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X-ray evidence of direct generation of nonequilibrium phonons in quartz
by infrared radiation
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Direct electromagnetic stimulation of transverse-optical phonons in quartz has been accomplished by ir-
radiation with a CO, laser, and experimentally observed through enhancement of x-ray diffuse scattering

due to zone-center and zone-boundary phonons.

Generation of nonequilibrium high-frequency phonons
and their subsequent decay to thermal equilibrium by anhar-
monic processes offers a clean and powerful probe for ob-
serving and characterizing anharmonic effects in crystals,
and has received considerable attention recently.!=3

We describe in this paper an experiment in which non-
equilibrium phonons have been generated in o quartz by
direct action of the electromagnetic field of CO; laser light
on the polar SiO, molecules, and detected through the con-
sequent enhancement of thermal diffuse scattering of x
rays. Use of x rays as a probe has the obvious advantage
that large phonon wave vectors, comparable to the size of
the Brillouin zone, are accessible.

It is known that quartz has a strong absorption band cen-
tered at 9 p,m,“ most likely due to resonance with a TO op-
tical phonon with A=9.3 um at k=0.° Several lines are
present between 9.2 and 9.6 um in the spectrum of the CO,
laser light, and a strong enhancement of the occupation
number density of the pumped phonon is expected to take
place.® As a consequence of energy and momentum conser-
vation, only phonons with k = 0 can be excited by the laser
light. Diffuse x-ray scattering due to zero wave-vector pho-
nons is located at the center of the Brillouin zone, which or-
dinarily corresponds to a Bragg reflection. Since very little
effect is expected on Bragg reflections, we have chosen to
explore forbidden reflections with zero structure factors which
also correspond to k=0. The reflection chosen was the
(004), along the c axis. In absence of thermal vibrations, or
for acoustic phonons, no intensity is present at (004). Only
optical phonons, which cause disruption of the negative in-
terference between equivalent atomic basal planes, can pro-
duce diffuse intensity for a reflection like (004).

Cu-K a radiation (A =1.54 A), monochromatized by a
curved quartz monochromator, was used throughout this
experiment. The beam cross section was about 1x 0.2 mm?,
converging on the sample with an angle of =0.5°. A
standard fixed target tube (1.8-kW max power) was used
with a conventional x-ray generator. Typical working condi-
tions were 40 kV and 20 mA. The quartz crystal was a thin
disk slab, 0.45 mm thick, S mm diameter, perpendicular to
the ¢ axis, stuck inside a cryostat on a copper block by
means of a heat sink compound,’ which is a good thermal
conductor. The copper block was located in vacuum, at the
bottom of the internal vessel of a Dewar filled with liquid
nitrogen. The cryostat could also be used with liquid heli-
um, but the hold time was too short, of the order of half an
hour, due to the intense laser power (35 W average). Nor-
mally, the counting time was 12 h for each run. The x-ray
windows were made out of Mylar, 0.002 in. thick, and the

laser window was a slab of BaF,, transparent to infrared ra-
diation (see Fig. 1). The CO; laser (made by Coherent Ra-
diation, model 41) was Q switched, at a frequency of 10000
pulses/s, with a 200 ns pulse width, and an instantaneous
power of more than 15 kW. In order to make sure that the
x-ray and the laser beams were hitting the same spot on the
crystal, a visible He-Ne laser was arranged in such a way
that the two laser beams were exactly superimposed. The
visible laser beam was then used for alignment purposes.
The CO, laser beam was not focused, and its cross section
was of the order of 20—-25 mm?, which greatly facilitated the
alignment.

It was found experimentally that the light was vertically
polarized, i.e., normal to the x-ray scattering plane. Accord-
ing to x-ray diffuse scattering theory,® the diffuse intensity
is zero when the scattering vector is perpendicular to the
direction of atomic vibrations. We thought that, even
though this was the case in the first version of our experi-
ment, the atomic vibrations stimulated by the laser light
might have possessed a nonzero component along the
scattering vector, due to the tensorial character of the
stress-strain relationship for individual atoms in quartz.
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FIG. 1. Experimental setup. The polarization of the laser beam
was found to be perpendicular to the plane of this figure. The
““mirrors system’’ installed along the beam in the present configura-
tion has the action of rotating the polarization by 90°.
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The first experiment, performed as described in Fig. 1, but
with the laser vertically polarized, gave a null result. It was
found necessary to rotate the plane of polarization of the
laser light by 90°, by means of three successive reflections
from metal mirrors.” In order to obtain a nonzero com-
ponent of the electric field of the laser light along the
scattering vector, an asymmetric scattering geometry was
adopted. Another thin quartz plate (0.5 mm thick) was
prepared, with an angle of 15° between the ¢ axis and the
normal to the surface. In this way the [00/] direction could
be scanned with a fixed angle of 15° between the scattering
vector and the laser beam, which means that only 7% of the
atomic displacement was effective in producing diffuse
scattering.

The laser light pulse was partially reflected into a photon
drag detector,'® which was used as a trigger for the detection
system.

The counter was a scintillation detector!! followed by a
fast amplifier and pulse-height analyzer,'? with a pulse pair
resolution of 200 ns. The gating system was designed in
such a way that, after a suitable delay following the pulse
from the photon drag detector, four scalers were turned on
in sequence for a time A¢=1500 ns each, with virtually no
delay between two adjacent time slots. The pulses from the
scintillation counter were also delayed, in such a way that
the x-ray pulses emanating from the quartz crystal at the
time when the laser was fired were counted by the second
scaler. In this way the second channel corresponds to ‘‘laser
on.”” We kept one empty channel (1) in order to check for
possible errors in timing. A timing error amounting to
more than one channel was out of the question.

In order to avoid systematic noise in channel 2, generated
by the laser firing circuitry, we repeated all experiments in
identical conditions, the only difference being that the laser
beam was intercepted by an absorber before reaching the
cryostat. Then the difference counting rates were con-
sidered, channel by channel. The experimental results are
shown in Fig. 2. Some increase in diffuse scattering is
clearly visible in the second channel.

A similar experiment was done for zone-boundary pho-
nons (K=0,0,4.5) and the results are shown in Fig. 3. An
increase in diffuse scattering is also visible here. Since the
laser light is not able to generate large wave-vector phonons
as a primary effect, we must assume that these nonequilibri-
um phonons are the result of anharmonic decay from the
zone-center phonons. The effect is similar to that observed
in GaAs,"? and CaF,.> The fact that large error bars are
present in Figs. 2 and 3, a consequence of poor statistics, is
due to the low duty factor of our time-resolved diffraction
technique: 1:200.

It is clear that the available x-ray intensity is the primary
limiting factor in this experiment. Plans are under way to
continue this work using the high intensity of the National
Synchrotron Light Source at Brookhaven.

The question may be asked whether or not the enhance-
ment in diffuse scattering in Figs. 2 and 3 is due to thermal
heating. We are not concerned, here, of an overall average
temperature increase, which certainly takes place, but of a
possible temperature fluctuation in phase with the laser light
pulses. A rough estimate of the heating effect can be made
by considering the diffusion of heat through a wall, into a
semi-infinite medium. It is assumed that the free surface is
suddenly subjected, at the instant =0, to a constant heat
flow corresponding to the laser light pulse. From the theory
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FIG. 2. Excess counting rates (laser on minus laser blocked) in
four time-gated scalers. (a) The laser is turned on between ¢=10.5
and 1 us. (b) The laser beam is blocked. These are zone center
phonons (K = 004).
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FIG. 3. Excess counting rates (laser on minus laser blocked) in
four time-gated scalers. (a) The laser is turned on between t=0.5
and 1 us. (b) The laser beam is blocked. These are zone boundary
phonons (kK =004.5).
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of heat diffusion in solids'® it can be estimated that the tem-
perature surge at the end of each light pulse, computed at
the surface (x =0), is of the order of 4°C, and decreases to
0.4°C at a depth of 5 um inside the crystal. This estimate
assumes no penetration of infrared photons, and neglects
reflection from the surface of quartz (which is consider-
able). If penetration is taken into account [of the order of
15 wm (Ref. 4)], the estimated temperature surges are even
smaller. It is clear that such a temperature increase cannot
produce any appreciable increase in diffuse scattering.

The best proof that instantaneous heating is of no con-
cern in this experiment is the fact that in our first attempt,
with the x-ray scattering vector perpendicular to the elec-
tromagnetic field of the laser light, no effect was detected.

Similar experiments have been repeated using the
transmission geometry (Laue case of diffraction), in which
the (00/) scattering vector was parallel to the crystal sur-
face. A systematic increase of diffuse scattering in the
second scaler has always been observed.

We, therefore, conclude the direct electromagnetic stimu-
lation of nonequilibrium transverse-optical phonons in
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quartz has been observed by x-ray scattering. The potential-
ity of this experimental method lies in the ability of the x-
ray method to select wave vectors and polarization direc-
tions. A more complete characterization of this effect is
planned to be done using synchrotron radiation x rays. The
possibility of using a pulsed neutron source for inelastic
scattering experiments will be considered.

ACKNOWLEDGMENTS

This work has been sponsored by the National Science
Foundation (NSP) Grant No. DMRS81-08337, by the
Department of Energy, Grant No. DE-AC02-80ER10744,
and by the Materials Research Laboratory (MRL)-NSF Pro-
gram at Purdue University, Grant No. DMRS80-20249.
Thanks are due to Professor J. M. Honig, who made avail-
able the laser used in this experiment, and to W. B. Jen-
nings (Army Missile Command, Redstone Arsenal, Alaba-
ma) who kindly provided the Q switch for the laser.

*Present address: National Synchrotron Light Source, Brookhaven
National Laboratory, Upton, NY 11973.

ID. B. McWhan, P. Hu, M. A. Chin, and V. Narayanamurti, Phys.
Rev. B 26, 4774 (1982).

2K. T. Tsen, D. A. Abramsohn, and Ralph Bray, Phys. Rev. B 26,
4770 (1982).

3V. Happek, R. Baumgartner, and K. F. Renk, in Proceedings of the
IV International Conference on Phonon Scattering in Condensed
Matter, University of Stuttgart, August 1983 (unpublished), paper
12.20.

4W. G. Spitzer and D. A. Kleinman, Phys. Rev. 121, 1324 (1961).

SL. Merten, Phys. Status Solidi 28, 111 (1968).

6D. M. Hwang and S. A. Solin, Phys. Rev. B 9, 1884 (1974).

7340 Dow Corning Heat Sink Compound.

8See, for example, B. E. Warren, X-Ray Diffraction (Addison-
Wesley, Reading, MA, 1969), form. 11.35.

9L. H. Johnston, Appl. Opt. 16, 1082 (1977).

10M, F. Kimmitt, D. C. Tyte, and M. J. Wright, J. Phys. E 5, 239
(1972).

11Model 1702, Canberra Industries, Inc.

12§pectroscopy Amplifier Model 2020, followed by Model 2035A,
Timing Single Channel Analyzer, both from Canberra Industries,
Inc.

13See, for instance, F. Jamet and G. Thoner, Flash Radiography (El-
sevier, New York, 1976), Sec. 2.2.



