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range by a curve with characteristic width ex-
ponent u =0.63+0.03.

Of equal importance, with explanation of the
reflectance experiments, are the purely theo-
retical questions concerning the fundamental
role of the external gravitational field. Although
detailed analysis must await our fuller expo-
sition of the general interfacial theory, we
remark that Egs. (5) and (6) predict that the
diffuse planar interface diverges in width log-
arithmically as g~ 0 (T fixed), and that y suf-
fers simultaneously a bounded anomaly, also
of logarithmic character.

*A portion of the underlying theory was presented by
one of us (F.P.B) in the Proceedings of the Thirty-
Eighth National Colloid Symposium, 11-13 June 1964,
Austin, Texas (to be published).
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This Letter reports the observation by inelas-
tic neutron scattering of resonant lattice modes
due to a small concentration of W atoms in a
Cr host crystal.

The modification of the modes of vibration
of a lattice due to the substitution of heavy or
light impurities for some of the host atoms has
been the subject of much recent discussion.

The scattering of neutrons by such a defect
structure has been considered by Krivoglaz,!
Kagan and Iosilevskii,? and Brout and Visscher.?
More recently, Elliott and Maradudin® have
given a detailed discussion of neutron scatter-
ing by the defect modes and have shown, with
explicit calculations, how information about
such modes can be obtained from the experi-
ments. It was this work which provided the
stimulus for our experiments.

The type of lattice mode which occurs near
a defect depends on whether the mass of the
impurity M’ is less or greater than M, that
of the host atoms. In the former case, a local-
ized mode appears with a frequency above the
frequency distribution of the host lattice, while
in the latter there is a resonant mode within
the allowed frequency range of the host. This
mode is characterized by a large amplitude
of vibration at the defect, decaying into a nor-
mal lattice mode of the host at large distances.
The frequencies and lifetimes of phonons with
frequencies near that of the resonant mode are
considerably affected by the presence of the
defects. Elliott and Maradudin® show that, for
a cubic lattice, a small concentration ¢ of im-
purities which do not affect the interatomic
force constants causes a frequency shift A and

623



VOLUME 15, NUMBER 15

PHYSICAL REVIEW LETTERS

11 OCTOBER 1965

broadening y of the one-phonon neutron groups,
given by

alg) =cVy[w(@)]/2w(g), v(g) =cVylw(g@)]/wlg), (1)

where

Vi(w) +iVy(w)
= ewzg [1 —ewzf g%}d_w_:]+ éinewg(w)%

2
2_w/

’ )2 -1
X { [l—ewz %] + inzezwzgz(w)s . (@
In this equation € =(M-M")/M, g(w) is the den-
sity of states in the unperturbed lattice, and
the principal part of the integrals is to be taken.
The width reaches a maximum at the resonant
frequency, for which V, =0, and for a Debye
model, this maximum width is given approxi-
mately by®

y/w=(2c/3m)[3(M'/M~-1)F’2, (3)

At low frequencies, the frequency shift is nega-
tive and is determined by the change in the mean
mass of the crystal:

Alg) = 3cew(q). (4)

At the resonant frequency the shift changes
sign and the relative total change across the
resonance is of the order of jce. At high fre-
quencies the shift again becomes slightly nega-
tive.

A dilute alloy of W in Cr is well suited for
studying these phenomena. Measurements of
the phonon spectra in the pure metals®® have
revealed very similar force-constant distribu-
tions, thus satisfying the primary assumption
of the theory. W is a very heavy atom, so that
€ for this system is —2.54 and the resonant
modes should be well developed. We have there-
fore studied the lower transverse [110] phonon
branch in single crystals of Cr and a Cr-3.0-
at.% W alloy by inelastic neutron scattering,
using the constant-q method. These experiments
were carried out at the DR3 reactor of the Dan-
ish Atomic Energy Commission Research Es-
tablishment. The observed neutron groups are
shown in Fig. 1, while the energy shifts are
plotted as a function of the phonon energies in
pure Cr in Fig. 2. There is clear evidence
of a resonant mode near 21 meV. There is
a large change in the frequency shift, of the
right order of magnitude, while the neutron
groups broaden perceptibly near ¢ =0.694. Equa-
tion (3) predicts a maximum width of about 3
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FIG. 1. Neutron groups in pure Cr and the Cr-W al-
loy at room temperature. The phonon wave vector E
is in the [110] direction and is measured in recipro-
cal

meV, which is roughly the magnitude observed.
There are, however, certain discrepancies

with the theory. The positive frequency shift
appears to be very small, while the maximum
broadening occurs where A is large and nega-
tive, rather than where it is zero. Similar ef-
fects and more pronounced discrepancies with
the theory have recently been observed in a
Cu-9.3-at.% Au alloy by Svensson, Brockhouse,
and Rowe.” These discrepancies may be ascribed
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FIG. 2. Energy shifts in the Cr-W alloy as a func-
tion of the phonon energy in pure Cr. The straight
line through the origin is a plot of Eq. (4).
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to the relatively large concentration of impur-
ities and changes in the force constants near
them.

The resonant mode occurs at approximately
one-half of the maximum phonon energy of 42
meV in Cr. From Eq. (2) and the phonon dis-
persion curves® it should be possible to calcu-
late the frequency shifts to compare with ex-
periment. We have observed evidence for reso-
nant modes at approximately the same frequency
in other branches of the phonon spectrum, and
we are extending our preliminary experiments
to make a detailed study of these.

It is a pleasure to thank Dr. F. A. Schmidt
for his great kindness and skill in preparing
the crystals used in these experiments.
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In this Letter we describe a nonperturbative
treatment of a hydrogenic two-body system in
the presence of a strong electric field. Our
major results are (1) the demonstration that
asymptotically for large negative energies the
presence of the Coulomb interaction does not
materially alter the optical absorption in an
electric field alone, and (2) the calculation of
the widths and energies of the low-energy ex-
citon peaks as a function of the electric field
strength. A number of speculations concern-
ing the above results have appeared in the lit-
erature.!»? We present their first quantitative
calculation. Such a calculation is needed to
distinguish structure due to excitons from that
due to critical points in electric-field—modu-
lated optical reflectance?® and transmission?
data. In the course of our analysis, we perform
the first exact solution of Schrddinger’s equa-
tion for a potential, other than a square bar-
rier, which exhibits bound states in the contin-
uum.

If the interaction between the optical field
and the solid is treated in first-order pertur-
bation theory, then in the absence of other ex-
ternal fields it has been shown by Elliot® that
the calculation of the optical-absorption tran-

sition probability reduces to evaluating the ma-
trix element

- o T
M= Y ””E M,k kLD, (L)
& ,k s h’j’] 7]

&k, Eq)

fd Vzp*

in which a is the wave vector and Z the polar-
ization vector of the light wave; Ee and Eh are
the wave vectors of the electron and hole from
bands j and j’, respectively; the wﬁ’j are their
one-electron wave functions, and ¥ is the Fouri-
er transform of an exciton wave function. The
imposition of an external electric field alters
both the expansion coefficients, ¥, and the one-
electron wave functions, y. The effects of the
electric field on ¢ ;, as reflected in the inte-
gral (1b), are thought to be small.® As the in-
tegral is customarily treated as a variable
parameter used to fit the experimental data,’
we do not discuss it further.

For direct, allowed transitions between two

- zq r zeﬁ)» - -
r)e ( g-VEh ].,(r), (1b)
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