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Similarities and differences between the low-temperature acoustic properties
of crystalline materials and glasses
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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 solid4.50163-182807)06437-0

[. INTRODUCTION copper samples we used both vibrating reed and torsional

oscillator techniques to investigate the possible influence of

The low-temperature properties of amorphous material¢he applied method on the experimental results and also

are dominated by low-energy excitations which are believe¢hecked the influence of annealing on the low-temperature

to be caused and thus intimately related to the disordereroperties. A brief account of the results for the copper
structure. Based on 25 years of experimental and theoretic8mMPples has already been given elsewfiedthough we

research it appears that these low-energy excitations are bdttd in most of our samples evidence for the presence of

described by two-level systems which have a broad spectruf@W-€nergy excitations, our experiments generally show that

of energies and relaxation times and are caused by the tuff)€ low-temperature acoustic properties of all investigated

neling motion of a few atoms residing in double-well crystalline materials can be well distinguished from those of

potentialst Also crystals containing defects or some Otherglasses. . . .
sort of disorder, e.g., alloys with diffusionless phase This paper is organized as follows. As a baseline of our

transitions? or alkali-halide mixed crystals with substitu- discussion we will briefly recall in the next section the pre-

tional disordef mav exhibit in certain concentration randes dictions of the tunneling model for the low-temperature
: ' » May exnibit in certal ' 9€S acoustic properties of glasses, and review some results of
low-temperature properties similar to those of glasses. |

d s h i hould q h revious acoustic experiments on various simple metals.
good crystals, however, no tunneling should occur due to thection || gives some information on the experimental tech-

perfect arrangement of all atoms. . . nique, while Sec. IV contains the presentation and discussion
A considerable number of recent acoustic experiments byt oyr experimental results.

Esquinaziet al,*~” however, indicated that the number den-
sity of tunneling systems in an arbitrarily chosen polycrys-
talline metal is generally of the same order of magnitude a$l. THEORETICAL AND EXPERIMENTAL BACKGROUND
in glasses, and that these two-level systems have a similarly
broad distribution of energies and relaxation times. These
observations gave rise to the statement that “there are basi- ) ) ) )
cally no differences between the low-temperature acoustic Here we will only briefly summarize the assumptions and
properties of polycrystaline metals and amorphousPredictions of the tunneling model with regard to our low-
materials.’® A clear explanation for the occurrence of tun- frequency acoustic experiments. More detailed discussions
neling systems in these materials has not yet been giveR@ve been given eIsgwhe"ré_The basic assumptions of the
though. tunneling model are(i) In amorphous solids some atoms or
These puzzling results for the polycrystalline metals asmall groups of atoms can move between two almost degen-
well as the long-standing question of the microscopic natur€raté configurations. They can be modeled as particles in
of the tunneling states in amorphous solids make it wortiiouble well potentials with asymmettyand tunnel splitting
reexamining the acoustic properties of very pure crystals as &o- The resulting total energy splitting between the two low-
starting point. Believing that some sort of disorder must beest levels is given b= (A2+A§)Y2 (i) Due to the irregu-
responsible for the existence of tunneling systems, we pefar atomic arrangement in glasses the paramefeand A,
formed a series of vibrating reed and torsional oscillator exare widely_distributed. In general, a distribution function
periments on several crystalline samples with a small and, iIP(A,Ag)=P/A is assumed wherE is a constant(iii) Be-
possible, controlled number of defects. The samples wertow 1 K the dominant relaxation mechanism for tunneling
ultrapure KCI and KCI doped with 60 ppm Li, a single crys- systems in insulating glasses is the so-called one-phonon
tal of Al, and polycrystalline Cu with large grains. For the process. The rate of this process is given by

A. Acoustic properties of glasses—
Predictions of the tunneling model
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sol Tunneling Model v 0
The positionT,,,,x Of the maximum of sound velocity shifts
- 40r ' with frequency ag ',
le] In metallic glasses the situation is complicated by the in-
0 Sor teraction between conduction electrons and tunneling sys-
- ol | tems that opens up an additional relaxation chahheit
very low temperatures the relaxation rate due to conduction
10t 1 electrons which is proportional to the density of states at the
Fermi level can be several orders of magnitude higher than
0 . . . the one-phonon rate. Experimentally, evidence for a tunnel-
ing system-electron interaction comes from ultrasonic mea-
of 1 surements of normal conducting metallic glaséésand,
_1ob most clearly, of amorphous superconductdr¥ Since in the
> , latter case the electrons condense into the BCS ground state
> —20 the relaxation rate drops exponentially with decreasing tem-
© perature below the superconducting transition temperature
‘L 30 ] and the relaxation is dominated by phonons as in dielectric
T _wol 1 material$>*® In addition to the strong enhancement of the
relaxation rates, conduction electrons seem to reduce the
=50 1 density of states of the tunneling systethsdore advanced
—60 L . . ) theoretical treatments show th@k the coupling of tunneling
0.01 0.03 0.1 0.3 1 systems to conduction electrons renormalizes the tunneling
energy A% which in turn may reduce, in a nontrivial

Temperature (K) way, the density of states of the tunneling systems in the

FIG. 1. Temperature dependence of the internal friction and opormal state. compared to that in the superconducting
. perature dep inter ct state?®2(ji) it is necessary to consider incoherent tunneling

the relative change of sound velocity as predicted by the tunnelin%\lhiCh in general leads to a nonmonotonic temperature de-
model for a dielectric glass. The parameters used werd(® K3 9 . 22,23 P
andC=3x10"*. The frequency was chosen as 5 kHz. _pendenge (.)f th.e relaxation r v and(iii ) a22I0W(_ar bound

in the distribution ofA, may be introduce®?? which may
significantly change the predictions of the temperature de-
pendencies 0@ ! and v/v.
. . " It is worth to note that essential aspects of this more
and the sound velocity. For a given energy splitting, there elaborate discussion of the interaction of tunneling states

ISa W'dte d'StﬂbUt'otT] of rr(]elai(atlon |t|met§. S)t/_mmetr(ljc tL”:ngl'with conduction electrons have been verified for light inter-
INg systems have he shortest relaxation imes, denote béfitials in crystalline metals, particularly for hydrogen in nio-

Tmin - . ium which forms tunneling systems with well-defin
The temperature dependence, as predicted by the tunneghd restricted distributiong inx: rapid freezing of At?]e

ing model, of the '”‘eF”a' f”Ct'O'Q_ ' anq of the relative o5 01on-induced relaxation rate on cooling below the super-
change of sound velocit§v/v of an insulating glass below 1 onducting transitioR*2% change ofA, due to the coupling

K is shown in Fig. 1. The parameters used for the numericali"condcrion electror2” and the crossover to incoherent
calculation wereA=10° K™ and C=Py*/pv?=3x10"%,  ynneling? ’

quite typical of a glass; the frequenéy- w/2m was chosen Although somewhat difficult to survey, most of the ex-
as 5 kHz. _ o perimental results can be accounted for by those more so-
_ Atlow temperatures, whem 7y,>1, the internal friction  phisticated theories. Here we want to mention only some
increases as the third power of temperature, and the soungbneral predictions and observations for the acoustic proper-

7 1=AAZE cothE/2ksT), where the constamh is deter-
mined by the deformation potentigl, the mass density,

velocity varies logarithmically with temperature as ties. The relaxation via conduction electrons may be relevant
So T down to temperatures as onv as 10 mK sir]ce even at very

Z—c In(—), (1)  low temperatures the relaxation rates can still be comparable

To to the measuring frequency. In normal conductors this leads

to an almost temperature-independent internal friction and to
a reduction of the slope of the logarithmic increaseSofv
[Eg. (1)] arising from the resonant interaction of tunneling
systems with phonons. A modified distribution &f allows
. a better description of the temperature dependend® of
Q71=§C (2 and leads to a further reduction of the slope of the increase of
ovlv. At higher temperatures the relaxation via phonons be-

independent of temperature and frequency. The sound velocomes dominant and gives rise to a decreaséuvdd with
ity passes a maximum and then decreases logarithmicallypcreasing temperature. In amorphous superconductors and
with increasing temperature as at sufficiently low measuring frequendy /v is described by

whereT, is an arbitrary reference temperature.
At higher temperatures, whanr,;,<1, the internal fric-
tion approaches the value
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Egs. (1) and (3). As in dielectric glasses§v/v decreases &v/vo—TY43* Neither of these empirical relations is theo-
much faster above approximatel K due to multiphonon retically understood. The occurrence of the additional contri-
processes. butions can be suppressed by pinning of the dislocation lines
While the situation in metallic glasses is rather compli-at vacancies or can be gradually reduced by successive an-
cated, acoustic experiments on dielectric glasses generallyealing procedure®.
show a reasonable agreement with the predictions of the tun- It has also been demonstrated by ultrasonic experiments
neling model. We want to mention only briefly some devia-on aluminum single crystals subjected to a bias stress that the
tions which generally occuri) The measured temperature interaction of kinks on dislocation lines can give rise to the
dependence of the internal friction does not increase witfiormation of two-level tunneling systemi$Without applied
temperature a3° but asT® with a between 1 and 2192°  bias stress or after careful annealing of the sample, however,
(i) The sound velocity becomes strain dependent at low tenmro indication of the presence of two-level systems was ob-
peratures; it decreases with increasing strain amplitfifes. served. Since all crystals have some lattice defects such as
(iii) In the limit of small strains the increase of the soundvacancies, dislocations, stacking faults, or grain boundaries
velocity below the maximum is not twice as steep as theand contain impurities in some concentration, the observa-
decrease above the maximiies expected from Egél) and  tion of low-energy tunneling systems in crystals is actually
(3)], but the ratio of the two slopes is fairly close to not surprising.
1:(—1).102930 Certainly quite unexpected, however, are the results of the
None of these observations has conclusively been exvibrating reed and vibrating wire experiments by the
plained yet. Problems such as the interaction between tunneBayreuth group mentioned abdvé which indicate that the
ing defects(which could lead to a linear temperature depen-number densities and the spectra of two-level systems in
dence of Q1) and the nonlinear response of tunneling polycrystalline metals are generally very similar to those
systems to high acoustic or electric field amplitudes havdound in amorphous solids. Moreover, it has been stated that
recently been investigated theoretically’> For our present neither the grain size of the polycrystals nor the impurity
discussion, however, it is more important to emphasize thatoncentration nor the clamping of the samplescept for a
the tunneling model in fact gives at least a correct qualitativdemperature-independent residual absorpthmve a signifi-
description of the experimental results and that the behaviotant influence on the experimental results.
of different glasses is quite universal, i.e., the parameiers

andC usually vary only within one order of magnitude.
Ill. EXPERIMENTAL TECHNIQUE

B. Previous acoustic experiments The vibrating reed method, which was used for measure-
on simple metallic crystals ments on aluminum and copper samples, has been described

The low-temperature acoustic properties of pure crystalénf ?ﬁta'l In slevera![ pgtl)ll_catllorfs? ’3‘ tht'n rectar:jglglatr platet
can be basically understood in terms of the Debye model ang' (N€ sample material Is clamped at oné end between two

the model of the free electron gas. Within this simple ap_copper blocks. The reed is electrostatically driven to forced

proach the internal energy of a metal can be expressed asv{ijprations at its lowest eigenfrequency by an electrode at the

sum of a temperature-independent term plus contributiong]ee end. A second electrode on the opposite side is used for

from thermal excitations in the electron ga>s'|(2) and from he electr?f;atlc di[ect:on_ O/f ihgef /]y'brat'ffn' Relative q
the lattice vibrations or phonons<{4). Since the elastic changes of the sound velocigy/v = can be measure

constants are basically the second derivatives of the intern ith an accuracy better than 10 by monitoring chan_ges of
energy with respect to deformation, the relative change oi e resonance frequenéy The absolute value of the internal

sound velocity Sv/v =[v(T)—v(0)]/v(T) is expected to riction Q1 can be determined with an accuracy of 3—5 %
vary for T—0 as from evaluation of full resonance curves or from the expo-

nential decay of the vibrational amplitude after turning off
Sv the driving voltage. The best resolution for the detection of
—=—aT?-bT4 (4) relative changes of the internal friction with a typical error of
v 1% is achieved by monitoringA/A= 6Q/Q, whereA is the

wherea andb are positive constants. For dielectric materi- amplitude of the reed at resonance.

als,a=0 and A setup very similar to the vibrating reed experiment was
used for the torsional oscillator. Again a small plate or rod of

Sv . the sample material was clamped at one end. To excite a

P bT". (5)  torsional mode rather than a bending mode, two small copper

bars were attached by screws to the free end of the sample,
The predicted behavior has been experimentally observed@nd the electrodes for excitation and detection were placed
e.g., for vanadium and Cu:A0.1%9.% In general, however, close to the end of the bars to generate a maximum torque
additional contributions taSv/v may occur, e.g., from the and to detect a large amplitude, respectively. For the metal
motion of dislocation lines under the influence of a soundsamples measured with the torsional oscillator method, there
field, and can give rise to a more complicated temperaturgvas no need to attach a bar, since they could be directly
dependence. A linear decreas&e/vo — T was found for ex- machined into & geometry.
ample for oxygen-free high-conductivityOFHC) copper The actual measuring procedure of the sound velocity and
with a purity of 99.98% as well as for 99.9% pure gold andinternal friction was the same for the torsional oscillator as
lead, while 99.999% pure copper exhibited a decreaséor the vibrating reed measuremenisHowever, while for
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the torsional vibration the measured change of sound veloc-
ity is determined by changes of the shear modulus, in a vi- 15t o kal 1.4 KHz s |
brating reed experiment changes of Young's modulus are o KCILi (60 ppm) 1.1 kHz

observed. Another difference between the two techniques is

the distribution of strains in the sample. While the torsional -
oscillator is subjected to a rather uniform deformation along o
the full length of the sample and large strain amplitudes oc-
cur over a larger portion of its volume, the maximum strain
amplitudes of a vibrating reed occur at the clamping position 5t
and vanish at the free end of the sample. Hence the influence S Ty
of clamping and of surface defects might be more important o000 069 6 GeREEs @wo o
for a vibrating reed than for a torsional oscillator. 0

All of the measurements to be presented in Sec. IV were
performed at such small excitation levels that the resonance
curves did not exhibit any nonlinear behavior and that the
measured quantitiedv/v andQ ™! did not significantly de-
pend on the excitation voltage. Typical maximum strain am-
plitudes were on the order ofx10 7.

The investigated samples were a nominally pure KCI
single crystal and a KCI single crystal containing 60 ppm
’Li, both cut along(100, an aluminum single crystal, and
polycrystalline OFHC copper with grain sizes of approxi- —-150}
mately 1 mm. The impurity content of the metallic samples S L
is not precisely known. However, all Cu samples were pre- 01 0.3 1 3 10 30
pared from the same piece of copper and should therefore
contain almost the same amount of impurities. One copper
torsional oscillator was annealed at approximately 1000 °C - . .
under argon atmosphere for aimost 1 h. Afterwards the FIG._2. Internal friction and relative change qfsound velocity as
sample was cleaned in a solution of nitric and hydrochlorica fumt'o.n of temnge.rature .for pure KQbpen circles; and K.Cl
acid. No mechanical stress was applied to the sample aftt%rOp.ed with 60 ppnTLi (full circles). For both sa_mples the tor5|ona_|
annealing. scillator method was used. The dashed line in the lower panel is a

calculation according to Ed6) while the solid line is the same fit

~Typical sample dimensions were 10 mm length, 3 mm ..o however, the temperature dependencévdb of the pure
width, and 0.3 mm thickness for the reeds. For the torsionaj crystal was added. For the parameters used see text.

oscillators, the width was slightly reducee@ mm) and the
thickness enhanced=(1 mm). The resonance frequencies of eight positions occurs and gives rise to a tunnel splitting

Torsional oscillators

10

n
(@)

10° 6v/v

—-100

Temperature (K)

all samples ranged between 1 and 10 kHz. The energy spectrum of this eight state system consists of
four levels, the middle two of which are threefold degener-
IV. RESULTS AND DISCUSSION ated. Note that Li-doped KCl is a well studied model system

for the tunneling of defect ions in alkali-halide crystals. For
details we refer to the overview articles Refs. 37 and 38.
Figure 2 shows the temperature dependence of the inter- The misfit in size of the Li ions leads to a distortion of the
nal friction and of the relative change of sound velocity for host lattice around the defect. The resulting elastic quadru-
the pure KCI crystal and for the KCI sample doped with 60pole moment can make the system couple to internal and
ppm ‘Li. The frequencies of the torsional oscillators were external strain fields. In addition, the 'Licarries a rather
1.4 and 1.1 kHz, respectively. Within the experimental resolarge electrical dipole moment. At sufficiently low Li con-
lution of 2x10 7 the sound velocity of the pure crystal centrations the tunneling states can be considered as being
(open circleg is independent of temperature below 150 mKisolated. For the geometry of our torsional oscillator experi-
and decreases monotonically above that temperature. The deent and for low frequencietatic limit) the temperature
crease is much stronger than expected for just the Debydependence of the sound velocity determined by tHeds-
phonon contribution Eq(5). Presumably, crystal defects fects is in this case given B
such as dislocations influence the sound velocity in this tem-

A. Pure and Li-doped KCI crystals

perature range. ) 2ny? A ny? A
Comparing the_St_a data with the results for the Li-doped == PYLIW tan 2kaT|  puikgT secht 2KgT )"
crystal we find striking differences. At low temperatures the (6)

sound velocity of the doped samplell circles) is strongly

reduced compared to the pure crystal and shows a nonmoneteren is the number density of tunneling systems. The first
tonic temperature dependence. This can be understood by therm represents the so-called resonant contribution and scales
tunneling of the Li-defect ions in KCI. It is known for over with the occupation number difference. The origin of the
thirty years that LT, which substitutes for K in KCI, expe-  second part of Eq6) is particularly interesting because this
riences a potential with eight minima towar@kl1) crystal  relaxational contribution arises from the linear coupling of
directions. At low temperatures tunneling between theséhe external strain fields to some of the eight energy levels.
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Note that this is a special property of this kind of eight state 7
system and would not occur for a symmetric two-level sys- Aluminum
tem. In Eq.(6) we have assumed that the one-phonon relax- 6 Vibrating reed .
ation rater 1= AA4® coth(Ay/2kgT) is much larger than the sl f=50 Kz .
frequency of our experiments so that the Debye factor _ :
1/(1+ »?7?) can be omittedstatic limit). This is justified by o 4} 1
the observed absence of a relaxation peak in the internal 3 Y
friction at T=A,/2kg=550 mK, see upper part of Fig. 2. e [ eeaeeee”
The maximum ofQ ! around 180 mK has a different origin 21
that will be discussed below.

Qualitatively, the two contributions in Eq6) account T
well for the observed temperature dependencéwdb. The 0
resonant part determines the large reduction of the sound
velocity below 10 K while the relaxational part leads to the ol —
local minimum at 400 mK. In the lower panel of Fig. 2 we T
show a calculation according to E@) as dashed line where > =5} . .
ny?(pv2kg) =7.3x10 4 K and Ay/kg=1.1 K. The solid > 09 ..
line in Fig. 2 is the same fit where we have added, however, “ =10} 0.0 ) 7
the temperature dependencedofiv of the pure KCI crystal. s /_\
This is based on the assumption that in the doped crystal the ~ ~19[ _gs . ) ]
same effectgin a similar magnitudeas in the pure sample '
are leading to the reduction of the sound velocity at high 201 450 YTy TR .
temperatures. From our data we cannot conclusively decide o5 L ] o .
to which extent this assumption is justified since there are no 0.01 0.03 0.1 0.3 1

data for the Li-doped crystal above 13 K.

Despite the reasonable overall agreement between data
and fits there occur some obvious quantitative discrepancies
at low temperatures. The reason is that at a concentration of FIG. 3. Internal friction and relative change of sound velocity as
60 ppm the L defects cannot be considered as being Comg function of. temlperature for a reed of aluminum single crystal. As
pletely isolated®42 This has several consequencé$The in the following figures, the inset shows the sound velocn_y at low
prefactor of the resonant part of the sound velocity in &Y. temperatures on a strongly eXpandeqascale_ Th%Btunpselmg model
is somewhat reducedii) An additional relaxation contribu- (solid lineg with parametere>=3.4x 10" and A=10" K™ com-
tion due to the collective motion of the Li ions occurs which pletely fails to describe the data.
leads to a reduction of the sound velocity at low tempera-
tures.(ii) The tunnel splitting) 5 is modified by the interac-
tion energies between the defects. This leads to a distribution Figure 3 shows the temperature dependence of the inter-
of effective tunnel splittings and hence to a broadening anchal friction and the relative change of sound velocity for the
to a small shift towards lower temperatures of the minimumaluminum single crystal reed at 5 kHz. Up to 30 nd/v
of sound velocity. slightly increases and rapidly decreases above that tempera-

A complete discussion of these effects is beyond thdure. Since the increase is nearly logarithmic in temperature
scope of this papet. The main aspect here is that the pres-it is tempting to interpret this as glasslike behavior and to use
ence of just 60 ppm Li strongly modifies the temperatureEq. (1) to extract the paramete€ from the slope which
dependence of the sound velocity below 10 K and, in parwould yield C=3.4x107°. It is rather questionable, how-
ticular, leads to a reduction @fv/v. ever, whether this interpretation is adequate since all the

The internal friction data for the two samples are shownother features typical of a glagsee Sec. Il Ado not occur:
in the upper part of Fig. 2. Both samples exhibit a veryThe decrease of the sound velocity above 30 mK is much
similar temperature dependence and absolute value of theeeper than the increase below the maximum, whereas in
internal friction. Up to abou5 K we find aweak increase of glasses both slopes are of similar magnitude. Moreover, the
Q™! with increasing temperature. At higher temperaturesdecrease is not logarithmic in temperature but rather shows a
this increase is much stronger. The important point is that we- T dependence. Finally, the internal friction rises only
observe a nearly temperature independent absorption at loslightly up to 0.2 K and increases more rapidly above that
temperatures with absolute values@f?! between 210°°  temperature, which is in marked contrast to the prediction of
and 3x10°°, which is most likely due to the residual ab- the tunneling model even if we allow for an arbitrary back-
sorption of our experiment and does barely reflect the intringround loss due to clamping of the sample.
sic properties of the samples. An interesting feature of the The maximum of sound velocity occurs in a temperature
doped sample is the small maximum around 180 mK causetinge well below the superconducting transition temperature
by the additional relaxational contribution which, as men-T,=1.2 K of Al where almost all conduction electrons are
tioned above, arises from the interaction between the defectondensed into the BCS ground state. Hence, at least up to
ions. Since the relaxation rates for this process are comp&00 mK the interaction between tunneling systems and elec-
rable to our measuring frequency we happen to observe thisons can be also ruled out as a possible explanation for the
contribution in our experiment. observed features iiv/v andQ 1.

Temperature (K)

B. Crystalline metals
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Only for illustration purposes, we have drawn as solid 14
lines in Fig 3 a “fit” to the experimental data using the Cu — not anneadled
standard tunneling model, where relaxation occurs only via 121 Vibrating reed
one-phonon-processes, with the paramet@rs3.4x10°° 10l f=28kHz .
andA=10% K 3. The parameters were chosen mainly to re- . :
produce the logarithmic increase é6b/v below the maxi- o 8] vt
mum. Other sets of parameters cannot significantly improve o 6 PO

the quality of the fit: For example, by using a larger value of
A it is possible to shift the maximum of sound velocity to 41 1
lower temperaturesin better agreement with experimgnt
but in this case the theoretical curve would exhibit a signifi-
cant curvature in the region below the maximum where the 0
experimental data are linear in 1d§( Moreover, the ratio of
slopes below and above the maximum &f/v cannot be OF  prrvoommenenentoen,
changed at all by the choice of the fitting parameters. As t.
expected from the above discussion, the tunneling model is
completely inappropriate to describe the experimental data.
Our results for the Al crystal are markedly different from
those reported by Kaig et al.” for polycrystalline aluminum —10
wires where acoustic properties quite similar to those of —10} . .
glasses were observed. In these measurements the slope of -1 . .
the logarithmic increase of sound velocity at low tempera- By TP a— Py
tures is more than one order of magnitude larger than in Fig. _15 o , ,
3, and the maximum of sound velocity occurred, depending 0.01 0.3 0.1 0.3 1
on the frequency, around 200 mK. The most plausible expla-
nations for the dissimilarities between the two measurements

are differences between the experimental metheasich FIG. 4. Internal friction and relative change of sound velocity as

will be briefly discussed at the end of this paper differ- . :
. functi .
ences between the number of defects in the samples, e.g., dtie " on of temperature for a polycrystalline copper reed

to grain boundaries or dislocations. Our results for copper
polycrystals presented in the following paragraphs will dem-phous sample, a small shift of the maximum to higher tem-
onstrate that the presence of a small number of grain boungperatures is expected due to the higher measuring frequency
aries does not lead to glasslike properties of polycrystallingvhereas the change of the oscillator mode should have no
metals. Supposing that the differences between the resultgfluence on the position of the maximum. The observed
are not entirely due to the experimental techniques we are ledifferences between the vibrating and the torsional modes
to conclude that the number of tunneling states and the glasg+rovide additional clear evidence for nonglassy behavior.
like properties of polycrystalline metals are strongly corre- Figure 6 shows another torsional oscillator experiment on
lated either with the grain size or with the density of dislo-a well-annealed sample of the same polycrystalline copper.
cation lines. The internal friction is a little higher but has a weaker tem-
Data quite similar to those for the Al crystal were ob- perature dependence compared with the results of Fig. 5. In
tained for a large-grained copper reed at 2.8 KFAig. 4). In  the relative change of sound velocity the IBpincrease and
this measurement the noise level was unusually high but théhe maximum have completely disappeared. Instead, a mono-
main features of the measured quantities can still be retonic decrease obv/v is observed which above 50 mK is
solved. Again the sound velocity increases logarithmically atvell described by a- T%° dependence.
very low temperatureéwith a slope 30% larger than for the ~ The very small increase with increasifigof the sound
Al sample and decreases rapid{gpproximately linearly in  velocity in Figs. 3-5 is obscured already at fairly low tem-
T) after passing a maximum at 0.1 K, while the internal peratures by a contribution which leads to a strong decrease
friction smoothly increases with increasing temperature.  of dv/v with increasing temperature. The effect is especially
It is interesting to compare the results of the vibratinglarge for the annealed Cu torsional oscillator in Fig. 6. Sev-
reed experiment at 2.8 kHz in Fig. 4 with those of a torsionaleral possibilities for the origin of this contribution have to be
oscillator measurement at 9.7 kHz in Fig. 5. Both samplesonsidered(i) From the above discussion, it is clear that the
were cut from the same piece of copper. The internal frictiorobserved behavior cannot be described in accordance with
shows a very similar temperature dependence for botithe tunneling model by the interaction of tunneling systems
samples although the absolute value is lowaresumably with acoustic phonondiii) At least for copper the possible
only due to a smaller residual absorptidor the torsional influence of the interaction of conduction electrons with tun-
oscillator. As for the vibrating reed a maximum of the soundneling systems has to be taken into account. However, in
velocity occurs for the torsional oscillator. However, the contrast to what is expected for an amorphous metal in the
slope of the increase @ /v below the maximum is reduced normalconducting state, the sound velocity shows a very
by a factor of five compared with the copper reed, and thesharp maximum rather than a broad transition ranging over
position of the maximum is shifted to much lower tempera-one order of magnitude in temperature, and the changes of
tures(from 100 to about 25 mK With an insulating amor- Sv/v below and above the maximum differ by at least one

-5} 0.0 ., .
-05 )

10° 6v/v

Temperature (K)
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FIG. 5. Internal friction and relative change of sound velocity as ~_FIG. 6. Internal friction and relative change of sound velocity as
a function of temperature for a polycrystalline copper torsional os-2 function of temperature for a polycrystalline copper torsional os-
cillator. The sample came from the same piece of material as for thgillator after annealing. Down to the lowest temperatures the sound
vibrating reed mesurement shown in Fig. 4. For the torsional oscilVelocity slightly increases with decreasing temperature.
lator method the slope of the increasedofiv at very low tempera-

tures is much smaller compared to the vibrating reed. tirely uncorrelated, and the position of the maximumsofv

order of magnitude rather than being comparable in sizg€Sults from the respective magnitude of the two underlying
Moreover, the similarity between the data for ffig. 3, competmg effects. It is n.oteworthy that, consistently, the
where electrons cannot contribute to relaxation processe§)aximum occurs at the highest temperatilifg,~100 mK

and Cu(Figs. 4 and 5make us believe that the interaction for the copper reed where the total decrease of the sound
between electrons and tunneling states, although possib¥elocity up b 1 K (8v/v)=1.3x10"* is the smallest of all
present, must be very small and is definitely not the domimetallic samples, whereas,,,~30 mK is much lower for
nating effect.(iii) Elementary excitations such as electronsthe Al reed and the nonannealed Cu torsional oscillator
and phonons should give rise to a quadratic or quartic temwhere the total change of sound velocigv(v),>2x10"*
perature dependence of the sound velodiys.(4) and(5)], is considerably larger. Finally, for the annealed Cu oscillator
in clear disagreement with the phenomenological relatiorwith the largest total change of sound velocity
Svlve—T% with « between 0.5 and 1 that has been ob-(6v/v)>4%X10" % no maximum is found at all.

served for all of the investigated samplés) The observed The fact that all our samples do not show glassy behavior
temperature dependence is rather similar to the behavior reloes of course not necessarily mean that they do not contain
ported by Alerset al. for different polycrystalline meta®  two-level tunneling systems. The weak increase of sound
As in these earlier experiments, the motion of dislocationvelocity with increasing temperature observed for the Al
lines may play an important role for our measurements. Theamples and the nonannealed Cu sam{fiess. 3—5 is most
strong influence of dislocation motion on the low- likely due the resonant interaction between tunneling sys-
temperature properties of crystalline metals has been vergems and acoustic phonons. It is not possible, however, to
clearly demonstrated for instance by measurements of théraw unambiguous conclusions on the density of states of
thermal conductivity of plastically deformed niobium and tunneling systems from our measurements. Note that the
tantalum single crysta$“* Although a quantitative under- resonant interaction even for a well defined defect with a
standing of the observed temperature dependencies of ttséngular density of states, such as the Li atom in the KCI
sound velocity and internal friction due to the motion of matrix in Fig. 2, causes a change of sound velocity which
dislocation lines is still lacking, we may draw an interestinglooks nearly logarithmic in a sufficiently narrow temperature
conclusion from this interpretation: The increase of soundvindow, e.g., between 0.8 and 3 K. A fairly narrow distri-
velocity with increasingrl at very low temperatures in Figs. bution of energy splittings may thus account for our results
3-5, which probably arises from resonant tunneling systemsn the metallic samples as well as a glasslike, i.e., constant
and the decrease at higher temperatures are very likely enensity of states. Measurements extending over several or-
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ders of magnitude in temperature as in Ref. 4 were necessaagoustic properties of polycrystalline mefaiSif they cannot
to allow more reliable conclusions on the distribution of en-partly be accounted for by differences of the experimental
ergy splittings. techniques.
Our measurements do, on the other hand, allow us to state
that the total number of tunneling systems in our samples V. SUMMARY

must be very small. The resonant effect in the metallic e have investigated the temperature dependence of the
samples in Figs. 3-5 is between two and three orders ghternal friction and the sound velocity of different crystal-
magnitude smaller than for the KCI sample doped with onlyline materials at low frequencies and low temperatures using
60 ppm ’Li in Fig. 2. This is especially remarkable since the vibrating reed and torsional oscillator techniques. The results
deformation potentialy=0.04 eV of the Li defects is ex- for the Li-doped KCI sample in comparison to pure KCI
tremly small, i.e., their coupling to external strain fields is demonstrate how large the influence even of a fairly small
very weak®® Hence even a concentration of tunneling de-number of well-defined tunneling defects on the acoustic
fects well below 1 ppm in an otherwise perfect crystal mayproperties can be. For the Al single crystal and for the no-
give rise to changes of the sound velocity comparable téannealed Cu polycrystals, but not for pure KCI and an-
those observed in our experiments on Al and Cu. Obviouslynealed Cu, we found at the lowest temperatures a weak in-
the limits of crystal preparation are coming into play here,crease with increasing temperature of the sound velocity.
and we may speculate that we will find even in the bestTh'S behavior arises most likely from the resonant interac-
crystals some very small decreasedafiv with decreasing tion of the sound wave with a small number of low-energy

temperature if we get down to sufficiently low temperaturesWo-level systems. We have shown, however, that one can-
and have a very high experimental resolution. not interpret this behavior in a simple manner in the frame-

Finally, we want to discuss the influence of the experi-Work of the tunneling model since all the other observed

mental technique on the observed low-temperature acoustlg""tureS do not only _quantitativ_ely but also qualitatively (_jif-.
properties. Our studies with different oscillator modes on er from the acoustic propert_les of amorpho_us _materla_ils.
two copper sample&Figs. 4 and 5 show that not only the Above 0.1 K the sound C:/eloqty decreases with increasing
background losses but also the temperature dependence '(?gmerature asSu/v.oc—T (W.'th. the exponenta between'
Svlv can change significantly with the applied method. AsY: and_ }, and the internal friction smoothly increases with
already mentioned in Sec. IIl, it is highly conceivable that Ncreasing temperature over the full temperature range. At

the clamping of the sample in a vibrating reed experimen resent, there is no conclusive and quantitative explanation

has a considerably larger influence on the measured quan er this behavior which is not what is expected for an ideal

ties than for a torsional oscillator where the strain amplitude rystal, put clearly not glass[lke either. It is very likely that
are distributed more uniformly and over a larger portion of he motion .Of dislocation lines p'?‘ys an important role
the volume. Hence surface defects, e.g., in the oxidized suFbOUgh} An mflu_ence of the experimental method on the
face layer, or volume defects created by the deformation@COUStC properties has been (;ienjonstrated for the copper
occurring from the clamping might play a more significantsamples' '_I'hese measurements indicate that defects at the sur-
role. Our observations may be relevant, of course, also Witltnace or ansing from the clamping of the samples can be Qf
respect to other experimental techniques. In view of thegreat _S|gn|f|cance for the result_s of low-frequency aCOHSt'C
strain distribution in a vibrating wiréthe maximum defor- expermler!ts. Overall, our experiments lead back to the "tra-
mations occur, as for the vibrating reed, at the clamping pogmonal view that there can be and usually are clear differ-
sition) and its small diameter of typically 2am it is pos- ences betwee'.” the Iow-tempe.rature. acoustic properties of
sible that for this experimental technique the clamping of thePUre monatomic crystals and dielectric glasses.

sample as well as surface defects may influence the behavior
even stronger than for other low-frequency acoustic experi-
ments. In our opinion, it will be difficult to find a conclusive ~ We thank R. O. Pohl for fruitful discussions. We are also
explanation for the obvious discrepancies between the resultgateful to A. C. Anderson, S. Hausguand C. Elbaum for
presented here and those recently reported on the glassligeoviding the KCI and Al samples for our experiments.
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