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By means of the vibrating-reed technique we have measured the evolution upon low-temperature
annealing of the internal friction Q ~! and sound velocity v of the Cu;yZr,, amorphous alloy between
0.1 and 10 K. With an applied magnetic field of 5.6 T we measured also the normal-state behavior
of both properties. Upon annealing, the internal friction and the slope of the logarithmic tempera-
ture dependence of v in the superconducting state decrease, in agreement with the standard tunnel-
ing model. Our results indicate that with thermal treatments, the coupling constant between tunnel-
ing systems (TS’s) and phonons decreases, and the density of states of the TS remains constant or de-
creases, at most 25%, in the fully relaxed state, which is in agreement with published specific-heat
results in these materials. From our data we conclude that the coupling constant between the TS
and phonons should be very sensitive to the relaxed state of the disordered structure. The sound-
velocity behavior strongly indicates that relaxation processes up to 10 K involve the interaction
with the TS. A well-defined change of slope in v at the superconducting critical temperature T, is
observed in the as-quenched and the first relaxed state, which cannot be explained with the standard
tunneling model and the Korringa-like relaxation rate between the TS and electrons. Several
features observed in the superconducting and normal states lead to the conclusion that the TS-
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electron interaction problem remains unsolved.

I. INTRODUCTION

Properties of metallic and insulating glasses have been
intensively studied in the past 20 years."'? These materi-
als are important for their technologically interesting
properties,>* and also for their almost universal behavior
at low temperatures which is a fascinating problem in
basic research.>®

The well-known tunneling model’ (TM) has been very
successful in explaining a wide variety of low-
temperature properties of amorphous materials by as-
suming the existence of low-energy excitations or tunnel-
ing systems (TS’s) with a wide distribution of energies and
relaxation times in glasses or in highly disordered crys-
tals.? The main aspects of the low-temperature specific
heat, thermal conductivity, sound attenuation, etc., are
quantitatively explained by the model,"">>8 however, the
microscopic nature of the TS remains unclear. It is often
stated that it is an atom or a ‘‘small” group of atoms
which tunnels between two almost equivalent positions in
the amorphous structure. Theoretical models much more
sophisticated than this have been proposed and attempts
to correlate the TS with “voids” (liquidlike clusters),’
“polymorphism”,'® “disclination loops”,!! and “critical
potentials” in certain local structures,'>!* and also to
special features observed in computer-generated structur-
al models,'*~ ' have been made, but in spite of the insight
gained from complementary and sometimes even con-
tradictory approaches and the partial successes these
efforts can claim, no definitive assessment for the nature
of the tunneling systems has been given.

Through thermal conductivity measurements, changes
of the interaction between phonons and the TS’s have
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been seen with annealing, and in Zr-based amorphous al-
loys a reduction of the product Py? has been report-
ed.!'’~20 Here P is the density of states of the TS and ¥ is
the average deformation potential or coupling constant
between the TS’s and phonons. The meaning of this
change is still somewhat controversial since measure-
ments show a rather constant specific heat upon anneal-
ing,' % indicating that P remains fairly constant. Since a
decrease in P was expected, among other reasons due to
the decrease in Py2, a qualitative explanation given was
that the relaxation spectrum of the TS was changing,'®
that is, the amount of the TS was increasing or decreas-
ing according to their tunneling or energy splitting in
such a way as to change the thermal conductivity but
keeping the specific heat constant. An alternative ex-
planation would be that it is only ¥ that is changing at
constant P. Since acoustic measurements can, in princi-
ple, determine P and y independently (unlike thermal
conductivity which is sensitivity to the product Py?), one
of the goals of the present paper is to clarify this situa-
tion; the results seem to favor the second explanation.
Recently published acoustic measurements?'?? on two
Zr-based amorphous alloys have revealed several
shortcomings of the standard TM when the TS-electron
interaction based on a Korringa-like relaxation time>2324
is assumed. The interaction of the TS-electron-phonon
system is still an open question. Some ideas proposed in-
clude the formation of highly correlated oscillations of
the conduction electrons around the TS leading to some
sort of “bound state” which could reduce the effective
density of states for the TS interacting with phonons,?
and that the coupling constant between the TS and elec-
trons depends on the electronic density of states or, in su-
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perconductors, on the amount of Cooper pairs. It is
hoped that more experimental data can help clarify the
situation. To our knowledge no low-temperature experi-
ments, where acoustic properties are measured at
different stages of annealing in superconducting glasses,
have been reported, although they could yield data on the
variation of the couplings in the TS-electron-phonon sys-
tem for different states of relaxation of the amorphous
material. Measurements in the normal and the supercon-
ducting state also give the possibility of gaining addition-
al information by comparing the same material with and
without normal electrons at low temperatures.

We present here the results of low-frequency measure-
ments of acoustic properties as a function of annealing in
the Cu;yZr,, metallic glass. The alloy is superconducting
with T,=2.6 K. Applying a magnetic field of 5.6 T, the
material could be driven normal.

The organization of the paper is as follows. Section II
presents a short review of the main changes produced by
heat treatments on several properties of the CujyZrq,
amorphous alloy. Section III gives a few details of the
sample preparation and experimental arrangement. In
Sec. IV sound-velocity and internal friction results are
presented, the discussion of the results corresponds to
Sec. V, and Sec. VI is a summary where the main con-
clusions of the paper are outlined.

II. ANNEALING BEHAVIOR

It is well known that annealing amorphous metals
below the crystallization temperature produces changes
in the topological (and also possibly chemical) short-
range order through local atomic rearrangements
without changing the amorphous nature of the struc-
ture.>2627 It is believed a more relaxed amorphous struc-
ture is reached, with a lower concentration of “extrinsic”
defects. Properties such as low-temperature thermal con-
ductivity,'’ =% specific heat,'*?*2® sound dispersion,?*°
internal friction,”! and pinning forces,*? have been report-
ed to change with annealing.

Because we are interested in the CusyZr;, amorphous
alloy and in the correlation between the state of disorder
and the low-energy excitations (TS), we think it may be
useful to review here the main structural relaxation
effects in this system. The evolution of amorphous
Cuy¢Zrq, has been extensively studied in our laboratory;
electrical resistivity,'®33 superconducting critical temper-
ature,'®3* critical field B,,,** low-field penetration depth
MT),% pinning forces,* elastic coupling (Labusch con-
stant) of the vortex lattice to the pinning centers,’’ and
thermal conductivity «,'® have been measured.

In all the experiments mentioned above the heat treat-
ments have been made at constant temperature between
423 and 523 K for a specific annealing time. The glass
transition temperature of amorphous Cu;yZr4, is 590 K
and its crystallization temperature is 630 K.3*~* From
all the measured properties one can conclude that there
are two well-defined regimes. The first regime where a
homogenization of the material occurs, and the second
regime where devitrification or microcrystallization sets
in. In the first regime the resistivity remains practically
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constant (it systematically increases by approximately
1%) and T, decreases roughly by 15%, see Fig. 1. One
could think that the first structural relaxation regime cor-
responds to a local atomic regrouping leading to a homo-
genization of the material. Upon further annealing in the
second regime, microcrystallization starts through long-
range cooperative structural rearrangements (with possi-
ble phase separation).>?’

The information obtained from the penetration depth®’
and the evolution of the elastic coupling of the vortex lat-
tice,>’ properties which are sensitive to the surface of the
sample, indicates that some kind of surface phase segre-
gation takes place before the beginning of the second re-
gime where the resistivity decreases and T, remains ap-
proximately constant. An analysis of the data®*’ indi-
cates that a small amount of a normal or superconducting
phase (hundreds of Angstroms thick) with 7, <1 K is
growing at the surface, probably small amounts of w-Zr
[T.=0.7 K (Ref. 41)] embedded in a Cu-rich amorphous
matrix. Nevertheless, normal x-ray analysis does not
detect the presence of crystalinity.®> One could ask if
properties like the electrical resistivity, thermal conduc-
tivity, critical fields, and in our case internal friction and
sound dispersion, are sensitive to this surface phase sepa-
ration before the crystallization. Analysis of the experi-
mental data leads to the conclusion that these properties
are rather insensitive to the surface segregation.

III. EXPERIMENTAL DETAILS

The sample, in the form of a ribbon about 10 cm long,
17 um thick, and 1 mm wide was made using the melt
spinning technique described in Ref. 42. From this long
ribbon two short pieces were cut. One of the pieces was
used to characterize the sample by measuring the electri-
cal resistivity temperature dependence and the supercon-
ducting transition. It has been observed that these two
properties are much more sensitive to the presence of mi-
crocrystalites and inhomogeneities in the amorphous ma-
trix than normal x-ray analysis.’** The sample had a
negative temperature coefficient of resistivity (—0.05 be-
tween 4 and 300 K) with an absolute value for the residu-
al resistivity of 180 uQ cm. The superconducting transi-
tion measured with the standard four-probe technique
was found to be at 2.806 K with a transition width
AT,=32 mK (determined from 10% and 90% of the
resistive transition). This rather small width is indicative
of a good degree of sample homogeneity and amorphici-
ty. This sample was attached to the same holder as the
vibrating reed in order to monitor the evolution of T,;
the resistive transition was measured after each heat
treatment simultaneously with the internal friction and
sound velocity.

The other piece of sample which was 3.20 mm long,
0.51 mm wide and 17+2 pm thick was used for the low-
frequency measurements by means of the vibrating reed
technique.* Our experimental setup was similar to that
used in Refs. 21 and 22 and was described in more detail
in Ref. 45. The sample, clamped with its main area per-
pendicular to the applied magnetic field, was made to os-
cillate at the resonance frequency w (first normal mode)
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with a tracking circuit. From the relative change in the
resonance frequency with temperature we obtain
Avg /vg, where vy is the Young modulus (Ey) sound ve-
locity, (Ey/py)'’? (py is the mass density which for our
sample was 7.0 g/cm®). Simultaneously, we measured the
resonance amplitude u,, at different temperatures which
gives the temperature dependence of Q ™'« 1/u,,0*. The
absolute value of Q ~! was obtained at several different
temperatures from the resonance curve, obtained by
sweeping the driving frequency while measuring the cor-
responding amplitude. Within our error (~2%), both
methods gave the same T dependence for Q ~'. In the
whole temperature range we used very low driving volt-
age so that the strain at the free end was estimated to be
11078

Measurements were performed in a small dilution refri-
gerator. The sample was clamped between two well-
polished and previously annealed (30 h at 300°C) Cu
plates. The distance between electrodes and the free end
of the sample was =~0.2 mm. The sample holder was spe-
cially built to make possible heat treatments without re-
moving the sample and the electrodes. We made coaxial
electrodes with a ceramic core with 1-mm-i.d. Cu wire.
Removing only the thermometers we annealed the assem-
bled sample and holder in a low-pressure pure argon at-
mosphere. Special care was taken not to touch or move
the electrodes between different experiments. In this way
we kept constant the effective sample geometry and elec-
trostatic corrections®! [the sample is slightly tilted when
the bias voltage (150 V) is applied, giving an estimated
1% correction to the absolute value of the Young
modulus].

The temperature was measured with three previously
calibrated thermometers. Two of these were different
carbon resistors which showed 5% temperature deviation
with a magnetic field of 5 T below K. The other ther-
mometer was a field-independent carbon glass. The mag-
netic field, perpendicular to the main area of the sample,
was provided by a superconducting solenoid operated in
persistent mode.

IV. EXPERIMENTAL RESULTS

The three experiments reported in this work corre-
spond to three different annealing stages: as-quenched,
first anneal (15 min. at 200 °C), and second anneal (20 h at
200°C). In the first anneal the sample showed a decrease
inT, and AT,: T,=2.715 K, AT, =13 mk; in the second
anneal T,=2.436 K and AT,=26 mK with 8.1% in-
crease in @ (=17% increase in Ey). From the literature
one expects that with our heat treatments the change in
length, volume or mass density in our sample should be
less than 19.3%46

For the as-quenched sample we  obtain
vg=(2.840.3)x10° cm/s and a Young modulus
Ey=(5.5+1)x10"" dyn/cm? in agreement with pub-
lished results.*’” According to data in the literature,>*?
and as a characteristic of the ductile plastic deformation
in metallic glasses, the estimated Poisson’s ratio for our
sample is <0.40. With this value the longitudinal and
transversal sound velocity are v;<1.27v; and
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FIG. 1. Relative change upon annealing of the electrical
resistivity p and resonance frequency w at 4 K as a function of
the relative value of the superconducting critical temperature
T. /T, (i means initial or as-quenched state). (+ ), Ref. 18; (X)),
Ref. 36; @, Ref. 38; (0,7 ), this work.

v, >0.60vg.

The measurement of the evolution of the resonance fre-
quency at 4 K with annealing provides an interesting re-
sult. Figure 1 shows (4 K)/w(4 K) (i denotes initial or
as-quenched state) versus T./T, for two different
CuyyZr,, samples with different heat treatments. We ob-
serve that w(4 K) remains practically constant in the first
regime up to a T, =0.9T;, and upon further annealing it
increases. Note that w starts to increase before the resis-
tivity decreases, i.e., there is an increase of the Young
modulus Ey before the beginning of crystallization. This
behavior suggests that the elastic response of this amor-
phous alloy is sensitive to cooperative rearrangements or
compositional fluctuations which occur before the
crystallization to the stable phases (a-Zr+CuZr,).** The
increase of Ey for T, >0.87T,; is less than 17%, in agree-
ment with the increase observed in different amorphous
metals prior to crystallization.* 2746

A. Sound velocity results
The relative change
AUE /UE Z[UE( T)"’UE( TQ)]/UE( To)

of the Young modulus sound velocity with respect to an
arbitrary reference temperature 7T, is shown in Fig. 2 for
the as-quenched sample and for the two different heat
treatments. The field is zero and the arrows indicate the
superconducting transition.

At the lower limit of our temperature range (see also
Figs. 3-5) with an expanded scale), we observe the end of
the sound-velocity maximum usually seen in amorphous
materials and which coincides with the end of the inter-
nal friction “plateau” regime (see Refs. 22 and 45 in our
Figs. 9-11). As the temperature is raised vy decreases
logarithmically until a temperature T, is reached. This
temperature shifts in the same way as the superconduct-
ing critical temperature T, upon annealing, so that T is
always approximately T,/6. After T, there is a much
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FIG. 2. Relative change of sound velocity Avg /vy as a func-
tion of temperature for three sample states. The arrows indicate
the corresponding critical temperature T,=2.806, 2.715, and
2.436 K for the as-quenched, first anneal, and second anneal, re-
spectively. The solid lines are only a guide to the eye. Observe
that the relative decrease of the drawn slopes below 0.5 K and
above 5 K is the same.

o

faster decrease in vg until at a temperature T,, which
also scales with T, (T, =T, /2), a well-defined kink is ob-
served. Between T, and T, the velocity still decreases
but with a much smaller slope, and in the case of the first
and second anneal it almost remains constant. There is a
further change in slope at the superconducting critical
temperature T,, which is most noticeable in the first an-
neal (Fig. 4). At the highest temperatures we measure,
between 5 and 10 K, the change in sound velocity can be
expressed by a logarithmic function (Fig. 2). We want to
note that precise low-frequency and ultrasonic measure-
ments in Cu;yZr,, (Ref. 49) and SiO, (Suprasil W ) ( Ref.
50) up to 20 K indicate that there is no strictly linear T
regime as was stated in Ref. 51.

Since at T < T,/6 the amount of “normal electrons”
(i.e., of quasiparticles excited across the energy gap) is
negligibly small, they do not contribute to the relaxation
mechanism and because we are in the temperature region
where oy, <<1 (74, is the minimum relaxation time
due to the phonon interaction), the observed logarithmic
temperature dependence can be understood in terms of
the positive + C contribution to the slope by the reso-
nance process >2and the negative —3C /2 contribution of
the one-phonon relaxation.”® The slope of Avg /v in the
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FIG. 3. Sound-velocity change vs temperature for the as-
quenched state in the superconducting (@) and normal (O)
states. 7,=0.48 K and T,=1.45K . From the logarithmic
slope below T, (solid line), and according to the tunneling mod-
el, we obtain C=1.6Xx10"%. Note the change of slope below
T..

logarithmic plot according to the TM then is equal to
— C /2 where the parameter

C=Py*/pv?, (1)

where P is the density of states of TS, ¥ the coupling pa-
rameter between phonons and TS, p; the mass density,
and v is the sound velocity. The numerical values of C
obtained by fitting this slope are C =(1.6010.08)x 10~*,
(1.14£0.07)x 10~*, and (0.30+0.035)x 10~*. It should
be noted that p; changes less than 1% upon annealing
and v less than 8%, so that changes in C reflect mainly
the changes in the product Py2 The value of Py? ob-
tained in the as-quenched state is very similar to that ob-
tained in other Zr-based glasses from low-frequency? and
thermal conductivity'®~?° measurements. For example,
Ref. 18 reports Py*=1x10® erg/cm® obtained from
thermal conductivity compared to Py2=9X 107 erg/cm?
obtained here, an agreement that is remarkable if we take
into account the difference in phonon frequencies and
time relaxation spectrum probed by these two properties.
When comparing C with that obtained in a sample that
was annealed for one year at room temperature,?? it can
be seen that C in the as-quenched sample is larger by
about a factor of 2. The T, of the sample in Ref. 22 is 2.5



37 ANNEALING EFFECTS ON THE SOUND VELOCITY AND. ..

5.

" *B=0

2 I °©B=56T

w 1

<
5+ |

> ~

= %0 *,

o °o, ~

= o N

w °° w08

> }_ ® 8o,

3 LT

2 . o

(o] . %

& %

w '. o

© 'Msvoa

w .

O I ~,

=z

£ T K

O 1| ix10* CuggZrpg 2 T B
< 15t ANNEAL T %
2 .
<+ 740 Hz .
o :
@ .

o.
0. 1 | | |
01 0.2 05 1 2 5

TEMPERATURE (K)

FIG. 4. Same as Fig. 3; T,=0.44 K and T,=1.40 K. From
the data below T, we obtain C=1.14x10"*.

K, 0.3 K lower than our as-quenched sample. The
difference in C could be due entirely to the room-
temperature annealing since a similar effect has been ob-
served in thermal conductivity experiments'® and is in
agreement with changes observed for the shorter heat
treatments at higher temperatures.

The behavior of v; between T'; and T, which shows a
greater decrease than the logarithmic behavior due to the
interaction of the TS and phonons must be due in some
way to the contribution of the normal quasiparticles. But
if one uses the standard Korringa-like interaction for the
TS-electron relaxation rate, features such as the change
in slope at T, or the kink at T, cannot be explained. The
scaling of T'; and T, with the critical temperature upon
annealing seems to indicate that the TS (electron mediat-
ed) relaxation time, independently of its temperature
dependence, should scale with the reduced critical tem-
perature t=T/T,.

The decrease in vy above T, can be qualitatively un-
derstood by taking into account higher-order processes
such as the two-phonon Raman process,> although it is
not possible to get a good quantitative fit for the experi-
mental data above 3 K if one uses the standard distribu-
tion function of the TS

P(E,u)dE du =P dE du /u(1—u?*)'"?, (2)

where E is the energy splitting of the two levels and
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FIG. 5. Same as Figs. 3and 4; T, =0.40K, T, =1.27 K, and
C=3.0Xx107% Note that there is no apparent difference be-
tween the normal and superconducting state between T, and T..
Compare this result with that obtained for a room-annealed
sample in Ref. 22.

u=Ay/E with A, the tunneling splitting. A similar
difficulty was encountered in Ref. 22. Corrections to
P(E,u) can improve the fitting substantially as was found
in vitreous silica where the same type of corrections can
fit the sound dispersion up to 10 K.*

Independent of the detailed process at T'> 3 K, if one
fits a straight line to the data between 5 and 10 K in Fig.
2 (note the logarithmic scale), it can be seen that the rela-
tive change in slope upon annealing is, within a few per-
cent, the same as the change in the C parameter obtained
previously from the slope of the curves at low tempera-
tures where one-phonon processes are dominant. This re-
sult strongly suggests that up to 10 K the phonons in-
teract with TS through a high-order relaxation process
which contributes to the summation of the TS relaxation
rates. We think this correlation between the two regions
is important and could help to understand the high-
temperature (T > 3 K) behavior of the sound velocity in
amorphous materials, which still lacks an interpreta-
tion.>!

By supressing the superconducting transition by means
of a magnetic field of 5.6 T, measurements of the sound
velocity where performed at low temperatures in the nor-
mal state (Figs. 3—5). The sound velocity has a negative
slope up to the lowest temperatures measured, in spite of
theoretical expectations of a maximum in v; at around
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1.5 K, which has been observed in PdsSi;sCug.*’ The be-
havior is similar at all annealing stages and the approxi-
mately logarithmic change in v; which is seen below 1 K
can be fitted in a logT graph with a slope 2.5 times lower
than that obtained for the superconducting state in the
same temperature range. Within 20%, the relative
change of this slope with respect to that of the as-
quenched sample is the same as that of the superconduct-
ing state. As in the case of the high- and low-
temperature slopes in the superconducting state this simi-
larity could indicate also a proportionality with the pa-
rameter C < Py? defined by Eq. (1).

In the normal state, and for a temperature range close
below T, the sound velocity is larger than in the super-
conducting state as was observed in the PdyyZr,, amor-
phous superconductor.?"?> A new result of our measure-
ments however is that heat treatments modify this behav-
ior, i.e., in the second anneal vy in the normal state is
equal to v in the superconducting state within experi-
mental uncertainty and we observe the maximum
difference in the first anneal. Thus the different behav-
ior?? observed in this respect between CujyZry, and
Pd,,Zr,, could be due to the fact that the Cu-Zr alloy was
annealed for a year at room temperature and not to an in-
trinsic difference between both types of amorphous al-
loys.

B. Internal friction results

The internal friction (Q ~') versus temperature plots
are shown in Fig. 6. Data correspond to the three
different heat treatments and were taken at zero applied
field, so that below T, the sample is superconducting. It
can be seen that the absolute value of the internal friction
decreases upon annealing indicating a decrease in C, as
was seen from the sound-velocity results. To compare
the evolution of Q ~! with that of vz we use the value of
Q ~'at T=0.2 K. At this temperature electrons are con-
densed into Cooper pairs and only phonons interact with
the TS. The TM predicts that if the one-phonon process
is responsible for the relaxation and if w7y, <<1 holds
(the well-known plateau regime in the phonon absorp-
tion) then

Q- '=wC/2 3)

(due to the relatively low measuring frequency the reso-
nant contribution is negligible). From Eq. (3) we find
C=(1.35£0.11)x107%  (1.10+0.08)x10~%  and
(0.3910.11) X 10~* for the as-quenched, first anneal, and
second anneal, respectively. These values are consistent,
within experimental uncertainty, with those obtained pre-
viously from the sound-velocity data.

The relative decrease of C with respect to the as-
quenched value C; is shown in Fig. 7; for both methods of
obtaining C a good agreement is seen. Data of the rela-
tive change of the thermal conductivity (taken in the su-
perconducting state at 7=0.5 K from Ref. 18), with an-
nealing are also plotted for comparison. The tunneling
model predicts that the change in the ratio kpy; /K,y at
these low temperatures should be the same as C/C;, if
the sound velocity and mass density remain constant
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FIG. 6. Internal friction against temperature for the three
sample states. The arrows indicate the superconducting critical
temperature T,.

which is a good approximation in our case. The thermal
conductivity ratio is seen to decrease less with annealing
than the C/C; ratio from the acoustic measurements, a
result which could be explained because the samples are
different, or by arguing that annealing produces different
changes for different parts of the TS spectrum being test-
ed by the two methods. Thermal conductivity probes fre-
quencies of some 10'° Hz while the acoustic measure-
ments were performed at 10° Hz. Another possibility,
considered already in Ref. 22 is that the thermal conduc-
tivity is less sensitive to changes in Py? because it probes
mainly the high u-value region of the distribution func-
tion P(E,u) while the internal friction is more sensitive
to the small u values (for o7y, <<1).

The tunneling model predicts that the sound attenua-
tion should have a plateau at low temperatures but in the
superconducting state curves of Figs. 9-11 instead of a
perfect plateau a rather broad maximum (marked at 7,)
is observed. This is not due to the extra relaxation mech-
anism provided by the electrons, since these are con-
densed into Cooper pairs, but is rather an intrinsic result
not obtained by use of the standard TM. It has been
pointed out®® that a broad maximum is a much more gen-
eral property of amorphous materials than the seldom
observed strictly temperature-independent plateau, and
suggestions that a more rigorous treatment of the cou-
pling constants between the TS and phonons could ex-
plain this have been proposed. A detailed discussion of
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FIG. 7. Relative change upon annealing of the phonon
thermal conductivity «,y, obtained at 0.5 K from Ref. 18 (W) as a
function of the critical temperature (i means initial or as-
quenched). In the same figure we show the change of the C
values obtained from the initial friction (A ) and sound velocity
(O). The relative change of the coupling constant y* obtained
from the internal friction is also plotted (O).

this and other explanations that have been put forward is
beyond the scope of this work and will be published else-
where.’® We do wish to point out here, however, that
this broad maximum and the beginning of the plateau in
the standard TM are related to each other.

The effect of changing the coupling between TS and
phonons on Q! calculated numerically with the stan-
dard tunneling model is plotted in Fig. 8. The knee in the
internal friction is at a temperature approximately coin-
cident with the sound-velocity maximum,?>*’ which in
our experiments falls below 0.1 K. For fixed frequency
the position of the maximum depends only on the cou-
pling constants and sound velocities through a prefactor
A appearing in the TS relaxation rate due to phonons
(one-phonon process)

Tl;,‘ = Au*E? coth(E /2kT) 4)
and A4 is equal to
(Yi/vP+2vi/0)) /2mp Bt

where the indices / and ¢ refer to the longitudinal and
transversal phonon branches. Note that for a relative
comparison of the parameters 4 and C the separation in
two branches is irrelevant since it must be taken into ac-
count that, like the sound velocities, the coupling con-
stants are related to each other. Curves a—d in Fig. 8
show the effect of changing A on the internal friction at a
constant frequency of 740 Hz, while curve e is the same
as d but changing the frequency to 800 Hz. The position
of the point at which the plateau starts is seen to change
with 4 and temperature according to the relation

AT3=const , (5)
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FIG. 8. Internal friction theoretical curves calculated with
the tunneling model and taking into account the one-phonon re-
laxation process only. The contribution of the two-phonon (Ra-
man) process, compatible with the sound velocity data, does not
produce any notable change in the T dependence of Q ! below
2 K. Curves a-d are calculated at 740 Hz with the parameter
[see expression (4)] Ak} =(1x10%1x107,5X10°%1x10°)
s7'K~3. Curve e is obtained at 800 Hz with A4kj=1x10°
sTIK3

where the T° dependence is obtained due to the energy
dependence of 7',;1‘ in Eq. (4). Since the broad maximum
observed experimentally must follow the scaling law
given by Eq. (5), the relative change of the coupling con-
stants upon annealing can be estimated. The point T,
corresponds to temperatures 0.16, 0.19, and 0.26 K (with
an interpolation error of 10 mK) for the as-quenched,
first anneal, and second anneal, respectively. From these
values and taking into account the small change in rela-
tive frequency with annealing, the relative changes in the
coupling constant are then y?/y?=0.6010.1 for the first
anneal and y%/y?=0.3210.1 for the second anneal.

These relative changes in y? are also plotted in Fig. 7
and it can be seen that within experimental uncertainty
the change in y? is the same as the change in Py2, indi-
cating that P remains almost constant. The experimental
error could mask at most a change of some 25% in P.

At temperatures higher than 0.4 K, while the sample is
in the superconducting state, the internal friction versus
temperature curves have a negative slope for all stages of
annealing (Figs. 9-11). This behavior is unexpected
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within the standard TM; the internal friction should be
independent of the relaxation mechanism when
@Tpnm <<1 holds. Another unexplained feature of the
curves is that there is a minimum in Q ~! at a tempera-
ture just below T, and not at T.. When an applied field
supresses the superconductivity, one can see that the
curve corresponding to the normal state crosses the su-
perconducting state curve once (Figs. 9 and 10). In Ref.
22 a still more complex behavior was observed. This
anomaly of Q! at T, could indicate two competitive
electron dependent effects, for example in P(E,u) and/or
in the coupling constant between the TS and electrons.

The normal-state attenuation data (open circles in Figs.
9-11) show that at low temperatures Q! is always
smaller in the normal than in the superconducting state.
The difference in Q ~' at T=0.2 K is 20% for the as-
quenched sample and the first anneal and 29% for the
second anneal (around 50% if we subtract a constant
background of approximately 2 10~° which is the es-
timated contribution of the clamping to Q ~').

An interesting feature is that in the as-quenched state
and at T > T, the internal friction increases again having
a maximum at approximately 15 K which can be partly
seen in Fig. 9. A maximum in Q ~! has been already ob-
served between 10 and 40 K in different amorphous
metals: Feg 74P, 16Co.65A10,03810.00,° > Pdg, Sy,
Pd; 5Si;¢ sCug, %% and (Mo, Ru;_,)goP50,°’ but to our
knowledge there is no accepted explanation. Upon an-
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FIG. 9. Internal friction against temperature for the as-
quenched sample. T, denotes the beginning of the internal fric-
tion decrease on lowering T (or the maximum value); T), =0.16
Kand 7T,=2.806 K.
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nealing we observe that the maximum shifts to lower
temperatures and decreases its amplitude; in the fully re-
laxed state the maximum vanishes completely, see Figs. 6
and 11. Similar results with heat treatments have been
obtained in the Pd,, sSi;c sCug (Ref. 56) amorphous alloy
and also in the iron based amorphous compound
Feg 14P0.16Co.65A10 03810 o, (Ref. 31). The universality of
these absorption peaks, also observed in a great variety of
amorphous insulators,? leads to the question of whether
these absorption peaks are related to the same defects
which produce the TS. If this would be the case, the
structural relaxation could produce a rapid and large in-
crease in an accessible energy state. Some recent calcula-
tions*® considering a virtual tunneling absorption
through a third level of the two well potentials are
promising and could contribute to the understanding of
this unknown absorption mechanism.

V. DISCUSSION

We separate the discussion into two sections. In the
first part we discuss some of our results in relation to the
TS-electron interaction mechanism. The second part
refers to the question of the stability of the density of the
TS upon annealing.

A. Electron-TS interaction problem

Some of the experimental features observed confirm
those already found in acoustic experiments on other Zr-
based alloys.?> The ones related to the heat treatment are
new and should provide useful information on the TS and
their evolution with the relaxation state of amorphous
materials. Our main results can be summarized as fol-
lows.

(i) There is a well-defined change of behavior in the
sound velocity at T, which goes in the opposite way as
that expected from theory.

(i) In the region just below T, the sound velocity is
larger in the normal than in the superconducting state al-
though the difference depends on the heat treatment and
in the second anneal, for example, it is zero between T,
and T,.

(iii) The kinks observed in the sound velocity at T, and
T, for the sample in the superconducting state scale with
the superconducting critical temperature.

(iv) At all stages of annealing the sound velocity in the
normal state shows no maximum, having a negative slope
down to the lowest measured temperatures.

(v) The sound absorption is always less in the normal
than in the superconducting state, except for the small
temperature range just below T, where the opposite be-
havior is systematically observed.

Numerical calculations of the sound velocity within
the standard TM, taking into account the Korringa-like
relaxation rate, the Raman two-phonon process and the
one-phonon process (including the resonant process
which is always present) invariably give a normal-state
sound velocity with a positive slope if the temperature is
below 1 K, in contrast with the negative slope observed
in our experiment. Within the constraint of obtaining a
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reasonable qualitative fit for the superconducting state
sound velocity, all changes in the parameters fail to
change this behavior in the normal state. Even assuming
an ad hoc linear increase of the coupling constant be-
tween the TS and electrons for the superconducting state
relaxation rate, the normal state slope of the sound veloc-
ity below 1 K was positive, though surprisingly it was
possible to give a good qualitative fit for the supercon-
ducting state sound velocity.

A striking result is obtained if we take into account
only the phonon-TS interaction (i.e., only one- and two-
phonon processes) in the above-mentioned calculation of
vg. A good qualitative fit is obtained for the normal state
sound velocity if we increase by a factor of 3 or 4 the pre-
factor 4 in Eq. (4) with respect to the superconducting
state value. This is striking because it would indicate
that the conduction electrons increase the TS-phonon
coupling. In other words, the electrons would effectively
increase the relaxation rate of TS, but this fact becomes
apparent through an enhancement of the phonon cou-
pling. This is a very speculative hypothesis, in which one
rules out an independent TS relaxation rate due to the
conduction electrons, a process which has always been
thought to be physically correct. The picture is not pure-
ly empirical, however, and some theoretical papers have
addressed the possibility of some sort of enhancement of
the TS-phonon interaction.

Vladar and Zawadovsky?® proposed a new strong cou-
pling interaction between electrons and TS. Below a cer-
tain temperature T, they found that the new coupling
constants between TS and electrons increase rapidly.
This transition temperature T, between a weak and
strong coupling regime depends strongly on the high-
temperature values for the coupling constants. They ob-
tained a relaxation rate for the TS that depends on the
two T-dependent coupling constants. But besides this im-
portant difference, its final form resembles that obtained
from the Korringa-like interaction. This means that, be-
cause the coupling increases on lowering temperature, we
would obtain a larger positive slope in the sound velocity
in contradiction to our results.

The strong coupling between the TS and conduction
electrons proposed could also lead to a reduction of the
effective density of states of the TS through a reduction
of the tunneling splitting A,. How much P(E,u) would
be reduced depends on the coupling constants and the ra-
tio between the asymmetry A and the tunneling split-
ting.?> A reduction of the tunneling splitting with con-
duction electrons has also been proposed for hydrogen
tunneling in niobium.® Recently, a &reliminar approach
based on the electron polaron effect™ has been made to
explain the observed internal friction behavior,’! but
more theoretical work has to be done to introduce this
effect into the framework of the TM and calculate also
the sound dispersion. The sound velocity is much more
sensitive to the relaxation rates than the internal friction
in the regime wr,, <<1 (1, is the minimum relaxation
time of the TS due to phonons or electrons).

As in Ref. 22, the good qualitative agreement with
theory in the superconducting state and the failure in the
normal indicates the necessity of measurements of both
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electronic states. Because with low-frequency measure-
ments we expand the temperature region where several
electron-related features are observed (wT,, <<1 holds at
T>0.1 K), ultrasonic measurements alone are not a
severe enough test for the theory.>% In fact, low-
frequency measurements in CugyZr,, also showed unex-
pected features below T, in the internal friction and
sound velocity*’ which are in clear conflict with the very
good agreement with the theory found in Ref. 64 for high
frequency.

The change of behavior in the sound velocity at T, is
an interesting and important result that requires a more
detailed discussion. A similar change of slope in mea-
surements with a vibrating reed was observed in the su-
perconducting layered dichalcogenide 2H-NbSe,. The
authors partially explained this anomaly with thermo-
dynamic arguments as follows: At a second-order phase
transition it was shown® that the discontinuity in the
Young modulus for an isotropic solid is given by

AEy dT, AC,

1
Ey 9|dp |"Y T

(6)

where P is the pressure and ACj is the specific-heat jump
at T,. Taking the pressure dependence of T, obtained for
CuypZrg, (Ref. 66) and ACp from Ref. 19, we obtain
AEy/Ey=—5.8X10"7 (Avg /vg is just one-half of this
value). The experimental values give a much larger
difference in Avg /vy than this calculation provides.

There are several facts which indicate that the ob-
served sound velocity behavior is due to the interaction
between the TS and electrons and cannot be explained by
Eq. (6): at T > T, our results indicate that the TS are re-
sponsible for the sound velocity T dependence (see Fig.
2). The change in vg is not restricted to the transition
point but extends between T, and T, in a relatively wide
temperature range. Furthermore, we obtain in the fully
relaxed state (second anneal) a negligible difference in vy
between both electronic states. Because neither AC, nor
dT,/dP should depend so much on the structure (e.g.,
compare these values with those obtained for pure Zr) it
seems difficult to explain the observed features with ex-
pression (6).

The change in the behavior obtained in vg for 2H-
NbSe, below T, induced us to look for a similar interac-
tion between phonons and electron-dependent entities in
related materials. To our surprise, in a related compound
(2H-TaSe,) two pseudospin configurations (ionic motions
between two degenerated states) were proposed to explain
the thermal conductivity at high temperatures.®’” This
ionic motion would also imply some kind of correlation
with the conduction electrons. Low-frequency measure-
ments in the normal state of 2H-NbSe, are planned to
clarify the sound-velocity behavior.

A decrease in P or ¥ with the decrease of quasiparticles
just below T, could explain the internal friction behavior.
But a decrease in ¥ should increase the sound velocity
when the temperature is increased. On the other hand,
we could think that a decrease in ¥ could be totally com-
pensated by a certain temperature dependence of the TS-
electron coupling. At the stage of the recent theoretical
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developments, even a simple qualitative comparison with
the experimental results is not possible. It seem that
there were three new nondetermined temperature-
and/or electron-dependent variables within the TM: the
density of states of TS,% the coupling constant between
phonons and TS,% and the coupling constants between
electrons and TS.?

Another striking result we think important is observed
in the normal state internal friction in the first and
second anneal, see Figs. 10 and 11. Note the well-defined
plateaus below 4 K. In the standard TM the beginning of
the plateau in the low-temperature region should be at
oT,, =1 (07,, is the minimum relaxation time due to
electrons). Because it is expected that wr,,, <<®Tp,, at
temperatures below 1 K, we should have the beginning of
the plateau at much lower temperatures, much lower
than 7, in the superconducting state. It is possible that
if P(E,u) were temperature dependent, it could decrease
on cooling due to an increase of the coupling constants
between the TS and electrons,? explaining in this way the
decrease in the attenuation which would be not only re-
lated to the relaxation times. But curiously, the relative
increase upon annealing of the temperature where this
plateau begins, is approximately the same as the increase
in T,,, implying also that there is a correspondence of
this beginning of the plateau and the coupling constant
between phonons and TS.

According to the literature it seems that only in Zr-
based superconducting amorphous alloys we can observe
features contradicting the theoretical expectations. In
fact, to our knowledge there are no published low-
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FIG. 10. The same as Fig. 9; T),=0.19K and 7, =2.715 K.
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FIG. 11. The same as Figs. 9 and 10; T,,=0.26 K and
T.=2.436 K. Note that, above T, the peak obtained in the
previous sample states is completely vanished. Note also that in
the normal state the internal friction reaches the plateau regime
at higher temperatures ( ~0.6 K) than obtained for the first an-
neal (Fig. 10). The relative increase of this temperature is ap-
proximately the same as the change in T,.

frequency measurements in any non-Zr-based supercon-
ducting amorphous alloys. Because the normal conduct-
ing metallic glass Pd.4Si,(Cug behaves as expected,!?3°
we could think that the effects we observe are related to
some particular contribution of the Zr atoms. New un-
published results on superconducting (Mo,Ru;_,)zP20
amorphous alloys indicate that depending on the alloy
composition there is a slight increase of Q ! or even a
well-defined plateau below T, in the superconducting
state.”” The measured sound velocity has many of the
main features we observe in the Zr-based amorphous al-
loys in the superconducting state.”” No normal state re-
sults have been obtained yet.

B. Stability of the tunneling systems

Our internal friction results in the superconducting
state reveal that the main decrease upon annealing in the
absorption or thus sound-velocity temperature depen-
dence comes from a decrease in the coupling constant ¥
between the TS and phonons. A comparison between the
sound velocity for the as-quenched state and an early re-
sult? of a room-temperature annealed sample supports
also that the coupling constant is very sensitive to the re-
laxed state of the amorphous structure.

Grondey et al.,' argued that a constant specific heat
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and the increase of the thermal conductivity upon anneal-
ing, could be qualitatively understood by a particular
change of the TS distribvtion function P(E,u). Our re-
sults indicate that such an interpretation is not needed to
explain the annealing evolution. Moreover, our low-
frequency measurements are more sensitive to the low-u
region of the relaxation time spectrum than thermal con-
ductivity, therefore, with the picture of Grondey et al.,
we would expect an increase of Q ~! or in the T depen-
dences of the sound dispersion upon annealing.

Certainly, we cannot completely rule out the possibility
of a nontrivial transformation in the function P(E,u)
upon annealing, in such a way that it produces the ob-
served changes in Q ~! and the thermal conductivity, and
maintains the specific-heat constant. But we must stress
that it is not trivial to find new functions P(E,u) which
agrees with the formidable amount of data of measured
properties in amorphous materials; even slight changes in
P(E,u) can lead to contradictions with the sound veloci-
ty and internal friction or ultrasonic attenuation T depen-
dences. The discussion below will be based on the result
of the stability of the tunneling entities upon annealing in
the measured melt-spun amorphous alloy.

The structural models proposed by Banville and Harris
and Harris and Lewis'* showed strong correlation be-
tween the probability of occurrence of tunneling systems
and voids in the disordered structure. These voids would
disappear upon annealing and, as a consequence, the
amount of the TS would decrease. Obviously, our results
do not support this interpretation. Nevertheless, we
should take into account that in their structural model
and upon computer simulated relaxation, a much bigger
densification (=10% increase in p;) than in our case is
obtained.

The proposed correlation between voids and the TS is,
in spite of our results, an attractive picture. We believe
that it cannot be ruled out completely. It is possible to
think that “extrinsic” defects (within the interpretation
of Egami et al.'5) could be related with voids and also
provide a non-negligible number of the TS. The observed
difference between melt-spun'® and sputtered”® amor-
phous metals upon annealing may come from a different
contribution of “extrinsic” defects.

The structural defects in amorphous structures have
been related with high-stress and low-symmetry regions
through computer simulation studies.’”” These structural
defects, which could be related to the tunneling entities,
are “intrinsic” of the disorder and more related to re-
laxed structures, thus more stable defects. Other com-
puter simulation studies have also shown the possibility
of multilevel systems in disordered structures involving
many atoms.'® This states were proved to be rather
stable with respect to computer simulated relaxation. It
is not clear which kind of relation exists between the
liquidlike clusters proposed by the free-volume model®
and the defects obtained in the computer-simulation stud-
ies. Because the free-volume model is based on thermo-
dynamic and kinetic arguments, there are no evident con-
tradictions. However, some detailed theoretical predic-
tions from the free-volume model in relation to the densi-
ty of states of the TS have not found experimental sup-
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port.%’

The stability of the tunneling systems could arise from
topological considerations. Rivier!! has proposed that
the TS are related to disclinations, a class of defects not
present in crystals because their elastic energy is too high,
but which could be essential constituents of glasses. The
disclination lines thread odd numbered faces in a Voronoi
partition of the solid, therefore they were called odd lines
by Rivier. The odd lines form loops or end at the sample
surface, therefore, to eliminate an odd line, one needs to
shrink its diameter to zero or move it out of the sample
through the surface. In that sense, disclinations are rela-
tively stable entities. Results of critical currents in
several amorphous superconductors®? suggest that dis-
clinations in glasses could explain, in a semiquantitative
fashion, the pinning forces observed when the conditions
for two-dimensional Larkin-Ovchinikov theory” are
fulfilled. The effect of annealing on disclinations, seen by
the pinning forces, is very similar to that on the density
of states of the TS. In amorphous superconductors usual-
ly a decrease in the pinning force upon annealing is ob-
served.” The pinning force is proportional to nyD*,
where n, is the density and D the mean diameter of the
disclination loop. In Ref. 32 a decrease of about 40%
was observed in ny;D* between the as-quenched sample
and the point at which microcrystallites start to appear.
Thus a slight decrease in D could produce the change in
pinning force. If the density of states of TS is related to
the number of disclinations n;, a more severe heat treat-
ment would be needed to shrink some of the loops to zero
and thus decrease P (or n;). Unfortunately, no micro-
scopic theory of the interaction of the odd lines with pho-
nons has been developed, so that we cannot use this mod-
el to fit the observed decrease of the coupling constant at
constant density of states.

It was usually observed that the coupling constant be-
tween phonons and the TS is rather large, from our data
in the as-quenched state, we estimate y=0.83 eV. A
large value for the coupling constant would support the
theory of the critical behavior of the double-well poten-
tial model. Karpov, Klinger, and Ignat’ev'? proposed a
general approach (which basically does not contradict the
above-mentioned models) to describe microscopically
double-well potentials, i.e., TS in amorphous materials.
They proposed critical potentials with two minima
separated by a barrier dependent on the relative contribu-
tions of harmonic and anharmonic terms. The critical
property of these potentials is related with an unusually
small spring constant, resembling the behavior observed
in the case of local defects with a low force-constant im-
purity in solids.”! It was experimentally shown that
anharmonicity plays an important role in the elastic be-
havior of the localized defect when the spring constant is
low.”? Galperin, Gurevich, and Parshin,'* based on the
critical potential picture, obtained an expression for the
coupling constant which depends on the anharmonic con-
tribution. Considering the TS of second type (nonzero
anharmonic term) which are stronger coupled to pho-
nons, they arrived to

’)/2 o Wzﬂ/n%‘ 1)
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where W is the characteristic energy of the potential
(~30K), 7, is a constant related to the atomic mass and
energy (~30 eV), and 7 is the reduced coefficient of the
anharmonic contribution to the two-well potential. Be-
cause W and n; would be rather constant upon anneal-
ing, we obtain that a small decrease ( ~30%) in 7 reduces
y? by a factor of 3. Taking into account the experimen-
tally proved huge sensitivity of the anharmonicity with
hydrostatic pressure, found in special local defects in
crystalline solids,””> we could expect a decrease in 7
through a slight densification or even a local atomic re-
grouping upon annealing.

Because the critical potential model arrives at the con-
cept of two different critical two-well potentials (types 1
and 2), a question arises about the concentration of each
type in real amorphous systems. Furthermore, we could
ask which kind of the TS we are testing with low-
frequency phonons. From the available experimental
data in metallic glasses, which show that the C values ob-
tained at low frequencies are much larger than for high-
frequency experiments, we conclude that the vibrating
reed tests the second kind of the TS (more strongly cou-
pled to phonons).

VI. SUMMARY

We have measured the evolution of the internal friction
and sound velocity in the amorphous superconductor
CuyyZry, upon annealing with the vibrating reed tech-
nique. From the internal friction results we conclude
that the tunneling systems are rather stable entities which
could be related with topological defects characteristic of
disordered structures. The TS-phonon coupling constant
decreases upon annealing while the TS density remains
fairly constant, thus leading to a decrease in the internal
friction and the temperature dependences of the sound
velocity.

With thermal treatments we show that if TS are re-
sponsible for the temperature dependence of the sound
velocity at low temperatures and in the superconducting
state, they also should be the main cause of the phonon
relaxation interaction up t6 10 K in the normal state.

Our results support the conclusions obtained in an ear-
lier experiment:** the superconducting and normal-state
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behavior of the internal friction and sound velocity can-
not be understood within the standard tunneling model
and the proposed interaction between tunneling systems
and electrons (the new observed features in our work
were summarized at the beginning of the discussions).

We have shown that below T, the difference in the
sound velocity between the normal and superconducting
states, depends on the relaxed structure, and, consequent-
ly, on the coupling constants. The idea of a reduction of
the effective density of states of TS with conduction elec-
trons is partially supported by the large internal friction
increase in the superconducting state below 7,. But to
explain the normal as well as the superconducting state
data in the internal friction and sound velocity, a more
complex electron-dependent mechanism than a simple
decrease in P is needed.

We want to stress that the tunneling model and in par-
ticular the mechanism of the interaction between tunnel-
ing systems and conduction electrons is not a problem re-
lated only with amorphous materials. The same situation
can be found in hydrogenated niobium,”® special two-
dimensional materials,” and also in the new high-T,
ceramics. Recent measurements indicate the existence of
tunneling excitations in the YBa,Cu;O,_, and
EuBa,Cu;0,_, 7% ceramic superconductors and prob-
ably also in La, ¢St ,Cu0,.’%"" Understanding of the
TS-electron interaction could give important clues as to
novel mechanisms which could give rise to superconduc-
tivity at high temperatures.
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