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Abstract

The diffraction method of observing elementary excitations in crystals has
been applied to the study of one-phonon thermal diffuse scattering from
pyrolitic graphite on a high resolution pulsed neutron diffractometer .
The variation of the phase velocity of sound as a function of direction in
the crystal has been determined for the out-of-plane modes. This is a
quick and efficient method of determining sound velocities in crystals

under extreme conditions.



In the diffraction method of studying elementary excitations in single
crystals by neutron inelastic scattering, the energy dispersion relations
of the crystal can be derived from the measured momentum distribution of
the scattered neutrouns alone, without the need for energy analysis. The
method was first suggested by Elliott and Lowde in 1955 and applied to the
study of both magnons [see Samuelson (1968)] and phonons [see Hohlwein
(1977)1.

Because of experimental limitations the diffraction method was never fully
developed. However, the High Resolution Powder Diffractometer HRPD
[Johnson and David (1985)] installed on the pulsed spallation neutron
source ISIS at the Rutherford Appleton Laboratory represents an advance in
instrumentation which enables the method to be exploited further. The
principal advantage of HRPD is that the detector, in back—-scattering
geometry, simultaneously covers a wide range of scattering angles.
Combined with the broad wavelength band incident upon the sample and the
pulsed nature of the beam, one-phonon inelastic scattering can be

investigated without moving the crystal.

In this letter we present measurements of the acoustic phonons in
pyrolitic graphite using the diffraction method to reveal hitherto unseen
structure in the scattering, and we derive the sound velocity for the out-

of-plane modes and its variation with direction.

Although HRPD is designed primarily to study crystalline powders by time
of flight neutron diffraction, the sample in the present case was a single
crystal of pyrolitic graphite. High resolution is achieved by locating
the sample 96 metres from the neutron source and then detecting the
diffracted neutrons as a function of their time of flight at scattering
angles 26 close to 180°. The detector 1is a one-dimensional array
comprising 20 annular rings covering a range of scattering angles from
170° to 178° in increments of 0.4°, The crystal, in the form of a plate

of thickness 2 mm and face area 40 mm x 30 mm, had a mosaic spread of
0'40 L]



Figure 1 illustrates the experimental set up. The [001] axis of the
crystal lies in the horizontal scattering plane. The element of the
detector which is located precisely at 26 = 28z, where 6 is the Bragg
angle, records the Bragg reflections shown in Figure 2a, The other
elements of the detector measure the thermal diffuse scattering at
progressively larger displacements A26 from the Bragg condition, an
example of which is shown in Figure 2b. For each detector element at a
given offset angle A20 the thermal diffuse scattering intensity rises to a
maximum on each side of the Bragg position: one peak corresponds to
neutron energy gain (€ = -1) and the other to neutron energy loss (g =
+1). [The central peaks in Figure 2(b) are caused by cross—talk from the
detector element recording the intense Bragg reflection]. The
relationship between AO and At, where At is the displacement in time of
flight of the thermal diffuse scattering peak from the Bragg peak, can be
used to determine the sound velocity from the theory outlined below. A
multiple plot of data from all detector elements is shown in Figure 3 in
the time regime corresponding to the (004) reflection. The increasing
separation of the thermal diffuse scattering peaks on both sides of the

Bragg position as AB increases can be clearly seen.

We can interpret the results on graphite by extending the standard theory
of one-phonon inelastic scattering of thermal neutrons (Lovesey 1985).
Full details of these calculations will be published elsewhere (Willis
1986) .

Let k,, k be the wave vectors of the incident and scattered neutrouns
respectively. If 26 is the scattering angle (i.e. the angle between Eb

and k) and 26B is the Bragg angle, then the wave vector diagram in
reciprocal space is as illustrated in Figure 4. Here P is the reciprocal-
lattice point and PQ [PQ'] is a phonon of wave vector g [q'] involved in
the scattering process for which the neutron loses energy (€ = +1). At
shorter values of the wave vector_1_<O it is also possible for scattering to
occur with energy gain (e = -1). 1In the figure we show schematically the
scattering surfaces, or loci of the end-points of g, for these two

processes. The momentum conservation coundition requires that

_1'*“!:5‘3.0’ (1)



where 1T is the reciprocal lattice vector. The energy conservation
condition implies, for k = k, and for small values of q, that

k - k, = —€B()q (2)

where B(Z) is the ratio of the phase velocity c (%) in the crystal to the
neutron velocity v, (Willis, Carlile and Ward, 1986). cg is a function of
the direction of propagation ¢, but for simplicity we have drawn the
scattering surfaces in Figure 4 for the case in which ¢

Ce

¢ 1s independent of

In HRPD the incident flight path is 50 times greater than the scattered
flight path, so that the total flight time of neutrons from source to
detector is almost independent of the magnitude of the scattered wave
vector k. We assume, therefore, that all inelastic scattering events
sharing the same incident wave vector k, are recorded in the same time
channel. Thus lines in reciprocal space which are parallel to k

correspond to loci of constant time of flight. Scattering occurring along

such a line is integrated by the detector into the same time channel.

From Figure 4 we see that there is a range of incident wave vectors k,
(and a corresponding range of times of £flight) for which one-phonon
scattering is forbidden. The boundary between the forbidden and allowed
regions of scattering occurs when the points Q and Q' coalesce and q and
q' are therefore coincident. 1In this special case a single phonon only
contributes to the scattering and its angle to the [001] direction 1is

given by ¢ where

AGt::osec:2 5]

r = SB - arc tan

In equation (3) the width of the forbidden region has been expressed in
terms of the separation in time At of the edge of the forbidden region
from the Bragg position at t=tg. The relation between At and A6 (Willis
1986) is

At AB cosecze B
e 3 (3)

AB 2 8
tp —E—l-Ke—l'(B—l) + cotfy




In Figure 5 we plot the experimental values of At/tB versus AB for the 008
reflections (& = 4, 6, 8, 10) of graphite. Only the data for the two
quadrants having e(A8/|A6|) < 0 have been plotted. Applying equations (3)
and (4) to the data allows us to derive the phase velocity as a function
of direction, as indicated in Figure 6. The phase velocity of the out-of-
plane modes (Bowman and Krumhansl, 1958), with polarization normal to the
close-packed layers, rises steeply as q approaches the [001] direction.
The sound velocities along [001] as determined by neutron inelastic
scattering and from ultrasound measurements are also indicated (Nicklow,

Wakabayashi and Smith, 1972).

In our experiment the scattering vector Q (= k - k) was always within 10°
of the [001] direction. The scattering from the in-plane modes 1is
suppressed by the ISbEﬁ(ﬂ)lz term in the scattering cross-section
(Lovesey, 1985) since the polarisation vector EJQE) of these modes was

nearly normal to Q.

We have demonstrated that the one-phonon thermal diffuse scattering in
single crystals rises to sharp, well-defined maxima in reciprocal space.
This effect 1is observed with neutrons and not with X-rays, and is
associated with the restrictions imposed on the one-phonon scattering by
the momentum and energy conservation laws for neutrons. By measuring the
separation of these maxima as a function of scattering angle and for
different reciprocal lattice points using a time-of-flight diffractometer,
we have deduced the velocity of the out—of-plane modes of vibration and
the variation of this velocity with direction of propagation in pyrolitic
graphite. When fully commissioned the HRPD diffractometer will be
furnished with a detector with complete azimuthal symmetry about the
incident neutron beam. By aligning the crystal so that the Bragg angle is
precisely 90° the Bragg reflection will be directed back along the
incident beam path. The one-phonon scattering will then be completely
symmetrical on each side of the detector and the effects of cross—talk
will be removed. More importantly observations can be made along a number
of symmetry directions simultaneously without the need to reorient the
crystal. This 1s a general method of determining sound velocities in
crystals, and promises to be of particular value for measurements under

extreme envirommental conditions such as temperature or pressure.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

The experimental set-up. The [001] axis of the pyrolitic
graphite crystal is at 3° to the incoming neutron beam. The
waveband choppers prevent frame overlap between successive

pulses.

(a) Bragg peaks from the (00%) planes of pyrolitic graphite
recorded in the detector element lying at the Bragg scattering
angle 265 = 174°. (b) One-phonon thermal diffuse scattering
peaks recorded in a detector element offset from the Bragg

scattering angle by A28 = 26 - 265 = 3,2°,

The scattering pattern around the (004) reflection from
pyrolitic graphite showing the wvariation in the thermal
diffuse scattering intensity as a function of time-of-flight

and scattering angle offset A26 from the Bragg angle.

A representation of the scattering process in reciprocal space
showing the hyperbolic scattering surfaces and, as a shaded
area, the forbidden region in which no thermal diffuse
scattering is observed. For clarity the scattering angle 26
is drawn as ~ 80° rather than ~ 174°, as in the backscattering
geometry used. The point S 1is the termination of the

scattered vector k for the elastic scattering process (k=k0).

The displacements in time At/tg of the one-phonon thermal
diffuse scattering peaks in graphite around the 002 reciprocal
lattice points plotted as a function of the offset A6 from the

Bragg angle.

The phase velocity c(Z) of the out—of-plane modes in pyrolitic
graphite as a function of the angle between [00l] and the
propagation direction. The line is a least squares straight
line fit to the data [®]. The symbol 0 indicates the velocity
derived from phonon dispersion curve measurements by neutron
scattering and the velocity determined by ultrasound

measurements (Nicklow et al 1972).
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Figure 1: The experimental set-up. The [001] axis of the pyrolytic
graphite crystal is at 3° to the neutron beam. The
waveband choppers prevent frame overlap between successive
pulses.
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Figure 2: (a) Bragg peaks from the (0042) planes of pyrolitic graphite
recorded in the detector element lying at the Bragg

scattering angle 28, = 174°.
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Figure 2: (b) One-phonon thermal diffuse scattering peaks recorded

in a detector element offset from the Bragg scattering
angle by A28 = 26 - 26B = 3.2°%.
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Figure 3: The scattering pattern around the (004) reflection from
pyrolitic graphite showing the variation in the thermal
diffuse scattering intensity as a function of time-of-flight
and scattering angle offset A26 from the Bragg angle.
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Figure 4r A representation of the scattering process in reciprocal space showing
the hyperbolic scattering surfaces and, as a shaded area, the forbidden
region in which no thermal diffuse scattering is observed. For clarity
the scattering angle 26 is drawn as ~ 80° rather than ~ 174°, as in the
backscattering geometry used. The point S is the termination of the
scattered vector k for the elastic scattering process (k=k0).
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Figure 5: The displacements in time At/t_ of the one-phonon thermal

diffuse scattering peaks in graphite around the 00% reciprocal
lattice points plotted as a function of the offset A9 from the
Bragg angle.
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The phase velocity c(z) of the out-of-plane modes in pyrolitic
graphite as a function of the angle between [001] and the
propagation direction. The line is a least squares straight
line fit to the data [@®]. The symbol O indicates the velocity
derived from phonon dispersion curve measurements by neutron
scattering and [J the velocity determined by ultrasound
measurements (Nicklow et al 1972).
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