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ced temperature for four substances. Numbers refer
to Debye temperatures. Note the

high Debye temperature for diamond.
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where Y is Young’s modulus and M the atomic mass (using p = nM). Therefore \w.

6p depends primarily on the elastic constant of the substance Y and on the ‘i
atomic mass M. The stiffer the crystal and the smaller M, the higher is 0p. This

explains, for instance, why 6p is high for carbon (1860°K), which is stiff and 1

light, and low for lead (102°K), which is soft and heavy. 5
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3.18 not assigned this year, but discussed
In lecture-please read

e

— N.B.: The scattering of x-rays by phonons, treated above from a quantum
point of view, may also be viewed as a classical process in which the electromagnetic

wave is diffracted from the acoustic wave. The lattice wave, in producing regions ; )

M OMARTR. j of compAression and rarefication in the m'edium', acts a.s a set of atom.ic plafles e,
READ mf‘-) Ly ’ from which the x-ray beam suffers Br{igg dlﬁ“ractxon: the interplanar spacing bc‘mg
equal to the wavelength. From this vantage point, the momentum equation
. ! ) (3.75) is simply the Bragg condition for constructive interference, Eq. (2.47). The
THE Foeovr ad energy equation (3.76) follows from the fact that, since the wave is moving, the
TAkew F‘“‘W‘\ x-ray beam should suffer a Doppler shift in its frequency. In the case of phonon
AQHC—RDFF 7{ ; abs;orp.tion, the wave is traveling to_wgrd the x-ray beam and the shift is positive,
M@?E,P?)\N - while in the process of phonon emission, the wave travels away from the beam

and the shift is negative. When the Doppler shift is treated quantitatively, it leads
precisely to (3.76), as you may convince yourself,

B )
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484 Chapter 24 Measuring Phonon Dispersion Relations

Consider, then, the interaction of a wave with angular frequency E/f and wave

vector q = p/h, with a particular normal mode of the crystal with angular frequency .,
w and wave vector k. We suppose that only this particular normal mode is excited:

Le., we consider the interaction of the wave with one phonon at a time. We also ignore
for the moment the microscopic structure of the crystal, regarding the normal mode
of interest as a wavelike disturbance in a continuous medium. If the disturbance did
not move it would present to the incident radiation a periodic variation in density,
which would act as a diffraction grating (Figure 24.10), the scattered wave being

determined by Bragg’s law. However, the disturbance is not stationary, but is moving ;

Figure 24.10

Scattering of a neutron by a phonon
in a frame of reference in which the
phonon phase velocity is zero. The
phonon appears as a static diffrac-
tion grating; i.e., it results in regions
of alternating high and low ionic
density. The Bragg condition (p.
97), mA = 2d sin  (m an integer),
can be written as

MJ = e sin
q k
or
mk = 2q sin 0
or

mk = (q' — q) - k.

Since Bragg reflection is specular
(angle of incidence equals angle of
reflection) and since the magnitude
q' equals the magnitude g, it follows
that q' — q must be parallel to k,
and therefore ¢ — q = mk.

with the phonon phase velocity which is directed along k and has magnitude w/k:

¥ = %ﬁ. ' (24.22)

This complication can be dealt with by describing the diffraction in the frame of
reference that moves with the phase velocity v. In that frame the disturbance will be
stationary, and the Bragg condition can be applied. The wave vectors (of both the
lattice wave and the incident and scattered waves) are unaltered by a change of
frame, since this affects neither the distance between planes of constant phase nor
their orientation.'! However, the frequencies undergo a Doppler shift:

' More precisely, the change in wave vector is a relativistic effect, which we ignore because the phase

velocity v is small compared with c. The Doppler shift formulas (24.23) are also used in their nonrelativistic
forms. '
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Since Bragg reflection by a stationary grating leaves the frequency of the incident
wave unaltered, E' must be equal to E. The transformation law (24.23) then implies
that in the original frame the frequency of the scattered wave must be shifted:

— =g —q-V (24.24)
h h
The change in wave vector under a Bragg reflection has the form:
q = q + mk, (24.25)

where the integer m is the order of the Bragg reflection (as demonstrated in Figure
24.10).1? This relation holds in cither frame, since wave vectors are invariant under
change of frame.

Substituting (24.25) into (24.24), we find that the frequency shift in the original
frame is given by

’

E E
— = — 4+ mk- v (24.206)
h f

If we substitute into (24.26) the explicit form (24.22) for the phase velocity v, we find
that

E' = E + mhow. 24.27)

Equations (24.25) and (24.27) reveal that an mth-order Bragg reflection in the
moving frame corresponds to a process that we would describe in the laboratory
frame as the absorption or emission of m phonons of a given type. Multiphonon
processes involving several normal modes evidently will correspond to successive
Bragg reflections from the corresponding moving diffraction gratings.

The wave vector condition (24.25) might appear to lack the arbitrary additive
reciprocal lattice vector that is present in the crystal momentum conservation law
(24.6). Actually, it is implicit in (24.25) as well, as soon as we acknowledge that the
crystal is not a continuum, but a discrete system. Only in a continuum is it possible
to assign a unique wave vector k to each normal mode. In a discrete lattice the normal
mode wave vector is defined only to within an additive reciprocal lattice vector
(see page 439).

Thus from the wave point of view the law of energy conservation is simply a state-
ment of the Doppler shift for a wave reflected from a moving diffraction grating; the
law of crystal momentum conservation is the Bragg condition for that grating, the
“additive reciprocaliattice vector expressing the variety of orientations that the grating

may b]e considered to have, due to the discrete periodic nature of the underlying |
ystal.

12 Note that m can have cither sign, depending on the side of the grating from which the wave is}

| incident.
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