data
at high temperatures (20-300 K):

C
x(H, T)=xo+ T, e +x. ,

where yo and C are constants and 6 is a parameter
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FIG. 5. Fe contribution to the susceptibility of the
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of data by using the expression in Eq. (4).



function gave a good description of the field de-
pendence. The a,ssignment of uncertainties to our
results includes the effect of our fitting procedure.
The parameter 0 is used to obtain a characteristic
temperature T', by the relation e= l. 257, .

before we present the final analysis on CuAu(Fe)
alloys, it is important to apply this procedure to
Cu(Fe) alloys. The magnetic-susceptibility data
on Cu(Fe) ('750 ppm) obtained by Huck et al. in
this laboratory has been reanalyzed by our pro-
cedure, The resulting X, term is shown in Fig. 8,
where the inverse normalized susceptibility y (0)/
ll, (T) is plotted against the reduced temperature
T/T, . This figure also shows the theoretical rela-
tion of 05tze and Schlottmann along vrith a plot of
the results of a Mossbauer experiment on a very
dilute Cu(Fe) (10 ppm) alloy by Steiner et ul. The
agreement among the experimental data in Fig. 8
indicates the existence of a universal susceptibility
relationship in such alloys. The experimental data
agree within the random fluctuations but do not fol-
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FIG, 7. Fe contribution to the susceptibility of the
10.8-at. %-Au alloy (0. 035-at. %(Fe). The figure al.go
shoves the Xo, X~, and g curves resulting from an analy-
Sis of data by using the expression in Eq. (4).

low the theoretical relation exactly, Gotze and

3chlottmann also note that their expression does
110't agl'ee exactly wl'th the data on Cu(Fe),

The 7.", values of these tao alloys are quite dif-
ferent, with T, = 22. 4 K for Cu(Fe) (10 ppm) and

T,= 13.6 K for Cu(Fe) (150 ppm). This difference
in 7, for these two alloys with different Fe con-
centrations is not surprising. Nagaoka predicted
in 1966 that the characteristic temperature of a
Kondo alloy system mould decrease rvith increasing
magnetic impurity concentration. Stara~ first found

indications of a possible concentration dependence
of Kondo temperature from low-temperature-re-
sistivity experiments on a series of Cu(Fe) alloys.
Tsay and Klein have also concluded theoreticaLly
that the effective Kondo temperature decreases as
the impurity- impurity interaction increases. In
order to obtain, more experimental evidence for
investigating this dependence on concentration of
T„me applied our method of analysis to some
published Cu(Fe) results: data (obtained by Ekstrom
and Myers") on a series of Cu(Fe) alloys with Fe
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YABI.E III. High-temperature (20-300 K)-fitting result for the expression X(H, T) =Xp+C/(T+8)
+ C, [Za, , (JI/T)/a].

Sample

C u(Fe)
CuAu& 4(Fe)-1
C uAu4 8(Fe)-2
C uAu«8(Fe)-3
CuAu«()(Fe)-4

Fe
con.centratio n.

(ppm)

750+ 50
450+50
440+ 50
350+50
760+ 50

Xp

(10 8 cgs emu/g)

l. 426 +0. 02
1.151+0. 02
1.135+0. 02
0. 874+0. 02
1.936 ~0. 02

C
(10 6 cgs emu/K)

15.6 +0, 2
8. 86+0. 1
8.45+0. 2
7.0+0.1

17.0+0.2

C2
(10 3 erg/Gg)

5. 7 + 0.2
1.5+0.2
2. 0+0.2
1.5+0. 5
5. 5~0. 5

3.4+0.1
3, 4+0, 1
3.4+0. 1
3, 4+0. 1
3.4+0. 1

Tc
(K)

13,6+0, 5
12.2+0. 5
10, 6+0, 5
9.6+0.5
9.6+0.5

susceptibility. The solid line in each figure repre-
sents the graph of the theoretical expression, A
similar universal relationship in low-temperature
resistivity has been previously found for similar
alloys by I oram et al, The existence of this
universal susceptibility curve strongly indicates
that CuAu(Fe) alloys can be interpreted in terms
of a single parameter T, as observed in both re-
sistivity and specific-heat experiments. A
somewhat similar procedure has been used by
Haddad and Sarachik to obtain a universal curve
for the susceptibility attributable to Fe impurities.
Their procedure employs a constant and two Curie-
%eiss terms and does not permit an easy compari-
son with our results or the theoretical description
of Gotze and Schlottmann. The disagreement be-
tween the experimental results and the theoretical
curve at T-T, is consistent with the uncertainty
of the determination of the T, value. However,
systematic discrepancies do exist at intermediate
temperatures. This deviation of Gotze and Schlott-
mann's calculation from the results of measure-
ments on Cu(Fe) is shown in Fig. 8 and for our
CuAu(Fe) measurements in Figs. 10 and 11. Gotze
and Schlottmann have attributed this deviation to
an imperfection of the approximation used in this
method rather than a prediction of expected be-
havior. A characteristic temperature T, that de-
creases with the addition of Au was found in both
specific-heat and resistivity experiments on similar
alloy systems. The amount of Fe impurity plays
an important role in the concentration dependence
of T, where it decreases with increasing Fe con-
centration as shown in Fig, 9. The dependence of
T, upon Fe concentrations in the CuAu(Fe) system
is not the same as in pure-copper host. As shown
in Table III, the T, values of those alloys with dis-
similar Fe concentration and the same Au concen-
tration are obviously not described by the relation-
ship for Cu(Fe). The possible explanation could
be that the mean free path of conduction electrons
is substantially reduced in a CuAu host because of
the addition of Au. Since the mean free path is the
significant quantity in the impurity-impurity inter-
action, the formula for a CuAu host should be dif-

ferent from the one for a pure-Cu host. However,
more theoretical and experimental investigations
are needed to explore this problem. For those al-
loys listed in Table III with similar Fe concentra-
tion T, appears to decrease slightly with increasing
Au concentration. The exact way T, depends on
both Au and Fe concentration is still uncertain.

The constant Xo, a temperature-independent or-
bital contribution to the susceptibility of Fe in a
Cu host, shows a possible linear relationship with
Fe concentration in Fig. 12 for both Cu(Fe) and

CuAu(Fe) systems. This indicates the possibility
of an alloying effect by Fe in Cu-host alloys. Al-
though the data for Cu(Fe) and CuAu(Fe) fall on
separated straight lines, it is certainly possible
for a single relation to describe the relationship of

Xo that would be consistent with the experimental
uncertainties,

The effective magnetic moment of the single Fe
ion can be deduced from the constant C in the Curie-

20—
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FIG. 12. Temperature- and field-independent suscepti-
bility Xo vs Fe concentration.
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TABLE IV. Iron-cencentration dependence in several
Cu(Fe) alloys of T, calculated by the use of Eq. (3).

Sample

Iron
concentration C haracteristic

(ppm) temperature Tc (K) Source

10
92

143
211
304
850

22. 4
17.6+0.2

17.2+0. 2

16, 2 +0. 2

15.8+0.2

13.6+0. 5

Steiner et al.
Ekstrom and Myers
Ekstrom and Myers
Ekstrom and Myers
Ekstrom and Myers
Buck et al.

Weiss term. The results from all Fe-bearing al-
loys show the same value of (3.4+0. 1)ps as pre-
sented in Table IV. This number agrees with the
values found from two independent experiments by
Tholence and Tournier and Ekstrom and Myers. 9

The concentration C»„,of magnetic pairs with
J'= 3 can be estimated from constant Ca in Eg. (3).
A plot of C„„,versus CF„which does not correct
for differences in Au concentrations, is shown in
Fig. 13, and shows a rough linear dependence. The
ratio of the numbers of pairs to that of the singles
is estimated to be about (68+14)CF,. This result
is consistent with the value of 75CF, obtained by
Franz and Sellmyers on a Cu(Fe) magnetization
experiment, and is also consistent with a Moss-
bauer experiment by Window ' on a series of
Cu(Fe) alloys.

V. CONCLUSION

By means of a simple procedure, we have suc-
cessfully separated the single-impurity suscep-
tibility ~ from that due to magnetic pairs y~ acting
with spin equal to 3. The single-impurity sus-
ceptibility for all CuAu(Fe) alloys, X, , was com-
pared with the theoretical curve based on the s-d
exchange model calculation by Gotze et a/. The
field-dependent part of the observed susceptibility
for CuAu(Fe) can be described completely by a sin-
gle Brillouin function with J= 3 for pairs. This
contributed a susceptibility value which was com-

40 PRESENT WORK

D HUCK et al.
0 EKSTROM AND MYERS

M
K
+ so—
CL

C3

O

20—

O
O

, Z ~z lo — x ~-
~ ~ ~

CL

rG0 rG

0.0 0.80.2 0.6
Fe CONCENTRATION SQUARED CFe (lO (ppm) )

2 2 2
0.4

FIG. 13. Dependence of pair concentration C~&, on the
square of the single-Fe concentration CF,.

parable to ~ at low temperatures. A dependence
on both Au and Fe concentrations of the character-
istic temperature of CuAu(Fe) alloys, T„was
found. The characteristic temperature is dependent
upon the iron concentration for both Cu(Fe) and
CuAu(Fe), The estimated pair concentration and
the average effective-moment value of Fe for all
Fe-bearing samples are (68+14)Cv, and (3.4
+ 0. 1)g~, respectively. A universal relationship
of the normalized susceptibility, y (T)/1, (0)=f(T/
T,), was found over the entire temperature range
for our experimental results.
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