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Measurements of ultrasonic attenuation and velocity changes were carried out on the metallic

glass Pd0775Sio &65Cuo06 as a function of amplitude, in the frequency range 10 to 90 MHz, for

0.3 ~ T +10 K. A comparison of the experimental results with the predictions of the current

two-level-system (TLS) tunneling theory is presented. The amplitude-dependent attentuation

changes observed in these studies are larger by a factor of 100 to 1000 than the values obtained

from current TLS theory, with the use of parameters determined experimentally at higher fre-

quencies by other workers. Below -1 K these attenuation changes have a linear (rather than

quadratic) dependence on frequency and very weak temperature dependence (rather than 1/T).
The saturated (amplitude-independent) attenuation was found to have a very weak temperature

dependence, rather than T dependence. A significant amplitude dependence of the slope of the

sound velocity change as a function of ln T was also observed.

I. INTRODUCTION

The success of the two-level-system (TLS) tunnel-
ing theory' ' in explaining the thermal and ultrasonic
properties of dielectric glasses' initiated numerous
further investigations on metallic glasses. Similarly to
their dielectric counterparts, at low-temperatures me-
tallic glasses were found to have linear temperature
dependence of the specific heat and quadratic tern-
perature dependence of thermal conductivity. '
Analysis of these results by applying the TLS theory
gave, for both the density of states and the deforma-
tion potential of TLS, similar values to those for
dielectric glasses, thereby suggesting that in this re-
gard no significant difference exists in very different
classes of disordered solids. Some other indications
of the validity of the theory in metallic glasses were
also found in ultrasonic properties; namely, the ln T
dependence of the sound velocity change at low tem-
peratures' and the saturation of the attenuation. '

However, there have been reported' several
discrepancies with the predictions of the theory and
some of these remain unsettled.

New results on ultrasonic properties of a metallic
glass PdSiCu are presented in this paper. A prorn-
inent saturation in attenuation was found in frequen-
cy and temperature regions where no measurable ef-
fect is expected from current TLS theory. Besides
the magnitude, the temperature and frequency
dependences of this saturable part of the attenuation
were found to be quite different from the predictions.
However, some characteristic aspects of the TLS
model remain. "

In Sec. II we briefly review the pertinent aspects of
the TLS theory, Sec. III covers the experimental pro-

cedure; we present and discuss our results in Sec. IV

and Sec. V is devoted to summary and conclusions.

II. TLS THEORY

A=Ay +At

The amplitude dependence of a& is described as

a
(1+I/J, )' ' (2)

where J is the acoustic intensity and J, is the critical
intensity

J, = t'pe'
2M2r)r2

In this section, the main features of the TLS model
pertaining to ultrasonic propagation are briefly re-
viewed. This model assumes the existence of two

level systems of unknown origin. The state of a TLS
is conventionally described by a pseudospin of S =

2

which interacts with the strain fields due to phonons.
Phenomenologically we introduce a longitudinal and a

transverse relaxation time of the pseudospin, xi and

r2, respectively. Then the equations of motion of the
pseudospin become similar to those of the Bloch
equations for NMR. The calculated attenuation coef-
ficient a consists of two parts, namely, resonance at-

tenuation and relaxation attenuation, which are,
respectively, amplitude dependent and independent.
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+so

where n is the density of states of the TLS. In the
present experimental conditions A au ((2kT is always
satisfied so that the factor tanh(it~/2kT), which
comes from the population difference between two
levels, can be approximated by trcu/2kT; i.e.,

aq«ce «PjT for Iree « 2k T (5

Here M is the deformation potential, p is the mass
density, and v is the sound velocity. It is noted that
the amplitude dependence, at high amplitudes, which
is proportional to l/JJ rather than l/I, is characteris-
tic of this model: this dependence originates from
the fact that the distribution of the energy splitting of
TLS is larger than the energy uncertainty due to
power broadening. The frequency and temperature
dependence of a~« in Eq. (2) is

nnM
h

2

(4)

therefore, for the low-temperature limit, and
cvvl &&1, we obtain

AI cg OJ T

With regard to velocity changes, the theory gives for
the resonance contribution

hv nM
1

T
v pp T0

+o '"
kT

where To is an arbitrary reference temperature.
There is neither amplitude dependence nor frequency
dependence in d v/v, the latter as long as tru « 2kT.
The relaxation mechanism gives a constant contribu-
tion at low temperatures and negative temperature
dependence at high temperatures, provided that Eq.
(7) holds.

The amplitude independent part of the attenuation
coefficient, al, is expressed as

T 1

2

aI - 3
sech' » dE, (6)

nD E
Spv kT 2kT I +eg yl

where D is the diagonal coupling constant between
the pseudospin and phonons. If the dominant relaxa-
tion mechanism is via phonons, then

1/rt a E'coth(E/2kT) (7)

III. EXPERIMENTAL PROCEDURE

Amorphous PdQ775Sio l65Cuoo6 rods, 3 mm in diam-
eter, were prepared by quenching the melt contained
in thin-walled silica tubes, into water at O'C. In or-
der to prevent crystallization the rods were carefully
cut by a string saw into several pieces, some of which
were used for calorimetry to check the state of the
material. X-ray diffraction was also done on all sam-
ples. Pieces 10 to 15 mm in length were lapped and

tlt ICOER

c w

OSC I LLATOR

MlxER

8H"Bz

FILTER

I

GaTED

A%'Ll F I ER

VARIABLE

ATTENUATOR

LOCAL

Osc I LLATOR

SPLITTER

YARIABLE

ATTENUATOR

fbi Eve
PN'LI F I ER

MlxER

60-%z
FILTER

TRANSDUCER

R SPECI t+N

MASTER

S~HRoNizER

TRIGGER

PHASE

SHIFTER

lhCORDER

PHASE

DETECTOR

lI

SAMPLE

8t~
is

PHASE

DETECTOR

J

IF

AMPL IF I ER IF
AMPLIFIER

l~

DETECTOR

PIFAK

DETECTOR

FIG. 1. Block diagram of equipment for the simultaneous measurement of the attenuation coefficient and the velocity change.
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polished on the ends and used as specimens. Non-
parallelism of the end faces was less than 10

A new method was developed' for precise mea-
surements of ultrasonic attenuation and velocity
changes. Its block diagram is shown in Fig. 1. To
avoid any spurious amplitude dependences which
come from the fact that the resonance frequencies
and/or amplitude of a pulsed oscillator may be affect-
ed by a slight change in load, a gated amplifier was'

used for the ultrasonic pulse source. The received
echo signals were converted to i.f. of 60 MHz, ampli-
fied, detected, and peak detected. The resolution of
amplitude detection is determined by the signal-to-
noise (S/N) ratio of the i.f. amplifier (Matec 6600)
and peak detector (Matec 2470), and is better than
0.004 dB.

Use of the gated amplifier made it possible to ob-
tain the phase information of the echo signals. The
echo signal and the cw of the original oscillator are
converted to i.f. (the conversion does not affect the
phase information) in order to obtain high S/N ra-
tios. The converted cw signal is split into two parts
which have equal amplitude, but differ in phase by

Each of these cw signals is fed into a phase

detector together with the converted echo signal to
obtain the relative phase change in the specimen. (A
sample-and-hold circuit follows each detector to ob-
tain readable signals. ) Resolution of the velocity
change measurement is determined by the stability of
the original oscillator (Wavetek 3001) and amplifier
of the sample-and-hold circuit (homemade) and is

better than 10~.
All the experiments were performed with a repeti-

tion rate of 10 or 20 pulses per second and a pulse
width of -1.0 p.s. By changing the repetition rate
from 1 to 40 pulses per second, and the pulse width
from 0.5 to 2.0 p,s, it was found that no measurable
heating effect due to the ultrasonic pulses occurred,
even at the lowest temperatures and highest ampli-
tudes used.

Lithium niobate crystals were used as ultrasonic
transducers. They were bonded to the specimens by
Dow Corning silicone oil No. 200, diluted with tri-
chloroethylene.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Observations

Several frequencies between 10 and 90 MHz were
chosen for measurements. Typical temperature
dependence of attenuation is shown in Figs. 2(a) and
2(b) for 43- and 25-MHz transverse waves and in
Fig. 3 for 27-MHz longitudinal waves, for different
ultrasonic amplitudes whose origin is fixed arbitrarily
for each data set. As is seen in these figures, below
about 4 K a marked negative amplitude dependence
is observed for transverse waves, whereas longitudi-
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determined by the above procedure, is sho~n for
several frequencies. It is obvious that the tempera-
ture dependence does not follow Eq. (5), i.e., 1/T, at
least below about 1 K, where o.&0 tends to a constant
value. Every data set follows a similar temperature
dependence. In order to compare the experimental
frequency dependence to that displayed by Eq. (5),
i.e., cv', in Fig. 7 we show a plot of a~0 against the
frequency used, at 0.3 K, where little temperature
dependence is observed. As is seen in the figure, the
frequency dependence is linear rather than quadratic.
Moreover, the data by Doussineau et al. ' taken on
the same type of metallic glass at 0.062 K and 720
MHz falls on the linear frequency extrapolation of
our data, despite the difference in temperature. This
fact strongly suggests that the temperature-inde-
pendent region can be extended down to 0.06 K.

The temperature dependences of the critical inten-
sity J„obtained from fitting o.~ to Eq. (2) for four
different frequencies, are plotted in Fig. 8. This fig-
ure shows, within the temperature range covered,
roughly quadratic temperature dependence of J, for
all frequencies. The frequency dependence of J, ap-
pears to be very weak, although the absolute values
of the acoustic intensity are very difficult to deter-
mine experimentally. Therefore, phenomenologically
the following relation holds:

(10)

We note here that relation (10) with n =0 holds ex-

perimentally for dielectric glasses. As is seen above,
the agreement of the functional form of Eq. (2) with

the measured amplitude dependence of the attenua-
tion suggests not only that the saturation occurs
through the exhaustion of absorbing systems, but
also that there exists a continuous distribution of
such states. The critical intensity obtained here at 0.3
K is one order of magnitude larger than that deduced

by Doussineau et al. ' These results are not incon-
sistent with each other provided that relation (10)
holds also for the frequency and temperature range
these workers used. From the derived J, we can esti-
mate the relaxation time. Assuming T) = 7'2 = T,

M =0.1 —1 eV, J, —10 ' W/cm', for 0.3 K we ob-
tain (in ns)

v =1—10

This is, again, not inconsistent with the Golding
et al. " upper limit for relaxation time (r ( 25 ns at
10 mK) obtained from the double pulse measure-
rnent; provided that relation (10) holds, the upper
limit of their relaxation time extrapolates to 750 ns at
0.3 K.
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FIG. 8. Temperature dependence of the critical intensity,
J„at four frequencies (see Fig. 5). Because of the uncer-
tainties in the absolute intensities for each frequency, the
origin of each data set is shifted arbitrarily.
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a~p =0.006 (12)

Despite the agreement of the present results with

the functional form of Eq. (2) and the consistency of
the value for the relaxation time found here and
those found by other workers, there remain serious
discrepancies with current TLS theory. In particular,
this theory predicts cu'/T dependence of a&a, which is
not found here. Moreover, the value of nM' de-
duced by Doussineau et al. ' on the basis of the
theory [see Eq. (4)], i.e. , nM'=10' erg/em', is,
respectively, two to three orders of magnitude small-

er than the value obtained from the present results
for 100 to 10 MHz. The dashed line in Fig. 7

represents the predicted aiba [Eq. (4)] at 0.3 K, using
nM 10' erg/cm'. In order to check whether this
large discrepancy is confined to metallic glasses, an
experiment on a dielectric glass, i.e., fused silica
Suprasil 1 (Ref. 15) was carried out in the same tem-

perature range, using 30-MHz transverse waves.
Over a dynamic range of about 60 dB of ultrasonic
amplitude (the highest amplitude was similar to that
for PdSiCu), no amplitude dependence was found,
within the accuracy of our experiment. This means
either that the amplitudes used are too high to ob-
serve the unsaturated region, or too low to observe
the saturation, or that a~p itself is too small to be ob-
served. The former two possibilities are less likely

than the last, because, if the frequency independence
of J, observed experimentally at high frequencies4
can be extended to lower frequencies, then after tak-

ing into account the T' dependence, the expected J,
should fall in the range covered by our experiment.
On the other hand, if co'/T dependence predicted by
the TLS theory holds in this case, by extrapolating
the data of Hunklinger et al. ' on Suprasil W, at 750
MHz and 0.48 K, to 30 MHz and 0.3 K, we obtain
(in dB/cm)

C. Amplitude-independent part of attenuation

2g tanh(E/2kT)
Tf

rr(n, VI)'E
(14)

where n, is the density of states of electrons at the

I

Pd SI Cu TRANSVERSE

88.8

Knowing the quantity a~ p, one can deduce the
completely saturated attenuation, al, as a function of
temperature. Figure 9 shows the dependence of ai
on temperature for various frequencies (each data set
has an apparent attenuation due to geometric effects,
etc. , so that only its temperature dependence is
relevant). The dashed and the dotted curves in the
figure represent the theoretical prediction [Eq. (6)]
for two extreme regimes, i.e., cu7~ && 1 and ~~~« 1, respectively. We used rt due to phonons [Eq.
(7)] to obtain ai ~ uPT' for curt )) 1 and rt due to
electrons [see below: Eq. (14)] to obtain ai ~ ~'T '.
M' D' 0.1 (eV)2 and nM'= nD'=10' erg/em'
were chosen; in addition, for the dotted curve we
used n, Vq 0.1 and cu/2w -100 MHz. It is obvious
that the temperature dependence of a~ of our data is
quite different from either T or T ', it ranges from
ln T to T' '. Moreover, as seen in Fig. 9 the
temperature-dependent part of ai increases as fre-
quency increases, and the change is approximately
linear in the frequency used.

As pointed out by Golding et al. ,
" this tempera-

ture and frequency dependence might be explained
by a very short relaxation time. Assuming the relax-
ation due to electrons, through a Korringa-type
mechanism, dominates at low temperatures over that
due to phonons, one obtains for rt (Ref. 11)

This is too small to be observed. However, if a~p is
linear in frequency and nearly independent of tem-
perature, as for the metallic glass, we obtain

42.6

asap =0.1 (13) 25. I

In this case a~p should be observable. Therefore, we
can conclude that the frequency dependence of asap

for metallic glass is essentially different from that for
dielectric glass, whose behavior the TLS theory ex-
plains very well.

The very small amplitude dependence observed for
longitudinal waves prevents us from drawing any
firm conclusions. However, it should be noted that
the TLS theory predicts for longitudinal waves one
order of magnitude smaller values for a~p and one
order of magnitude larger values for J, than for
transverse waves. Therefore, in this regard the ex-
perimental results are not inconsistent with the theory.

15.8 MHz

0.5 1.5

TEMPERATURE ( K )

FIG. 9. Temperature dependence of the amplitude-
independent attenuation coefficient, ai, at four frequencies.
Temperature-independent part of ai was arbitrarily subtract-
ed (see Ref. 17). The dashed curve shows T theoretical
dependence of ai [Eq. (8)] for aov~ )&1 and the dotted
curve represents T ' dependence [Eq. (14)] for cur~ (& 1

(see text) ~
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al(x) nD'
h2 tanhg/2xg

4pv 0 1+(tanhf/2xg)

Fermi surface and Vq is a coupling constant between
a TLS and conduction electrons.

Using Eq. (14) together with Eq. (6), one obtains
for the relaxation contribution to the attenuation, o.i,

creases from 2.2 x 10 ' to 3.5 & 10 ' as frequency in-

creases from 10 to 90 MHz, with a monotonic change
for intermediate frequencies. The theoretical expres-
sion, Eq. (9), has a correction term of order
(tcu/kT)', which in this case is -10 ' and cannot,
therefore, explain the observed frequency depen-
dence.

with

x = w(—n, Vg), g=E/2kT2kT
fM

(15)

(16)
V. SUMMARY AND CONCLUSIONS

Therefore, the logarithmic decrement, al/ro, taken at
different frequencies, should fall on the same curve,
when plotted against T/cu Af.amily of curves
representing ai/ru of Eq. (15) was computed, using
nD and n, Vq as parameters. A plot of the experi-
mental decrement ai/cu for four frequencies 16, 25,
43, and 89 MHz vs T/cu was then compared with

these theoretical curves, and no satisfactory fit could
be obtained. " The discrepancy between experimental
and calculated values was particularly striking for the
data obtained at 90 MHz. Finally, we note that a

spread in the values of ~~, at a given energy, does
not account for the experimental results.

D. Velocity change
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FIG. 10. Slopes of the velocity changes vs ln T at 42.6-
MHz transverse waves for four different amplitudes.

As is seen from Fig. 4, the velocity change, hv/v,
below about 2 K is linear in lnT, in agreement with
the prediction of the TLS theory. The slopes of hv/v
give values for nM', i.e. , (0.4—1.2) && 10' erg/cm',
which are of the same order as other workers'
results. "' However, a significant amplitude
dependence of the slope was found, ' contrary to the
predictions of the theory [Eq. (9)). Figure 10 shows
the dependence. There is also an increase found in
the slope of hv/v with increasing frequency. For ex-
ample, at the lowest amplitudes used, the slope in-

As has been shown, some of our results agree very
well with the current TLS theory, i.e., (a) the form of
amplitude dependence of the attenuation, and (b) the
temperature dependence of the velocity change.
Some results are not inconsistent with the theory,
i.e. , (c) the fact that longitudinal waves have a small-

er amplitude dependence of attenuation and smaller
velocity change than transverse waves. Some of the
parameters obtained from our results are consistent
with those of other workers, i.e. , (d) the relaxation
time obtained from the critical intensity, J„and (e)
nM' obtained from the velocity measurements.
However, there are serious discrepancies with the
theory, i.e. , (f) the different temperature dependence
of the saturable attenuation, a&0, (g) the different
frequency dependence of a&0, (h) the different tem-
perature and frequency dependencies of the ampli-
tude-independent part of the attenuation, el and (i)
the existence of amplitude dependence as well as of
some frequency dependence of the low-temperature
slope of d v/v.

As pointed out by Black, "a very short relaxation
time might be one of the clues to solving some of
these discrepancies. However, as we have shown in

Sec. IVC, a Korringa-type relaxation mechanism does
not give results which are in agreement with our ob-
servations. In addition, the frequencies we used are
so small that all our experiments were carried out in

the regime co~ & 1. This fact raises a conceptual dif-
ficulty concerning "resonance" attenuation. In other
words, in this regime the amplitude dependent part
of the attenuation should be negligibly small or, if
any, according to current TLS theory it should be
quadratic in frequency, as long as we assume a densi-

ty of TLS states independent of energy. '
In view of the above, it appears that additional

mechanisms, or an alternative theory will be required
to explain our observations.
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at/co vs kT/lao.
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~For larger amplitudes the curve deviates from ln T at low
temperatures. We verified that this is not due to heating,
by performing experiments with different repetition rates.
A linear dependence of a&0 can be obtained, of course, by

selecting an energy-dependent density of TLS states,
n (E). An appropriate choice of constants in n(E) may
yield such a fit without introducing an inconsistency with
the existing data for the specific heat and thermal conduc-
tivity, which for PdSiCu were taken only down to 1 and
0.1 K, respectively [B.Golding, B. G. Bagley, and F. S. L.
Hsu, Phys. Rev. Lett. 29, 68 (1972); and Ref. 5]. Thus
very much higher frequency phonons are involved in

these properties than the ultrasonic ones used in the
present study. Moreover, such an energy-dependent den-
sity of states may be helpful in accounting for the data of
Matey and Anderson (Ref. 18), who found for PdSiCu
values of nM2 six times larger than those deduced from
ultrasonic velocity (as a function of temperature) mea-
surements. Ho~ever, such an n(E) does not affect the
1/T dependence of a&0 expected from current theory.
Thus, items (f), (h), and (i) in the summary would still
remain unresolved.


