
SPECIFIC-HEAT ANOMALY OF A METALLIC BINARY LIQUID. . .

+0. 005 the present determination of &= 0. 3+0. 1
leads, with the Griffiths-Rushbrook inequalities
(written as equalities), " to the values y= l. 03
+0. 11 and 5= 4. 07+0. 37, respectively. Egelstaff
and Hing" deduce a value of 6=4 from the data of
Predel on this system. From the present data it

follows that metallic binary mixtures do not show
considerably different behavior in the critical re-
gion from the nonconducting binaries, and the
earlier contention of Egelstaff and Ring" that the
interatomic forces affect the values of the critical
exponents does not seem to hold in this instance.
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The Compton profile of polycrystalline vanadium has been measured using 59.54-keV y
rays from an 24~Am source. In the regions of medium and high electron momentum, the ob-
served profile coincides with that calculated from Hartree-Fock free-atom wave functions for
the outer-electron configuration 3d 4s. At small momentum values the experimental results
deviate significantly from those predicted by Hartree-Fock theory.

I. INTRODUCTION

The importance of momentum distributions has
long been recognized in x-ray Compton scattering
from electronic systems. Only very recently,
however, have the measurements been productive.
A wide range of systems has been studied at MoÃ+
or AgK&, including inert gases, 2 diatomic~'~ and
polyatomic 7 molecules, and light crystalline ele-
ments and compounds. All these experiments have

yielded decisive inf ormation about the electron
momentum distributions.

Another possibility for studying the electron
momentum density is the Compton scattering of y
rays. A suitable radioactive source is, for exam-
ple, ~Am, which emits 59. 54-keV photons. The
use of 'Am y rays and a solid-state detector in
conjunction with a multichannel analyzer instead
of MoKo. ,o.~ (17 keV) or AgKu, &2 (22 keV) x rays
and a crystal spectrometer offers some advantages.
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tions with seven 3d electrons. Also the Compton
profile of scandium, measured by Manninen at
MoK&, agreed with HF profile in the high-momen-
tum region.

The present work is aimed at securing informa-
tion about the electron momentum distribution in
vanadium by measurement of the Compton profile
with p rays.

II. EXPERIMENTAL PROCEDURE
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FIG. 1. Schematic drawing of the experimental
arrangement.

(i) The relative contribution of the inelastic scat-
tering increases and the electron binding effects
decrease with increasing energy of the incident
photon; this makes it possible to extend the Comp-
ton measurements to relatively heavy materials.
(ii) The uncertainties in the data-reduction proce-
dure which arise from the doublet nature of the in-
cident beam and the wavelength-dependent correc-
tions due to the analyzing crystal are eliminated.
(iii) The measuring time needed to attain the de-
sired statistical accuracy is radically reduced.
(iv) The background scattering is very much small-
er due to the absence of bremsstrahlung. A dis-
advantage is that the energy resolution of the solid-
state detectors at 60 keV is lower than that of a
LiF analyzing crystal employed at MoKn and Again.
However, the important value in the Compton-
profile measurements is the ratio of the width of
the Compton profile to that of the energy-resolution
function. %hen a solid-state detector is used, this
ratio increases with increasing energy of the inci-
dent photon, but decreases in the case of a crystal
analyzer.

It has been realized for some time that the Comp-
ton-profile measurement constitutes a very power-
ful probe for transition metals. The first measure-
ment, done with sufficient accuracy to determine
the momentum density, was that of Weiss' on tita-
nium at MoK&. The valence-electron momentum
density evidenced significant 4s character, and in
the high-momentum region a marked discrepancy
was found between the experimental Compton pro-
file and that calculated from Hartree-Pock (HF)
free-atom wave functions. In contrast with %eiss's
results, the Compton profile of iron, measured
by Felsteiner et al. ' at 59. 54keV, was in good
agreement with that computed from HF wave func-

The experimental arrangement is shown sche-
matically in Fig. 1. y rays from a 45-m Ci~4'Am

point source having an active diameter of 3 mm
were used to irradiate the sample of polycrystalline
vanadium, which was prepared in a mold under
uniaxial pressure. The sample diameter was 2 cm,
thickness was 2. 7 mm, and the density in relation
to bulk density was 0. 5V. The incident beam was
collimated by a cylindrical lead collimator of
length 14 cm and diameter 3 mm. After the y rays
were scattered by the sample through a mean angle
of 26, = 160', they passed through a second lead
collimator of length 5 cm and diameter 5 mm.
This collimator was set in front of a Ge(Li) detect-
or (active diameter 10 mm, sensitive depth 5 mm,
Be window 0. 13 mm) to minimize the air scattering
and to reduce the number of photons which are able
to escape from the detector. The detector was
followed by a preamplifier, a linear amplifier, and
a 4096-channel analyzer, which was operated in a
4& 1,024 mode.

The raw experimental data (counts accumulated
during a period of 80 h) are indicated in Fig. 2.
The spectrum of the scattered p rays consists of a
Compton line and an elastic component both super-
imposed on a smooth background. The Compton
peak-to-background ratio is approximately 25 to 1.

A separate experiment was made to determine
the fraction of air scattering in the scattered beam.
At first the air scattering was measured when the
sample was removed. From the data obtained, the
contribution of air scattering to the scattered in-
tensity when the sample is at the position shown in
Fig. 1, could be evaluated by taking account of the
effect of sample absorption. The air-scattering
correction was found to be about 0. 5% for the total
scattered intensity and less than 1% at the Compton
peak.

The first step in data reduction was to subtract
the background from the accumulated counts cor-
rected for air scattering. A correction was then
applied to the data to account for the energy depen-
dence of the absorption of y rays in the sample.
The corrected values were obtained by multiplying
the observed ones by the factor

p, o+ iL sinn/sinp
1 —exp [-d(pocosec n+ p cosecP)]
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FIG. 2. Raw expernnental
data for vanadium. Accumu-
lated counts for every second
channel are plotted versus the
channel number. The channel
width corresponds to a ~-ray
energy of 57.10 eV.
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FIG. 3. Corrected Compton profile of vanadium. The
background and the contribution of air scattering have
been subtracted, and the corrections for sample absorp-
tion, the Breit-Dirac factor, and the relativistic effects
made. The asymmetry of the profile is mainly attribut-
able to the low-energy tail of detector's resolution func-
tion (see Fig. 4) and the contribution of the 1s electrons,
which appears in the energy region below the K edge.

where p. o and p. are the linear absorption coeffi-
cients of the sample, of thickness d, for the inci-
dent and scattered z rays, and o and p are the

angles between the sample surface and the incident
and scattered beams. The absorption correction was
taken to be zero at the coherent peak, and was
about 20% in the low-energy tail of the Compton
profile. The final correction came from the in-
clusion of the Breit-Dirac factor and the -relativis-
tic effects. The so-called relativistic Breit-Dirac
factor (E/E, )' (Eo and E are the energies of the in-
cident and scattered photons, respectively), which

is commonly used at x-ray energies (cf. Ref. 8,
p. 461), is not accurate enough in the present case.
Klein and Nishina 2 have shown that in the rest
system of the initial free electron the relativistic
differential cross section is given by

Accordingly, the measured Compton profile J(E)
was divided point by point by d v/dQ. The Compton
profile arrived at after corrections is shown in
Fig. 3.

The sources of line broadening arose from the
finite energy resolution of the Ge(Li) detector, and
from the finite range of the scattering angle. The
energy-resolution function of the detector was mea-
sured at 59. 54 keV by replacing the scattering sam-
ple by a low-intensity ~'Am source. The resulting
curve is shown in Fig. 4, from which a value of
580 eV is obtained for the full width at half-maxi-
mum (FWHM). From a study of the energy depen-
dence of resolution, a FWHM of 560 eV was found
at the Compton peak (about 48. 6 keV). To correct
for the 20-eV difference observed, the measured
Compton profile was convolved with a Gaussian
function of half-width 150 eV. The variation of the
energy resolution along the Compton line was ne-
glected. Further, the corrections due to the escape-
peak-to-photopeak ratio and the efficiency of the
detector could be ignored, because the escape-peak-
to-photopesk ratio is less than 1% for a well-col-
limated Ge(Li) detector, and the efficiency is con-
stant in the energy region 45-60keV. 3'

A range dI9, in the scattering angle produces an
uncertainty dE„.

„

in the Compton-energy shift,
which is given by

dEc„-—-2E3 sin2e, dII, /mc~.
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FIG. 6. Un-normalized Compton profile after the re-
moval of the effects of instrumental resolution and the
conversion to an electron- momentum scale.
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The distribution of scattering angles produced by
the geometrical factors, such as horizontal diver-
gence and the shape of collimators, mas calculated
using a computer program. The resultant resolu-
tion function is shown in the inset of Fig. 4. The

FIG. 4. Energy-resolution function of the Ge (Li) de-
tector at 59.54 keV and that defined by the geometrical
factors {inset). The low-energy tail of the photopeak is
mainly effected by the y rays which are Compton scat-
tered within the detector, deposited some of their energy,
and then escaped the detector.

FWHM for the slightly asymmetrical curve is
about 100 eV, which corresponds to a range +2 in
the scattering angle.

The effects of finite instrumental resolution on
the measured Compton profile are illustrated in
Fig. 5. The true Compton profile was obtained
by an iterative procedure in which successive trial
profiles mere convolved mitb the known instrumen-
tal-resolution function until agreement wi th the mea-
sured profile mas found. The effect of resolution
corrections on the FTHM of the profile was found
to be about 9%. Finally, the true profile was con-
verted from a y-ray energy to an electron momen-
tum scale through the relation

~E mc Eo
g

sin ~c

E ~Eml+ + (2sin8, )
I

2
E (keV)

FIG. 5. Effects of finite instrumental resolution on the
measured Compton profile. The dashed curve is the
high-energy side of the profile from Fig. 3, and the full
curve is the true Compton profi1e obtained by a trial-and-
error deconvolution program.

where p, is the component of electron's initial mo-
mentum along the scattering vector, and 4E = Eo
—E. The resulting curve Z(P, ) is indicated in Fig. 6.

The low-energy side of the Compton profile (Fig.
3) is more affected by uncertainties attributable to
the long lorn-energy tail of detector's energy-resolu-
tion function (Fig. 4), the separation of background,
and the absorption correction than the high-energy
side. Thus, in spite of the uncertainty caused by
the 1s edge, the high-energy side is obtained more
accurately in the deconvolution. Accordingly, the
high-energy half of the experimental Compton pro-
file J(P,) will be used for comparison with theoret-
ical values. The area under that curve mas nor-
malized to one-half the total number of electrons
per atom minus the impulse-approximation con-
tributions of the 1s, 2s, and 2p electrons above

P, =S.5 a. u. , which corresponds to the %binding
energy.
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FIG. 7. Experimental and calculated Compton profiles
of vanadium. The full curve refers to experiment. The
experimental error indicated for some points includes the
contribution from counting statistics and the uncertainties
due to background, air scattering, and absorptioncorrec-
tions; the total error at p~=0 amounts to about 4%. The
curves marked 3d 4s and 3d 4s are calculated from
Hartree-Fock free-atom wave functions including the
1s 2s 2p 3s 3p core. Curve A represents the Hartree-
Fock profile for the electrons 1s 2s p63s 3p 3d, and

2

curve 8 is arrived at as a superposition of curve A and
the profile calculated from free-electron theory for one
free electron per atom.

HI. RESULTS AND DISCUSSION

the inner-electron states are mell described by HF
wave functions, in contrast with the results of
Weisso on titanium. At small momentum values,
where the calculated profiles are most sensitive
to the outer-electron wave functions, the experi-
mental results of vanadium deviate significantly
from those predicted by HF theory. It is interest-
ing to note that a marked improvement over the
agreement obtained with HF wave functions is found
if the Compton profile of 4s electron is calculated
from free-electron theory. The discontinuity in
the slope of the calculated profile I3 at p, = 0. 7 a.u. ,
which is associated mith the Fermi surface, does
not appear in the experimental profile. As demon-
strated by Fig. 8, in which the low-momentum part
of the experimental profile is compared with the
curve obtained as a convolution of profile 8 and the
instrumental-resolution function, this discrepancy
is solely attributable to the limited experimental
resolution.

By way of summary, it can reasonably be con-
cluded that the outer-electron configuration in
vanadium is 3d 4s. This is in agreement with the
augmented-plane-wave calculations of Snow and
Waber on vanadium, which favor an occupancy
nearer to 3d 4s than 3d 4s . Although the experi-
mental Compton profile is quite close to the 3d 4s
profile (4s electron free), it appears that a solid-
state calculation will be necessary to further im-
prove the agreement with the Compton-profile
measurement.

The final normalized Compton profile J(P,) is
shown in Fig. 7 together with the profiles calcula-
ted from Clementi's~~ HF free-at, om wave functions
for the outer-electron configurations 3d34s~and
3d44s. Included also is the HF profile calculated for
the elec tr one isa 2s 3 2p~ Ss ~ Sp

8 Sd4 (curve A), and the
profile (curve B) obtained as a superposition of
curve A and the profile calculated from free-elec-
tron theory for one free electron per atom. In the
free-electron theory,

Z(p, ) = Sn(p,' —p,')/4p,',
where n is the number of free electrons per atom,
and p~ =-,'h(Sp/m)~~s is the Fermi momentum, with

p representing the density of free electrons.
It can be seen from Fig. 7 that in the region

P, ~ 1 a. u. , the experimental Comyton profile coin-
cides with HF profile calculated for the outer-elec-
tron configuration 3d 4s. This indicates that the
inner-electron momentum distribution is not
changed upon going from the free atom to the me-
tallic state, and that the conduction band of vana-
dium is occupied by one 4s electron. These observa-
tions are in agreement with the results of Felstein-
er et al. on iron. Also in the case of scandium,

I

2,0'1.0
p, (a.u.}

FIG. 8. Low-momentum part of the experimental
Compton profile (points), and the curve obtained as a
convolution of the calculated profile B in Fig. 7 and the
instrumental-resolution function.
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Low-temperature thermal-conductivity results are presented on two Cu+9-at. %-Al poly-
crystals which show that fast-neutron irradiation has two effects on a coMworked sample of
this alloy. In the well-annealed specimen, irradiation produced defects which scatter long-
wavelength phonons, giving a well-defined T 2 contribution to the lattice thermal resistivity.
Observations by other authors using electron microscopy suggest that the defects are planar-
vacancy-generated dislocation loops 75-100 ~ in diameter. The loop density is calculated
from the thermal resistivity and is found to be in reasonable agreement with the electron-
microscopy results. In the second sample, deformed in tension at room temperature and
then annealed at 573 'K prior to irradiation, the same irradiation treatment produced a con-
tribution to the lattice resistivity which was similar in temperature dependence but larger, by
a factor of 3, than that produced in the well-annealed specimen. A model for this effect is
suggested, based on two distinct contributions to the radiation-produced thermal resistivity:
(i) dislocation loops of similar size and concentration as in the well-annealed sample; (ii)
reformation of solute atmospheres around dislocations. These atmospheres had been thermally
dispersed by annealing; their reformation is due to enhanced solute diffusion resulting from a
large vacancy concentration produced by irradiation. &he work of Mitchell et a/. has shown
that solute atmospheres in Cu+ 10 at. /o Al enhances phonon scattering by dislocations.

I. INTRODUCTION

Recent theoretical and experimental work has
shown that the study of yhonon scattering in alloys,
using low- temperature thermal-conductivity mea-
surements, can yield information about the equilib-
rium arrangement of solute atoms in the strain
fields of dislocations, i.e. , impurity atmospheres,
and about the rate at which this equilibrium is at-
tained. The theory of the modification of disloca-
tion thermal resistivity at low temperatures by
impurity atmospheres (Klemens, t's Ackerman and
Klemens ) .was substantiated by Mitchell et al. 4

in a study of the annealing charac teristics of the
dislocation thermal resistivity in Cu+ lo-at. %-Al

polycrystals. These experiments also indicated
enhanced diffusion of the solute atoms during de-
formation, causing rapid formation of the impurity
atmospheres. It was suggested that vacancies
produced during plastic deformation could account
for this enhancement.

In this payer we report on a series of low-tem-
perature thermal-conductivity measurements which
attempt to determine if fast-neutron irradiation can
also produce the enhanced diffusion necessary for
impurity-atmosphere formation. Two Cu+ Q-at. %-
Al polycrystals were studied. One was irradiated
in the well-annealed condition to determine if any
extended damage was produced which would give
rise to yhonon scattering in the temperature range


