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THE inelastic single-phonon scattering of slow
neutrons with the excitation of an acoustical oscil-
lation has been studied both from the theoretical
and experimental points of view. In crystals with
many atoms, neutron scattering can excite not
only acoustical, but also optical modes of vibration
in the lattice. Experimental difficulties make the
identification of different modes of the dispersion
function w (q) either very difficult or impossible.
However, it is possible to show that if the speed
v of the incident neutrons is greater than the
maximal speed of sound cp,,y, and if they are in-
cident at a Bragg angle, then the reflected beam
will contain, in addition to elastically scattered
neutrons, only neutrons scattered in the optical
mode (not on the acoustical one). This circum-
stance can be used to determine optical frequen-
cies experimentally.

The unavoidable presence of an angular spread
A in the incident beam will lead to energies E,
— hw,, in the spectrum of the scattered neutrons,
which correspond to the excitation of acoustical
frequencies (E, is the initial neutron energy).
Let us see what limitations must be placed on A
if we wish to separate the optical from the acous-
tical frequencies. It is clear that the maximal
wave vector Qmgx Of the emitted or absorbed
phonon will be ~ kyv, where ky =mv/h is the
wave vector of the neutron. Taking v to be as

small as it can, cpyx, we obtain

(/1,6)“) max = mC,211.xA.
and hence obtain the desired relations:
A <& hevopt/ME,

Now let us calculate the cross section for scat-
tering with excitation of an optical mode. We de-
note the wave vector of the scattered neutron by
k, and that of the emitted phonon by q. General-
izing formula (40.4) of Ref. 1 to a complex crys-
tal, we obtain the following formula for the cross
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section of a given process, calculated per unit
cell:
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Here k =kj; — k; the index o« labels the nuclei in

unit cell; ry, my, ag, e Ve are the corre-
sponding coordinates, masses, scattering ampli-
tudes, and thermal factors; wqt and ngt are the
frequencies and mean occupation numbers of the
oscillation (g, t); t labels the modes; e are
the displacement vectors of nucleus « in the os-
cillation (g, t), normalized as follows:
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wqt depends little on q for the optical modes.
For example, according to the calculations of Tol-
pigo and Zaslavs’ka,? wqt varies in NaCl by no
more than 20% over the whole range of q. Since,
for our case, only small q appear.

gt = Wyt Ngt = Hgt = (ehw"tlr - 1)—1'

Then from (1) it follows that
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As an example, let us consider the excitation of
longitudinal optical vibrations in a crystal of NaCl.
Since these are polarized along the main diagonal
of the cubical NaCl lattice, we should take a Bragg
angle such that x is parallel to the main diagonal,
ie., Kk =2mp (T4 + Ty + T3), where the T1; are the
basis vectors of the inverse lattice, and p is an
integer. We find the vectors eq jong for the nu-
clei Na and C1 in the limit q — 0. Since, for q
= 0, the set of ions Na and C1 vibrate relative to
each other bodily, these vectors can be found from
the center-of-mass condition and the normalization
(2). The thermal factors are calculated in the

- Einstein approximation. The optical frequencies
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are obtained from Ref. 2. The neutron velocity v
appears only in the first factor in (3), which is al-
ways close to 1 for v > cygx. We can neglect it.
The result is the following differential scattering
cross section for one molecule NaCl (in millibarns
per steradian):
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p 1 2 3 4 5 6
do/dQ 7.1 25 446 59 625 545

As a function of p, do/dQ has a maximum due to
competition between the factor k2 and the thermal
factor.

The author would like to thank A. S. Davydov
and V. M. Agranovich for discussions.
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THIS letter is a report on the calculation of the
energy of the MgO crystal by a statistical method.
The dependence of energy on volume at absolute
zero has been found for pressures from zero to
107 atmospheres (at high pressures, the effect of
temperature is smalll).

In calculations for lattices of the alkali halide
type it is customary to use a potential derived
from the electron density of an isolated ion, i.e.,
to ignore the deformation of the ions in the lattice.
But an isolated oxygen ion is not, in general, sta-
ble; in this work the electron density chosen for
oxygen was found for a lattice at zero pressure by
a variational method.? The magnesium ion de-
forms very litte, and the Hartree-Fock electron
density is used in this case.® The energy calcu-
lations took into account the first quantum correc-
tion,* assuming an overlap of about 20%.

According to the statistical theory, the energy
of any system of electrons with a density p is
equal to:

e ()

= S {KhPS“" + <Vh + ";_ VP) o — s — K (o) + % @} av,
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x, = 2.871, x%,=10.7386,

i.e., the sum of the kinetic (Fermi) and potential
(Thomas-Fermi) energies of the electrons in the
nuclear field, the Dirac exchange energy, the Wig-
ner-Macke correlation energy, and the quantum
correction of Kompaneev and Kirzhnits.*™® Atomic
units are used throughout.

The correlation energy,

4 2
K () = 0.0306 p {m (1 + T) — = 2l} ,  1/h=4.8620"%
in the region of density p = 0.2 to 0.02 which we

consider here, is approximately equal to

K (p) = 0.113 %4p".

The ionic energy of the crystal is obtained by sum-
ming the interaction energy of one pair of ions
over all the ion pairs in the lattice. The interac-
tion energy of each pair of ions is equal to

U=-¢e(pr+ps) —e(p1) —2(0) =qug2 /7 + Uss

where q;, q, are the charges on the ions, py, p,
are the electron densities of the ions, and Ug is
the energy required to remove the electron clouds
from both ions.® The total energy of the crystal,
referred to a single ion pair, has the form

E@)=—ag?/$+ 6UF (3)
+ 68U (V'28) 46U (V' 23),

where a = 1.7476 for a face-centered lattice, &
is the shortest distance between unlike ions, and
U™, UZ™, UEH are the overlap energies of the
corresponding neighboring like and unlike ions.

In order to facilitate the numerical calculations,
the electron densities of the ions taken from the
literature®® were approximated by the formulas

p1(r) = 4bexp(—4.97r) magnesium.
I 280exp (— 15r) for r<C0.35

po (r) = { 3.85exp(—2.3r) » 0.35<r<1.6
l1.54exp(—l.8r) ? r>1.6

oxygen.

Curves of crystal energy, referred to the ener-
gies of the free atoms, are shown in the figure (in
atomic units). Curve 1 is the theoretical one. The
lower part of Curve 2, where p < 3 X 10* atmos,
is based on Bridgman’s experimental data’ extrap-
olated to absolute zero; the portion of Curve 2
where p > 3 X 10! atmos is an extrapolation of
Bridgman’s data to high pressures by Davydov’s
formula.!

In the range of pressures from zero to 108 at-
mospheres the theoretical Curve 1 can be approx-
imated by the formula



