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(Received 4 March 1968)

The localized vibrations of Al in a Cu host lattice have been observed in a Cu-4% Al
crystal by coherent inelastic neutron scattering. Both the local-mode frequency and the

q dependence of the neutron scattering cross sections are in good agreement with a cal-
culation based on a mass-defect theory.

In this Letter we report some preliminary results of coherent inelastic neutron scattering measure-
ments of the localized vibrational modes in a Cu single crystal containing 4.1 at.% Al as a substitu-
tional impurity. The experiments were performed on a triple-axis neutron spectrometer at the High
Flux Isotope Reactor (HFIR). All the measurements were obtained with the spectrometer operating in
the constant-Q mode' and with the scattered neutron energy E' held fixed at 18.9 meV (4. 5&& 10"cps).
Inelastic-neutron-scattering studies of localized vibrations have been reported previously, ' 4 but to
our knowledge there have been no previous coherent-inelastic-scattering measurements of local vibra-
tional mode in single crystals.

The cross section for the coherent inelastic neutron scattering from a concentration c of isolated
light-mass substitutional impurities in a cubic lattice, provided there is no change in the interatomic
force constants, is given by Elliott and Maradudin' as

+
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Only energy loss of the neutron is considered.
nl is the equilibrium number of phonons with fre-
quency vl, e is the Debye-Wailer factor,
and b' and b are the scattering lengths of the im-
purity and host, respectively. Q is the wave-
vector transfer of the neutron, ej(j) and vj(q)
are the polarization vector and frequency of the
normal mode in the pure crystal with wave vec-
tor q and branch index j, and e =1-(M'/M), where
M' is the impurity mass andM is the host mass.
vl is given by the solution of

t
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where g(v) is the frequency distribution function
(normalized to unity) of the unperturbed host lat-
tice, and

"v'g(v)d v
+vI -) (

2 2)2.
l

The concentration of impurities in the sample
studied in the present work may not be sufficient-
ly small for each impurity to be considered iso-
lated. In addition, one might expect changes in
the interatomic force constants, since there is a
tendency toward short-range order in the more
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concentrated Cu-Al alloys. ' Nevertheless, Eqs.
(1)-(3) provide a surprisingly good prediction of
the observations made in the present study.

In Fig. 1 are shown identical constant-Q scans
for pure Cu and Cu-4%%uo Al at two points in recip-
rocal space. For pure Cu only the expected
peaks due to the L(PfP) phonons appear. The
zone-boundary phonon [Fig. 1(a)] in this symme-
try direction is the highest frequency phonon
[(7.36+0.08)&&10"cps] that is observed in Cu. In
Cu-4/p Al the L(Kfg) phonon peaks are shifted to
lower frequencies and an additional peak is ob-
served at (8.78+0.1)XIO' cps. This additional
peak is interpreted as neutron scattering by the
high-frequency, localized vibrations of Al in the
Cu host lattice. The value for the local-mode
frequency vf calculated with Eq. (2) and ay(v)
for Cu recently reported is 8.48~10"cps,
which is in quite good agreement with experi-
ment. The discrepancy between the calculated
and measured v~, though small, is felt to be sig-
nificant and is presumably due to small force-
constant changes and/or effects of the high Al
concentration. The observed energy width of the
local-mode scattering is not significantly differ-
ent from the zone-boundary phonon of Cu or of
Cu-Al and, at present, can be accounted for en-
tirely by the instrumental resolution.

From a comparison of Eq. (1) [for B(vf ') = 0.02]
with the one-phonon coherent cross section, ' one
finds that the local-mode scattering intensity at
f =0.50 is predicted to be about 15% of that for
the L(0.5, 0.5, 0.5) phonon. This result is consis-
tent with the observed relative intensities. Fig-
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ures l(a) and 1(b) reveal a reduction in the local-
mode peak intensity as Q moves from the zone
boundary. Several constant-Q scans performed
to investigate this intensity variation are shown
in Fig. 2. These scans clearly show that the in-
tensity decreases as Q moves away from the
(fPf) zone boundary, and such a decrease is pre-
dicted by Eq. (1). Because Q lies along the [111]
direction in these experiments, only the longitudi-
nal branch contributes to the sum over j, and at
the zone boundary the L(PKf) branch reaches its
highest frequency. Therefore, the second term
in the square brackets in Eq. (1), and hence the
cross section, is a maximum there. The first
term in the square brackets is independent of Q
and approximately equal to —I/vf' for Al in Cu.
A comparison of the Q dependence of the rela-
tive intensity of the peaks in Fig. 2 with that pre-
dicted in Eq. (1) is shown in Fig. 3. The errors
shown on the experimental points are based on
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FIG. 1. Scattered intensity versus frequency for con-
stant-Q scans at the (&&&) zone boundary in Cu and Cu-
4%Al. The L(Pg&) zone-boundary phonons as well as
the local mode in Cu-4%Al are observed in these
scans.
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FIG. 2. Several constant-Q scans at and near the
(&f&) zone boundary in Cu-4%Al, illustrating the Q de-
pendence of the local-mode scattering intensity.
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FIG. 3. Comparison of the observed Q dependence
of the local-mode scattering intensity with theory, Eq.
(i).

counting statistics only. The shaded region
around the calculated curve is an estimate of the
uncertainty in the calculations arising from the
experimental errors in vj(q) and vf. The ampli-
tude of the calculated curve has been adjusted so
that the curve passes through the experimental
point at Q=(1.55, 1.55, 1.55). The fit to the rest
of the data is exceedingly good.

It should be pointed out that although the data
shown in Fig. 2 have not been corrected to an ab-
solute intensity scale, such corrections would
have been independent of Q. Since the local-
mode frequency is independent of Q, the incident
neutron energy E, was varied over the same
range for all the scans. However, the 1/k, de-
pendence of the neutron scattering cross section,
Eq. (1), was largely compensated experimentally
by the k, (or 1/v„v, being the neutron velocity)
dependence of the efficiency of the monitor count-
er placed in the beam before the sample (see
Ref. 8). Also, because the sample was a cylin-
der which had its axis oriented nearly perpendic-
ular to both the incident and scattered neutron
beams, the sample volume intercepted by the
beam did not vary from scan to scan. Therefore,
a comparison of the relative intensities of these
local-mode scattering peaks could be made with-
out the application of corrections to the data oth-
er than the background subtractions indicated by.
the dotted lines in Fig. 2.

The Q dependence of the neutron cross section

can be related to the spatial distribution of the
vibrational displacements in the vicinity of the
impurity atom. Since the theory is in excellent
agreement with the measured Q dependence of
the cross section, we have related the Fourier
transform of the second term in the square
brackets in Eq. (1) to the asymptotic decay of
the localized mode, as suggested by Maradudin'
(see also Ref. 5). Following Maradudin' we
make the following approximation:

v' —v'(q)=v' —v '+ —,'A lq —q I ', (4)

where vm and q~ are the frequency and wave
vector for the maximum of the L(r ff) branch.
For the range of q studied in the present experi-
ment, this approximation with A», —- 6.9a, (a, is
the lattice parameter for Cu) agrees within +1%
with the dependence of vf —v. (q), obta. ined fromj
the experimental values for vf and v&(q). The
above approximation then leads to an asymptotic
decay of the local-mode displacement, which
varies exponentially with distance from the im-
purity atom, with an inverse decay length in the
(111)direction of

[2(v ' —v ')/A ]"'= 2.6/a . (5)

The analysis indicates that the local mode in Cu-
4% Al is extremely well localized.

This study is being extended to other crystallo-
graphic directions in Cu-4'%%uo Al and to several
other Al concentrations, and investigations of
the "in-band" modes are also underway. Prelim-
inary results on both a Cu-4%%uo Al and a Cu-10%
Al crystal show changes in the frequencies of the
"in-band" modes, which are in poor agreement
with theory, in contrast to the good agreement
found in this study of local modes. For example,
although the mass-defect theory' does predict a
decrease in the frequency of the zone-boundary
L(PPP) mode, in qualitative agreement with the
observation shown in Fig. 1(a), the observed de-
crease is almost twice that calculated. Since
the frequencies measured for the in-band modes
and the local modes depart from the theoretical
predictions in opposite directions, presumably
a consideration of both force-constant changes
and concentration effects will be required to
bring the theory into better agreement with the
experimental results. A more detailed discus-
sion of the comparison of theory with the experi-
mental measurements of the in-band modes will
be presented in a future publication.
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We have investigated the long-range alpha (LRA) fission neutrons of Cf in a four-
parameter correlation experiment and found the behavior of the average number of neu-
trons as a function of fragment mass and total fragment kinetic energy to be very simi-
lar in binary and LRA fission. We concluded that binary and LRA fission have essential-
ly the same scission configuration and discuss the mechanism of alpha emission and
the fragment stiffness coefficients also.

Neutrons emitted in the spontaneous fission of
Cf accompanied by long-range z particles
(LRA) particles have been investigated in a four-
parameter correlation experiment. A schematic
representation of the experiment is presented in
Fig. 1. Four fixed solid-state counters, two for
fission-fragment detection and two for z-parti-
cle detection, were placed inside an aluminum
vacuum chamber of 30-cm diam and 5-mm wall
thickness. The fission counters were locally
made 300-0-cm surface-barrier detectors. Both
detectors subtended an angle of 44' with respect
to the source. The n-particle detectors were
surface-barrier counters, manufactured by
ORTEC, of 300- p, depletion layer. They were
placed opposite each other at 90' to the fission-
counter axis and each subtended an angle of 60
with respect to the source. The source consist-
ed of Cf252 on a 100-pg/cm' Ni backing. Its
strength was about 2 x10' fissions/min. The
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FIQ. 1. Experimental arrangement.

source plane was at 45' to the four detectors. In
order to prevent fission fragments and 6.1-MeV
n particles from the Cf'" & decay from reaching
the n-particle detectors, 17-mg/cm' gold foils
were placed between the Cf252 source and the 0.
counters.

The neutrons were detected by means of the
time-of-flight method with the aid of two identi-
cal NE102 plastic scintillators of 5 in. diam and
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