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Behavior of thermal phonons in amorphous me~i» from 4 to 300 K
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The intensity, frequency shift, and linewidth of the longitudinal Brillouin lines have been measured from 4 to
300 K in crystal quartz, fused quartz, and borosilicate glass. Differences in intensity between Stokes and anti-
Stokes components have been found, extending to low temperatures the observation of long-lived vibrational
states with occupation numbers equal to (e»r'&~-1)- . Some anomalies in the frequency dependence of
the elastic properties of fused quartz are eliminated. The measurements of the attenuation, which modify
previous results between 77 and 300 K, are in good agreement with stimulated Brillouin scattering
measurements below 10 K.

I. INTRODUCTION

In the last five years, a very extensive study of
the thermal and elastic properties of glasses has
been developed, ' ' in order to explain the anom-
alies observed in the thermal conductivity and
specific heat of amorphous media at very low tem-
peratures. ' These anomalies have been described
in a theoretical model, by assuming the existence
of a tunneling process in a distribution of two-lev-
el systems. ' From this model, the absorption of
sound waves has also been calculated. e'7

The study of the Brillouin scattering spectrum
allows the direct observation of the thermal pho-
nons and the measurement of their velocity and
lifetime. In 1973, Love demonstrated the exis-
tence of thermal phonons at low temperatures in
fused silica and borosilicate glass by the observa-
tion of thermal Brillouin scattering (TBS). The
results given by this author were concerned with
temperatures above 20 K. The only measurement
given at very low temperature was not completely
unquestionable. The anomalous intensity observed
was attributed by the author to a possible sample
heating by the laser. The parasitic effects due to
the I -vapor filter hindered the comparison of the
relative intensities of the Stokes and anti-Stokes
components, as the longitudinal Stokes component
was strongly absorbed by this filter. The mea-
surement of the attenuation of the elastic wave re-
sponsible for the scattering was not possible, as
the resolving power of the interferometer was
lower than 3x10'. Last, the variation with tem-
perature of the velocity of hypersounds was not
given in this work. The only measurements, be-
tween 4.2 and 300 K, of the velocity of hyper-
sounds for frequencies of about 25 6Hz, were ob-
tained by means of stimulated Brillouin scattering
(SBS). The measurements of attenuation were al-
so given between 1.1 and 10 K. '

On the other hand, the elastic properties of
fused quartz and silicate glasses have been exten-

II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental method

The frequency shift va of the Brillouin lines in
an isotropic medium is given by

v, /v, =2n(v/c) sm-,' e, (l)
where vo is the frequency of the monochromatic
incident light, n the refractive index, v the phase
velocity of the elastic wave responsible for the
scattering, c the light velocity, 8 the scattering
angle (the angle between the incident and scattered
beams). The propagation velocity of the hyper-
sonic wave at the frequency &~ may be deduced
from the measurement of v~ when n and 8 are
known '6

The Brillouin line shape is related to the time
decay of the acoustic waves in the medium. As far
as this decay is proportional to e ' ' the profile
is Lorentzian. The measurement of the ha15vidth
at halfmaximum I" gives s and the spatial attenua-
tion coefficient o according to the expression

I' = (2ms) ' = a v/2 v . (2)

sively studied by ultrasonic techniques in the range
from 1 MHz to 1 6Hz ii-is By comparing these
measurements to SBS results below 10 K and to
TBS measurements'4 between 77 and 300 K,
Krause pointed out an anomalous frequency de-
pendence of the acoustic properties of fused quartz.

We present here the results of a study of TBS in
fused quartz, borosilicate glass, as well as in
crystal quartz used as a test material, from 4.2
to 300 K. The ratio of the intensities of the Stokes
(I,) and anti-Stokes (I») components is given and
compared to theoretical calculations. The values
of the velocity and attenuation of longitudinal hy-
persounds are also given. These results allow us
to extend to high frequencies the studies of the
minimum in the velocity and of the secondary re-
laxation peak in attenuation observed previously by
means of ultrasonic techniques.
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FIG. l. Schematic rep-
resentation of the optical
device. D: apertures; I:
lenses; M: mirrors; I':
interferential filters; PM:
photomultipliers; 8: sam-
ples; FPP and FPS: plane
and spherical Fabry-Perot
interferometers; Cc: cor-
ner cubes (retroreflectors);
A/2: half-wave plate.
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An interferential spectrometer of high resolving
power (R &10~) is necessary for studying the Bril-
louin spectrum with sufficient accuracy. The Ray-
leigh component of the scattered spectrum is gen-
erally strong. The contrast of the spectrometer
has therefore to be high to avoid overlapping.

A sketch of the device is given in Fig. 1 (see
Ref. IV for a detailed description}. The incident
light was provided by an argon-ion laser with an
output power of &00 mW for + =4880 A or A, ~=5145
A (Spectra Physics model 165). The apparatus
was composed of two spectrometers.

The resolving unit of the first (lower part of the
figure) was a double-passed plane Fabry-Perot in-
terfexometer. The thickness mas vaxied from 2
to 20 mm, corresponding to a resolving power of
2&10' and 2X106, respectively. This device gave
the values of the intensity and the preliminary fre-
quency-shift measurements which were necessary
to adjust the second spectrometer and to interpret
the final results.

In the second device (upper part of the figure)
used for the measurement of the frequency shift
and linewidth of the Bxillouin component, a double-
passed plane FP, whose free-spectral range and
finesse were equal to 83 6Hz and 40, respectively,
was used as a monochromator. Using our prelim-
inary measurements of frequency shift, the fre-
quency corresponding to the mmCimum transmis-
sion of this filter was matched with the frequency
of the Brillouin line by air-pressure adjustment.
For measurements at temperatures higher than

20 K, the resolving unit was a spherical Fp inter-
ferometer, with a free spectral range of 1.48 6Hz,
and a finesse of 50. To increase the resolving
power for lower temperatures, we used a spheri-
cal FP interferometer with a free spectral range
of 0.7464 6Hz and a finesse of 50. The maximum
resolving power was equal to 5&&10' and the total
contrast was higher than 107. The relative accu-
racy obtained with this instrument was about 0.1%
for velocity and 5%, for both attenuation and inten-
sity measurements.

In these experiments, the scattering angle was
about 1VO'. The broadening due to the aperture of
the scattered beam was corrected by the method
described in Ref. 18. In such a geometrical con-
figuration, the elastic component added to the Ray-
leigh component due to frozen-in density Quctua-
tions was small. The Landau-Placzek ratio I„/21',
where I„and I~ are the intensities of' the Rayleigh
and Brillouin components, respectively, is equal
to about 25 for fused quartz and 200 for boro-
silicate at room temperature. The contrast ob-
tained with a double-passed Fabry-Perot (FP) in-
terferometer was high enough to allow the Bril-
louin spectrum to be analyzed with a good accuracy.
Since excessive parasitic light was avoided, it was
thus unnecessary to use a I, filter in this study.

The samples were Puropsil fused quartz manu-
factured by Electro-Quartz (France), with an OH

content lower than 10 ppm and potassium borosil-
icate glass (Sovirel A 248, composition SiO~: 40;
BIO,: 50; K O: 10, in mole percent).
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The measurements of this ratio are given in
Pig. 3 for both crystal and fused quartz. The the-
oretical values from Eq. (4), which are also given,
are in good agreement @faith the experimental re-
sults for crystal as mell as for amorphous SiOB.
A similar observation has been made in borosili-
cate glass.

As the signal-to-noise ratio at very low tem-
peratures was high enough to allow us to reduce
the incident power, experiments mere performed
with laser powders of 3.50, 300, 600 m% in oxderto
analyze the influence of sample heating by the la-
ser. Even for T =4.2 K, there was no noticeable
difference between the values obtained with these
different powers. This result showers that sample
heating can be neglected in these experiments.

C. Velocity of hypersonic waves

k

-2 -( 0 I 2 35 6Hz

FREQUENCY SHI FT

FIG. 2. Typical traces of spectra obtained with a
double-passed plane Fabry-Parrot interferometer in fused
quartz. The linewidth of the incident light was equal to
4880 A, Ls, I aa, and 8 are the longitudinal BxiilOllln
Stokes, longitudinal Brillouin anti-Stokes and Rayleigh
components, respectively.

8. Intensity of BrNouin lines

The intensity was measured by using the first
spectxometer with the lovrer resolving poorer. A
modification of the height of the recorded Brillouin
line may be due to coupling between the two succes-
sive PP. This effect has been eliminated by fast
repetitive piezoelectric displacement of the cor-
ner-cube retroreQector used to achieve double
passing of light through the FP. Typical traces of
spectra obtained for T =60 and T =4.2 K are given
in Fig, 2.

FroDl the dynamical theory of cx'ystal lattices
and the quantum theory of Brillouin scattering, it
is known that, in cxystals, the Brillouin Stokes
and anti-Stokes intensities are proportional to (n)
+l and (n), respectively, where (n) is an occupa-
tion number given by

(n) (eau/ar l }-1

v is the phonon frequency, h the Planck's constant,
k the Boltzmann's constant, and T the absolute
temperature. It may be assumed that this expres-
sion is valid fox the long-lived vibrational states
responsible for the scattering in amorphous media.

It followers that

/I ewe/ar

Q)
0

Q.1
1/T (K }

FIG. 3. Variation with temperature of the ratio of the
anti-Stokes and Stokes intensities in crystal (0) and fused
(+) quartz. The dashed and solid lines show the theoreti-
cal calculatione

Some examples of the high-resolution spectra
used for the measurement of the frequency shift
and of the linemidth in fused quartz are shorn in
Pig. 4. The values of the refractive index, needed
for the calculation of the velocity, mere taken from
Refs. 3.9 and 20 for crystal and fused quartz, and
from our measurements in borosilicate glass, for
temperatures above 70 K. The curves frere extrap-
olated to lovrer temperatures. The velocity of
longitudinal waves in the range from 4.2 to 300 K
is plotted in Pigs. 5-7 for crystal quartz, fused
quartz, and borosilicate glass, respectively.

In crystal quartz, the velocity increases slightly
as the temperature is lovrered. In fused quartz, a
minimum in the velocity ls obsex ved neax' 70 K.
This value is not in agreement arith the result ob-
tained by Heinicke et al. ~' from SBS experiments
for frequencies of about 25 6Hz. If we assume,
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FIG. 5. Velocity (+) and attenuation (o) of 40-GHz
hypersounds in crystal quartz.
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FIG. 4. Typical traces of spectra obtained with a
spherical Fabry-Parrot interferometer. The incident
linewidth was equal to 5145 A. for Fig. 4(a) and 4880 ~ for
Figs. 4(b) and 4(c).

as demonstrated previously for transverse
waves, "that the position of this minimum is inde-
pendent of the type of silica, the anomalous fre-
quency dependence of the position of this minimum
noted by Krause is then eliminated and we obtain
the surprising result that this position seems to be
independent of frequency. On the other hand, our
results are not accurate enough to allow the study
of the maximum in velocity indicated by Piche
et al. ' near 1.5 K in the 100-MHz frequency range.
We plan to perform new low-temperature experi-
ments in order to study this maximum for hyper-
sonic frequencies.

In borosilicate glass, a minimum in the velocity
is noted near 120 K, which is the temperature of
the absorption peak in this glass. We will return
to this point in Sec. III.

D. Attenuation of hypersonic waves

The measurements of the sound attenuation are
given in Figs. 5-7. In crystal quartz, the attenu-
ation decreases strongly as the temperature is
lowered, and cannot be measured below 80 K with-
in the accuracy of our experiments.

The curves for the two glasses are very simi-
lar, ~~ and we will restrict our discussion to fused
quartz. For this material, numerous other stud-
ies of its acoustic properties are available, and
the comparison of these results to our measure-
ments is possible.

At temperatures higher than 80 K, the hyperson-
ic attenuation is governed by a broad peak due to a



BEHAVIOR OF THERMAL PHONONS IN AMORPHOUS. . . 82V

-0

Er ror limit

+ ~ scclp

100
4,84

0 200 300
TEMPERATURE

C

'K )
FIG. 7. Velocitjj (+) and attenuation () of 33-GHz

hyyersounds in box osQicate glass.

thermally activated structural relaxation. process.
This confirms the necessity, suggested by the low-
frequency data, to use a complexdistribution of re-
laxation times for fitting the experimental results. 11

Our results connect the px'evious T9333 measux'e-
ments above 80 K to those obtained by SBS below
10 K. The large secondary maximu. m in attenua-
tion near 20 K px'edicted by Kx'ause from Pine's
results was not obsexved. A plateau was noted in
the vicinity of 30 K, which had to be compared to
the slight secondary maximum near 5 K for ultra-
sonic frequencies. 13 Krause~ has shown that this
maximum can be attributed to a relaxational pro-
cess following an Arrhenius law with an activation
energy of 60 cal mol 1. The position of the plateau
in oux experiments agrees with an extrapolation of
Kx'ause's results. Therefore, the same relaxa-
tional px'oc888 can account fox' oux' obsex'VRtlon,

At temperatures lower than 10 K, the linewidth
to be measured varies from 1 to 10 MHz. The in-
strumental linewidth is about 10 MHz. The para-
sitic broadening due to the aperture of the beams
18 approximately 8qQal to 2 MHz. The effect of
th8 finit8 dimensions of the scRtt8x'lng volume can
cause a broadening of about 1 MHz. It is there-
fore difficult to measure the actual linewidth with
R sufficient Rccux'Rcy, After eliminating the above
parasitic broadenings, the attenuation was found
nearly proportional to T~ between 4.2 Rnd 15 K
and the mean free path equal to 4 x10 ~ cm for
T =4.2 K. These results, which are different

from the measux'ements given by Heinicke, 9 are
in good agreement with the 888 values given by
Arnold et cl.

In the tunneling model theory given by Jackie
the sound attenuation is found proportional to &o~/T

for the resonant absorption process at tempera-
tures below 1 K. For the relaxational mechanism
occurring at higher temperatures, the attenuation
is propox'tional to T' and independent of the fx'e-
quency when ~7» 1, and to ~ and independent of
the temperature when ru7 «1. 7. is the minimum
value in the distribution of relaxation times of the
two level systems. In our experiments, the rela-
tion ev 1 is verified at 4 K, while ~v —1 at
highex' temperature. The T~ dependence indicated
above can be interpreted tentatively as the transi-
tion between the two limiting regimes or, alter-
natively, as the superposition of the T' dependence
corresponding to the relaxational process, and of
a constant part due, for instance, to geometrical
"Rayleigh-like" scattering of elastic waves, ~
which could be of the ordex of 2 MHz and obviously
independent of the temperature.

III. CONCLUSION

The above results show, for the first time to our
knowledge, differences in intensity between Bril-
louin Stokes and anti-Stokes lines. In crystal
quartz, this is only a verification of a result of
the quantum theory of Brillouin scattex'ing. Qn the
other hand, in fused quartz, this resu. lt extends to
low tempex'atures the observation of long-lived vi-
brational states with occupation numbers similar to
those observed in crystals. Our measurements of
velocity and attenuation of acoustic waves eliminate
some of the anomalies pointed out previously in
the frequency dependence of the elastic properties
of fused quartz. For borosilicate glass, the min-
imum in the velocity occurs at the temperature
corresponding to the maximum of the absorption.
By comparing this result to ultrasonic measure-
ment, the classical shift to higher temperatures
with increasing fr@,guency of the structural x'elax-
ational process is observed. Qn the other hand,
ln fused quartz' th8 minimum ln velocity occux'8
at a temperature intermediate between the ones
corxesponding to the two relaxational processes.
In order to obtain more information on this behav-
ior, we intend to carry out on the same sample a
study of the fx'equency' dep8ndence of this mmlmum~
Rnd also to extend to low tempexatures the mea-
surexnent of the linewidth of the transverse Bril-
louin lines.

The agxeement between the 888 xneasurements 0

and oux resu, its below 10 K shows that the attenua-
tion is independent of the acoustic intensity above
4 K, and that the same behavior is obsex'ved for
thermal and coherent phonons.



828 R. VACHER AND J. PE LOUS

ACKNOWLEDGMENTS

The authors uriah to fhank Professor L. Cecchi

for a critical reading of the manuscript. The large
contribution of Dr. L. Boyer to the elaboration of
the spectrometer is also gratefully acknowledged.

J. C. Lasjaunias, Bull. Soc. Fr. Mineral. Cristallogr.
95, 744 (1972).

W. Arnold, S. Hunklinger, S. Stein, and K. Dransfeld,
J. Non-Cryst. Solids 14, 192 (1974).
L. Piche, R. Naynard, S. Hunklinger, and J. J'ackle,
Phys. Rev. Lett. 32, 1426 (1974).

4R. C. Zeller and R. O. Pohl, Phys. Rev. B 4, 2029
(1971).

~P. W. Anderson, B. I. Halperin, and C. M. Varma,
Philos. Mag. 25, 1 (1972); W. A. Phillips, J. Low
Temp. Phys. 7, 351 (1972).

~J. JIA:kle, Z. Phys. 257, 212 (1972).
~M. Papoular, J. Phys. (Paris) 33, 91 (1972).
W. F. Love, Phys. Rev. Lett. 31, 822 (1973).
W. Heinicke, G. Winterling, and K. Dransfeld, J.
Acoust. Soc. Am. 49, 954 (1971); and in Light Scatteri' in Solids, edited by M. Balkanski (Flammarion,
Paris, 1971), p. 463.
W. Arnold, J. Baumann, P. Berberich, S. Hunklinger,
P. Leiderer, R. Nava, and K. Dransfeld, inProceed-
ings of the Second International Congress on Phonon
Scattering in Solids, edited by H. J. Albany (La Docu-
mentation Frangaise, Paris, 1972), p. 359.
O. L. Anderson and H. E. Brummel, J. Am. Ceram.
Soc. 38, 126 (1955).
C. K. Jones, P. G. Klemens, and J. A. Rayne, Phys.

Lett. 8, 31 (1964),
J. T. Krause, J. Appl. Phys. 42, 3035 (1971).

~ A. S. Pine, Phys. Rev. 185, 1187 (1969),
~~J. T. Krause, Phys. Lett. A 43, 325 (1973).
~6R. Vacher and L. Boyer, Phys. Rev. B 6, 639 (1972).
~~L. Boyer, thesis (Montpellier, 1972) (unpublished); and

L. Boyer and R. Vacher (unpublished).
R. Vacher, thesis (Montpellier, 1972) (unpublished};
and R. Vacher and L. Boyer (unpublished).
International Critical TaMes of Numerical Data
(McGraw-Hill, New York, 1928).
R. M. Waxier and G. W. Cleek, J. Res. Natl. Bur.
Stand. (U. S.) A 75, 279 (1971).
See the expanded plot of these results, which indicates
clearly a minimum near 40 K, in Ref. 15.

~2A similar measurement of the attenuation in fused
quartz has been presented by H. E. Jackson, Proceed-
ings of the Third International Conference on Light
Scattering in Solids, Campinas, Brasil, July, 1975
(unpublished).
J. Pelous and R. Vacher, Solid State Commun. 16,
279 (1975).

+J. T. Krause, J. Am. Ceram. Soc. 47, 103 (1964).
J. JHckle, Z. Phys. 257, 212 (1972).
D. Walton, Solid State Commun. 14, 335 (1974).


