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Abstract

We have investigated the acoustical properties of polycrystalline Ag, Al, Cu, Nb, Nb with a Cu-matrix, Nb,gTis,,
Pt and Ta at frequencies of 0.1 kHz < »< 8 kHz and in the temperature range 0.04 mK <T< 1 K. The polycrystalline
samples Al, Nb, Nb with a Cu-matrix, NbTi and Ta in the superconducting state as well as normal conducting
Ag, Cu and Pt show qualitatively the same acoustical behaviour (with similar strain dependence) as observed
for amorphous, dielectric materials. The glass-like “anomalies” can be understood assuming the existence of
tunneling systems with a broad spectrum of energy splitting and relaxation rates. When the acoustical intensity
is of the order of the thermal energy, non-linear effects are observed. We show and discuss an anomalous time
dependence of the sound velocity in Pt as well as a strain-dependent and temperature-independent internal

friction in Cu.

1. Introduction

In the last 15 years, the term glass-like has been
used to describe the anomalous behaviour of low tem-
perature properties found in special materials (ori-
entationally or compositionally disordered dielectric
crystals as well as some alloys [1]) resembling those
found in amorphous solids. The accepted explanation
for the anomalous behaviour is based on the hypothesis
that the disordered lattice contains two-level tunneling
systems (TS) [2, 3]. These low energy excitations of
still unknown origin can interact with phonons and
conduction electrons [1]. Since the glass-like behaviour
is observed for a large number of amorphous and
polycrystalline solids, it is obvious that the tunneling
entity is not a special “defect” but more likely the
“interaction” between defects of different nature. Ex-
perimental [4] as well as theoretical work [5-8] has
provided some hints in this direction.

Until very recently simple polycrystalline metals were
ignored as candidates in the search for glass-like be-
haviour. Our investigations of the acoustical properties
of polycrystalline metals at very low temperatures per-
formed during the last 4 years reveal a striking and
unexpected fact, namely, all polycrystalline metals in-
vestigated to date show low temperature acoustical
properties very similar, sometimes even quantitatively,
to those found in amorphous solids.

*Invited paper.

In this paper, we present new data on the acoustical
properties of the polycrystalline metals measured to
the microKelvin temperature range. For a review of
the predictions of the tunneling model (TM) used to
interpret the observed behaviour as well as the acoustical
results of other polycrystals, we refer to our recent
publications [9-14].

2. Experimental details and samples

Among the low temperature properties used to char-
acterize the glass-like behaviour, the acoustical prop-
erties (sound velocity v and internal friction Q1)
provide an excellent tool since from them one can
obtain information about the density of the tunneling
states and their coupling to phonons or conduction
electrons. Our measurements were performed with the
vibrating reed [15] and vibrating wire [10, 11] technique.
The relative change in the Young’s modulus sound
velocity v was determined by measuring the resonance
frequency /27 of the vibrating sample. The internal
friction was determined from the width of its resonance
curve.

The sample holders were screwed to the upper flange
of a Cu nuclear refrigeration stage [16]. Temperatures
were determined by Pt NMR and/or PdFe susceptibility
thermometers also connected to this flange. For details
on the experimental setup as well as on the sample
thermalization at ultra-low temperatures, see refs. 10
and 11. Different kinds of sample clamping were used,
always ensuring good thermal contact with the Cu stage.
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TABLE 1. Investigated samples®

Material Dimensions Frequency Manufacturer Purity Remarks
(kHz)
Ag 7X2x0.03 mm® 0.25 GF 1 ppm Vibrating reed
100 ppm
Al 125 um 0.6 GF 4N s
5 um 0.3 3NS5 s

Cu 25 um 0.3 1LX - -

125 pm 0.37 GF 3N -
Nb 120 um 1.48 SI - HNO, treated, s
Nb(Cu) 165 pum 0.5 SI - s
NbTis, 20 um 0.9 VH - s, one filament

20 pm 0.6 S1 - s, (a)

40 pm 37 SI - s, (m)

50 pm 0.37 SI - s

50 pm 1.47 SI - s, with insulation
Pt 25 pm 0.76 GF 4N RRR =460

25 pm 0.084 GF 4N RRR =460

25 pum 15 GF 4N RRR =460
Ta 125 pm 1.8 GF 3N s, annealed

125 pum 55 GF 3N s, annealed

*GF, Goodfellow Metals (UK); LK, Lacroix+ Kress; SI, Supercon. Inc., Massachusetts (USA); VH, Vakuumschmelze Hanau (D);
s, superconducting; RRR, residual resistivity ratio. Except for Ag, the samples were measured with the vibrating wire technique;
the written dimension represents their diameter. (a), surface treated with acid; (m), insulation mechanically removed.

After an extensive study of the possible influence of
the clamping, we can conclude that the observed tem-
perature dependencies are not influenced by the clamp-
ing conditions, which give only a constant background
contribution to Q1.

The measurements were performed as a function of
temperature at constant strain or constant driving force
and also as a function of strain at constant temperature.
The given strain values refer to the maximum strain
at the fixed ends of the sample taken at the maximum
oscillation amplitude [10, 11]. Depending on the fre-
quency and maximum oscillation amplitude, the dis-
sipated energy was between 107" W and 107'° W.

Table 1 lists the investigated samples, their resonance
frequencies and some other characteristics. Typical
lengths of the wires were between 4 and 20 mm. Some
of the superconducting wires were treated with acid
(HNO;) to remove the Cu-matrix or to reduce their
diameter to study possible surface contributions. Besides
differences in the thermal conduction and in self-heating
effects at T<10 mK, results were not changed by this
treatment.

3. Experimental results and discussion
3.1. Glass-like behaviour of the acoustical properties

At T<2 K and at audio frequencies, the sound
velocity v of glasses is characterized by a strain-de-

pendent maximum in v at a temperature T, and a
logarithmic temperature dependence of v above and
for small strains also below T',.,. At T> T ..., the internal
friction Q7! is nearly temperature-independent (pla-
teau) with relatively large values and decreases at lower
temperatures [1, 10, 15]. With the exception of the
internal friction in Cu discussed at the end of this
paper, we find those features in all polycrystalline metals
listed in Table 1!

Superconducting polycrystals give us the possibility
of comparing their acoustical properties with those of
amorphous dielectrics since at T < T, (superconducting
transition temperature), the number of normal con-
ducting electrons is negligible and the TS interact only
with phonons, as measurements with amorphous su-
perconductors [18] have shown.

Figure 1 shows both acoustical properties as a function
of temperature at different strains for Nb in the su-
perconducting state. From the slope and maximum of
the sound velocity as well as from the value of Q!
at the plateau, we conclude that the density of states
of TS and their coupling to phonons are of the same
order of magnitude as observed in amorphous dielectrics,
e.g. vitreous silica SiO, [10]. Our results are consistent
with the predictions of the tunneling model for glasses.
From the observed behaviour, we obtain the parameter
C=Py/pv*=(0.6+0.1) x 10~* (P is the density of states
of TS, vy is the coupling constant between phonons and
TS, and p is the mass density [1]) which is only a factor
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Fig. 1. Relative change of sound velocity and internal friction of
Nb as a function of temperature for different applied strains.
The sound velocity curves were normalized at about 1 K to allow
a better comparison. In general, the sound velocity decreases
with strain at T< Tp,,; see Fig. 3. The data at e=1.8X1073 are
influenced by sample heating below 20 mK.

~4 smaller than for SiO, [10]. The different values of
C which we obtain for other polycrystals [10-14] are
not related to some intrinsic property or impurity
concentration of them but to their thermal or mechanical
history as was observed for Ag [9, 10]. It is important
to remark that also in amorphous metals the C values
obtained from the acoustical properties decrease after
thermal annealing while the sample remains in the
amorphous state [17], as observed for polycrystalline
metals.

For a better comparison, we have plotted in Fig. 2
the sound velocity of amorphous SiO,, superconducting
Nb and normal conducting Pt. Surprisingly, the acoust-
ical properties of the normal metal Pt [14] resemble
perfectly those of amorphous dielectrics or supercon-
ducting polycrystals. This result disagrees with the pre-
dictions of the standard [19] and of new models [20]
for the conduction electrons-TS interaction.

The dependence of the internal friction Q™' shown
in Fig. 1 is typical for amorphous dielectrics [1, 10].
The saturation of Q ~* observed at T < 5 mK is attributed
to a clamping contribution. The temperature depen-
dence of Q! below the plateau at T7>0.1 K and after
subtraction of the background absorption does not follow
the predicted T° dependence from the TM but a nearly
linear temperature dependence. This anomalous linear
T-dependence below the plateau has also been observed
in SiO, [10] and recently in Pt [14]. A possible ex-
planation of this behaviour based on the formation of
a subsystem of collective excitations independent of
phonons and due to the TS up—down interaction has
been given recently by Burin and Kagan [21]. The
behaviour of the internal friction shown in Fig. 1 was
observed in all polycrystals investigated [10-14] with
the exception of Cu (sce below).

, 1x107

S

X .%: Y

RELATIVE CHANGE OF SOUND VELOCITY

10 100 1000
TEMPERATURE T(mK)

Fig. 2. Relative change of sound velocity for vitreous silica SiO,
(0.4 kHz), polycrystalline Nb (1.5 kHz) and Pt (760 Hz). The
v-scale for Nb (Pt) has to be divided by a factor of 4 (5). The
inset shows numerical calculations according to the tunneling
model and taking into account the time-dependent applied strain
in the resonant interaction between phonons and TS. The curves
were normalized at about 1 K for a better comparison. The
theory predicts a decrease in the sound velocity with strain at
T <T,.. [10, 11].

3.2. Strain dependence and self-heating effects

The strain-dependent behaviour in the sound velocity,
see Fig. 1, i.e. the shift of its maximum, the change in
the logarithmic slope below it and its apparent saturation
at the lowest temperatures (see also Fig. 2), is observed
when the energy of the sound wave or strain field d(t)
is of the order of the thermal energy kgT [10]. We
can explain these anomalies by introducing a change
in the population number n atgh(E/2kgT) of the tun-
neling states (E?=(A+d(1))*>+ A3 is the energy differ-
ence between the two levels, A is the asymmetry and
A, the tunneling energy) taking into account the strain
field d(r) created by the sound wave. This change affects
mainly the resonant part of the interaction between
TS and phonons that accounts for the decrease in the
sound velocity below the maximum. Consistent with
this explanation is the negligible strain dependence of
the attenuation (see Fig. 1 and also ref. 10). The inset
in Fig. 2 shows the results of new numerical calculations
of the sound velocity taking into account resonant
interaction only and a time-dependent strain field
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d(t)=d, cos(wt). These numerical results agree quali-
tatively with those published in [10].

It is important to stress that the apparent saturation
of the sound velocity at the lowest temperatures and
at low enough strains (¢<10~° for Nb, see Fig. 1) is
not related to self-heating effects (that affect both
acoustical properties at larger strains (e>107°), see
Fig. 1) but can be explained by the population change
produced by the strain field (see inset in Fig. 2). The
exclusion of self-heating effects is reinforced by: (a)
the slope of the sound velocity as a function of strain
is independent of temperature at e<3X107° (see Fig.
3); (b) the strain independence of @' (Fig. 1); and
(c) by the agreement of results of a Nb wire without
and with a Cu-matrix that enlarges enormously the
thermal conductivity of the sample.

Figure 3 shows that even at 7~0.1 mK and at small
strains, the sound velocity in Nb decreases with strain
with the same slope as measured at much higher
temperatures. The s-shape of the strain dependence
of the sound velocity shown in Fig. 3 can be explained
by a superposition of three non-linear effects as discussed
in [11]. The observed logarithmic decrease in the sound
velocity with strain can be well accounted for by the
change in the population difference of the TS [11].

The sound velocity in Nb closely follows a linear
temperature dependence at temperatures below 20 mK
(apparent saturation of v in the semilog plot of Fig.
1). This dependence can be extracted also from Fig.
3 taking the sound velocity at constant strain. This
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Fig. 3. Strain dependence of the sound velocity of Nb at three
different temperatures. The s-shape of the curves can be under-
stood taking into account three non-linear processes [10, 11].

nearly linear T-dependence in the non-linear regime
can also be accounted for by a change in the population
as described before. The observed strain- and T-de-
pendence of the sound velocity in the non-linear regime
disagree with the dependence Av/v a(T/d,)* obtained
in [22].

3.3. Time-dependent effects

Time dependence of the acoustical properties at
T <10mK hasbeen observed in the amorphous materials
SiO, [10] and PdSiCu [10, 23] and has been attributed
to the relatively large thermal resistance of the dielectric
material or to the weak coupling of the nuclei in the
sample to the cooling stage. Recently, we have observed
a novel time dependence of the acoustical properties
of Pt. The Pt-wire was soft soldered to a thick Cu-
wire that was the sample holder. Other thermal (e.g.
made with Stycast) and electrical contacts for other
wires (see Table 1) have been already used and show
no measurable influence on the wire thermalization.
Figure 4 shows the relative change in sound velocity
as a function of time for Pt measured after a relatively
rapid (<100 s) change in temperature. We observe
a strong time dependence of the sound velocity, with
a relaxation time strongly decreasing with temperature.
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Fig. 4. Time dependence of the sound velocity in Pt at three
rapid (t~ 100 s) temperature changes: from 5 mK to 40 mK (X),
26 mK (O) and 10 mK (@), respectively. The inset shows the
temperature dependence of the relaxation time obtained from
a fit using eqn. (1).
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It can be shown that the resonant interaction between
TS and phonons is proportional to the population
number n(E, T) of TS [1]. The temperature dependence
of the sound velocity at T < T, is due to this interaction.
If a sample is cooled or heated rapidly from a “charging”
temperature T, to a measuring temperature T,, the
time-dependent relative change in the sound velocity
in the relaxation time approximation and within the
TM is given by

b 2 s3]

X[n(E, T,) exp(—t/7(Ty, E))
+ (1= exp(t/(ToE))n(E, To)] dA da, (1)

where P(A, Ag)dAdAy=(P/Ag)dAdA, and (T, E) is the
relaxation time between TS and phonons and/or con-
duction electrons. Expression (1) should not be confused
with the logarithmic time dependence of the sound
velocity in the non-linear regime predicted in [22].

We have fit the observed time dependence to three
different kinds of relaxation rates in (1): (a) TS-phonons,
(b) TS-electrons and (c) an only temperature-dependent
relaxation rate. With reasonable values for the coupling
constant between TS and phonons (or electrons), we
obtain qualitatively the observed time dependence but
shifted to lower times by several orders of magnitude.
For example, an effective relaxation time 7~0.1 s at
10 mK is obtained for the TS-phonon interaction instead
of ~2500 s observed experimentally (see Fig. 4). Note
also that the acoustical properties of Pt contradict the
use of the standard TS-electron relaxation rate. The
fit of eqn. (1) to the data, shown in Fig. 4, was obtained
assuming an TS-energy-independent relaxation time.
The fit to the three curves gives a T~ > dependence
for {(T) in (1) (see inset in Fig. 4).

The acoustical properties indicate that the TS in Pt
interact only with phonons (see Fig. 2 and ref. 14).
Because the TS-phonon relaxation time is several orders
of magnitude smaller than the one measured between
10 and 40 mK (inset in Fig. 4), we interpret this
relaxation time as due to the phonon thermalization
in the sample, i.e. the TS act as a microscopic ther-
mometer of the phonon temperature. This thermali-
zation can be due, for example, to the phonon—electron
interaction. A T~* dependence for the energy-loss
lifetime for the conduction electron—phonon interaction
has been observed in Cu-films at milliKelvin temper-
atures {24] and for other metals at higher temperatures
[25]. However, the absolute value of the relaxation time
obtained here for Pt is three to five orders of magnitude
larger than that measured in other metals [24, 25].

At present we are investigating whether the observed
relaxation time depends on the amount or kind of
defects (i.e. TS) in Pt or on the applied strain. Pre-

liminary results on a Pt wire with smaller defect con-
centration and with the same kind of thermal coupling
to the nuclear stage indicate a smaller and strain-
independent time constant.

3.4. Amplitude-dependent internal friction

While the sound velocity in Cu shows the same
glass-like behaviour as in Ag [12], the internal friction
shows an “anomalous” strain and temperature depen-
dence. We have measured two polycrystalline Cu wires
with 25 um (Cu no. 1, 300 Hz) and 125 pm (Cu no.
2, 370 Hz) diameter in the temperature range 0.06
mK<7T<900 mK and in the strain range
7Xx107%*>€>3x1077. Our results shown in Fig. 5
indicate that at T<300 mK Q™ '« €” withn=0.41+0.02
for €>10"° independent of temperature, eg. Q!
(T<300 mK)=5x10"* for e=5Xx10"° For lower
strains Q' deviates from this dependence (see Fig.
5); this deviation is larger the higher the temperature.

The behaviour of Q™' in Cu may be explained by
tunneling of pinned dislocations. At sufficiently low
temperatures and high stress, the escape of dislocations
from their pinning centers can be more effective via
tunneling than by means of thermal activation [26-28].
Unlike the temperature-dependent phonon assisted tun-
neling rate used in the tunneling model to explain the
glass-like low temperature properties [1], we have to
assume only a stress-dependent rate to explain the
observed behaviour in Cu. The form of that rate might
be, for example, aexp(—E,/20V) [28], where E,, is the
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Fig. 5. Strain dependence of the internal friction of two Cu-
wires at different temperatures. (a) Applied magnetic field=
9 mT; (b) 27.4 mT. Wire’s diameter 25 um (no. 1) and 125 um
(no. 2).
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binding energy, o the local stress and V' an atomic
volume. Within this picture, it is possible to understand
the observations qualitatively: the strain dependence
as well as the temperature independence and the start
of the thermally activated regime at the low stress
region (Fig. 5). To understand the results quantitatively,
two points should be clarified: a possible binding energy
distribution and the background contribution to Q'
due to TS which should be present according to the
temperature dependence of the sound velocity [12]. A
similar strain dependence of Q ~! superimposed on the
temperature-dependent and strain-independent TS con-
tribution to Q! has recently been observed in two Pt
wires.

4. Conclusions

With the vibrating wire and vibrating reed technique
and nuclear demagnetization, we have measured the
acoustical properties of several polycrystalline metals
at very low temperatures. Our results indicate that
there are basically no differences in the low-temperature,
low-frequency acoustical properties of polycrystals and
amorphous materials. The glass-like anomalies are by
far more universal than expected. Without question
this result is more significant than the deviations from
the predictions of the standard tunneling model.

As in amorphous materials, the acoustical properties
of polycrystals can be understood within the tunneling
model and a phonon-assisted relaxation rate. The in-
fluence of conduction electrons to the tunneling rate
remains still an open question. The observed non-linear
effects in the sound velocity can be understood taking
into account the dependence of the population of the
TS on the acoustical intensity. Time-dependent effects
were measured and indicate that TS acts as a microscopic
thermometer of the phonon temperature. The behaviour
of the internal friction in Cu (as well as in Pt) over
more than three orders of magnitude in temperature
and strain may be explained by dislocation tunneling.
We are confident that the observed similarity in the
acoustical properties of very different kinds of materials
will trigger new experiments which might contribute to
the understanding of the nature and interaction of the
tunneling entities in disordered media and polycrys-
talline materials.

References

1 S. Hunklinger and A K. Raychaudhuri, in D.F. Brewer (ed.),
Progress in Low Temperature Physics, Vol. 9, North-Holland,
Amsterdam, 1986, p. 265.

2 W.A. Phillips, J. Low Temp. Phys., 7 (1972) 351.

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

4 J.J. De Yoreo, W. Knaak, M. Meissner and R.O. Pohl, Phys.
Rev. B, 34 (1986) 8888.

5 M. Klein, B. Fischer, A.C. Anderson and P.J. Anthony, Phys.
Rev. B, 18 (1978) 5887.

6 C.C. Yu and A. Leggett, Commun. Condens. Matter Phys.,
14 (1989) 231.

7 AL. Burin, JETP Lett, 54 (1991) 320.

S.N. Coopersmith, Phys. Rev. Lett,, 67 (1991) 2315.

9 P. Thauer, P. Esquinazi and F. Pobell, Physica B, 165/166
(1990) 905.

10 P. Esquinazi, R. Konig and F. Pobell, Z. Phys. B, 87 (1992)
30s.

11 R. Konig, P. Esquinazi and F. Pobell, J. Low Temp. Phys.,
90 (1993) 55.

12 P. Esquinazi, R. Konig, D. Valentin and F. Pobell, in M.
Meissner and R.O. Pohl (eds.), Phonon Scattering in Condensed
Matter Vi, Solid-State Sciences 112, Springer, Berlin, 1993, p.
317.

13 P. Esquinazi, R. Kénig and F. Pobell, Europhys. News, June
(1993).

14 R. Konig, P. Esquinazi and F. Pobell, Proc. 20th Conf. on
Low Temp. Phys. LT20 (1993); Physica B, in press.

15 AK. Raychaudhuri and S. Hunklinger, Z. Phys. B, 57 (1984)
113.

16 K. Gloos, P. Smeibidl, C. Kennedy, A. Singsaas, P. Sekowski,
R. Mueller and F. Pobell, J. Low Temp. Phys., 73 (1988) 101.

17 P. Esquinazi and J. Luzuriaga, Phys. Rev. B, 37 (1988) 7819.

18 P. Esquinazi, H.-M. Ritter, H. Neckel, G. Weiss and S.
Hunklinger, Z. Phys. B, 64 (1986) 81.

19 B. Golding, J. Graebner, A. Kane and J. Black, Phys. Rev.
Lett., 41 (1978) 1487.

20 Yu. Kagan and N. Prokof’ev, Sov. Phys. JETP, 70 (1990) 957.

21 A.L. Burin and Yu. Kagan, Proc. 20th Conf. on Low Temp.
Phys., LT20 (1993); Physica B, 91 (1993) 367.

22 D.A. Parshin, Z. Phys. B, in press.

23 P. Esquinazi, R. Konig, F. Pobell, F.-H. Dietzel, G. Weiss
and S. Hunklinger, in S. Hunklinger, W. Ludwig and G.
Weiss (eds.), Phonon 89, World Scientific, Singapore, 1990,
p. 423.

24 M.L. Roukes, M.R. Freeman, R.S. Germain, R.C. Richardson
and M.B. Ketchen, Phys. Rev. Lett., 55 (1985) 422.

25 V.F. Gantmakher, Rep. Prog. Phys., 37 (1974) 317.

26 J.W. Glen, Philos. Mag., 1 (1956) 400.

27 N.F. Mott, Philos. Mag,, 1 (1956) 568.

28 J.J. Gilman, J. Appl. Phys., 39 (1968) 6086.

[v]



