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%e report measurements down to 60 mK of the electrical resistivity of three AgMn alloys containing
nominally 1.12-, 0.12-, and 0.005-at.% Mn. As the temperature is lowered, the resistivity reaches a

Kondo-type minimum and then rises logarithmically to a maximum at a temperature T, which is

approximately proportional to concentration ( 25c for c in at, %): Below T the resistivity decreases

very linearly and then (at least for the 1.12-at.% alloy) it abruptly flattens out. It is believed that
ordering of the Mn spins gives rise to the decrease in resistivity below T, and we have assumed

that it is possible to write the resistivity as p=p, F, where p, is the spin resistivity and F takes the
effects of ordering into account by way of an internal magnetic field distribution. It is shown that the
data can be successfully interpreted with a spin-scattering term of the form p, =A —Bln(T'+ Woc')'",
where A and B are dependent on concentration and W0=8.5 K/at. %. The form of F(T) was one
used previously with some success in this system, viz. , F(T)- tan'(a~T/c), with a& = 0.1 at.% K '.
Evidence is also presented to show that it might be possible to construct a universal curve for the

AgMn alloy system if (p(T)—p(0)]/c is plotted as a function of T/T . The resistivity of the
0.12-at.% alloy is linear below 0.5 K with a large temperature coef6cient (0.12 K ') and we suggest it
may make a useful thermometer in this regime, especially for monitoring temperatures in the dilution

refrigerator.

I. INTRODUCTION

In a previous paper, hereafter referred to as I,
results on the electrical resistivity and thermal
conductivity of a number of AgMn alloys down to
0.3 K were presented. The alloys showed the
mell-known resistance-minimum phenomenon which,
for the more concentrated samples, was followed
at lower temperatures by a maximum in the re-
sistance. For temperatures significantly below
T ~, the temperature for the maximum, the re-
sistance was proportional to temperature for some
of the more concentrated samples. These features
were fairly successfully interpreted in terms of a
phenomenological model based on earlier work by
Blandin, BbaI, and Harrison and Klein. The
basic assumption of the model is that in Ag the Mn
atoms have a fully developed magnetic moment and
that the impurities interact via the Ruderman-Kit-
tel-Kasuya-Yosida (HKKY) interaction to produce
an antiferromagnetically ordered spin system be-
low a certain temperature. In the ordered state
only a small number of impurities are correlated
in any given region in the alloy and the magnetic
field that exi.sts at a given impurity site is a ran-
dom variable due to the random distribution of the
impurities and is described by a probability distri-
bution function P(gp&H): P(gpsH)dH is the proba-
bility that the magnetic energy of a given impurity
due to the internal field H caused by, all the other
moments will be between gp~H and gps(H+ dH),
where g is the Lande g factor and p~ the Bogr

magneton. %hen the samp1e temperature is such
that k~T» gpaH, the model assumes that the elec-
tron-impurity scattering is elastic and the resis-
tivity is essentially unaffected by interactions and
is given by a suitable resistivity expression for the
Kondo effect. For k~T «g p~H, Zeeman splitting
of the impurity states is large so that spin-flip
scattering of the conduction electrons becomes an
inelastic process and the Kondo effect is quenched.
The lowest temperature reached in I was 0. 3 K and
the following questions remained unanswered: (i)
Does a very dilute alloy such as alloy No. 6 of I,
which contained 50 ppm of Mn, also show a resis-
tance maximum if cooled to a sufficiently low tem-
perature? (ii) Down to what temperature is the
resistance of the more concentrated alloys linear
in T? These questions are of interest, particular-
ly if viewed in connection with experimental re-
sults on other alloy systems. Laborde and Radha-
krishna, ' for example, have measured the elec-
trical resistivity of AuFe alloys down to 36 mK and
report for very low concentrations a concentration
dependence of the resistance maximum faster than
the first power of the concentration and, in fact,
do not find a maximum down to their lowest tem-
perature for a 50-ppm Fe in Au alloy.

The extent of the linear region of the tempera-
ture-dependent resistivity for the more concentrat-
ed alloys is also of interest, since it gives some
information about the shape of the probability func-
tion near H=O, as discussed previously. '

To answer these questions and to hopefully reach
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TABLE I. Manganese concentrations and some data on the alloys.

Alloy
No.

Nominal~
concen-
tration
(at. %)

p(0)' p(0) fitted'
T /c fjtted c p(T )

(K) (K/at. %) (pQ cm) (pQ cm/at. 7o) (pQ cm)

C ale ula ted

height of
resistivity

peak
(0. 2c pQ cm)

From Fig. 5
C alculated

residual
resistivity p*(0)

p*(0) c
(p, Q cm) (PQ cm/at. %)

1.12
0. 332
0. 125
0. 0558
0. 005
0. 006

(22)
7. 4
3 ~ 3
l. 9
0. 18

(20)
22
26
34
36
30

1.6108
0. 473
0. 1749
0. 0795

(0. 0081)
(0. 0078)

l. 44
1.42
l. 40
l. 42

(1.62)
(1.30)

0. 5385
0. 2003
0. 0920
0. 00997

0. 0664
0. 0250
0. 0112
0. 0010
0. 0012

0. 472
0. 175
0 ~ 0808
0. 00897
0. 00877

1.42
1.40
1.45
l. 79
l. 46

~Two concentrations are shown for alloy No. 6: this is explained in the text.
The value in parentheses for alloy No. 1 (which has no maximum in the experimental range) is that used in plotting

Fig. 5.
'Values in parentheses are uncertain because of the large extrapolation involved.
The measured heights above p(0) of the resistivity peaks for the more concentrated alloys can be expressed closely as

0. 20c pQcm: thus we can calculate a residual resistivity p*(0) = p(T~) —0.2c on the assumption that the scaling law sug-
gested by Fig. 5 is valid.

a better understanding of the resistivity of the
AgMn system we have re-examined, down to about
60 mK, three of the samples previously reported in

I.
In Sec. II we give a discussion of the experimen-

tal details and the electrical resistivity results on

the alloys are given in Sec. III. In Sec. IV we

attempt to compare the results reported here as
well as those on the other alloys from I, with the
phenomenological model, although the approach
adopted here is somewhat different than that of I.

II. EXPERIMENTAL DETAILS

We have extended the electrical resistivity mea-
surements on three AgMn alloys (Nos. 1, 3, and 6
of I) from 0. 3 to 0. 06 K by cooling the samples in

an Oxford Instruments Mark-III dilution refrigera-
tor. A detailed description of the sample prepa-
ration was given in I: Suffice it to say here that the
samples were annealed strips of dilute Mn in Ag

alloys which measured approximately 2x 0. 2 mm

in cross section with 45 mm between the potential
probes. Table I shows some of the sample charac-
teristics.

The sample holder consisted of a copper tube (15
cm long, 2 cm in diameter) screwed into the base
of the mixing chamber of the dilution refrigerator;
around this was closely wound thin insulated-cop-
per wire, the purpose of which was to thermally
bond the sample without connecting it electrically
to the cryostat. The sample was greased onto this
layer of wire and covered with a strip of bakelite
that was screwed at each end to the tube. Four
superconducting electrical leads (copper -clad
Nb~Zr) were soldered to the contacts on the sample
and a length of about 5 cm of copper was removed
from each lead in order to reduce the heat load on

the mixing chamber. The leads were thermally
anchored by GE7031 va.rnish at the mixing chamber,
the still (0. 6 K) and the pumped-helium vessel (1.2

K) before being run up a tube inside the helium bath.
On the lower end of the sample-mounting tube

were attached a number of germanium therrnom-
eters (cryo-resistors, Cryocal Inc. , Riviera
Beach, Fla. ) and a balanced mutual inductance con-
taining cerium magnesium nitrate (CMN) for use
as a susceptibility thermometer. The rneasure-
ment of the CMN thermometer was made with a
mutual inductance bridge (Cryotronics, Inc. , High
Bridge, N. J. , Model No. MI.17B, operating at
17 Hz) and an oscilloscope as a null detector. Low-
resistance leads were used in the circuit to mini-
mize effects due to changing lead resistances.
The CMN thermometer was calibrated during each
run in the range 4. 5-1.5 K against a calibrated
germanium thermometer and then the Curie law
was used to measure temperatures below 1.5 K.
It was found that the gradient of mutual inductance
mith respect to reciprocal temperature was very
constant from run to run but that the intercept
changed slightly (-1%), presumably due to small
changes in the relative positions of the coils.

A carbon thermometer (Speer, 220 II), mounted
in a holder made from copper mire, mas thermally
bonded to the lower end of the sample and the CMN
thermometer was used to calibrate this during each
run. The purpose of this procedure was to monitor
the sample temperature, and in particular to pro-
vide a check upon any heating of the sample by the
measuring current. Also, in later parts of the
experiment, its resistance was sensed by a resis-
tance thermometer bridge (Oxford Instrument Co. ,

Oxford, England), the output of which controlled an
amplifier feed-back current into a noninductively
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wound heater on the mixing chamber, in order to
stabilize the temperature of the sample.

A four-probe technique was used to measure the
electrical resistance of the sample. The measur-
ing currents (which were reversed to eliminate
thermal emfs in the circuit) generally used were
30 mA for alloy 6 and 2 mA for alloys 1 and 3. The
heat generated in the samples was thus approxi-
mately 10 nW and in order to further check that
this was not heating the samples unduly the mea-
suring current was doubled and the resistance re-
measured: It was always found that this did not
significantly affect the value and so we conclude
that resistive-heating effects were negligible with
the measuring currents used.

The sample voltage was measured with a cryogen-
ic relay modulator and lock-in amplifier (PAR Mod-
el No. HHS with type-B preamplifier) as described
by Jericho and March with a typical sensitivity of
about 1 nV. This enabled the sample resistance to
be determined with an error of about 0. 1/o. The
shape factor of the samples was determined with a
micrometer and travelling microscope to an accu-
racy of 2%.

III. RESULTS

Figure 1 shows the measurements made on the
three alloys investigated by us: subsequent figures
show both our data and those of I. The resistivity
of alloy No. 1 is linear with a slope of 30 nQ cm K
from about 2 to 0. 25 K and then flattens off rather
abruptly below this temperature. At first sight this
levelling off might suggest that the measuring cur-
rent caused progressively more significant sample
heating at the lowest temperatures and that the actu-
al sample temperature was higher than shown.
Resistivity determinations at several sample cur-
rent settings gave the same result, however, so
that the low-temperature levelling for alloy No. 1
is a genuine effect.

The results for alloy No. 3 show that for a man-
ganese concentration of about 0. 1 at. % the resis-
tivity is a linear function of temperature from 0. 5

K down to the lowest temperature obtainable in our
dilution refrigerator (0. 06 K). The temperature
coefficient of resistance in this region is 0. 12 K .

The results for alloy No. 6, which contains about
50 ppm of Mn, show that the resistivity increases
approximately logarithmically as the temperature
is lowered but then goes through a maximum near
0. 18 K. This is quite interesting and shows that
the impurity -impurity interaction in this system is
very long range (the mean impurity separation in this
alloy is about 15 lattice spacings) and even more dilute
alloys might be expected to show ordering effects.

With our low-temperature data it is possible to
obtain reasonable estimates of p(0) for alloys 1 and
3. From the flat region for alloy No. 1, p(0)/c

We will discuss the data with the help of the phe-
nomenological model that was developed in I.
There the basic idea was that the impurity interac-
tions lead to an antiferromagnetic ordering of the
impurity spins, which in turn produces a magnetic
field at an impurity site. The random distribution
of impurities then leads to a distribution of Local
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FIG. 1. Electrical resistivity as a function of temper-
ature below l. 5 K. Solid lines show the behavior accord-
ing to Eq. (8) with parameters as given in Table II; the
dashed lines show where the theoretical curve deviates
significantly from a straight line for the more concen-
trated alloys. The error bar drawn for alloy No. 1 cor-
responds to a resistivity error of +1 part in 1000, as do
the sizes of the circles for the others.

= 1.44 pQ cm/at. %, while a linear extrapolation of
the results for No. 3 suggests p(0)/c = 1.40 pQ cm/
at. %. This small discrepancy is entirely consis-
tent with the 2% error in the shape factor of the
samples, especially when one considers that the
value used in 1 for alloy No. 2 was p(0)/c= 1.42
pQ cm/at. %.

The data for all the alloys are summarized in
Table I. For alloy No. 6 two concentrations are
shown because of the rather large uncertainty in its
calculated concentration (50 ppm) due to the very
dilute nature of this alloy. The two concentration
values differ by only 10 ppm and, as we shall see
later, 60 ppm seems more consistent with the
logarithmic slope at high temperature.

IV. DISCUSSION
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fields and the results in I were fairly successfully
interpreted with a Lorentzian distribution of local
fields:

P(g PBH) = n/ w[
a' +(gpBH)'],

where 6 is the width of the distribution and is pro-
portional to the impurity concentration, c. In cal-
culating the temperature dependence of the resis-
tivity, and hence the effect of the magnetic ordering,
the electron-impurity scattering is assumed to be
elastic for gp~K& k~T, so that for this field range
the resistivity is described by the zero-field ex-
pression for the magnetic resistivity p, . For
gp~K& k~T the magnetic-energy-level separation
of the impurities is sufficiently large so that the
conduction-electron scattering becomes an inelas-
tic process and the resistivity in this limit is
therefore assumed to have a small value po, which
will be set equal to zero in our analysis. If pl is
the contribution to the resistivity from nonmagnetic
scattering, then the temperature-dependent resis-
tivity can be written

P(T)= (Pl+Po)+ [P (T) Po]F(kB-T/+)

is linear from about 0. 5 to below 0.06 K. For low
T and large c, Eq. (1) does not only contain a term
proportional to T but also a term proportional to
T lnT. It is the presence of this latter term which
made a fit to the data of alloys No. 1 and No. 3
impossible down to the lowest temperature.

The approach of the resistivity of alloy No. 1 to
a constant below 0. 2 K suggests that the distribu-
tion function for internal fields is not a maximum
for zero field, but that it must show a considerable
dip for low fields. We tried to incorporate this in-
to our model by assuming that P(gpBH) is Lorentz-
ian except in a region of width gp~H= gb. b, is
the width of the distribution and proportional to
concentration, while q= aBT„/cq, where T„ is the
temperature (0. 24 K) at which the resistivity starts
to level off for alloy No. 1; cq is the concentration
of alloy No. 1. We therefore have reason to be-
lieve that the distribution resembles Fig. 8 of I,
i. e. , that the distribution function has a hole near
the origin and that the width of this hole is propor-
tional to concentration. The function F in Eq. (1)
for the modified distribution is then

where ao T tan (aBT/c) -tan
(2)

F(kB T/h) = (2/w) tan (sBT/e).

As T 0 K, F(kBT/&) 0, so that p(0) (p~+po).
The increase in resistivity above the value at 0

K, 5P = p(T) —p(0), is thuS expressed as a product
of two functions. The first one gives essentially
the temperature dependence of the resistivity in the
absence of internal fields, while F(kB T/n. ) takes
care of the effects of internal fields. In I, [p,(T)
—po] was assumed to be given by the second-order
Born perturbation calculation for the spin scattering.
Matho and Heal-Monod used an expression of the
same general form as Eq. (1) [see Eq. {78}of Ref. 8],
but their expression was obtained from a pair-inter-
action model for impurity spins. Itis interesting to
note, however, that their function I, (n) = (1 —e ")/n,
where n = Toe/T is almost equal to our F(ao T/c}
over the whole range of T/c if we set (2/w) (aBT/c)
= T/cTB. A comparison of the numerical value of

~ with Tz will be made in Sec. V. We have tried
to fit an expression of the form of Eq. (1) to the
results for alloys 1, 3, and 6, as well as the data
of the rest of the AgMn alloys of I, over the whole
temperature range for which results are now avail-
able. We find that the position of the resistivity
maxima as well as the general shape of the curves
near the maxima can be well described with a suit-
able choice of gz if p, is of the form A-BlnT. This
form for p, cannot, however, also explain the large
extent of the region over which the resistivity is a
linear function of temperature. Alloy No. 1, for
example, is linear (to within our experimental
error) between about 0. 2 and 2 K, while alloy No. 8

This expression shows that since T„ is about 0. 2 K
for alloy No. 1, the effect of the hole in the dis-
tribution will be important only for this alloy.

In addition to being able to give the positions of
the resistivity maxima fairly well, this expression
for I also generates a lnT dependence of the func-
tion p, to temperatures well below the resistance
maximum, as can be seen in Fig. 2. In this figure
we have plotted the following function vs lnT:

G(T) -=
P(T) P(0) p, (T) —p
c F(ao T/e} c

To calculate G(T), so was taken to be 0, 1, and p(0)
was obtained from the extrapolated resistivity curves
for alloy No. 1 and No. 3 and the nominal con-
centrations of Mn. This gave p(0)/c=1. 42 PQ cm.
The magnitude of G for the more dilute samples
such as Nos. 4 and 6 is concentration dependent,
although the linearity of Q in a lnT plot is relative-
ly insensitive to the choice of c. For alloy No. 4,
for example, G(T) varies as lnT from 10 K to well
below the temperature of the resistance maximum.

p, (T) for the alloys is thus fairly well described by
a function of the form A-BlnT over a large tem-
perature range. This simple form seems to break
down, however, as the region of linear temperature
dependence of the resistivity is approached. Al-
though the errors in G become large at the lowest
temperatures, it is quite evident from Fig. 2 that
G becomes essentially temperature independent for
alloys No. 2 and 3, while C is practically constant
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below 4 K for alloy No. 1.
At first it appears that the initial lnT dependence

of p, followed by a levelling off indicates that the
spin scattering term might be described by an ex-
pression of the Hamann type suitably modified to
include phase shifts, so that the low-temperature
plateau would be interpreted as the spin-compen-
sated region. We have tried to fit such an expres-
sion to the results for a whole range of values of
spin, Kondo temperature, phase shift, and unitar-
ity limits, but we were unable, with such an ex-
pression, to account for the very abrupt change in
slope displayed by the results in Fig. 2. We have,
therefore, hesitated to apply such an equation to
our data to determine these various parameters
for this alloy system. It is of course possible that
the particular form of t or p, in Fig. 2 is spurious
and simply a result of a poor choice for F. If p, is
indeed described by an equation of the Hamann type
then F would have to have a much more complicated
temperature dependence in the low-temperature
limit in order to give a resistivity that is linear
in T. In addition to being simple, the fact that our
form for F can linearize the resistivity results on
a lnT plot to well below T ~ with the adjustment of
only one parameter (i, e. , am), suggests to us that
our choice for F is a reasonable approximation.

If we therefore assume that F has the form given
in Eq. (2), then we have to explain the rather
abrupt change of slope in Fig. 2 of some of the
higher concentration alloys. We find that an equa-
tion of the form

FIG. 2. Temperature dependence of the magnetic
scattering term Q =—[p(Z') —p(0) j/cF showing extension of
the logarithmic behavior down to below Tm~/3: the ar-
rows indicate the values of Tm~ for the various alloys.
To avoid confusion, error bars (corresponding to +1
part in 1000 in the resistivity) are drawn for only a repre-
sentative selection of points: the errors are too small
to show once the curves reach the negative-slope loga-
rithmic region.

p, =A —Bln(T + W ) (3)

Table II summarizes the values of the param-
eters used to fit the data. We may rearrange this
equation to give

2 Q —1 +21nc= —ln —
i

+ WoD a+Pc C)
so that a plot of the left-hand side (which we denote
by g) vs T/c should result in a universal curve for
the AgMn alloy system. Such a plot is shown in
Fig. 3. The solid curve which is a plot of the

TABLE II. Values of parameters fitted to experimen-
tal points.

Parameter

Q2

Wp
LD

P
p(0)/c

Value

0.1 at. %/K
8. 5 K/at. %
0.12
0.30 pQ cm/at. %%

0. 66 pQ cm/(at. %)
1.42 pQ cm/at. %

where W is a constant for a particular alloy, can
account for the shape of the curves for alloys Nos. 2
and 3 very well, as shown by the solid lines in
Fig. 2. Such an expression was first proposed by
Suhl in 1968 to account for impurity-interaction
effects on the spin scattering. Recently Matho and
Baal-Monod and also Tsay and Klein have pro-
posed similar modifications of the lnT term. The
values for W required to fit the data of alloy Nos. 2
and 3 are W3=2. 1 and W3=1.09, respectively. It
thus appears that W is approximately proportional
to impurity concentration and thus we shall set W
= W'o c, where Wz is a constant to be determined
from the data. From the high- and low-tempera-
ture sections of the curves in Fig. 2 we can also
then determine A and B. Evaluation of these pa-.

rameters suggests that both are concentration de-
pendent and of the form

A=0. 3c+0.66c

(4)

B=0.OVc+0. 16c

for c m at. /o. Hence it appears that A and B have
a similar dependence on concentration, so that we
may instead write

A = (n+ pc)c, B= (n+ pc)Dc, (6)

where n=0. 30 gAcm/at %, p=. 0. 66 pAcm/(at %).
and D = 0. 24. The quadratic terms are thus only
significant for the more concentrated samples.

Hence we have the following form for Q:

G=p, /c=(n+Pc)I1 Dln(T + W-c ) i ].
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FIG. 3. g [Eq. (7)] plotted as a function of T/c for all
the alloys. The solid curve is —in[(T/c) + W()) where
Wo = 8.5 and the dashed lines show the two asymptotes to
this curve which intersect at Tjc= Wo as illustrated by
the arrow. Representative error bars once again show
the effect of +1 part in 1000 error in the resistivity.

FIG. 4. Temperature dependence of the resistivity per
impurity: Solid lines show the theoretical behavior
according to Eq. (8) with parameters given in Tables I
and II. An error of +1 part in 1000 in the total resistiv-
ity corresponds approximately to the size of the symbols
used for alloy No. 2.

right-hand side of Eq. (7) with Wo= 8. 5 K/at. % is
seen to give a fair description of the results over
several decades of T/c. The results for alloy No.
6 are difficult to plot on Fig. 3, since the positions
of the points are very sensitive to the choice of
p(0) for this concentration. The results for alloy
No. 6 follow the general trend of the other samples
if the concentration is taken to be 0. 006 at. % in-
stead of the nominal 0. 005 at. %. We, therefore,
feel that the resistivity of AgMn alloys is well
represented over a large range of temperatures
and concentration by the following expression,
which is shown in Fig. 4 along with the experimen-
tal points:

(8)
where F(a2T/c) is given by Eq. (2). Interactions
between impurities thus lead to an ordering of the
impurity moments which gives rise to a distribu-
tion of internal magnetic fields, which in turn tend
to quench the elastic spin flip scattering of the con-
duction electrons. In addition, however, it is also
necessary to postulate a modification of the second-
order Born-perturbation result of the elastic spin-
flip scattering and to modify p, in the manner de-
scribed. Eq. (8) now gives a reasonably good de-
scription of the temperature dependence of the re-
sistivity above the maxima, the positions of the
maxima as well as the long linear regions below the
maxima for the more concentrated alloys.

Figure 5 shows a rather interesting scaling prop-
erty of the alloys: We plot the temperature-depen-
dent resistivity per impurity as a function of the
logarithm of the temperature scaled to the maxi-

o 0.1—
0
I

'K

~ 2

0 3
4

o 6

~cfo+
~+

+44-+.
0.1

T/ &max

0

I I I I I I I I I

iQ

FIG. 5. Temperature dependent resistivity per impuri-
ty as a universal logarithmic function of the temperature
scaled to the maximum (Tm~). Table I gives the values
of p(0) used in this figure.

mum (T ). In order to plot the points for alloy
No. I (which does not have a maximum in the range
of the data) we have taken T = 22 K in order to
agree with alloys 2 and 3 in the region of overlap.
For the three most concentrated alloys there is no
problem in obtaining p(0) and the three sets of
points agree remarkably well. However, in the
case of Nos. 4 and 6, there is difficulty in deter-
mining p(0) precisely, as noted previously. Conse-
quently, in Fig. 5 we have adjusted p(0) for these
samples until their maxima were aligned with those
of the three concentrated alloys. Table I shows the
values obtained by this procedure and compares
them with estimates derived earlier. For alloy
No. 4 the two estimates of p(0)/c are quite consis-
tent with the possible error in concentration and
shape factor. For No. 6 the agreement appears
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less good, but the fitted p(0) values are unreliable
because of the large extrapolation over a steep re-
gion of the curve that is involved and, furthermore,
the large uncertainty in concentration renders exact
comparison difficult. It does appear, however,
that 0. 006/& is probably closer to the true value, as
was indicated previously by the logarithmic slope
of this alloy in the high temperature regime.

Unf ortunately, the expression for T~ obtained
by differentiation of Eq. (8) is complicated, and it
is not clear that the right-hand side of (8) should
be a function of T/T ~ only. Numerical evaluation
in fact shows that this is indeed not the case. How-
ever, it is apparent from the agreement between
our model resistivity and the data that Eq. (8) does
possess this scaling property over the range of
temperature and concentration for which we have
data. In order to decide between our model resis-
tivity and the type of variation suggested by Fig. 5,
we would need data to lower temperatures for the
two dilute alloys and to higher temperatures for
No. 1~ However, these data are difficult to obtain
and interpret: Lower temperature measurements
on alloy No. 4 would almost certainly not decide
between the two possibilities, as Table I shows that
they give substantially the same p(0); also, mea-
surements on No. 6 would have to be carried down
to very low temperatures (less than 10 mK} and
this region is inaccessible to us. In addition,
higher temperature measurements on alloy No. 1
would be beset by problems of interpretation:
Since Matthiessen' s rule has been shown to be in-
valid, it would be difficult to eliminate the phonon
contribution to the resistivity which would become
progressively more important as one approached

max

V. CONCLUDING REMARKS

The answer to the first question posed in Sec. I
is yes: even an alloy containing as little as 50 ppm
of Mn (where the impurities are separated by an
average of about 15 lattice spacings) shows a pro-
nounced maximum in its resistivity near 0. 18 K.
It is apparent from Table I that the value of T /c
increases as the concentration is reduced; this is
unlike the behavior of AuFe reported by Laborde
and Radhakrishna, ' where T ~ in the more dilute
alloys occurs at temperatures lower than an ex-
trapolation of T ~/c= constant from higher concen-
trations would predict. For the AgMn system
then, much lower concentrations and lower tem-
peratures are required to observe the disappear-
ance of the resistance maximum

The second question has been answered to a large
extent: alloy No. 1 (1.12 at. %) shows a very linear
variation of resistivity from about 2. 5 to 0. 24 K,
at which temperature (T„) it quite abruptly levels
out; alloy No. 2 (0. 125%), on the other hand, shows

no levelling off of the resistivity at our lowest tem-
perature (60 mK). If T„ is proportional to concen-
tration, as we assumed in our analysis, then one
would not expect a levelling for alloy No. 3 until
about 30 mK, which is consistent with our findings.
We could not see any deviation from linearity be-
tween 60 mK and 0. 5 K for the 0. 125-at. /o alloy,
and its temperature coefficient in this region is
0. 12 K, which might make it suitable as a ther-
mometer material for the millidegree temperature
range. In fact, after measuring the resistivity of
this alloy we used it to measure its temperature to
an accuracy of better than 5 mK at 0.4 K (this cor-
responds to an accuracy of 1 part in 2000 in the
resistance measurement}.

Qur interpretation of the resistivity curves is
based on the existence of a distribution of magnetic
fields at impurity sites. The shape of the resis-
tivity curves then puts certain restrictions on the
shape of this distribution function. The extended
linear region in the resistivity below the maximum
implies a distribution function that is relatively
flat in a region of width ksT. For if P(gpsH) is
nearly constant, then the temperature dependent
part of the magnetic scattering in the low -temper-
ature limit is

lim p, (T}= 2P(0)ks T(A —8 ln W).
TW

We therefore expect a linear temperature depen-
dence of the resistivity. In the linear region a
slope that is essentially concentration independent,
then, requires that the maximum of the probability
distribution varies as 1/c. The rapid change of
the resistivity for alloy No. 1 at T„ to a constant
value then further implies that near H = 0 the dis-
tribution function falls to a very low value (prob-
ably zero) and the width of this hole and hence the
value of T„must decrease with concentration. The
detailed shape of the distribution function near H = 0
is not ascertainable from our resistivity measure-
ments. From the form of the resistivity expres-
sion we also expect to find that below the resistance
maximum 5p/c is proportional to T/c. Such a
scaling was already demonstrated by Jha and it
represents additional evidence for the reduced
diagram representation for impurities interacting
via the RKKY interaction suggested by Souletie
and Tournier. In view of this it would be inter-
esting to establish that 5p/c also scales in the
manner suggested by Fig. 5 ~ It should be stressed
again, however, that a rather different (but not in-
consistent) choice of p(0) for alloy No. 6 is re-
quired for this picture to be valid, so further mea-
surements on this alloy to much lower tempera
tures (less than 10 mK) are really required to see
which value of p(0) is in fact correct. At the mo-
ment Fig. 5 should perhaps be considered as a
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piece of speculation which is, however, consistent
with the facts as we know them.

As pointed out in Sec. IV, our parameter az is
related to parameter T~ of Matho and Baal Monod.
Allowing for the fact that our impurity concentra-
tions are measured in at. %, we find that ao=—100w/
2T~. Their T~ value of 1700 K then yields an a&

=0.092, which is within 10% of our value.
It is also interesting to compare our results with

a resistivity calculation for interacting magnetic
impurities by Larkin et al. They find that for
impurities interacting via the RKKY interaction the
resistivity can be written as

p = po +p~(1 —a,cVo/ T)

where p, is linear in the impurity concentration
and represents the resistance due to exchange
scattering of the electrons. Vo measures the
strength of the impurity interaction which is of the

form

V(r)= Vo[cos(2por)/r ] for por» 1.

The a, are spin-dependent constants. For large
values of aoT/c our resistivity equation can be
written p(T) = pz+ p, (1 —2c/vaoT), which has the
same form as the expression of Larkin et al. If
an impurity has s = -'„ for which a, = 2. 35, then
Vo= 850 K for interacting manganese impurities in
a silver matrix.
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