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Similarities and differences between the low-temperature acoustic properties
of crystalline materials and glasses

J. Classen, M. Hu¨bner,* C. Enss, G. Weiss,† and S. Hunklinger
Universität Heidelberg, Institut fu¨r Angewandte Physik, Albert-Ueberle-Strasse 3–5, D-69120 Heidelberg, Germany

~Received 16 December 1996; revised manuscript received 30 April 1997!

We report on measurements of the acoustic properties of single crystals of alkali halides and aluminum, and
polycrystalline copper at kHz frequencies and temperatures down to 8 mK. The goal of this study was to
examine in several crystals with a small number of defects the presence and influence of two-level tunneling
systems which commonly govern the low-temperature behavior of amorphous solids. The samples were in-
vestigated using vibrating reed and torsional oscillator techniques. In contrast to recent reports on glasslike
behavior for a large variety of pure polycrystalline metals, our results confirm the ‘‘traditional’’ point of view
that the low-temperature acoustic properties of pure monatomic crystals can be well distinguished from those
of amorphous solids.@S0163-1829~97!06437-0#
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I. INTRODUCTION

The low-temperature properties of amorphous mater
are dominated by low-energy excitations which are belie
to be caused and thus intimately related to the disorde
structure. Based on 25 years of experimental and theore
research it appears that these low-energy excitations are
described by two-level systems which have a broad spect
of energies and relaxation times and are caused by the
neling motion of a few atoms residing in double-we
potentials.1 Also crystals containing defects or some oth
sort of disorder, e.g., alloys with diffusionless pha
transitions,2 or alkali-halide mixed crystals with substitu
tional disorder,3 may exhibit in certain concentration rang
low-temperature properties similar to those of glasses
good crystals, however, no tunneling should occur due to
perfect arrangement of all atoms.

A considerable number of recent acoustic experiments
Esquinaziet al.,4–7 however, indicated that the number de
sity of tunneling systems in an arbitrarily chosen polycry
talline metal is generally of the same order of magnitude
in glasses, and that these two-level systems have a simi
broad distribution of energies and relaxation times. Th
observations gave rise to the statement that ‘‘there are b
cally no differences between the low-temperature acou
properties of polycrystalline metals and amorpho
materials.’’5 A clear explanation for the occurrence of tu
neling systems in these materials has not yet been gi
though.

These puzzling results for the polycrystalline metals
well as the long-standing question of the microscopic nat
of the tunneling states in amorphous solids make it wo
reexamining the acoustic properties of very pure crystals
starting point. Believing that some sort of disorder must
responsible for the existence of tunneling systems, we
formed a series of vibrating reed and torsional oscillator
periments on several crystalline samples with a small an
possible, controlled number of defects. The samples w
ultrapure KCl and KCl doped with 60 ppm Li, a single cry
tal of Al, and polycrystalline Cu with large grains. For th
560163-1829/97/56~13!/8012~9!/$10.00
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copper samples we used both vibrating reed and torsio
oscillator techniques to investigate the possible influence
the applied method on the experimental results and a
checked the influence of annealing on the low-tempera
properties. A brief account of the results for the copp
samples has already been given elsewhere.8 Although we
find in most of our samples evidence for the presence
low-energy excitations, our experiments generally show t
the low-temperature acoustic properties of all investiga
crystalline materials can be well distinguished from those
glasses.

This paper is organized as follows. As a baseline of o
discussion we will briefly recall in the next section the pr
dictions of the tunneling model for the low-temperatu
acoustic properties of glasses, and review some result
previous acoustic experiments on various simple met
Section III gives some information on the experimental te
nique, while Sec. IV contains the presentation and discus
of our experimental results.

II. THEORETICAL AND EXPERIMENTAL BACKGROUND

A. Acoustic properties of glasses—
Predictions of the tunneling model

Here we will only briefly summarize the assumptions a
predictions of the tunneling model with regard to our low
frequency acoustic experiments. More detailed discuss
have been given elsewhere.9,10 The basic assumptions of th
tunneling model are:~i! In amorphous solids some atoms
small groups of atoms can move between two almost deg
erate configurations. They can be modeled as particle
double well potentials with asymmetryD and tunnel splitting
D0 . The resulting total energy splitting between the two lo
est levels is given byE5(D21D0

2)1/2. ~ii ! Due to the irregu-
lar atomic arrangement in glasses the parametersD and D0
are widely distributed. In general, a distribution functio
P(D,D0)5 P̄/D0 is assumed whereP̄ is a constant.~iii ! Be-
low 1 K the dominant relaxation mechanism for tunneli
systems in insulating glasses is the so-called one-pho
process. The rate of this process is given
8012 © 1997 The American Physical Society
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t215AD0
2E coth(E/2kBT), where the constantA is deter-

mined by the deformation potentialg, the mass densityr,
and the sound velocityv. For a given energy splitting, ther
is a wide distribution of relaxation times. Symmetric tunn
ing systems have the shortest relaxation times, denote
tmin .

The temperature dependence, as predicted by the tun
ing model, of the internal frictionQ21 and of the relative
change of sound velocitydv/v of an insulating glass below 1
K is shown in Fig. 1. The parameters used for the numer
calculation wereA5108 K23 and C5 P̄g2/rv25331024,
quite typical of a glass; the frequencyf 5v/2p was chosen
as 5 kHz.

At low temperatures, whenvtmin@1, the internal friction
increases as the third power of temperature, and the so
velocity varies logarithmically with temperature as

dv
v

5C lnS T

T0
D , ~1!

whereT0 is an arbitrary reference temperature.
At higher temperatures, whenvtmin!1, the internal fric-

tion approaches the value

Q215
p

2
C ~2!

independent of temperature and frequency. The sound ve
ity passes a maximum and then decreases logarithmic
with increasing temperature as

FIG. 1. Temperature dependence of the internal friction and
the relative change of sound velocity as predicted by the tunne
model for a dielectric glass. The parameters used wereA5108 K23

andC5331024. The frequency was chosen as 5 kHz.
-
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dv
v

52
C

2
lnS T

T0
D . ~3!

The positionTmax of the maximum of sound velocity shift
with frequency asf 1/3.

In metallic glasses the situation is complicated by the
teraction between conduction electrons and tunneling s
tems that opens up an additional relaxation channel.11 At
very low temperatures the relaxation rate due to conduc
electrons which is proportional to the density of states at
Fermi level can be several orders of magnitude higher t
the one-phonon rate. Experimentally, evidence for a tunn
ing system-electron interaction comes from ultrasonic m
surements of normal conducting metallic glasses12,9 and,
most clearly, of amorphous superconductors.13,14Since in the
latter case the electrons condense into the BCS ground
the relaxation rate drops exponentially with decreasing te
perature below the superconducting transition tempera
and the relaxation is dominated by phonons as in dielec
materials.6,15 In addition to the strong enhancement of t
relaxation rates, conduction electrons seem to reduce
density of states of the tunneling systems.14 More advanced
theoretical treatments show that~i! the coupling of tunneling
systems to conduction electrons renormalizes the tunne
energy D0

16–19 which in turn may reduce, in a nontrivia
way, the density of states of the tunneling systems in
normal state compared to that in the superconduc
state,20,21 ~ii ! it is necessary to consider incoherent tunneli
which in general leads to a nonmonotonic temperature
pendence of the relaxation rate,19,22,23and~iii ! a lower bound
in the distribution ofD0 may be introduced20,22 which may
significantly change the predictions of the temperature
pendencies ofQ21 anddv/v.

It is worth to note that essential aspects of this mo
elaborate discussion of the interaction of tunneling sta
with conduction electrons have been verified for light inte
stitials in crystalline metals, particularly for hydrogen in ni
bium which forms tunneling systems with well-definedD0
and restricted distribution inD: rapid freezing of the
electron-induced relaxation rate on cooling below the sup
conducting transition,24–26 change ofD0 due to the coupling
to conduction electrons,25,27 and the crossover to incohere
tunneling.28

Although somewhat difficult to survey, most of the e
perimental results can be accounted for by those more
phisticated theories. Here we want to mention only so
general predictions and observations for the acoustic pro
ties. The relaxation via conduction electrons may be relev
down to temperatures as low as 10 mK since even at v
low temperatures the relaxation rates can still be compar
to the measuring frequency. In normal conductors this le
to an almost temperature-independent internal friction an
a reduction of the slope of the logarithmic increase ofdv/v
@Eq. ~1!# arising from the resonant interaction of tunnelin
systems with phonons. A modified distribution ofD0 allows
a better description of the temperature dependence ofQ21

and leads to a further reduction of the slope of the increas
dv/v. At higher temperatures the relaxation via phonons
comes dominant and gives rise to a decrease ofdv/v with
increasing temperature. In amorphous superconductors
at sufficiently low measuring frequencydv/v is described by

f
g
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8014 56CLASSEN, HÜBNER, ENSS, WEISS, AND HUNKLINGER
Eqs. ~1! and ~3!. As in dielectric glasses,dv/v decreases
much faster above approximately 1 K due to multiphonon
processes.

While the situation in metallic glasses is rather comp
cated, acoustic experiments on dielectric glasses gene
show a reasonable agreement with the predictions of the
neling model. We want to mention only briefly some dev
tions which generally occur.~i! The measured temperatu
dependence of the internal friction does not increase w
temperature asT3 but asTa with a between 1 and 2.4,10,29

~ii ! The sound velocity becomes strain dependent at low t
peratures; it decreases with increasing strain amplitudes4,10

~iii ! In the limit of small strains the increase of the sou
velocity below the maximum is not twice as steep as
decrease above the maximum@as expected from Eqs.~1! and
~3!#, but the ratio of the two slopes is fairly close
1:(21).10,29,30

None of these observations has conclusively been
plained yet. Problems such as the interaction between tun
ing defects~which could lead to a linear temperature depe
dence of Q21! and the nonlinear response of tunneli
systems to high acoustic or electric field amplitudes h
recently been investigated theoretically.31,32 For our present
discussion, however, it is more important to emphasize
the tunneling model in fact gives at least a correct qualita
description of the experimental results and that the beha
of different glasses is quite universal, i.e., the parameterA
andC usually vary only within one order of magnitude.

B. Previous acoustic experiments
on simple metallic crystals

The low-temperature acoustic properties of pure crys
can be basically understood in terms of the Debye model
the model of the free electron gas. Within this simple a
proach the internal energy of a metal can be expressed
sum of a temperature-independent term plus contributi
from thermal excitations in the electron gas (}T2) and from
the lattice vibrations or phonons (}T4). Since the elastic
constants are basically the second derivatives of the inte
energy with respect to deformation, the relative change
sound velocitydv/v5@v(T)2v(0)#/v(T) is expected to
vary for T→0 as

dv
v

52aT22bT4, ~4!

wherea andb are positive constants. For dielectric mate
als,a50 and

dv
v

52bT4. ~5!

The predicted behavior has been experimentally obser
e.g., for vanadium and Cu:Au~0.1%!.33 In general, however
additional contributions todv/v may occur, e.g., from the
motion of dislocation lines under the influence of a sou
field, and can give rise to a more complicated tempera
dependence. A linear decreasedv/v}2T was found for ex-
ample for oxygen-free high-conductivity~OFHC! copper
with a purity of 99.98% as well as for 99.9% pure gold a
lead, while 99.999% pure copper exhibited a decre
-
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dv/v}2T1/4.34 Neither of these empirical relations is the
retically understood. The occurrence of the additional con
butions can be suppressed by pinning of the dislocation li
at vacancies or can be gradually reduced by successive
nealing procedures.33

It has also been demonstrated by ultrasonic experim
on aluminum single crystals subjected to a bias stress tha
interaction of kinks on dislocation lines can give rise to t
formation of two-level tunneling systems.35 Without applied
bias stress or after careful annealing of the sample, howe
no indication of the presence of two-level systems was
served. Since all crystals have some lattice defects suc
vacancies, dislocations, stacking faults, or grain bounda
and contain impurities in some concentration, the obser
tion of low-energy tunneling systems in crystals is actua
not surprising.

Certainly quite unexpected, however, are the results of
vibrating reed and vibrating wire experiments by t
Bayreuth group mentioned above4–7 which indicate that the
number densities and the spectra of two-level systems
polycrystalline metals are generally very similar to tho
found in amorphous solids. Moreover, it has been stated
neither the grain size of the polycrystals nor the impur
concentration nor the clamping of the samples~except for a
temperature-independent residual absorption! have a signifi-
cant influence on the experimental results.

III. EXPERIMENTAL TECHNIQUE

The vibrating reed method, which was used for measu
ments on aluminum and copper samples, has been desc
in detail in several publications.4,10 A thin rectangular plate
of the sample material is clamped at one end between
copper blocks. The reed is electrostatically driven to forc
vibrations at its lowest eigenfrequency by an electrode at
free end. A second electrode on the opposite side is used
the electrostatic detection of the vibration.36 Relative
changes of the sound velocitydv/v5d f / f can be measured
with an accuracy better than 1026 by monitoring changes o
the resonance frequencyf . The absolute value of the interna
friction Q21 can be determined with an accuracy of 3–5
from evaluation of full resonance curves or from the exp
nential decay of the vibrational amplitude after turning o
the driving voltage. The best resolution for the detection
relative changes of the internal friction with a typical error
1% is achieved by monitoringdA/A.dQ/Q, whereA is the
amplitude of the reed at resonance.

A setup very similar to the vibrating reed experiment w
used for the torsional oscillator. Again a small plate or rod
the sample material was clamped at one end. To exci
torsional mode rather than a bending mode, two small cop
bars were attached by screws to the free end of the sam
and the electrodes for excitation and detection were pla
close to the end of the bars to generate a maximum tor
and to detect a large amplitude, respectively. For the m
samples measured with the torsional oscillator method, th
was no need to attach a bar, since they could be dire
machined into aT geometry.

The actual measuring procedure of the sound velocity
internal friction was the same for the torsional oscillator
for the vibrating reed measurements.10 However, while for
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56 8015SIMILARITIES AND DIFFERENCES BETWEEN THE . . .
the torsional vibration the measured change of sound ve
ity is determined by changes of the shear modulus, in a
brating reed experiment changes of Young’s modulus
observed. Another difference between the two technique
the distribution of strains in the sample. While the torsion
oscillator is subjected to a rather uniform deformation alo
the full length of the sample and large strain amplitudes
cur over a larger portion of its volume, the maximum stra
amplitudes of a vibrating reed occur at the clamping posit
and vanish at the free end of the sample. Hence the influe
of clamping and of surface defects might be more import
for a vibrating reed than for a torsional oscillator.

All of the measurements to be presented in Sec. IV w
performed at such small excitation levels that the resona
curves did not exhibit any nonlinear behavior and that
measured quantitiesdv/v andQ21 did not significantly de-
pend on the excitation voltage. Typical maximum strain a
plitudes were on the order of 131027.

The investigated samples were a nominally pure K
single crystal and a KCl single crystal containing 60 pp
7Li, both cut along^100&, an aluminum single crystal, an
polycrystalline OFHC copper with grain sizes of appro
mately 1 mm. The impurity content of the metallic samp
is not precisely known. However, all Cu samples were p
pared from the same piece of copper and should there
contain almost the same amount of impurities. One cop
torsional oscillator was annealed at approximately 1000
under argon atmosphere for almost 1 h. Afterwards
sample was cleaned in a solution of nitric and hydrochlo
acid. No mechanical stress was applied to the sample a
annealing.

Typical sample dimensions were 10 mm length, 3 m
width, and 0.3 mm thickness for the reeds. For the torsio
oscillators, the width was slightly reduced (.2 mm) and the
thickness enhanced (.1 mm). The resonance frequencies
all samples ranged between 1 and 10 kHz.

IV. RESULTS AND DISCUSSION

A. Pure and Li-doped KCl crystals

Figure 2 shows the temperature dependence of the in
nal friction and of the relative change of sound velocity f
the pure KCl crystal and for the KCl sample doped with
ppm 7Li. The frequencies of the torsional oscillators we
1.4 and 1.1 kHz, respectively. Within the experimental re
lution of 231027 the sound velocity of the pure crysta
~open circles! is independent of temperature below 150 m
and decreases monotonically above that temperature. Th
crease is much stronger than expected for just the De
phonon contribution Eq.~5!. Presumably, crystal defect
such as dislocations influence the sound velocity in this te
perature range.

Comparing these data with the results for the Li-dop
crystal we find striking differences. At low temperatures t
sound velocity of the doped sample~full circles! is strongly
reduced compared to the pure crystal and shows a nonm
tonic temperature dependence. This can be understood b
tunneling of the Li1-defect ions in KCl. It is known for over
thirty years that Li1, which substitutes for K1 in KCl, expe-
riences a potential with eight minima towards^111& crystal
directions. At low temperatures tunneling between th
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eight positions occurs and gives rise to a tunnel splittingD0 .
The energy spectrum of this eight state system consist
four levels, the middle two of which are threefold degen
ated. Note that Li-doped KCl is a well studied model syste
for the tunneling of defect ions in alkali-halide crystals. F
details we refer to the overview articles Refs. 37 and 38.

The misfit in size of the Li ions leads to a distortion of th
host lattice around the defect. The resulting elastic quad
pole moment can make the system couple to internal
external strain fields. In addition, the Li1 carries a rather
large electrical dipole moment. At sufficiently low Li con
centrations the tunneling states can be considered as b
isolated. For the geometry of our torsional oscillator expe
ment and for low frequencies~static limit! the temperature
dependence of the sound velocity determined by the Li1 de-
fects is in this case given by39

dv
v

52
2ng2

rv2D0
tanhS D0

2kBTD2
ng2

rv2kBT
sech2S D0

2kBTD ,

~6!

wheren is the number density of tunneling systems. The fi
term represents the so-called resonant contribution and sc
with the occupation number difference. The origin of t
second part of Eq.~6! is particularly interesting because th
relaxational contribution arises from the linear coupling
the external strain fields to some of the eight energy lev

FIG. 2. Internal friction and relative change of sound velocity
a function of temperature for pure KCl~open circles!, and KCl
doped with 60 ppm7Li ~full circles!. For both samples the torsiona
oscillator method was used. The dashed line in the lower panel
calculation according to Eq.~6! while the solid line is the same fi
where, however, the temperature dependence ofdv/v of the pure
KCl crystal was added. For the parameters used see text.
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Note that this is a special property of this kind of eight st
system and would not occur for a symmetric two-level s
tem. In Eq.~6! we have assumed that the one-phonon rel
ation ratet215AD0

3 coth(D0/2kBT) is much larger than the
frequency of our experiments so that the Debye fac
1/(11v2t2) can be omitted~static limit!. This is justified by
the observed absence of a relaxation peak in the inte
friction at T.D0/2kB5550 mK, see upper part of Fig. 2
The maximum ofQ21 around 180 mK has a different origi
that will be discussed below.

Qualitatively, the two contributions in Eq.~6! account
well for the observed temperature dependence ofdv/v. The
resonant part determines the large reduction of the so
velocity below 10 K while the relaxational part leads to t
local minimum at 400 mK. In the lower panel of Fig. 2 w
show a calculation according to Eq.~6! as dashed line wher
ng2/(rv2kB)57.331024 K and D0 /kB51.1 K. The solid
line in Fig. 2 is the same fit where we have added, howe
the temperature dependence ofdv/v of the pure KCl crystal.
This is based on the assumption that in the doped crysta
same effects~in a similar magnitude! as in the pure sample
are leading to the reduction of the sound velocity at h
temperatures. From our data we cannot conclusively de
to which extent this assumption is justified since there are
data for the Li-doped crystal above 13 K.

Despite the reasonable overall agreement between
and fits there occur some obvious quantitative discrepan
at low temperatures. The reason is that at a concentratio
60 ppm the Li1 defects cannot be considered as being co
pletely isolated.40–42 This has several consequences:~i! The
prefactor of the resonant part of the sound velocity in Eq.~6!
is somewhat reduced.~ii ! An additional relaxation contribu
tion due to the collective motion of the Li ions occurs whi
leads to a reduction of the sound velocity at low tempe
tures.~iii ! The tunnel splittingD0 is modified by the interac-
tion energies between the defects. This leads to a distribu
of effective tunnel splittings and hence to a broadening
to a small shift towards lower temperatures of the minim
of sound velocity.

A complete discussion of these effects is beyond
scope of this paper.39 The main aspect here is that the pre
ence of just 60 ppm Li strongly modifies the temperatu
dependence of the sound velocity below 10 K and, in p
ticular, leads to a reduction ofdv/v.

The internal friction data for the two samples are sho
in the upper part of Fig. 2. Both samples exhibit a ve
similar temperature dependence and absolute value of
internal friction. Up to about 5 K we find aweak increase of
Q21 with increasing temperature. At higher temperatu
this increase is much stronger. The important point is that
observe a nearly temperature independent absorption at
temperatures with absolute values ofQ21 between 231025

and 331025, which is most likely due to the residual ab
sorption of our experiment and does barely reflect the int
sic properties of the samples. An interesting feature of
doped sample is the small maximum around 180 mK cau
by the additional relaxational contribution which, as me
tioned above, arises from the interaction between the de
ions. Since the relaxation rates for this process are com
rable to our measuring frequency we happen to observe
contribution in our experiment.
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B. Crystalline metals

Figure 3 shows the temperature dependence of the in
nal friction and the relative change of sound velocity for t
aluminum single crystal reed at 5 kHz. Up to 30 mKdv/v
slightly increases and rapidly decreases above that temp
ture. Since the increase is nearly logarithmic in temperat
it is tempting to interpret this as glasslike behavior and to
Eq. ~1! to extract the parameterC from the slope which
would yield C53.431026. It is rather questionable, how
ever, whether this interpretation is adequate since all
other features typical of a glass~see Sec. II A! do not occur:
The decrease of the sound velocity above 30 mK is m
steeper than the increase below the maximum, wherea
glasses both slopes are of similar magnitude. Moreover,
decrease is not logarithmic in temperature but rather show
2T0.8 dependence. Finally, the internal friction rises on
slightly up to 0.2 K and increases more rapidly above t
temperature, which is in marked contrast to the prediction
the tunneling model even if we allow for an arbitrary bac
ground loss due to clamping of the sample.

The maximum of sound velocity occurs in a temperatu
range well below the superconducting transition tempera
Tc.1.2 K of Al where almost all conduction electrons a
condensed into the BCS ground state. Hence, at least u
200 mK the interaction between tunneling systems and e
trons can be also ruled out as a possible explanation for
observed features indv/v andQ21.

FIG. 3. Internal friction and relative change of sound velocity
a function of temperature for a reed of aluminum single crystal.
in the following figures, the inset shows the sound velocity at l
temperatures on a strongly expanded scale. The tunneling m
~solid lines! with parametersC53.431026 andA5108 K23 com-
pletely fails to describe the data.
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Only for illustration purposes, we have drawn as so
lines in Fig. 3 a ‘‘fit’’ to the experimental data using th
standard tunneling model, where relaxation occurs only
one-phonon-processes, with the parametersC53.431026

andA5108 K23. The parameters were chosen mainly to
produce the logarithmic increase ofdv/v below the maxi-
mum. Other sets of parameters cannot significantly impr
the quality of the fit: For example, by using a larger value
A it is possible to shift the maximum of sound velocity
lower temperatures~in better agreement with experiment!,
but in this case the theoretical curve would exhibit a sign
cant curvature in the region below the maximum where
experimental data are linear in log(T). Moreover, the ratio of
slopes below and above the maximum ofdv/v cannot be
changed at all by the choice of the fitting parameters.
expected from the above discussion, the tunneling mode
completely inappropriate to describe the experimental da

Our results for the Al crystal are markedly different fro
those reported by Ko¨nig et al.7 for polycrystalline aluminum
wires where acoustic properties quite similar to those
glasses were observed. In these measurements the slo
the logarithmic increase of sound velocity at low tempe
tures is more than one order of magnitude larger than in
3, and the maximum of sound velocity occurred, depend
on the frequency, around 200 mK. The most plausible ex
nations for the dissimilarities between the two measurem
are differences between the experimental methods~which
will be briefly discussed at the end of this paper! or differ-
ences between the number of defects in the samples, e.g.
to grain boundaries or dislocations. Our results for cop
polycrystals presented in the following paragraphs will de
onstrate that the presence of a small number of grain bou
aries does not lead to glasslike properties of polycrystal
metals. Supposing that the differences between the re
are not entirely due to the experimental techniques we are
to conclude that the number of tunneling states and the gl
like properties of polycrystalline metals are strongly cor
lated either with the grain size or with the density of dis
cation lines.

Data quite similar to those for the Al crystal were o
tained for a large-grained copper reed at 2.8 kHz~Fig. 4!. In
this measurement the noise level was unusually high but
main features of the measured quantities can still be
solved. Again the sound velocity increases logarithmically
very low temperatures~with a slope 30% larger than for th
Al sample! and decreases rapidly~approximately linearly in
T! after passing a maximum at 0.1 K, while the intern
friction smoothly increases with increasing temperature.

It is interesting to compare the results of the vibrati
reed experiment at 2.8 kHz in Fig. 4 with those of a torsio
oscillator measurement at 9.7 kHz in Fig. 5. Both samp
were cut from the same piece of copper. The internal frict
shows a very similar temperature dependence for b
samples although the absolute value is lower~presumably
only due to a smaller residual absorption! for the torsional
oscillator. As for the vibrating reed a maximum of the sou
velocity occurs for the torsional oscillator. However, t
slope of the increase ofdv/v below the maximum is reduce
by a factor of five compared with the copper reed, and
position of the maximum is shifted to much lower tempe
tures~from 100 to about 25 mK!. With an insulating amor-
ia
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phous sample, a small shift of the maximum to higher te
peratures is expected due to the higher measuring frequ
whereas the change of the oscillator mode should have
influence on the position of the maximum. The observ
differences between the vibrating and the torsional mo
provide additional clear evidence for nonglassy behavior

Figure 6 shows another torsional oscillator experiment
a well-annealed sample of the same polycrystalline cop
The internal friction is a little higher but has a weaker te
perature dependence compared with the results of Fig. 5
the relative change of sound velocity the log(T) increase and
the maximum have completely disappeared. Instead, a m
tonic decrease ofdv/v is observed which above 50 mK i
well described by a2T0.5 dependence.

The very small increase with increasingT of the sound
velocity in Figs. 3–5 is obscured already at fairly low tem
peratures by a contribution which leads to a strong decre
of dv/v with increasing temperature. The effect is especia
large for the annealed Cu torsional oscillator in Fig. 6. S
eral possibilities for the origin of this contribution have to b
considered:~i! From the above discussion, it is clear that t
observed behavior cannot be described in accordance
the tunneling model by the interaction of tunneling syste
with acoustic phonons.~ii ! At least for copper the possibl
influence of the interaction of conduction electrons with tu
neling systems has to be taken into account. However
contrast to what is expected for an amorphous metal in
normalconducting state, the sound velocity shows a v
sharp maximum rather than a broad transition ranging o
one order of magnitude in temperature, and the change
dv/v below and above the maximum differ by at least o

FIG. 4. Internal friction and relative change of sound velocity
a function of temperature for a polycrystalline copper reed.
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order of magnitude rather than being comparable in s
Moreover, the similarity between the data for Al~Fig. 3!,
where electrons cannot contribute to relaxation proces
and Cu~Figs. 4 and 5! make us believe that the interactio
between electrons and tunneling states, although poss
present, must be very small and is definitely not the do
nating effect.~iii ! Elementary excitations such as electro
and phonons should give rise to a quadratic or quartic t
perature dependence of the sound velocity@Eqs.~4! and~5!#,
in clear disagreement with the phenomenological relat
dv/v}2Ta with a between 0.5 and 1 that has been o
served for all of the investigated samples.~iv! The observed
temperature dependence is rather similar to the behavio
ported by Alerset al. for different polycrystalline metals.34

As in these earlier experiments, the motion of dislocat
lines may play an important role for our measurements. T
strong influence of dislocation motion on the low
temperature properties of crystalline metals has been
clearly demonstrated for instance by measurements of
thermal conductivity of plastically deformed niobium an
tantalum single crystals.43,44 Although a quantitative under
standing of the observed temperature dependencies o
sound velocity and internal friction due to the motion
dislocation lines is still lacking, we may draw an interesti
conclusion from this interpretation: The increase of sou
velocity with increasingT at very low temperatures in Figs
3–5, which probably arises from resonant tunneling syste
and the decrease at higher temperatures are very likely

FIG. 5. Internal friction and relative change of sound velocity
a function of temperature for a polycrystalline copper torsional
cillator. The sample came from the same piece of material as fo
vibrating reed mesurement shown in Fig. 4. For the torsional os
lator method the slope of the increase ofdv/v at very low tempera-
tures is much smaller compared to the vibrating reed.
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tirely uncorrelated, and the position of the maximum ofdv/v
results from the respective magnitude of the two underly
competing effects. It is noteworthy that, consistently, t
maximum occurs at the highest temperatureTmax.100 mK
for the copper reed where the total decrease of the so
velocity up to 1 K (dv/v) tot.1.331024 is the smallest of all
metallic samples, whereasTmax.30 mK is much lower for
the Al reed and the nonannealed Cu torsional oscilla
where the total change of sound velocity (dv/v) tot.231024

is considerably larger. Finally, for the annealed Cu oscilla
with the largest total change of sound veloci
(dv/v) tot.431024 no maximum is found at all.

The fact that all our samples do not show glassy beha
does of course not necessarily mean that they do not con
two-level tunneling systems. The weak increase of sou
velocity with increasing temperature observed for the
samples and the nonannealed Cu samples~Figs. 3–5! is most
likely due the resonant interaction between tunneling s
tems and acoustic phonons. It is not possible, however
draw unambiguous conclusions on the density of states
tunneling systems from our measurements. Note that
resonant interaction even for a well defined defect with
singular density of states, such as the Li atom in the K
matrix in Fig. 2, causes a change of sound velocity wh
looks nearly logarithmic in a sufficiently narrow temperatu
window, e.g., between 0.8 and 3 K. A fairly narrow distr
bution of energy splittings may thus account for our resu
on the metallic samples as well as a glasslike, i.e., cons
density of states. Measurements extending over severa

s
-
e

il-

FIG. 6. Internal friction and relative change of sound velocity
a function of temperature for a polycrystalline copper torsional
cillator after annealing. Down to the lowest temperatures the so
velocity slightly increases with decreasing temperature.
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ders of magnitude in temperature as in Ref. 4 were neces
to allow more reliable conclusions on the distribution of e
ergy splittings.

Our measurements do, on the other hand, allow us to s
that the total number of tunneling systems in our samp
must be very small. The resonant effect in the meta
samples in Figs. 3–5 is between two and three orders
magnitude smaller than for the KCl sample doped with on
60 ppm 7Li in Fig. 2. This is especially remarkable since th
deformation potentialg50.04 eV of the Li defects is ex-
tremly small, i.e., their coupling to external strain fields
very weak.39 Hence even a concentration of tunneling d
fects well below 1 ppm in an otherwise perfect crystal m
give rise to changes of the sound velocity comparable
those observed in our experiments on Al and Cu. Obvious
the limits of crystal preparation are coming into play her
and we may speculate that we will find even in the be
crystals some very small decrease ofdv/v with decreasing
temperature if we get down to sufficiently low temperatur
and have a very high experimental resolution.

Finally, we want to discuss the influence of the expe
mental technique on the observed low-temperature acou
properties. Our studies with different oscillator modes
two copper samples~Figs. 4 and 5! show that not only the
background losses but also the temperature dependenc
dv/v can change significantly with the applied method. A
already mentioned in Sec. III, it is highly conceivable th
the clamping of the sample in a vibrating reed experime
has a considerably larger influence on the measured qua
ties than for a torsional oscillator where the strain amplitud
are distributed more uniformly and over a larger portion
the volume. Hence surface defects, e.g., in the oxidized s
face layer, or volume defects created by the deformatio
occurring from the clamping might play a more significa
role. Our observations may be relevant, of course, also w
respect to other experimental techniques. In view of t
strain distribution in a vibrating wire~the maximum defor-
mations occur, as for the vibrating reed, at the clamping p
sition! and its small diameter of typically 25mm it is pos-
sible that for this experimental technique the clamping of t
sample as well as surface defects may influence the beha
even stronger than for other low-frequency acoustic expe
ments. In our opinion, it will be difficult to find a conclusive
explanation for the obvious discrepancies between the res
presented here and those recently reported on the glas
ry
-
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acoustic properties of polycrystalline metals4–7 if they cannot
partly be accounted for by differences of the experimen
techniques.

V. SUMMARY

We have investigated the temperature dependence o
internal friction and the sound velocity of different crysta
line materials at low frequencies and low temperatures u
vibrating reed and torsional oscillator techniques. The res
for the Li-doped KCl sample in comparison to pure K
demonstrate how large the influence even of a fairly sm
number of well-defined tunneling defects on the acou
properties can be. For the Al single crystal and for the
nannealed Cu polycrystals, but not for pure KCl and
nealed Cu, we found at the lowest temperatures a weak
crease with increasing temperature of the sound veloc
This behavior arises most likely from the resonant inter
tion of the sound wave with a small number of low-ener
two-level systems. We have shown, however, that one c
not interpret this behavior in a simple manner in the fram
work of the tunneling model since all the other observ
features do not only quantitatively but also qualitatively d
fer from the acoustic properties of amorphous materi
Above 0.1 K the sound velocity decreases with increas
temperature asdv/v}2Ta ~with the exponenta between
0.5 and 1!, and the internal friction smoothly increases w
increasing temperature over the full temperature range
present, there is no conclusive and quantitative explana
for this behavior which is not what is expected for an id
crystal, but clearly not glasslike either. It is very likely th
the motion of dislocation lines plays an important ro
though. An influence of the experimental method on
acoustic properties has been demonstrated for the co
samples. These measurements indicate that defects at th
face or arising from the clamping of the samples can be
great significance for the results of low-frequency acou
experiments. Overall, our experiments lead back to the ‘‘
ditional’’ view that there can be and usually are clear diff
ences between the low-temperature acoustic propertie
pure monatomic crystals and dielectric glasses.
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