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Measurements of the sound velocity in vitreous silica and in amorphous metallic Pd-Si
between 0.4 and 20 K and in the frequency range 10—450 MHz are reported. Above 4 K,
the sound velocity varies linearly versus temperature and logarithmically versus fre-
quency. From the analysis of the experimental results it is shown that the linear temper-
ature dependence of the sound velocity cannot be explained with relaxation processes,

Sound velocity in amorphous materials has been
extensively studied at low temperatures. It has
been shown that below a certain temperature
(around 2 K) the sound velocity decreases loga-
rithmically as the temperature decreases.™?

This law results from a resonant interaction be-
tween the acoustic wave and some low-energy ex-
citations. Above 2 K the velocity decreases with
increasing temperature. This variation is usual-
ly explained by taking into account relaxation
processes.’ Between 4 and 20 K, a linear tem-
perature dependence of the velocity has been re-
ported in amorphous metallic Ni-P? and in amor-
phous selenium,® In vitreous silica such a law
seems also to have been observed.* In the pres-
ent Letter, I report measurements of the sound
velocity versus temperature and frequency in vit-
reous soda silica and in amorphous metallic Pd-
Si. The temperature dependence is indeed linear
between 4 and 20 K. Thus, this law seems to be
universal in amorphous materials. It is very dif-
ferent from the usual T* law of the sound velocity
in crystals.® Furthermore, I report a velocity
variation versus frequency which obeys a loga-
rithmic law. These properties cannot be ex-
plained with the existing theory of the ultrasonic
dispersion in glasses.*” From the analysis of
the frequency and temperature measurements, I
deduce that the linear temperature dependence of
the sound velocity cannot be explained with relax-
ation processes.

The sound velocity has been measured between
0.4 and 20 K and, in the frequency range 10-450
MHz. The velocity measurements are made with
a phase comparison method. Hence, only a rela-
tive variation of the sound velocity can be mea-
sured precisely. The temperature dependence of
the sound velocity for different frequencies is re-
ported in Fig. 1 for vitreous soda silica.? It ap-
pears that the velocity variation in this tempera-
ture range is much stronger than in crystals® and
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that above 4 K the velocity depends linearly on
the temperature within a very good accuracy. In
Pd-8Si the same law is observed in the same tem-
perature range.® The corresponding measure-
ments are not plotted on a V(T') diagram in order
to limit the number of figures. Nevertheless,
they appear implicitly in Fig, 2. In Fig, 1, I
have taken for the velocity reference the value at
0.4 K. In order to compare the sound velocity
values for different frequencies, I suppose that
at 0.4 K the velocity is not frequency dependent.
This hypothesis is important and I shall prove it
in the next paragraph. It appears in Fig. 1 that
above 4 K the velocity is frequency dependent and
that at a fixed temperature, the velocity increas-
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FIG. 1, Variation of the velocity of longitudinal sound
waves as a function of temperature for different fre-
quencies in vitreous soda silica, The velocity varia~
tion is relative to the value at 0.4 K, The longitudinal
wave velocity is 5.8 x 10° em/sec.
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FIG, 2, Variation of the velocity of transverse sound
waves as a function of frequency for different temper-
atures in amorphous metallic Pd-Si. The velocity var-
iation is relative to the value at 0.4 K. The transverse
wave velocity is 1.8 X 10° em/sec.

es with increasing frequency. Measurements of
these variations are reported in Figs. 2 and 3 for
soda silica and Pd-Si, respectively. For the two
samples, the velocity variation versus frequency
obeys a logarithmic law. An important property
which appears in Figs. 2 and 3 is that the straight
lines fitting the experimental points are nearly
parallel. There is indeed a slight departure from
the parallelism but it can be neglected in a first
analysis. The slopes of the straight lines are 2.8
X 107* and 3.5X 107° for soda silica and Pd-Si, re-
spectively. These values are almost the same as
those obtained for the logarithmic temperatire
variation of the sound velocity below 2 K and
which are 3.6X107% and 5.9X 107% for soda silica
and Pd-Si, respectively. The latter have been
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FIG. 3. Variation of the velocity of longitudinal sound
waves as a function of frequency for different temper-
atures in vitreous soda silica. The velocity variation
is relative to the value at 0.4 K,
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obtained from velocity measurements between
0.4 and 2 K (Fig. 1) and are in agreement with the
results already published on vitreous silica! and
on Pd-8i.°

In order to justify the hypothesis made in the
preceding paragraph, I undertake now to show
that the sound velocity does not depend on fre-
quency around 0.4 K. It is well known that there
are in amorphous materials two-level systems
with a broad distribution of their energy split-
ting.!» ! At low temperatures, there is a reso-
nant interaction between these two-level systems
and the sound wave. This interaction leads to an
increase of the sound velocity with increasing
temperature according to a logarithmic law. It
has been already pointed out that this law does
not depend on frequency.' This does not mean
that the velocity is itself frequency independent.
To prove this point, it is necessary to return to
the general formula giving the sound velocity var-
iation due to the resonant interaction'

2
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where w and w, are two ultrasonic frequencies, w, is a cutoff frequency, M is the coupling constant
between the two-level systems and the ultrasonic wave, and n, is the two-level system density of states
which is assumed constant up to w,. The integral of Eq. (1) can be performed on the interval [0, )

analytically'? so that
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where ¢ is the logarithmic derivative of the y function. At low temperatures (7w >kzT), Red(z) can be

approximated with In|z|. Then Eq. (2) becomes

AV _noM?.

vV ovZ Ty

(3)

Hence, the slope is the same as that of the logarithmic temperature variation.® At high temperature

(w «<kyT), Eq. (2) can be written

ﬂgmM_zw,(l)[( i >_( Fiwg ”
vV o pV? 2 2nk T 2nksT ) 1

(4)

This variation is very small (as compared with the velocity variations measured in the preceding para-
graph) and can be neglected. These results are consistent with those of Golding, Graebner, and Kane
who have evaluated numerically the variation of the velocity versus temperature.’® Equation (4) means
that there is no frequency dependence of the sound velocity in the temperature range where the loga-
rithmic temperature law holds (hw <kgT). 1 have experimentally verified that around 0,4 K the sound
velocity increases logarithmically with increasing temperature for all the frequencies used. Hence the
hypothesis made in the preceding paragraph is justified. However it must be mentioned that a devia-
tion from the logarithmic temperature dependence has been reported elsewhere.® Nevertheless, this
deviation is very small and appears at higher frequencies than those considered here.

My results show a frequency and temperature dependence of the sound velocity above 4 K. So, it is
natural to attempt to explain it with the existing theory of structural relaxation.*” In this theory, a
complete description of the effect of the relaxation of two-state structural defects on the elastic proper-
ties of glasses at low temperatures is given. The sound velocity variation due to this relaxation is giv-

en by’
AV (Pew no,D? 1 _2( E \ 1
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where D is the deformation potential of the two-
level systems and 7 is a relaxation time. This
formula leads in the limit w7>>1 to a sound ve-
locity variation which is strongly temperature de-
pendent (proportional to 7°) and inversely propor-
tional to the square of the frequency.'* These
laws are not experimentally observed between 4
and 20 K. This does not mean that the relaxation
of the two-level systems does not exist. It has
been observed in sound attenuation experiment be-
low 2 K.” However, above 4 K it can be supposed
that the relaxation has reached its maximum (in
the limit w7 <« 1). Hence it would no longer change
the sound velocity.

There is in glasses another structural relaxa-
tion which is a thermally activated relaxation.'®
In this process there is no longer tunneling through
a potential barrier but only thermal activation.
In order to attempt to explain our results with
this relaxation, it is necessary to know the dis-
tribution of relaxation times. Anderson has put
forward a very simple hypothesis on this distribu-
tion in amorphous materials.'® He considers a

relaxation time
T, =T, exp(V/kpT), (6)

with a distribution of activation energies p(V;)
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(5)

~const. Using Eq. (6) it is then easy to solve the
general equation giving the sound velocity varia-
tion due to relaxation processes!”:

V(“’)"V(”)=Afw p(T)dt

1+’

= )

Egs. (6) and (7) give immediately

AV(w,T)

Vv =AT In(w T i),

(8)
where 7,,;, is a normalization constant (w7,
<1). Equation (8) gives the frequency and tem-
perature dependence consistent with our experi-
mental results. Unfortunately, according to Eq.
(8), the slopes of the curves in Figs. 2 and 3
should be proportional to the temperature and
this is not the case. So the thermally activated
relaxation model fails also.

The preceding analysis shows that our experi-
mental results cannot be explained with a relaxa-
tion theory. My experimental law can be put with

a good approximation in the form
AV/V =AT +Blnw, 9)

where A and B are two constants independent of
frequency and temperature, respectively. Thus,
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it is reasonable to assume that the two terms of
Eq. (9) arise from different physical processes.
As it has been already pointed out, the constant
B is almost equal to the factor n,M?/pV? of Eq.
(3) for soda silica and Pd-Si. So the second term
of Eq. (9) may result from the resonant interac-
tion between the ultrasonic wave and the two-lev-
el systems. The last point but not the least is
that the first term of Eq. (9) does not seem to be a
relaxation term. It gives a large variation of the
sound velocity (in comparison with the variation
of the sound veldcity in crystals in the same tem-
perature range), and may be due to the strong
anharmonicity of the disordered lattice.

The author is indebted to Professor J. Friedel,
R. Maynard, H. Ishii, and J. Szeftel for enlighten-
ing discussions.

1., Piché, R. Maynard, S. Hunklinger, and J. Jickle,
Phys. Rev. Lett. 32, 1426 (1974).

%@, Bellessa, P. ] Doussmeau and A, Levelut, J,
Phys. (Paris) Lett, 38, L65 (1977).

3G. Bellessa, C. Lemercler and D, Caldemaison,
Phys. Lett, 62A, 127 (1977).

43, T. Krause, Phys. Lett. 43A, 325 (1973), In Fig., 1
of this paper it appears that the veloc1ty decreases

linearly as the temperature increases up to 30 K, but
it is not the object of the paper and the author does not
discuss this variation,

Ssee, for example, G. A, Alers, in Physical Acous -
tics, edited by W, P, Mason (Academic, New York,
1966), Vol, IV, part A, p. 277.

83, Jickle, Z. Phys. 257, 212 (1972).

'3, Jickle, L. Piché, W, Arnold, and S. Hunklinger,
J. Non—Cryst Solids 20 365 (1976)

, 8The exact compos1t10ns of the soda silica and of
Pd-Si are (Na,0)y, 3(5i0,)g,7 and Pdy, 17581y, 145C 1, 0, Te-
spectively, The author is indebted to J, Szeftel and
O. Bethoux for kindly supplying samples,

’G. Bellessa and O. Bethoux, Phys. Lett, 624, 125
(1977,

P, W. Anderson, B, I, Halperin, and C, Varma,
Philos. Mag, 25, 1 (1972).

!y, A, Phillips, J. Low Temp, Phys, 7, 351 (1972).

2gy, Ishii, private communication,

3, Goldmg, J. E. Graebner, and A, B, Kane, Phys.
Rev, Lett, 37, 1248 (1976).

143, Hunklinger and W, Arnold, in Physical Acoustics,
edited by W, P, Mason and R, N Thurston (Academic,
New York, 1976), Vol. X1, p. 155,

50, L, Anderson and H E. Bémmel, J. Am, Ceram.
Soc. 38, 125 (1955).

t6p, W Anderson, J. Phys. (Paris), Colloq. 37, C4-
339 (1976).

K. F. Herzfeld and T. A, Litovitz, Absorption and
Dispersion of Ultrasonic Waves .(Academic, New York,
1959), p. 135.

Stimulated Phonon Emission
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Inversion, through direct absorption of far-infrared laser light, of a three-level elec-
tronic system of V** ions in dilute solution in Al,O, leads to stimulated emission of 24.,7-
cm™! phonons. Stimulated phonon emission manifests itself in the presence of ballistic
flow of longitudinal phonons along the ¢ axis of Al,0;, but this flow is not observed under

spontaneous phonon emission,

We report direct observation of the stimulated
emission of 24.7-cm™! (0.74 THz) phonons. Stim-
ulated phonon emission is achieved by inversion
of a three-level electronic system of V** ions in
Al,0, and is detected through an analysis of the
time-of-flight spectrum of the phonon propagation.

The lowest-lying three electronic states of the
3d"' configuration of A1,0,:V** have been known for
some time,’ "3 as have the group-theoretic selec-
tion rules for electric-dipole transitions among
these states.* As indicated in Fig. 1, the ground
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state (numbered 1 in the figure) transforms as
the E,,, (A, /, in McClure’s notation*) representa-
tion of the C, double group; the first excited state
(numbered 2) appears at 28.1 cm™* (0.84 THz)
above the ground state with a half-width of ~2
cm ™! at liquid helium temperature and is known
to transform as E,;,, and the next excited state
(numbered 3), which appears at 52.8 cm ™! (1.58
THz) above the ground state with half-width of
~3.5 cm™, also transforms as E,,. Electric-di-
pole absorptive transitions from the ground state
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