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Rectangular-slit detector geometry has been used to study the Fermi surface of three con-
centrations of nickel in copper. Measurements were made in the (111) and (110) directions

on single crystals of the alloys with concentrations of 10, 50, and 90at.% nickel.

The belly

radius of the Fermi surface is seen to decrease as the amount of nickel is increased. The
radius of the necks in the (111) direction, however, does not appear to change substantially

with change in alloy concentration.

These necks are easily detected at concentrations of 10

and 50 at.% nickel and are still visible in the 90 at.% nickel alloy.

I. INTRODUCTION

Much work has been done on copper and its
dilute alloys using conventional solid-state tech-
niques. !~ Because of this the Fermi surface of
copper is well known. These studies have shown
that the Fermi surface has necks that reach out
to the hexagonal-zone faces (the (111) directions).
Much attention has been given to the study of the
size of these necks in various dilute alloys of
copper. These studies were restricted to very low
concentrations of the solute material because of
the shortening of the electron mean free path as
the solute concentration is increased. The tech-
nique of positron annihilation allows the extension
to all alloy concentrations since it is not restricted
in this manner.

The original method of measurement of the an-
gular correlation of radiation from positron anni-
hilation employed long slits.® This method enables
an experimenter to measure the cross-sectional
area of the Fermi surface, and consequently it is
not very sensitive to the fine structure of the sur-
face. Other methods which have used positron
annihilation to study the electron momentum dis-
tribution of metals are the collinear-point detector
geometry® and the crossed-slit (rectangular-aper-
ture) geometry.” These two methods are able to
reveal additional structure of the Fermi surface.
A problem with the latter two methods is that be-
cause the detection slits subtend a small solid
angle, the number of coincidences is reduced and
the statistics of the measurements decreased. This
problem is alleviated by the use of Cu® as the
source of positrons. After irradiation by thermal
neutrons the sample itself becomes the source and
very efficient use is made of the positrons gener-
ated. All three methods have been previously used
to measure the Fermi surface of copper and its
alloys. 88

We report here on rectangular-slit-type mea-
surements of copper-nickel alloys in the composi-
tions 90/10, 50/50, and 10/90.° This is the first

report on the higher nickel concentrations.
II. THEORY

The two-photon angular-distribution function
measured by the conventional long-slit geometry
is given by

N [ [ pBdpdp,,

where p(p) is the probability that the annihilation
photons have a total momentum p. The coincidence
counting rate in this case is a measure of the mo-
mentum distribution over slices in momentum
space as specified by a particular magnitude and
direction of p,. The normal procedure is to set
up a model of the Fermi surface and attempt to fit
the observations to it.

In our measurements an additional direction is
restricted so that the angular-distribution function
becomes

N(ps,p)x [ _p(D)dp, .

By this method we fix p, at zero and vary p, so

that we get the integral over a line of constant p,
and p, through the Fermi surface. Our coincidence
counting rate is a measure of a cross section of

the momentum distribution. In principle from
point-detector geometry a detailed and direct view
of the Fermi surface may be obtained. In practice
the measurement is complicated by a large fraction
of the positrons annihilating with M-shell electrons,
and by the fact that the finite size of the slits allows
coincidences to be recorded over a small range of
angles so that the annihilating electrons come from
a rectangular volume through the Fermi surface.

III. EXPERIMENTAL TECHNIQUE

Our experimental arrangement was a variation
of the crossed-slit geometry reported by Fujiwara
and Sueoka (FS).” The alloy crystal was placed
midway between scintillation detectors spaced 500
in. apart. Instead of using one slit at each detector
two horizontal symmetrically spaced slits were
placed at each end. The arrangement is sketched
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FIG. 1. Experimental slit arrangement. The distance
from the source to the slits is 250 in. and the slits are
7 in. apart.

in Fig. 1. Slits 1 and 2 act as a rectangular-aper-
ture system integrating in the 1-2 direction, and
slits 3 and 4 as a rectangular-aperture detector
system integrating in the 3-4 direction. The an-
gular separation of adjacent slits (center to center)
is 30 mrad or 1.72°, Since the 1-2 and 3-4
directions deviate from the y direction by only
0.86° and the angular width of the neck in copper
is about 20°, each pair of slits may be considered
to integrate in the y direction. However, in order
for photons from any given annihilation to simul-
taneously enter slits 1 and 4 or 2 and 3, the angle
between annihilation photons would have to differ
from 180° by 30 mrad or more. Photon pairs
whose directions differ from 180° by 30 mrad have
a momentum of about five times the Fermi mo-
mentum. '° It is very unlikely that an annihilating
electron in a metal will have five times the Fermi
momentum and hence it is very improbable that
the photon directions will differ from 180° by 30
mrad. The obvious advantage of this type of
system over that of FS is that double the counting
rate is obtained. The angle between annihilation
photons was varied by moving one pair of detectors
(1-3 or 2-4) vertically (in the z direction).

The detector slits were 0.5 in. wide in the 1-3
or 4-2 direction and 0. 2 in. high in the vertical
direction. Hence the geometrical resolution
functions associated with the slits are 2.0 and 0. 8
mrad full width at half-maximum (FWHM). Be-
cause alignment is very critical in rectangular-
slit geometry, after initial alignment the detectors
were removed from behind the slits and a small
laser used for final adjustments.

Our crystals were rectangular parallelepipeds
with dimensions of 0.25X%0.25X%0.1 in. Inall
cases the large face was horizontal and one of the
small crystal faces was perpendicular to the y
direction. The relative orientations of the crystals
and the geometrical resolution functions were the
same as those of FS. The Cu-Ni crystals were
mounted on a polycrystalline copper pedestal. Some
of the positrons produced close to the surface es-
caped from the crystal and annihilated in the pedes-
tal. Since the mean range of positrons from Cu® is
only about 30 mg/ cm?, the contribution from
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positrons annihilating in the pedestal will be neg-
ligibly small.

In the type of measurement where the target is
itself the source of positrons, the dimensions of
the source sample must be taken into account in
calculating the total geometrical resolution of the
system. If one considers the crystal to be made
up of many thin layers and adds up the contribu-
tions from each layer, the resultant over-all
instrumental angular resolution functions are
approximately 1.0 and 2.6 mrad FWHM for the
vertical and horizontal resolution functions, re-
spectively. FS report resolution functions of
0.85 and 5.5 mrad FWHM for their narrow and
broad resolution functions. Hence, although our
narrow resolution function is not quite as good,
the broad resolution function is twice as sharp.
We therefore expect to be able to see more of the
fine structure and to be less subject to some of
the criticisms previously applied to our type of
system.®

The crystals (fabricated by Ventron Electronics)
were irradiated for 24 h in the Georgia Tech
Research reactor in a thermal-neutron flux of
about 1. 5x10" neutrons/cm? sec. This irradia-
tion produced Cu® activities of approximately
7, 4, and 1 Ci for the 90/10, 50/50, and 10/90
Cu-Ni ratios, respectively. Because of the short
half-life of Cu® (12.8 h), the crystals were flown
to us from the reactor and were placed in the
angular-correlation apparatus about 63-7h
after being removed from the reactor. Initial
side-channel (noncoincidence) counting rates
ranged as high as 8000 counts/sec. The
coincidence circuit was operated with a resolu-
tion time of 7=30 nsec. At the start of each data
run the accidental-coincidence counting rate was
measured and this background (suitably corrected
for the decay of Cu®) subtracted from the coin-
cidence counts recorded at each data point. Some
of the crystals were irradiated several times in
order to check reproducibility of the angular-
correlation curves. These crystals were checked
for structural damage by backscattering of x rays.
No effect of radiation was visible in the resultant
Laue patterns.

The crystals were also checked for impurity
production during the irradiation with a y-ray
spectrometer. Tests showed only very minute im-
purities, notably Ag'®™ and Au'®®.

IV. RESULTS

The angular-correlation curves for each alloy
show the data for the following orientations: (a)
For the samples marked (111), the direction of the
radiation is parallel to [111] and the component of
the momentum is parallel to [110], and (b) for the
samples marked (110), the direction of the radiation
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FIG. 2. Angular-correlation curves for positrons 6 7 8

annihilating in two orientations and three copper-nickel
alloy concentrations.

is parallel to [110] and the component of the momen-
tum is parallel to [111].

The data for the three concentrations are shown
in Fig. 2. The raw data have been corrected for
the decay of the source and the accidental back-
ground has been subtracted. The distributions for
both directions, (111) and (110), are shown
normalized to the same value at one-half the Fermi
momentum. In all three alloys we are able to
detect a difference between the two orientations near
6=0.

The high-angle tail is attributed to annihilation
with M-shell electrons, possibly enhanced by
higher-momentum components of electrons Bragg
reflected into the second zone. The effect of these
annihilations can be largely removed by subtracting
a Gaussian fitted to the large-angle data.®!!

The Fermi surface of copper is essentially a
sphere with necks reaching out to contact the zone
boundary in the (111) directions® (see Fig. 3). The
Fermi surface of nickel is similar to copper. !? It
therefore seems logical to assume that the Fermi
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FIG. 3. Representation of the Fermi surface of pure

copper.
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FIG. 4. Reduced data from Fig. 2. To account for
annihilation with core electrons a Gaussian has been sub-
tracted and the resulting difference curve has been ad-
justed in vertical scale to best fit a circle. The radii of
the circles are given in Table I. Only one side of =0
is plotted.

surface of the alloys is similar in shape. The cross
section is, hence, circular except in the vicinity
of the necks.

The data, after subtracting the Gaussian repre-
senting the core annihilation, have been renormal-
ized to best fit a circle. The results of this type
of analysis are shown in Fig. 4. In all three alloys,
the data points for the (111) sample depart from
the circle near 6=0 (the (111) directions). The
bump in the (111) direction is ascribed to the Fermi-
surface necks. In the (110) direction the data fit
the circle extremely well with the exception of 10/90
sample, where the scatter is attributed to poor
statistics.

The radius of the neck of the Fermi surface of
pure copper is about 1 mrad.” If we examine the
bumps ascribed to the Fermi-surface necks we
find in all three alloys that the flat region near 6
=0 extends to about 1 mrad before the data points
begin to fall toward the circle (see Fig. 3). Al-
though the apparatus resolution smears the data
in the region of the neck we can still make some
conclusions about the neck’s size. If we assume
that the neck of the Fermi surface of the 90/10
sample will have about the same radius as that
for pure copper then, because all three alloys
have similar shapes of the bumps ascribed to the
necks, all three alloys can be said to show the same
radius for the neck (about 1 mrad).

The belly radius is seen to change with the change
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TABLE I. Experimentally determined parameters.

Belly Neck Peak
Alloy radius radius coincidence
conc (mrad) (mrad) (counts/ point)
90/10 5.35 1.0 42 000
50/50 5.2 1.0 30000
10/90 4,95 1.0 5700

in the relative concentration of the constituents.
As the percentage of nickel increases, the belly
radius decreases. This is to be expected from the
fact that the number of conduction electrons is de-
creasing as nickel atoms are substituted for copper
atoms. The values for various dimensions of the
Fermi surface are shown in Table I.

The lack of a sharp discontinuity in the slope of
the angular-correlation curves at the Fermi mo-

mentum has been observed by others in other met-
als. The smearing at the expected Fermi mo-
mentum has been variously attributed to break-
down of the free-electron behavior near the zone
boundary, !2 to a broadening of the wave number in
an alloy, !* and to the existence of annihilations
with high-momentum components due to conduction
electrons in the second zone.!' Our data do not
give any new information on the cause of the
smearing as we did not concentrate on the region
around the Fermi momentum.
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The magnetic susceptibility of alkali metals is evaluated by a systematic development of the
grand partition function for small magnetic fields. The results are expressed in powers of 7,
(the interparticle spacing divided by the Bohr radius) and compared with recent experimental

2

and theoretical results. The evaluation is made to order »;, improving the previous calcula-
tions. The polarization parameter, which has been used in the previous evaluation of the para-
magnetic susceptibility as an adjustable parameter, is not used. Comparison of our results
with the recent experiment by Collings is satisfactory.

I. INTRODUCTION

Recently we have considered the effects of Cou-
lomb interactions on the diamagnetic susceptibility
of an electron gas. We found at high temperatures
a small increase in the susceptibility that is pro-

portional to the plasma parameterl and at low tem-
peratures a much larger increase due to an ex-
change effect. 2 A similar increase in the diamag-
netic susceptibility has been observed by March and
Donovan and by Kanazawa and Matsudaira. s

In this paper we shall extend our previous consid-



