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R and XII caused by Ructuations in carrier density, e,
it may be shown that on the basis of a simple, single-
carrier model:

(AVr') = Vr'((An' )/n') and
(a Vrr') = Vrr'((an')/n') (2)

where Vg is the dc potential drop between the probes
and U~ is the usual Hall voltage. It is convenient to
treat the data in this manner, since all potentials are
directly measurable and the results are independent of
sample dimensions and calibration of the magnetic
field. The quantities V~ and UII were determined for
the sample by standard techniques.

Carrier fluctuations calculated from Eqs. (2) are
shown in Fig. 2. The agreement between the results is
within the experimental errors of the present data. In
particular, the carrier density fluctuations as directly
measured by the Hall effect have the 1/f spectrum and
the proper order of magnitude to account for excess
noise. We believe that these results constitute the first
proof that excess noise is a result of carrier density
fluctuation.

' H. C. Montgomery, Bell System Tech. J. Bl, 950 (1952).

The 8 function in this expression represents the mo-
mentum conservation between neutron, phonon and
crystal. In addition, the neutron-phonon system must
conserve energy so that'

L~ = =F~—Acof = —L)J.
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When these energy and momentum conditions are
simultaneously satisfied, neutrons are scattered with an
intensity given by (1).

Since q is restricted to the zone around each re-
ciprocal lattice point ~, this latter can be unambiguously

Scattering of Neutrons by Phonons in an
Aluminum Single Crystal

B. N. BRocKHoUsK AND A. T. STzw'ART

Physics Division, Atomic &rzergy of Ca&zada, Limited,
Chalk River, Ontario, Canada

(Received August 29, 1955l

~ 0

I—

O 2—
a=io'

' 'T has long been realizecV that the normal vibrational
- modes of a crystal could be determined from meas-

urements of the energy distribution of coherently
scattered neutrons. The basic theory of inelastic co-
herent scattering is largely due to Weinstock. ' The
neutron gains or loses energy corresponding to the
annihilation or production of one or more phonons in
the crystal. The zero-phonon process represents Bragg
scattering. If this process is avoided by selecting the
angular setting of the crystal, the one-phonon process
can be dominant. The partial differential cross section
for production of one phonon of the fth normal mode in
a monoatomic crystal is'

n.sko;.t, f(k—k') .nial' k'
6)f—

2MBÃ cur (1—xr) k

Xexp( —2'') 6(k—k' —2~~+q), (1)

where k and k' are the initial and final neutron propaga-
tion vectors, or~ is the phonon angular frequency, e~ is
the phonon unit polarization vector, c is a vector of the
reciprocal lattice, q is the phonon wave vector, xf
=exp( —Ates/ksT), S is the number of atoms in the
crystal, 8 is the volume per atom, and M is the mass of
the atom, and exp( —2Wr') is the Debye-Wailer factor.
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FIG. 1. Typical energy distributions of neutrons inelastically
scattered by an aluminum single crystal and approximate resolu-
tion functions. The incident neutron energy 8 is indicated by the
arrows.

assigned. Then the two conservation equations are
sufficient to determine the angular frequency co in terms
of the phonon wave vector q. For a monoatomic lattice
ce(q) is expected to separate into three branches corre-
sponding in the low-frequency limit to the longitudinal
and two transverse polarizations of sound waves. In
principle the directions of the polarization vectors, 0.,
can be obtained by repeated observation of the same
point in a zone of reciprocal space using diferent initial
and final neutron momenta, and comparison of the
intensities of the observed neutron groups with Eq. (1).
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Monoenergetic neutrons provided by a crystal spec-
trometer (wavelength 1.14s A, energy 0.062s ev) were
scattered at an angle of 95.1' by an aluminum single
crystal oriented so that its (1,1,1) axis was in the plane
of the spectrometer and its (0,1,1) axis vertical. The
energy distribution of the scattered neutrons was ob-
tained by examination with another crystal spec-
trometer. ' The angle and wavelength used satisfy the
Bragg condition for the (3,3,3) reflection when the
crystal is oriented with its (1,1,1) direction bisecting
the angle of scattering. Measurements were made with
the crystal rotated about the vertical (0,1,1) direction
by an angle b from the (3,3,3) Bragg scattering position,
keeping the angle of scattering constant. Energy dis-
tributions have been obtained for eleven angular
settings of the crystal, all at room temperature, of which
a selection is shown in Fig. 1. Neutron groups are seen
which represent both energy losses and gains, corre-
sponding to one-phonon production and annihilation.
The estimated resolution function is shown for two
energies.

Figure 2 shows the (0,1,1) plane of the reciprocal
lattice of aluminum, each reciprocal lattice point sur-
rounded by its zone. The heavy lines in the 6gure are
used to illustrate the experiment. The initial neutron
propagation vector k is defined in magnitude and direc-
tion by the incident energy and the orientation of the
specimen crystal. The direction of the outgoing neutron
of propagation vector k' is then determined by the angle
of scattering, fixed in these experiments at 95.1'. The

FIG. 2. Reciprocal lattice diagram of aluminum showing posi-
tions of scattered neutron groups, and approximate resolution
function in reciprocal space. The position of 2c, 4d, and existence
of 4b, 5b, Sc, and 9c is somewhat doubtful. One group (2b) is be-
lieved to be spurious and has not been entered.

magnitude of k' is found from the measured energy of
the neutron group. The phonon vector q is then deter-
mined by completing k —k' to the nearest reciprocal
lattice point. The angular frequency of the phonon is
obtained by Eq. (2), an auxiliary frequency scale being
given in Fig. 1. An estimate of the resolution in re-
ciprocal space is shown as the shaded area in Fig. 2.

Labels have been attached to reciprocal space points
corresponding to the neutron groups in Fig. 1.

In Fig. 3. the results have been plotted to show the
relation between the angular frequency and wave
vector of the observed phonons. This relation is a
sinusoidal function for a one-dimensional lattice and
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F&G. 3. Relation between co and q for observed phonon
groups, with estimated errors.

also for the transverse branches in the {1,1,1) directions
of a face-centered cubic lattice. ' The dashed curve is the
sine function which has a slope at low frequencies corre-
sponding to a velocity of sound of 3080 m/sec for
transverse modes. Of the observed phonons, those
which may be thought of as "transverse"~ and having
directions near the (1,1,1) axes are indicated by the
black circles. Other phonons seem to be of higher fre-
quencies. This is in accord with the results of Rosen-
stock' who showed that the (1,1,1) transverse waves
have the lowest limiting frequency and that waves with
other polarization or direction have limiting frequencies
ranging up to about twice this value.

The experiments will be continued using this method
as well as a complementary time-of-Right' technique.

%e wish to thank Mr. G. R. DeMille for his assistance
in analyzing the data and Dr. D. G. Hurst for helpful
discussions.
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