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Discovery of an Internal-Friction Peak in the Metallic Glass N13Ge
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A well-defined internal-friction peak has been observed near 260 K in amorphous rf-
sputtered films of Nb3Ge, studied at audio frequencies by a vibrating-reed technique. The
characteristics of the peak are consistent with a stress-induced ordering mechanism in-
volving a presently unidentified center which undergoes reorientation by an atomic Jump
with a sharply defined activation energy of 0.52 eV. The peak appears to be the first ex-
ample of its type found in a metallic glass.

Metallic glasses are presently under intensive
investigation from many points of view, and the
eventual use of selected alloys in some applica-
tions now seems highly probable. However, much
remains to be learned about the detailed structure
of these metastable amorphous alloys, and partic-
ularly about the mechanism and kinetics of the in-
ternal atomic movements that ultimately control
their stability. As is mell known from much work
on crystalline materials, internal-friction peaks
associated with the stress-induced directional
ordering of point defects or local structural group-
ings can provide valuable information in both of
these areas. ' The purpose of this Letter is to de-

scribe results on amorphous films of Nb, Ge which
are thought to provide the first known example of
such a peak in a metallic glass.

The measurements were performed on unsup-
ported thin films by a vibrating-reed technique,
following the observation that amorphous films
of Nb, Ge are mechanically much superior to their
crystalline counterparts. ' Amorphous films of
about 6 pm thickness have been detached from
their substrates and found to be strong, flexible,
and easily handled, in marked contrast to the ex-
treme brittleness and fragility produced by a
crystallization anneal. Although amorphous
Nb, Ge is a superconductor, the transition tem-
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perature is low (T, ~3.6 K) compared with the re-
cord T, 's of ~23 K reported for films prepared
directly with the A-15 crystal structure. "' Nev-
ertheless, the amorphous alloy has technological
interest as an easily handled source from which
the brittle high-T, phase may be obtained by a
final in situ anneal. '

Films of nominally stoichiometric Nb, oe were
prepared in an amorphous condition by rf sputter-
ing in krypton onto liquid-nitrogen-cooled sub-
strates. The absence of crystallinity was veri-
fied by k-ray diffraction. The internal-friction
measuremehts were performed on strips approx-
imately 15 mm &&1.5 mm, cut from detached films
6-8 pm thick. Test samples were selected on the
basis of an acceptable flatness (as-prepared reeds
tend to be curled either longitudinally or lateral-
ly), and on their freedom from edge cracks or
other flaws. The curling of samples during prepa-
ration or subsequent annealing is a source of ex-
perimental difficulty not only from the viewpoint
of avoiding contact with the electrodes of the in-
ternal-friction apparatus, but also because dis-
tortions from the simple reed geometry can mark-
edly upset the higher modes of vibration and the
ability to obtain data at a set of different frequen-
cies. In the best case to date, measurements
were possible at the first four tones of the reed,
corresponding to a frequency variation in excess
of a factor of 30. These results, Shown in Fig. 1,
illustrate a number of features which have been

consistently observed with a number of different
samples. Over the temperature range investigat-
ed (100-800 K), the internal-friction behavior of
the amorphous Nb, oe films is dominated by a
single well-resolved peak located somewhat be-
low room temperature (-260 K for a reference
frequency of 100 Hz). The peak heights observed
with different tones often show erratic differenc-
es, sometimes of sizable magnitude (e.g. , 2:1).
Because a different stress distribution is asso-
ciated with each tone, this observation implies
that the films are prone to macroscopic inhomo-
geneities in the distribution of relaxation centers.
However, it is not known whether the inhomoge-
neity is present in the form of random patches,
or as a more uniform gradation over the whole
film.

In contrast to the variability observed in the
peak height, the location and shape of the peak
have been found to be essentially constant. This
implies that the kinetic parameters involved in
the relaxation are also constant. The thermally
activated nature of the relaxation is brought out
in Fig. 1 by the shift of the peak to higher tem-
peratures as the measurement frequency f is in-
creased. Figure 2 shows the Arrhenius plot ob-
tained for the mean relaxation time 7, which is
determined by the condition 2nf~=1 at the peak
temperature, T~. The straight line corresponds
to the relationship

7= 7, exp(Q/k T),
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where k is Boltzmann's constant and T is the ab-
solute temperature, and yields the values 2&&10 "
sec for 7 p and 0.52 eV for the activation energy
Q. These values have been used in Fig. 3 to cal-

II

IO

I—
g

DJ

w 8

LYJ

~ 6D
5

3
I I I I I I I I I I I I

7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.4 40 3.6 3.2 2.8 24 2.0

1000/T (K Ij

FIG. 1. The internal-friction peak exhibited by a
sputtered film of amorphous Nb3Ge, as observed at
the first four tones of a vibrating reed. The reed had
been exposed to 120'C for about 10 min prior to the
measurements.

IO

LIJ

I-
10

O
I-
X

LU
K

Q = 0.52eV

70=2 xlO '~sec

I

4.0
I I

3.8
Iooo/Tp (K )

I

5.6

FIG. 2. Arrhenius plot for the 260-K peak in amor-
phous Nb3Ge.
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FIG. 3. Comparison of the experimental peak vtth
the equivalent Debye peak. The data were obtained in
the fundamental mode prior to heating the sample above
room temperature.

culate the equivalent Debye peak for the case of a
single relaxation time, for comparison with the
experimental peak obtained after removal of the
background and application of a temperature cor-
rection to compensate for the usual 1/T depen-
dence of the relaxation strength. The experimen-
tal peak has a width at half-maximum that is 2.8
times broader than the Debye peak, and therefore
is clearly seen to involve a distribution of relaxa-
tion times. An interesting feature of the disper-
sion is reflected in the noticeable asymmetry of
the peak, which is skewed in a manner that cor-
responds to a heavier weighting of the short re-
laxation times (low activation energies) in the
distribution.

The results of annealing experiments, conduct-
ed in vacuum for periods of up to an hour at tem-
peratures up to 550 C, are given in Fig. 4. An-
nealing produces a marked decrease and even-
tual elimination of the peak, without a significant
change in either the shape or location of the peak.
The form of Fig. 4 suggests that annealing occurs
in two separate stages. The first and larger
stage appears almost immediately after the films
are heated above room temperature. The second
stage, which appears to be relatively sharp, is
centered near 500 C. It should be noted that an-
nealing is complete well before the film crystal-
lizes, which occurs on heating above 700 C.

The present findings may be briefly discussed
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FIG. 4. Annealing behavior of the 260-K peak. The
peak heights shown are corrected for the background
damply ~ ~8 ~

as follows. Amorphous sputtered films of Nb, Ge
have been found to exhibit a thermally activated
relaxation with a surprisingly narrow distribution
of relaxation times and a relatively unique activa-
tion energy located near 0.52 eV. The magnitude
of 70 is of typical magnitude for an atomic jump,
and it seems clear that the peak represents an
example of stress-induced ordering of a basically
similar nature to the point-defect relaxations
known in crystalline solids. To account for the
sharpness of the peak it appears that, despite the
presence of both local and long-range disorder,
the amorphous structure must contain structural
units or groupings (relaxation centers) which,
apart from differences in orientational configura-
tion, exhibit a marked degree of similarity. To
produce the peak, these centers must possess an
axial character which makes them susceptible to
a thermally activated reorientation to a stress-
preferred direction. While the annealing behavior
is not yet understood, it is clear at least that the
annealing kinetics. , particularly for the second
stage, must be controlled by a process with a
much higher activation energy than the 0.52-eV
reorientation jump. This suggests that the relaxa-
tion is caused by the localized motion of a bound
or trapped atom contained in a rather stable group-
ing which is itself relatively immobile. However,
further experiments, presently in progress and
to be reported elsewhere, ' are needed to help
identify the nature and number of these groupings,
and the identity of the atom making the 0.52-eV
jump. It is of particular interest to establish
whether the relaxation center is an intrinsic group-
ing containing only Nb and Ge atoms, or whether
it contains an impurity incorporated into the film
during sputtering. It is possibly significant that
none of the liquid-quenched amorphous alloys pre-
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viously studied has shown a peak of the type now
seen for the first time in a sputtered film. If the
peak is impurity related, it remains to be seen
whether there is an impurity effect on the super-
conducting behavior of crystallized films, since
the annealing behavior may indicate that rejec-
tion of the impurity by precipitation or desorp-
tion is complete prior to crystallizati. on.

Finally, and from a more general viewpoint,
it can be remarked that the principal significance
of the present work lies in the conclusion that a
well-defined internal-friction peak associated
with a stress-induced ordering mechanism has
been identified for the first time in a metallic
glass. If the history of internal-friction studies
on crystalline materials is used as a guide, it
now appears likely that other peaks await dis-

covery in a variety of metallic glasses, and that
these will be of considerable use in the charac-
terization of these interesting new materials at
an atomic level.
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The results of an experiment to observe the nonlinear conversion of second sound to
first sound within a waveguide show that this resonant process occurs at precisely the
predicted frequency. Unique procedures are used to calibrate the first-sound transdu-
cers and we find the amplitude of the mode-converted first sound has its predicted value
value which is determined principally by Bp/B(~~) where is the difference between the
normal-fluid and superfluid velocities and p is the density.

The purpose of this Letter is to describe an ex-
periment which results in the first observation
of a propagating first-sound (pressure-density)
wave generated by the nonlinear interaction of
two second-sound (temperature-entropy) waves.
This resonant mode-conversion process is in
some ways similar to the generation of a longi-
tudinal sound wave through the interaction of two
transverse waves in a solid, in that the differ-
ence in the propagation velocities of the two
modes places severe restrictions on the frequen-
cies and wave vectors of the interacting waves. '
This has been observed in solids' but no absolute
measurements were made which could be used to
determine coupling coefficients. In our experi-
ment, a new application of the reciprocity princi-

!

ple' allows absolute measurements of the prima-

ry and mode-converted wave amplitudes and thus
a direct quantitative measurement of the coupling
between the mode unitlue to superfluid (second
sound) and the ordinary sound wave (first sound).

In the nondissipative approximation, the gener-
al hydrodynamic description of He II is given by
the Landau two-fluid equations. 4 %hen wavelike
solutions to the two-fluid equations are sought,
retaining terms which are second order, the
wave equations for the second-order pressure or
temperature variations in the superfluid are not
homogeneous but have driving terms which are
proportional to quadratic combinations of the
first-order quantities. The following is the wave
equation for second-order pressure disturbances,
p„neglecting the isobaric coefficient of thermal
expansion which is small in the region of experi-
mental interest and vanishes at 1.17 K:
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