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potential measurements had an impedance of 500 M&
and gave an approximately linear frequency response
up to ion cyclotron frequency. Density measurements
were based on probe theory by J. G. Laframboise [Uni-
versity of Toronto Report No. UTIAS 100, 1966 (unpub-
lished)]. This theory is in approximate agreement
with microwave and spectroscopic measurements and
(at =10 cm 3) gives density values lower by a factor
of 3 than those from previous calculations, reviewed
by F. F. Chen in Plasma Diagnostic Techniques, ed-
ited by R. H. Huddlestone and S. L. Leonard (Academ-
ic Press, Inc. , New York, 1965).

L. Spitzer, Physics of Fully Ionized Gases (Inter-
science Publishers, Inc. , New York, 1962), 2nd ed.

~2The use of Fick's law as the basis for the concept
of diffusion holds when the pertinent plasma parame-
ters can be averaged over distances small compared
with the density scale length, e.g. , Az«no/%no.
[F. Boeschoten, J. Nucl. Energy 6, 339 (1964).]

3S. von Goeler and R. W. Motley, Phys. Fluids 10,
1367 (1967). We note that a comparison of measured
input flux and computed classical losses in the stable
regime indicates an additional loss whose origin is not
identified. A similar loss has been found in other Q
devices. {S.von Goeler and R. W. Motley, in Proceed-
ings of Conference on the Physics of Quiescent Plas-
mas, Frascati, Italy, 1967 [Laboratori Gas Ionizzati

(Association Euratom-Comitato Nazionale per 1'Ener-
gia Nucleare), 1967]; and private communications
with F. F. Chen and G. Grieger. )

4To derive Eq. (3), the continuity equation is inte-
grated over the length of the plasma column. Thus,
I represents the radial flux averaged over s. Since
the wave amplitude is maximum at the midplane and
nearly zero at the end plates, the contribution to I"
due to the wave is approximately one-half of the wave
flux at the midplane, Fig. 2(a).

5L. D. Landau and E. M. Lifshitz, Fluid Mechanics
(Pergamon Press, London, 1959), p. 104; B. B. Ka-
domtsev, Plasma Turbulence (Academic Press, Inc. ,
New York, 1965), p. 46.

~6The enhanced loss thus may become comparable to
the Bohm value before the wave amplitude reaches
100% (assuming |Il to be unchanged). We note that J. B.
Taylor [Phys. Rev. Letters 6, 262 (1961)] showed from
stochastic considerations that the maximum attainable
transverse diffusion can exceed the Bohm value by a
factor of 8 for Tz =~&. A specific mechanism for
Bohm diffusion based on nonlinear interaction of iner-
tial drift modes, and resulting in relative amplitude
fluctuations of the order of 100%, has recently been
reported by B. Coppi, Princeton Plasma Physics Lab-
oratory, Princeton University Report No. MATT-545,
1967 (unpublished).
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%e report here some quantitative measure-
ments of resistivity, magnetoresistance, and

magnetization made in dilute CuFe and CuMn

alloys. Our main conclusions are these:
(a) It is possible to determine and separate

out the (normal) positive magnetoresistance
from the negative magnetoresistance of the
impurities.

(b) In both dilute alloys the negative magne-
toresistance varies like Bn with n about 1.7-
1.8 for values of the magnetic field IJ of a few

kilo gauss.
(c) Whereas for CuMn a field of 20 kG will

completely alter the logarithmic temperature
dependence of the resistivity (namely creating
a maximum of the resistivity at around O'K),

the same field will only lower the resistivity
of CuFe by 0.3% at 1.4'K.

(d) At any temperature and magnetic field,
the amplitude of the negative magnetoresistance
varies like the square of the magnetization of

the impurities. This relation is sufficient to
account for the behavior of these two alloys.
and allows us to infer the s-d exchange constant.

Previous studies have been done by numer-
ous workers on more concentrated alloys ~'

or in a limited range of low temperatures' where
these effects are readily observed but difficult
to analyze quantitatively because of the pres-
ence of unknown internal fields arising from
the magnetic interactions between impurities
in concentrated alloys, and the presence of
the large positive magnetoresistance4~' in di-
lute alloys. The correlation between negative
magnetoresistance and magnetization was qual-
itatively demonstrated by Schmitt and Jacobs'
on very concentrated alloys exhibiting hyster-
esis effects and was inferred theoretically by
Yosj.da.

The CuMn samples were grown as single
crystals in a graphite crucible heated in vac-
uum by induction. v The CuFe 110-ppm sam-
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pie was from the same ingot where very low-
temperature resistivity and initial suscepti-
bility had already been measured. ' The resis-
tance of thin strips electrocut from the ingots
was measured by a conventional four-electrode
method. The relative accuracy was better than
10 4 and the absolute precision was 10 '. The
method for extracting the negative magnetore-
sistance term implies that the positive term
remains constant at low temperature. This
positive part is measured directly in the tem-
perature range 15-20'K (where the phonon con-
tribution to the scattering is negligible, and
the negative term very small). This quantity
is then systematically subtracted from all low-
er temperature measurements. That the nor-
mal, positive magnetoresistance is constant
at low temperature was checked in two ways on
CuFe: (1) On a 17-ppm alloy, it was observed
that the measured magnetoresistance was con-
stant within 1 /o between 20 and 1.4'K (although
the resistance increased by 8%).' This is not
in contradiction with the so-called Kohler's
rule' provided that the magnetoresistance is
linear with field, which was the case except
at low fields. (2) The amplitude of the varia-
tion of magnetoresistance with magnet angle
is temperature independent (for 800, 500, 110,
and 17 ppm). This also proves that the nega-
tive part of the magnetoresistance is not itself
dependent on the angle between the field and
the current. "

The magnetization of samples of -1 g cut from
the same original ingots was measured using
the Faraday method at fields up to 11 kG and
temperatures down to 0.4'K. The sensitivity
was about 10 ~ emu/g but the precision was
somewhat lower because of uncertainty in the
sample holder correction.

CuMn results. —The resistivity of a 75-ppm
CuMn alloy versus temperature at different
fields is displayed in Fig. 1, once the positive
magnetoresistance (18 lo of the resistance at
20 kG and 16.20'K) has been subtracted, as
explained above. For this sample the devia-
tion from logarithmic behavior in zero field
is expected to occur at =0.25 K.'

The behavior of two more dilute samples
(36 and 11 ppm) gave similar results. The neg-
ative magnetoresistance term AR which on Fig.
1 is the difference, at a given temperature,
between the curve at zero field and the curve
at a field IJ could be fitted with a unique func-
tion of H/T over the whole range of measure-
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ment at all fields between 2 and 20 kG and tem-
perature between 1.40 and 10'K. This function
varied like (H/T)", where n = 1.7+0.1 for 0.4
&H/T &4 kG/'K

The magnetic measurements on the '75-pym

FEG. 1. Right scale and lower curve: resistivity of
a 75-ppm-CuMn alloy as a function of temperature and
magnetic field. The normal positive magnetoresis-
tance has been subtracted everywhere. Left scale and
upper curve: resistivity of a 110-ppm CuFe alloy as a
function of temperature at zero magnetic field and 20
kG. The normal positive magnetoresistance has been
subtracted.
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sample yielded magnetization curves M(H/T)
which are also only a function of H/T (except
below 1'K). However, this function could not
be fitted with a Brillouin function better than
10-20% even at low values of the magnetic field.
These measurements closely reproduce the
behavior found by Careaga. " The correlation
between the magnetization M(H/T) and the (neg-
ative) magnetoresistance /) R(H/T) is expressed
in Fig. 2 where the parameter H/T is a hidden

common variable. Three things must be noted:
(a) The relationship is the same in the low-

fieM region or in the high-field region where
M reaches half its saturation value of 4.7p, B.

(b) The slope of loR vs logM is not 2 but

rather 1.93 + 0.05. We believe this to be ascrib-
able to the presence of small internal fields.

(c) The coefficient of proportionality between
b,R and M is derived's in the limit of g ppH/
kT &1 and first-order perturbation as
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where e and m are the charge and mass of the
electron, c the atomic concentration of mag-
netic impurities, eF the Fermi energy, V, the
atomic volume, J the s-d exchange constant,
M the magnetization of the magnetic impurities
in p, B per atom, and p, eff the effective moment
defined by

y =Np '/3kT,
eff

where g is the measured susceptibility, T the
temperature, and N the number of impurities.
We get from Eq. (1)

I J(CuMn) I
=0.40+0.1 eV;

the uncertainty comes from the exponent of
1.93 rather than 2 in the AR -M" relationships.

CuFe results. —Figure 1 shows also the re-
sistivity variation of a 110-ppm CuFe alloy
between 1.4 and 30'K in zero magnetic field
and in 20 kG (with the positive magnetoresis-
tance removed, as explained). The strong cur-
vature in the 2'K region is due to the approach
to the limiting value of resistivity as shown

by Daybell and Steyert. The negative magne-
toresistance term follows 0 where n is about
1.75 + 0.2 but is definitely not a function of H/

T; indeed, for H/T constant, the negative mag-

FIG. 2 @elation betvreen negative magnetoresistance
of the same 75-ppm CuMn and its magnetization ~.
H/T is in kG/'K. The dashed line corresponds to a
slope of 2. The factor 1+(pl)/jeff) is a constant with

H and T and does not change the relationship.

netoresistance decreases by a factor of 5 when
the temperature changes from 6 to 1.3'K. Like-
wise, the magnetization cannot be fitted to a
Brillouin function of H/T; instead, ')'4 the sus-
ceptibility fits quite well the formula.

in the range 1.3-20'K, where T'=9'K and p
= 2.6p, B. When the negative magnetoresistance
b, R is plotted versus the magnetization b,M'[1
+ (p, B/jeff)'], one gets a straight line as shown
in Fig. 3. We must note that here too the ex-
ponent n in the hR-~M" relation is a bit less
than 2, namely, 1.90+0.1. From Eq. (1) we
can infer the s-d exchange constant:

I J(CuFe) I
= 0.91+0.2 eV.

It is worth realizing that although Eq. (1) was
obtained by first-order perturbation, it adequate-
ly correlates AR and AM below the critical
temperature T~ (10-16'K) where these two quan-
tities cannot be calculated by second-order
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perturbation. "
Conclusions. —Inasmuch as the "normal" pos-

itive magnetoresistance can be measured and
subtracted, it is possible to study quantitative-
ly the negative contribution arising from dilute
magnetic impurities in copper. From the re-
lationship between negative magnetoresistance
and the square of the magnetization, a value
for the s-d exchange is inferred. The further
implications are as follows:

(a) It might be possib1e to detect a. change
in the magnetization of magnetic impurities
(due for instance to saturation with microwaves)
by measuring the resistance change of the al-
loy.

(b) In the case of concentrated alloys show-
ing deviations from dilute alloys behavior in
resistivity, it is very tempting to interpret
these deviations by the presence of internal
magnetic fields. The resistivity difference
between dilute and concentrated alloy (on ap-
propriate scale) might lead to a measure of
the local internal magnetization whereas a con-
ventional magnetic measurement only gives
the over-all magnetization of the sample. '

(c) Once the DR-hM relation is established,

FIG. 3. Relation between the negative magnetoresis-
tance of the same 110-ppm CuFe sample and the
square of its magnetization. Here the factor 1+ (pg/
P eff} is strongly varying with temPerature. The
dashed line is an arbitrary line of slope 1.

it is easier to follow the magnetization of iso-
lated magnetic impurities by studying their
negative magnetoresistance in regions of field
or temperature where direct measurements
are uncertain or awkward.

(d) If the relation between magnetization and
negative magnetoresistance can be shown to
hold far below Ty, it might serve to distinguish
experimentally between impurities nonmagnet-
ic by nature and those apparently nonmagnet-
ic because the observation is made at too low
a temperature. In the second case a small,
temperature-independent, negative magneto-
resistance would still be expected.
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useful suggestions, together with magnetiza-
tion measurements. I am very indebted to Dr.
N. D. Daybell, Dr. W. A. Steyert, and Mr. M. R.
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ples. I am grateful also to Professor H. Suhl
and Professor S. Schultz for many illuminat-
ing comments, together with constant theoret-
ical advice from Dr. M. T. Heal-Monod and
Dr. R. %einer.
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with 1&m &2, that is like 1/c so that the ratio of neg-
ative to positive magnetoresistance changes like c~+ 1.

~ In the case of CuMn small constant deviations oc-
curred when plotting the negative magnetoresistance
on a H/T plot; this was attributed to a systematic er-
ror made when assuming that the maximum value mea-
sured already corresponded to the low-temperature
constant value. Accordingly, a single correction of a
few percent increase was made. Some systematic posi-
tive and negative trend was observed in the variation
of magnetoresistance with angle as the temperature
was lowered which was not attributed to the normal pos-
itive part.

iiMeasurements on more concentrated alloys (28P and
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sistivity when an external field is applied. In a very
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=2, pB is the Bohr magneton, and k the Boltzman con-
stant.
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ANALYSIS OF PERIODIC SCHOTTKY DEVIATIONS FROM IRIDIUM FILAMENTS
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The periodic deviation from the Schottky effect for thermionic emission has been mea-
sured for iridium polycrysta11ine wire over a temperature range from 1500 to 2000'K.
A least-squares computer program was used to fit the experimental data with the period-
ic I 2 term predicted by the Miller-Good theory and deduce a complex reflection coeffi-
cient for the surface potential. However, the results also indicate that the amplitude of
the experimental deviation increases slightly faster with field than is predicted by theory.

Periodic deviations from the Sch.ottky curve
in thermionic emission have been well estab-
lished experimentally for tungsten, ' ' tantalum, 'y

molybdenum, 5ye and rhenium. 7

It is generally accepted that the deviations
are due to a wave-type reflection of electrons
at two relatively distinct points as they pass
through the surface. ' The first point, at the
surface itself, is characterized by a complex
reflection coefficient p. . The second point is
at the motive maximum created by the super-
position of applied field and the classical image
potential, and has a reflection coefficient usu-
ally denoted by A. . Several theoretical calcu-
lations ' have been made to evaluate the main
periodic term in the deviations. Most of these
calculations arrive at an expression contain-
ing p, and argy, (the amplitude and phase, re-
spectively, of the reflection coefficient for
the surface region) as parameters, and the
assumption is that these quantities are field
independent.

The differences between the various derived
expressions are small, and for convenience
the authors have used the main periodic term
(usually denoted by E,) derived by Miller and
Goode for comparison with experiment. This

term is given by

—sin[R($) + argy j,
$)

where

f(() = 1.3& 10 '[C(()]'"("'
C($) = 1.007(l —0.079 in(),

R($) =
~&2- +-,' tan ~C+Cln357 1 g ~

4+4C2

(la)

(lb)

(lc)

T is the temperature in 'K, and $ is the square
root of the field. The term in brackets on the
right-hand side of Eq. (lc) is a slowly varying
function of field and is usually approximated
by a constant average value, but here all da-
ta were analyzed using the exact expression.

The thermionic emission from polycrystal-
line iridium wire 5.0&& 10 cm diam was mea-
sured as a function of applied field from 10~

V/cm to 6.5X 10' V/cm, and over a tempera-
ture range from 1500 to 2000'K. Measurements
were made on two different wires both from
the same stock.

The data from the emission measurements
were analyzed on a digital computer using a
least-squares program which fitted the exper-


