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There has been considerable theoretical in-
terest in the effect of boundaries on lattice vi-
brations of monatomic and diatomic crystals. '
Free boundaries cause two distinct types of
surface modes in diatomic crystals, which are
in some respects similar to the localized modes
of crystals containing defects. The first type
has acoustical character and is analogous to
the Rayleigh waves in continua. The second
type is derived from the optical branch and has
no analog in continua.

In comparison with the theoretical efforts,
only little experimental work has been performed
on this subject. Comparative measurements
of the Debye-%aller factor'~' and the specific
heat'~' of bulk samples and microcrystals of
a few metals and simple compounds were the
only experiments which could be found in the
literature. To the authors' knowledge no attempts
have ever been made either to gain information
about the dependence of the frequency spectra
on the grain size of the substances by inelas-
tic neutron scattering or to detect optical sur-
face modes by infrared techniques.

In the following, inelastic neutron-scattering
experiments will be reported which were per-
formed on crystalline samples of magnesium
oxide with various grain sizes in order to get
information about the change of the frequency
spectrum due to surface effects. From exper-
imental as well as theoretical points of view,

magnesium oxide was chosen as a sample ma-
terial. It exhibits mainly heteropolar charac-
ter of binding, a high Debye temperature, and
a high neutron-scattering cross section. Fur-
thermore, there exist convenient techniques
to produce microcrystals in several ways.

In the experiments described below, a set
of four different MgO samples was used whose
properties are summarized in Table I. The
samples were examined by electron-microscope
as well as x-ray methods. The inelastic neu-
tron-scattering spectra were taken on a conven-
tional rotating-crystal spectrometer'~" at an
angle of 100' with a primary neutron energy
of 22.2 meV. The samples were heated during
the scattering experiments up to a temperature
of 800'K in order to make negligible the con-
tribution of adsorbed gases and water vapor.
The thicknesses of the samples were chosen
in such a way that the transmissions were kept
between 88 and 94%, so that multip1e scatter-
ing did not have to be considered.

The phonon frequency distributions were de-
rived from the scattering data by means of the
incoherent approximation using the formulas

iven by Sjolanderii and Marshall and Stuart u

In the computations, second-order down-scat-
tering overlap, multiphonon events, detector
efficiency, and instrumental resolution were
taken into account.

The applicability of the incoherent approx-

Table I. Sample properties.

Sample

des&gnat&on

Preparation
technique

Mean. size and
shape of the

particles

Fraction of
surface atoms

(%)

Specific
surface
{m2/g)

MgO-10%

MgO-5%

MgO-1%

MgO" 0%

MgCO3
heated 60 min

at 650 C

MgCO3
heated 75 min

at 750'C
MgO smoke

Single-crystal
fragments

110 A

Irregular

230 A

Irregular

1250 A

Regular cubes
50'

Irregular

10 150

70

13

0.03
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imation for our diatomic ma' l him ', main y coherent scat-
terer is supported for our experimental con-

of the cohe
ditions by the following facts: ( ) Cc s.' a omputations
o e coherence terms on the basis of a Deb e
model iveg only small deviations from the in-

a eye

e requency spec-coherent weight factor. (b) Th f
ra derived from measurements at the scatter-

ing angles of 80' and 9 '' and 90 are in accordance with
the spectrum derived from the scattering da-
ta at the angle of 100'. (c) The frequency dis-
tribution of the sample MgO-O%%u

'

g — p zs in good agree-
ment with that computed by Peckham. "

Figure 1 shows the phonon-frequency distri-
butions for the samples Mg0-0%, MgO-5%
and M 0-10+g — +g, all normalized to unity. In Fi

op go op

2 the more conclusive difference spectra bc-' ~

y. n cg.

tween the frequency distributions of the fine
powder samples and that of the bulk sample
MgO-0%% are given. The difference spectra
exhibit four regions I, II, III, and IV, in which
t e microcrystals show a higher number of
modes than the macrocrystals.

Th ow-energye increase of the number of l
modes in the samples MgO-5%%uo and MgO-10%%url

may exhibit the existence of acoustical surface

w ic xs responsi-mo es. It is this increase whi h
ble for the increase of the low-temperature
specific heat as well as for th d

' r e ecrease of
the Debye-Wailer factor fou d

'
un in many cases

for fine powders. ' ' The sharp peak II at &
= 6.3x10"0 rad sec may be explained by the
existence of the optical surface modes predict-
ed in the various theoretical publications men-
tioned a o
as the incr

a ove. The strong increase IV a, as well
as e increase of the cutoff frequency found
for the samples MgO-5% and Mg0-10%%uo, indi-
cates the existence of a further band of modes
specific for microcrystals It bcan e seen from
Fig. 2 that the number of mod thes sn e regions
I, II, and IV increeases with decreasing crystal
size. This dependence proves that the change
of the number off surface atoms is responsible
for these chan ges of the frequency spectrum
B they the same reasoning, the peak III does not
seem to be caused by surface modes since
the number of modes in this region is higher

an or e samplefor the sample MgO-5% than for th
MgO-10/0. Whether the vibrations in the bands

-2O 10 '5 l~
I

I

I

I I

I

I

I

I

Mg 0-0%
I I

MQO 5/

o -410
CD

I
CD
C7l

X

3
Ul

I
e

0
LO

I
CD
Ol
X

3 --2

Ul

-4.10 15

CD
I

CD
cn -2

3
Ul
I
~O0
CD

I
CD

X

3
~Ul

--4

~ rrad/sec]

FIG 1
les M

Q. 1. Phonon-frequency distr'b ti u xons for the sam-
p es Mg0-0%, MgO-5% and Mg0-10%.
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FIG. 2. The distributions [g(~)]~ Mgo-5%%u&-Lg(") lvigo-o%
MgO-10% ~ i~MgO-0/o '
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D, III, and IV are optical in character or not
can be decided at present only by infrared ex-
periments.

Marshall and Wilenzick'4 have discussed a
low-frequency cutoff in the lattice spectra of
microcrystals. In MgO-10% this cutoff should
occur at approximately 5x10 rad/sec if the
surface atoms are completely free to move.
Unfortunately, the limited instrumental reso-
lution does not permit the direct observation
of such a low cutoff frequency. But it was found
that the low-energy part of the frequency spec-
tra of MgO-5%%up and MgO-10% shows a +"de-
pendence instead of the &' dependence which
is required by theory and was indeed obtained
with the sample MgO-0 /0. This departure may
be caused by the low-frequency cutoff.

The results obtained with the samples MgO-
5% and MgO-10% could in general be confirmed
by measurements using the sample Mg0-1%,
which consisted of practically fault-free micro-
crystals. Unfortunately, the statistical error
in the difference spectrum was too large to
observe the peak III, so that only a slight in-
crease of the number of modes in the regions
I and IV could be registered.

With the aid of the frequency spectra derived
from our experiments, the Debye temperatures
of the various MgO samples were computed
by equating the exact Debye-Wailer exponent
with the one derived from the Debye model. "
The values of the resulting Debye temperatures
are

770+ 8'K for Mg0-0%,

735+ 10'K for MgO-5% (4.5%%uz decrease),

720+ 10'K for MgO-10% (6.5% decrease).

Barron et al.' have derived from specific-heat
measurements on bulk samples of magnesium
oxide a, Debye temperature of 770'K for sam-
ple temperatures beyond 300'K. The same au-
thors derived from the specific-heat data of
Giauque and Archibald' a Debye temperature

of 740'K for magnesium oxide microcrystals
with a mean grain size of 250 A. Both results
are in very good agreement with the values
computed from the measured frequency spec-
tra of the samples MgO-0% and Mg0-5%.
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