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The low temperature acoustic properties of bulk metallic glasses measured over a broad range of
frequencies rigorously test the predictions of the standard tunneling model. The strength of these
experiments and their analyses is mainly based on the interaction of the tunneling states with con-
duction electrons or quasiparticles in the superconducting state. A new series of experiments at kHz
and GHz frequencies on the same sample material essentially confirms previous measurements and
their discrepancies with theoretical predictions. These discrepancies can be lifted by considering
more correctly the line widths of the dominating two-level atomic-tunneling systems. In fact, de-
phasing caused or mediated by interaction with conduction electrons may lead to particularly large
line widths and destroy the tunneling sytems’ two-level character in the normal conducting state.

The low temperature properties of disordered solids
make up a fascinating thermodynamic combination com-
prising specific heat, thermal conductivity and dielectric
as well as mechanic susceptibilities' ~*. The standard tun-
neling model’""seems to account for all these properties
in a material-independent, universal manner establishing
its fifty-year-long success despite quantitative disagree-
ment with some experiments. A particularly remarkable
example is the unexpected crossing of the sound veloci-
ties of metallic glasses measured in the superconducting
or in the normal state of the same sample’>®. An experi-
ment is shown in fig. 1. The normal state is enforced by
a sufficiently strong magnetic field, otherwise the sam-
ple becomes superconducting below T, = 1.39 K. A first
and obviously a too naive - or even incorrect - analysis
within the standard tunneling model predicts the sound
velocity of the superconducting state to mark an upper
bound, the sound velocity of the normal state being al-
ways smaller and smoothly merging at some tempera-
tures well below T.

In this paper, we discuss all questions related with the
acoustic susceptibility of disordered solids at low tem-
peratures and emphasize the importance of dephasing of
the two-level atomic-tunneling systems due to their in-
teraction with conduction electrons. We present a series
of new experiments at audio and radio frequencies and
demonstrate that they are very well described within the
tunneling model by including more carefully extreme line
widths of the two-level systems in the normal conducting
state of the metallic glass.

I. SOUND VELOCITY IN METALLIC GLASSES
— STATING THE PROBLEM

The Tunneling Model (TM) provides a microscopic ex-
planation for the low energy excitations present in virtu-
ally all disordered solids. It assumes that some atoms
or groups of atoms in metastable configurations can oc-
cupy two different configurations modelled as particles
in double well potentials, and that at low temperatures
the atoms can tunnel between the configurations. The
overlap of the two localized wave functions generates a
two-level system with eigenfunctions across both the po-
tential wells. Coupling to phonons or strain fields re-
quires these two-level tunneling systems (T'Ss) to hold an
elastic dipole (more correctly: quadrupole) moment with
different sizes or orientations for the two configurations.
When strain is applied to the material the tunneling sys-
tems may follow this field leading to an increase of the
overall susceptibility of the material, making it ’softer’
than without TSs.

The softening, however, is only effective when a TS
is in its ground state. At higher temperatures, when
the population difference vanishes, its contribution to the
susceptibility disappears. At very low temperatures all
relevant TS with large enough energies are in the ground
state, each adding a small contribution to the suscep-
tibility. This so-called resonant process is analogous to
a pendulum following in phase its drive at very low fre-
quency. With increasing temperature both states of these
TSs become equally populated which removes their con-
tributions to the susceptibility. The material becomes
stiffer, the sound velocity increases. This is visible in
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Figure 1. Temperature dependence of the transverse sound
velocity of the metallic glass Zrs9 TizsCugoNigAlig measured at
969 MHz. The superconducting transition is at 7, = 1.39 K.
Data marked normal conducting is obtained in a magnetic
field of 4T. Lines show numerical calculations as explained
in the text.

fig. 1 where the sound velocity in the superconducting
state increases with temperature from 50 mK to 500 mK.
The increase may persist as long as there are T'Ss with
even higher energies being thermally excited with rising
temperature.

There is, however, another mechanism by which two-
level atomic-tunneling systems contribute to the acoustic
susceptibility: A relaxzation mechanism, which becomes
important for temperatures where the energy relaxation
rates of the TSs are fast enough so that their occupa-
tion numbers can adjust for the modulation of the en-
ergy splitting caused by the applied strain of the sound
field’. For relaxation rates much higher than the sound
frequency the occupation of the two levels will always be
close to thermal equilibrium. Due to their continuous
relaxation towards the modulated equilibrium TSs with
energies on the order of the thermal energy contribute to
the total susceptibility and reduce the sound velocity in
a certain temperature window. This is particularly effec-
tive for T'Ss with asymmetric double well potentials since
the lower and higher energy levels are identifiable with
the tunneling particle residing preferentially in either of
the two wells.

At this point, possible relaxation processes and the
respective temperature dependence of the resulting re-
laxation rates ought to be discussed. Common for all
disordered solids and well documented is the relaxation
of TS due to interaction with the phonon bath. At low
temperatures the one-phonon process, i.e. emission or
absorption of a single resonant phonon dominates in ad-

justing the T'Ss’ occupation numbers’ whereas higher or-
der phonon processes become important at elevated tem-
peratures. In fig. 1 (see also fig. 3) phonon dominated re-
laxation is the reason for the sound velocity to exhibit a
maximum around 2 K and to further decrease with rising
temperature.

In a normal conducting metallic glass the energy relax-
ation rates are massively enhanced because the TSs scat-
ter inelastically conduction electrons "' ', which have a
high density of states available around the FERMI energy.
This additional relaxation channel causes the sound ve-
locity to be reduced with respect to the always present
resonant process discussed above. The reduction persists
to very low temperatures although the positive temper-
ature coefficient prevails. If the same sample, i.e. with
the same distribution of TSs, became superconducting
below a certain temperature, the electronic relaxation
channel would rapidly vanish and, given that relaxation
by phonons is already too slow, the resonant process
alone would determine the temperature dependence of
the sound velocity. It marks an upper bound in the
absence of any relaxation mechanism. Nevertheless, as
shown in fig. 1 below 0.5K the sound velocity in the
normal conducting sample is higher than in the super-
conducting sample, although relaxation processes due to
inelastic TS-electron scattering are present. The elec-
tronic relaxation becomes also important in the super-
conducting state when the density of thermally excited
quasiparticles rapidly increases on approaching 7.. The
related contribution to the susceptibility leads to a max-
imum of the sound velocity just below T, visible in fig. 1.

Summarizing the problem laid out in this section: De-
spite the increased susceptibility due to the electronic
relaxation process, which in the normal conducting state
persists to lowest temperatures, the material is at low
temperatures stiffer, the sound velocity being higher than
in the superconducting state. As both resonant and re-
laxation mechanisms can only increase the susceptibility
and thus decrease the sound velocity, either the number
of contributing TSs is reduced in the normal state or one
of the mechanisms is quenched in some way. Renormal-
ization of the density of states of TS in the normal con-
ducting state' “~'" followed the first approach. However,
only a qualitatively better description of the phenomenon
could be achieved. In this paper an alternative idea is
suggested: The contribution of the resonant process is re-
duced due to the large linewidth of T'Ss resulting from the
strong interaction with conduction electrons. While re-
taining the originally proposed distribution function (see
eq. 12 further down) of the Standard Tunneling Model,
very satisfying agreement with experiments at frequen-
cies from kHz to GHz is achieved that way.

II. THE STANDARD TUNNELING MODEL:



A SHORT REVIEW

The standard tunneling model, as introduced by
PHILLIPS” and ANDERSON et al.”, and its consequences
for the acoustic susceptibility are briefly outlined here.
For most quantities we use the notation as of JACKLE".

The tunneling entity is modeled as a particle in a dou-
ble well potential. With the WKB-method'~ the tunnel-
ing energy A = fiwy exp(—A) can be calculated from the
tunneling parameter A = d/2h-v/2mV | which absorbs the
geometric details of the tunneling particle, being the dis-
tance d, the mass of the tunneling particle m and the po-
tential barrier separating the two wells V. The asymme-
try energy € denotes the energy shift between the ground
states of the individual wells. This TS is described by

L 1)

in the localized basis of the particle being in the left state
|L) or the right state |R). In the energy basis H§® =
E/2 - 0% with the total energy splitting F = 2 + A2,
og° is the diagonal PAULI matrix in the energy basis |g)
and |e) with the tunneling particle in superposition states
of L) and |R).

External strain (? applied to the material changes the

asymmetry energy de = <7 : ? of the TSs due to their
deformation potential <7 This coupling is diagonal in
the localized basis HER = 1/2(5% - 9 )ol? and yields
the interaction Hamiltonian in the energy basis

wi-m( 5 2 %) e

where for the remaining part of the paper the tensorial

notation of <7> and is dropped for simplicity. With
the transition matrix element M = yA/2FE and the lon-
gitudinal matrix element D = ve/F eq. (2) is rewritten
as HE' = 1/2-(Do8°—2Mo2°)S. The contribution of the
TS to the susceptibility x of the amorphous material in
a sound field of frequency w can be derived from BLOCH
equations or another linear response theory.

Following e.g.  HUNKLINGER and ARNOLD' (or
PHILLIPS® for an analogous discussion in the dielectric
case) the response of an ensemble of N TSs to the trans-
verse interaction in H{y, or the so-called resonant contri-
bution results in real and imaginary parts of the suscep-

tibility
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where wg = E/h. The real part x’ can not be further
simplified by the rotating wave approximation as espe-
cially for low measuring frequencies the contributions at
w + wo and w — wy add up and are equal for w < wy.
The linewidth A7, ! is usually taken to be small. We will
show that this is not always the case and can have a large
impact on the susceptibility of a broad distribution. In
contrast to the real part the loss x/.. is dominated by an
ensemble subset with wg ~ w of the broad distribution of
TSs.

The longitudinal interaction in Hf, gives rise to the
relazation contribution to the susceptibility
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where 0/0F tanh(E/2kgT) is the change of the occu-
pation number difference due to variation of the energy
splitting around the given energy E. TSs contribute to
the longitudinal susceptibility when their energy relax-
ation rate 7, ' matches the frequency w of the external
driving field. In order to understand the longitudinal con-
tribution knowledge of the energy relaxation processes
is crucial. In turn, the temperature dependence of the
susceptibility gives information on the dominating relax-
ation process in a given temperature range.

In metallic glasses T'Ss relax to the thermal equilib-
rium through various processes. Independent of the ma-
terial being metallic or insulating the interaction of T'Ss
with the phonon bath is always present and according to
JACKLE’ the one-phonon process yields the energy relax-

ation rate
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p is the density of the material, indices 1 and t denote
the phonon modes as longitudinal and transverse, respec-
tively. Since v; &~ 2v¢ and both velocities enter with fifth
power in the denominator Tl,_plh is by far dominated by
transverse phonons. For a given ratio of A/E thermal
TSs (E ~ kgT) have energy relaxation rates oc T3. At
temperatures above 2 K multi-phonon processes lead to
energy relaxation rates with stronger temperature depen-
dencies, modeled for example'” by lenllph = Kupn - T°.
In a metallic glass the most relevant relaxation pro-
cess is caused by the TSs’ interaction with conduction



electrons which towards lower temperatures exceeds the
phonon-induced rate by many orders of magnitude. From
a microscopic point of view BLACK et al. "' derived the
energy relaxation rate

A\? E
1e1 =W3i— i <> E coth (Zk’BT> . (8)

The constant density of states of electronic excitations
around the Fermi energy yields a linear increase o< T' of
the rate for thermal TS.

In the superconducting state electrons form Cooper
pairs and well below T, only the phonon induced rate re-
mains. However, with rising temperature the interaction
of TSs with thermally excited quasiparticles leads to a
rapidly increasing rate approaching the normal conduct-
ing rate " at T¢

1
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This relation holds strictly only for F <« Agcs. Closely
below T. pair breaking effects are possible'’ and may
result in corrections of our calculations.

The rates 7, *(T) of all three processes (7), (8), and
(9) are shown as solid lines in fig. 4 further down to-
gether with experimental data extracted from the posi-
tion of the maxima in the sound velocity, which marks the
temperature where 7'1_1 ~ w, as elucidated below. The
TS-electron coupling strength W is determined from
the dv/v maximum in the superconducting sample via
eq. (9). Inserting this value for the electron-induced re-
laxation rate in the normal conducting state, eq. (8), one
finds rates exceeding the energy of the thermal TSs as
visualized in fig. 4.

Obviously, the linewidth hT{l of these dominating,
thermal T'Ss can not be assumed to be small and constant
and at least' ™' 7,7* = 7,7! /2 has to be introduced when
analyzing experiments measuring Yes. 1The contribution
t0 Xres 18 reduced or even lost, when the phase of a TS is
lost within one oscillation of the external field. Including
this minimal requirement in calculating expected temper-
ature dependencies of dv/v on the basis of egs. (3) and
(5), however replacing N by an integration over the dis-
tribution functions P(E, A) as proposed in the Standard
Tunneling Model (eq. 12 further down) one finds already
an answer to the major question stated above: At low-
est temperatures the sound velocity in the normal state
is predicted to be higher than in the superconducting
state (see fig. 2). Obviously, the short life times 7, al-
ready broaden the line widths of relevant T'Ss sufficiently
to reduce their contributions to xl.s, eq. (3), leaving the
material harder although both resonant and relaxation
contributions are present.

It is in fact sensible to accept explicitly a dephasing
process due to the T'S-electron interaction as already sug-
gested by BLACK'” when briefly discussing the longitu-

dinal coupling between TS and excitations of the elec-
tron bath. A more general formulation of dephasing of
two-level systems”’ considers explicitly the importance
of the spectral density of the bath in the low energy limit
E < kgT. This leads to a dephasing rate

- Wiz (i) kT (10)

for the spectral density of the electronic bath in the nor-
mal conducting state, which may be modified as

¢el
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for the superconducting state. The magnitude of 7'({1 is

determined by the same coupling constant W as 7, 1,
and T¢_1 has the same temperature dependence as 7, of

thermal TSs with E ~ kgT. But in contrast to 7, de-
phasing 7, due to this process vanishes for symmetric
TSs with A = E. However, slightly asymmetric TSs
are sufficiently affected as well, and their contribution
t0 Xles is also reduced. Calculation of dv(T')/v with'®
7, ' = 7, 1/2 4 7,7 produces a small but noticeable
shift to higher temperature of the crossing between nor-
mal and superconducting states (see fig. 2).

The calculated influence of dephasing can be amplified
by replacing the linear T" dependence in egs. 10 and 11
by f(T) = T - (T/Tp)*!. With 0 < a < 1 dephasing
T, varies weaker than linearly with 7" and is effectively
enhanced towards lower temperatures. Combination of
large 7'171 and strong dephasing 7'(;1 weakens the contri-
bution of symmetric and slightly asymmetric TSs to x}es
and the calculated dv(T)/v exhibits a further reduced
temperature variation in the normal conducting metal
shifting the intersection with the superconducting state
closer to T, (fig. 2 topmost curves). To this point the
suggested temperature dependence f(T') of the electron-
mediated dephasing is purely phenomenological. We will
come back to this later.

Calculation of the response to an applied sound field of
an ensemble of atomic-tunneling systems in a disordered
solid requires both, resonant and relaxation contributions
to the susceptibility to be integrated over the distribu-
tion of parameters of all TSs. The standard tunneling
model”" suggests a flat distribution in asymmetry energy
€ and tunneling parameter A yielding the distribution

PRE
AVE? — A2
of T'Ss with energy splitting £ and tunneling energy A,

where Py is constant. The susceptibility of a macroscopic
sample is given by

P(E,A)dEdA = dEdA  (12)

Emax E

() = / dE / AA (xees + o) P(E,A). (13)
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Figure 2. Temperature dependence of the sound velocity of
a metallic glass as calculated with the standard tunneling
model for a measuring frequency of 200 MHz. Bottom curves
comprise energy relaxation only by phonons (red), by quasi-
particles (blue), and electrons (green). Constant linewidth
hry, * < F is assumed. Sound velocities of normal- and super-
conducting states merge at low temperatures. Including the
lifetime limited linewidth 7,7 = 7,7!/2 with plausible and
temperature dependent Tfl rates already produces a cross-
ing of dv/v of the normal state and the superconducting state
(curves next to bottom). Addition of a dephasing process
T¢_1 o T shifts this crossing to higher temperatures. Finally,
a modified dephasing model Td:l x f(T) (see text) reproduces
the experimental data (see figs 1 and 3) very well (topmost
curves).

The real part of (x) yields the change of sound velocity
and the imaginary part the absorption of sound waves,
as quantified in the next paragraph.

We briefly discuss the role of the integration limits, be-
cause in contrast to the known analytic solutions® they
don’t appear in our final results. The integration limit
Fax vanishes when with eq. 3 the line width is ade-
quately taken into account. At high temperatures the en-
ergy relaxation rate caused by interaction with phonons
leads to a linewidth h7, ! increasing faster than linearly
with energy E. TSs with h72_1 > FE don’t contribute
t0 Xles and this limits the increase of the sound veloc-
ity above a certain temperature thus Fy,.x — 0o can be
taken. Already for the one-phonon process the energy-
relaxation limited linewidth hry ' = h7, /2 scales o
E3, for multi-phonon processes the linewidth increases

even stronger with exponents from E° to E7. The up-
per bound for TSs energies contributing to X, is of the
order of 10 K and almost independent of the prefactors in
eq. 7. This differes from introducing a high energy cutoff
for the distribution of TSs. Although unimportant for
Xres Digh energy TSs are still present and are responsible
for the relaxation contributions to the susceptibility at
higher temperatures.

The lower cutoff for the tunneling energy A, is re-
quired in analytic calculations to avoid the divergence
of the integral for A — 0. For the transverse suscep-
tibility this is canceled by A in the matrix element M
representing the overlap of the localized wave functions
and thus defining the two-level character of a TS with
given energy E. The longitudinal susceptibility vanishes,
when the temperature dependence of the relaxation rate
is taken into account: Asymmetric TS with A — 0 be-
come too slow to relax within the time scale of the exper-
iment set by the measuring frequency and they no longer
contribute to (x).

III. EXPERIMENTAL METHODS

The TSs’ contribution to the real part of the general-
ized susceptibility (x)’ is related to the variation of the
sound velocity dv = v(T') — vp normalized to the velocity
at a reference temperature vg = v(7p) as"

— = —572<X>/~ (14)

The imaginary part (x)” is related to the loss and ul-
trasonic measurements yield the attenuation a per unit
length. Normalized to the energy loss per wavelength
results in the loss tangent

avy 1 I
tand = il 0. (15)
In experiments with vibrating reeds or other acoustic res-
onators the corresponding quantity is the inverse quality
factor @ ~! = tané defined as the energy loss per cycle
divided by the total energy stored in the resonator.

The samples measured in this work are made from
one rod (diameter ~ 3.5 mm) of the bulk metallic glass
Zr59Ti3CuggNigAly fabricated at IFW DRESDEN. De-
tails on the fabrication of the metallic glass sample and
its properties can be found elsewhere At low fre-
quency (1.1 kHz) quality factor and variation of the sound
velocity — determined by tracking the resonance fre-
quency — are measured by a capacitively driven vibrat-
ing reed machined as a stripe (rough size 0.3 mm x
2mm x 12mm)”" from one part of the rod. The reed is
clamped to a copper sample holder to provide thermal-
ization in a dilution cryostat. Details of the setup used
in this work are described elsewhere To investigate
the normal conducting state of the material the reed is
exposed to a magnetic field of 4T, sufficient to reliably



suppress superconductivity of the metallic glass. In order
to minimize possible eddy currents and other disturbing
effects the sample is mounted such that the direction of
its oscillation lies parallel to the magnetic field vector.

For the high frequency experiments cylinders were cut
from the same sample rod. Their two end faces were
lapped plain and parallel RF sputtered zinc oxide
transducers of thicknesses between 3.6 um and 1.2 um
were employed to generate and detect ultrasonic pulses
between 200 MHz and 1.7 GHz with a phase sensitive ho-
modyne technique™. Sample cylinders were mounted in
a copper clamp and the transducers were contacted by
spring loaded probe pins. Longitudinal polarization at
1.44 GHz was measured in reflection with only one trans-
ducer. All measurements with transverse polarization
were carried out in transmission with a transducer at
either end. This setup allows for the use of cryogenic
amplifiers and reduced noise.

IV. RESULTS AND DISCUSSION

Measurements of the temperature dependence dv/v of
the sound velocity of transverse ultrasound is shown in
fig. 3. At these frequencies in the GHz range all features
caused by TSs with a broad distribution of parameters
as discussed in the previous sections are clearly observed.
Although both resonant and relaxation mechanisms con-
tribute to the acoustic susceptibility the sound velocity at
lowest temperature is higher in the normal state than in
the superconducting state. The onset of the relaxation
process by quasiparticles in the superconducting state
is testified by the pronounced maxima between 0.6 and
0.9K depending on frequency. Maxima at 2K demon-
strate the frequency independent transition from elec-
tron dominated to phonon dominated relaxation which
has been found and described in earlier experiments”
Over some temperature ranges the sound velocity varies
logarithmically with temperature. The ’slopes’ of the
log T' dependencies are a measure of the TSs’ density of
states as will be explicated below.

In a first step of analyzing the data the frequency
dependence of the év(T)/v maximum in the supercon-
ducting state of the sample is considered. At tempera-
tures below the maximum, the contribution of the lon-
gitudinal susceptibility (relazation process) is negligible
and 6v(T)/v is solely determined by the transverse sus-
ceptibility (resonant process). The contribution of the
longitudinal susceptibility becomes important when the
TSs’ energy relaxation rates become larger than the fre-
quency of the applied external field, 7; L > w, yield-
ing a maximum in dv(7T)/v when the contributions per
temperature interval of the two mechanisms cancel each
other. Thus we may plot the frequency of the ultra-
sound versus the temperature of the maximum in fig. 4
to extract the temperature dependence of the energy re-
laxation rate of thermal T'Ss. The resulting rate varies
rapidly with temperature between 0.5 and 0.9K and is

10

— 4
- /s yﬁw‘% 300 MHz
A / e "
L o R
-10 " I
T w513 MHz
© / iy
) E W% )@Mwﬂ”* EN
o 2 el . T31MHz
|:2 r”/,_/- ﬁ’ 1 PF#F f;‘ W
= J/ fﬁﬁwﬁ“ A
R
Ny . w,w'
= sl ot 969 MHz
© -30 priim f
s
N
40 i » 1.63:GHz
#1?# chFrH+3>;--‘
i tﬁ’ﬁ’ X =a et o
Mﬁ* wix ><>_<,/§d§'
Rl i ><></><./'/,P’q.-ﬁ‘j
SOOI X KX e /&a
50 e .
ﬂﬁ T,
R ____*:F;#;#Fw
e
-60
0.01 0.03 0.1 0.3 1 3

T/ K

Figure 3. Relative temperature variation of the transverse
sound velocity of glassy ZrsgTisCu2oNigAljp measured at fre-
quencies between 200 MHz and 1.63 GHz. Blue crosses are
data without magnetic field where the sample is supercon-
ducting below T, = 1.39K. A magnetic field of 4T keeps
the sample normal conducting at all temperatures (green x).
Dashed lines result from numerical calculations using always
the same parameters as detailed in the text. Sets of data and
curves for different frequencies are shifted for clarity.

clearly identified with the relaxation rate of eq. (9) caused
by the TSs’ interaction with quasiparticles and plotted
as blue line in fig. 4. In a better quantitative analysis
respective maxima in 6v(T") /v are extracted from numer-
ical calculations including all contributions. Plotted as
black crosses in fig. 4, these calculated maxima clearly
confirm this analysis and yield an interaction strength
Ko = W2kpn/2h = 117 GHz/K in the superconducting
state.

As already claimed in the previous section, transfer of
the same value K, = 117 GHz/K to the normal conduct-
ing state results in relaxation rates eq. (8) of the dominat-
ing thermal T'Ss which considerably exceed their energy
splitting divided by h as depicted by the green line in
fig. 4. Thus their contribution to the transverse suscep-
tibility is reduced, the sound velocity remains at higher
values. Continuing this line of argument it seems plausi-
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Figure 4. Energy relaxation rate of TS in the metallic glass
as extracted from the onset of the relaxation process related
to respective maxima of dv/v. The energy relaxation rates
7% of the fastest, symmetric thermal TS due to interaction
with phonons (red), thermally activated quasiparticles (blue),
and electrons in the normal conducting state (green) are ad-
justed to the data. The dashed (orange) line indicates the
energy splitting of thermal TS with £ ~ kgT. Low fre-
quency data are determined by vibrating reed experiments,
high frequency by pulsed ultrasound. Full symbols denote
data of samples machined from a bulk metallic glass rod
of ZrsgTizCuzoNigAlig, open symbols result from of a splat
quenched sample of Zrys.8Tis.2Cur.5NijgBear.5. For crosses
see text.

ble to introduce a regular dephasing based on TS-electron
interaction with respective rates as given in egs. (10) and
(11). In a last step the linear temperature dependence
of these rates is replaced by f(T) =T - (T/Tp)* ! and it
turns out that with o = 1/3 the overall best agreement
of numerical calculations with experiment is achieved.
Apart from taking into account the polarization of the
deformation being transverse or longitudinal all relevant
parameters concerning distribution and dynamics of the
TSs are the same for the calculated graphs of figs. 3 and
5.

Although it is evident that dephasing plays the key
role in understanding the dynamics and susceptibility of
TSs in metallic glasses our analysis has some deficien-
cies. In the normal state both resonant and relaxation
contributions make up the total temperature dependence
of dv/v. Experimentally dv/v is a straight logT which
is not perfectly reproduced by our caluculation. This is
noticable with the 201 MHz data in fig. 3, however most
clearly visible for the 1.1kHz data in fig. 5. We’ll come
back to this point.

In high frequency experiments a minimum of the
sound velocity is expected at a temperature where hy =~
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Figure 5. Temperature dependence of the longitudinal sound
velocity at 1.44 GHz (upper panel) and of the Young’s modu-
lus velocity measured by a vibrating reed”” at 1.1 kHz (lower
panel). Arrow indicates the transition from phonon to quasi-
particle dominated relaxation. Dashed lines show numerical
calculations.

2.2kgT. In a small temperature range with hv > E ~
kgT a negative contribution to the susceptibility Xi.g
leads to an inverted temperature dependence before this
mechanism becomes ineffective' at even lower tempera-
tures where kT ~ E < hv. In our measurements (see
fig. 3) these minima don’t appear as pronounced as pre-
dicted. The reasons might be that particularly in the
superconducting state the sample was not cooled suffi-
ciently at lowest temperatures and that in the normal
state this effect is additionally smeared out by the relax-
ation contribution. For high frequencies, the condition
wT1 2, 1 may be reached after all at lowest temperatures
in the normal conducting state, leading to a flattening of
the relaxation contribution to dv(T)/v.

Figure 5 shows two more measurements of the sound
velocity change versus temperature, one with longitudi-
nal ultrasound at 1.44 GHz and a vibrating reed exper-
iment at 1.1kHz probing essentially longitudinal defor-
mation as well. In the superconducting state the low
frequency experiment exhibits a maximum around 35 mK
which is identified as onset of the relaxation contribution.
Since T' <« T, the quasiparticle induced rate is certainly
negligible. The one-phonon process dominates the energy
relaxation of TSs and symmetric TSs have a relaxation
rate 7, ' = 1.67w at the maximum. We may thus add
another important data point to fig. 4 (full circle) and
with eq. (7) we may extract the deformation potential
of the TS with respect to transverse phonon modes from
this experiment. We find 7, ' = 273 MHz/K?® - T° for
the fastest T'Ss corresponding to a deformation poten-
tial v = 0.49eV. Further independent measurements
of another vibrating reed sample fabricated from splat-
quenched Zry6 8 Tig 2Cuz 5NijgBesr 5 (Vitreloy 4)°" allow



to determine relaxation rates between 0.6 kHz and 12 kHz
in an analogue way (open circles in fig. 4). The frequency
dependent shift supports the 72 increase of the relaxation
rate as predicted by eq. (7), however with a smaller ~;.

In fig. 4, the relaxation rate exhibits at 200mK a
transition from phonon-dominated energy relaxation of
the TSs to relaxation dominated by the interaction with
quasiparticles. This is clearly reproduded in the dv(T) /v
measurement at 1.1kHz (see fig. 5) as a distinct change
of the temperature dependence marked by an arrow.

Quantitative inspection of the sound velocity measure-
ments (figs.3 and 5) in the superconducting state al-
lows to extract the density of states of T'Ss. Analytical
integration of the susceptibility’s resonant contribution
Xres With P(E, A) yields a logarithmic temperature de-
pendence of dv/v for T' > hr/2.2kp in agreement with
experiments as long as the contribution of relaxation is
negligible

61;(T)| Pty w T
e = n —
v ' pUL Ty

(16)

Numerical calculations reproduce this behavior most
clearly for the measuring frequencies between 201 and
513 MHz. The magnitude of the logarithmic slope C}; =
Pofyft / pvﬁt contains the mass density of the material

p = 6592kg/m3 and the transverse and longitudinal
sound velocities vy = 2182m/s and v} = 4741 m/s which
were determined independently. From the transverse ul-
trasound data in the superconducting state of fig. 3 we
extract an average and frequency independent In(7/T})
slope of C; = 5.9 -107° and knowing - from the vi-
brating reed measurement we find Py = CypvZ/y?2 =
3.0-10* J~'m~3. Analog evaluation of fig. 5 yields C| =
2.07-1075 for longitudinal ultrasound. The vibrating reed
experiment allows to extract a value Cg = 4.17-107° (re-
lated to the Young’s modulus deformation field) from the
total 6v(T") /v decrease between 40 mK and T, dominated
by the relaxation contribution to x’, and also but mi-
nor importantly by a decreasing resonant contribution.
C and P, values resemble those of other dielectric and
metallic glasses™»""

Closer inspection of dv(T)/v in the superconducting
state reveals that the In(7T"/Ty) behavior has a slight up-
ward bend. Quantitatively for the 969 MHz measure-
ments (see also supplemental material*’), and quite sim-
ilar for other frequencies, the the slope increases from
C; = 5.2-107° in the temperature range between 100 mK
and 200mK to about C; = 6.2 - 107° between 300 mK
and 500 mK, still well below the maximum (see fig.1 in
supplemental material*’). This suggests an equivalent
increase of less than 20% of the TSs’ density of states
Py in the corresponding energy range F ~ kgT. A re-
duced density of states at lower energies might be ex-
plained by models invoking a so-called dipole gap arising
from dipole-dipole interaction between TSs””°", which
becomes especially important at very low temperatures

and frequencies. However, thermal conductivity mea-
surements on another Zr based superconducting bulk
metallic glass do not support the idea of a reduced den-
sity of states of TSs towards lower energies’'°® — there
seems to be no clear answer yet for this class of disordered
matter.

In contrast to the slight temperature dependence of the
slope in the superconducting state, a clear log T temper-
ature dependence of dv/v is always observed in the ma-
terial’s normal conducting state. It is further observed
that the slope depends on frequency. It decreases by 15%
when lowering the measuring frequency from 731 MHz to
201 MHz. The extremely small, though still logT" tem-
perature dependence of dv/v at 1.1kHz is remarkable
(fig. 5) and requires a delicate balance of resonant and re-
laxation contributions. Previous vibrating reed measure-
ments on glassy PdZr and CuZr alloys’ show an overall
quite similar behavior, however, even a negative slope
of 6v(T)/v is observed in a temperature range where a
positive slope is expected. Quantitatively, this frequency
dependence is not understood. It seems to be plausible,
however, that short dephasing times disturbing the TSs’
coherence and eventually leading to localization are more
sensitively detected the lower the measuring frequency is.
In extreme cases the still present relaxation contribution
may dominate and lead to a negative temperature depen-
dence of total dv/v.

In this last section, the attenuation of transverse ultra-
sound is discussed. As for the temperature dependence of
the sound velocity, the attenuation due to T'Ss comprises
both resonant and relaxation contributions and numeri-
cal calculation requires integration of the corresponding
imaginary parts of the susceptibility, x1., and x.;.

The resonant absorption (transverse interaction) se-
lects from the broad distribution those TSs for which
E = hw and its temperature dependence reflects the re-
spective occupation number difference o tanh(E/2kgT).
The temperature dependence of the relaxation absorp-
tion (longitudinal interaction) — in particular its increase
when coming from low temperatures — is determined by
the dominating relaxation process, caused by interaction
with phonons, electrons, or quasiparticles and by the
measuring frequency. In any case, tand arrives at a fre-
quency and temperature independent plateau”™ * when
the energy relaxation of the fastest T'Ss attains the con-
dition wr; ~ 1.

Figure 6 shows measurements at 969MHz and
1.63GHz together with respective theoretical curves
which are calculated with parameters v and W, as ex-
tracted from the dv/v measurements. P, was magni-
fied by 20%. Same parameters are used for all frequen-
cies (more frequencies shown in fig.2 in supplemental
material™’). Constant values have been subtracted from
the complete experimental data sets of the two frequen-
cies to adjust for the zero line given by the calculation.
Resonant and relaxation contributions are easily identi-
fied, particularly in the superconducting state. There,
the measured resonant absorption exhibits the correct
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Figure 6. Temperature dependence of the attenuation tané
of transverse ultrasound in the GHz frequency range. Values
are determined by the squared ratio of the amplitudes of the
first transmitted ultrasound pulse and a fixed reference signal.
Solid lines are calculated for weak excitation using values for
We and ~; derived from the temperature dependence of the
sound velocity. For Py values see text. The acoustic intensity
for the experiment was not at the weak excitation level. Dash-
dotted lines show calculations of only the relaxation contri-
bution of the superconduction sample. Experimental data of
both frequencies is vertically shifted to adjust for the zero
line, 969 MHz data are shifted by another 15-1075.

temperature dependence, however, is smaller than pre-
dicted by roughly a factor two. This discrepancy may
easily be explained by the fact that our calculations were
carried out for the limit of small driving fields leav-
ing the thermal occupation undisturbed whereas exper-
imentally this limit was not achieved. With decreas-
ing T the condition for a “weak” drive becomes more
and more challenging in the superconducting state as
the energy relaxation time 7, becomes very long. Thus
resonant T'Ss may well be partially saturated at the
given ultrasound intensity resulting in reduced absorp-
tion. This is supported by the observation of distorted
pulse shapes indicating that steady state conditions are
not achieved within the duration (typically 500ns) of a
single ultrasound pulse. For a comparison, ultrasound
echo experiments”” on amorphous PdggZr7g, the first di-
rect measurements of energy relaxation and phase co-
herence times of a superconducting metallic glass, yield
71 ~ 30us and 72 =~ 5us at 20mK for T'S resonant with
the ultrasonic frequency of 0.86 GHz. New phonon echo
experiments on ZrsgTizCuggNigAljg are presented in the
supplemental material

The relaxation absorption in the superconducting state
is characterised by a steep rise between 0.5 and 1K

caused by the rapidly increasing quasiparticle density
when approaching T.. Measurement and calculation
agree very well. In the normal conducting state the ab-
sorption depends only weakly on temperature. As ex-
pected, the plateau of the relaxation absorption extends
to low temperatures due to the slow variation of the dom-
inating contribution of the electron bath to 77 *. Below
200mK, a clear however small increase of the absorption
is observed indicating a resonant contribution. This be-
havior is remarkably well reproduced by our calculations.
At first glance, one is led to expect a rather large resonant
absorption since fast relaxation times would leave the T'Ss
preferentially in their ground states except for extremely
high ultrasonic intensities. However, caused by short de-
phasing times or, respectively, large line widths A7y L the
resonant contribution to x” is largely suppressed. This
corresponds to the reduced slope of §v(T)/v.

V. CONCLUSIONS

This paper deals with low temperature ultrasound ex-
periments on metallic glasses and their interpretation in
terms of the elastic susceptibility of atomic two-level tun-
neling systems. It turns out that the standard tunneling
model in its simplest version fails to describe the exper-
iments properly, which is most evident for the tempera-
ture dependences of the sound velocity in the sample’s su-
perconducting state in comparison with its normal state.
The simple analysis doesn’t predict the experimentally
observed crossing.

In previous publications it was suggested that inter-
action with conduction electrons might in general reduce
the density of states (DOS) of the tunneling systems thus
leading to an overall smaller temperature variation of the
sound velocity in the normal state compared to the su-
perconducting state. This idea, however, is ruled out
by the relaxation contribution to the attenuation tand
which obviously has the same absolute value in the nor-
mal state and the superconducting state below 7., how-
ever still in the plateau region (this is even better visible
at frequencies between 201 and 731 MHz in supplemental
material*’). In the present study, we show that another
basic assumption of the treatment within the standard
tunneling model is not fulfilled: Caused by their cou-
pling to the bath of electronic excitations the tunneling
systems no longer have line widths that are much smaller
than their energy. This does not affect the relaxation
contribution, however, considerably reduces the resonant
contribution to the susceptibilities in the normal con-
ducting metallic glass.

Our numerical calculations employ the ’classical’ ap-
proach for the resonant response of ensembles of two-level
systems as given by egs. (3) and (4) although this might
be inadequate for extremely broad line widths caused by
very high dephasing rates Ty ! which rather lead to local-
ization and destruction of the quantum two-level nature.
With 7, o« T(T/T)~%/3, which emphasizes dephasing
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towards lower temperatures, we achieve very good overall
agreement of our calculations with experiment, at least
in the GHz frequency range. It is obvious that dephas-
ing has to be consequently incorporated in such calcula-
tions. Usually, 75 ) /h is taken for granted. How-
ever, strong dephasing removes a considerable fraction of
TS from contributing to X,es- A similar idea has been
put forward for insulating glasses It was suggested
that strain mediated TS-TS interaction causes loss of co-
herence and a transition to incoherent tunneling, which
finally leads to a reduced contribution to Xyes-

Here, we have to ask: Which mechanism provides the
temperature dependence of 77 ' in a metallic glass, only
in the normal state? It is unlikely that electronic exci-
tations are directly responsible for a dephasing rate vari-
ing other than linearly with temperature. Instead, we
propose a dephasing mechanism that involves other TSs
surrounding those which contribute to the resonant part
of the susceptibility. We further propose that this T'S-TS
interaction is indirect and mediated by conduction elec-
trons. Since the electron wave functions themselves be-
come more coherent with decreasing temperature an in-
creasing number of T'Ss will be within the volume defined
by the respective phase coherence length and contribute
to the dephasing of those resonant TSs. It is thought
that both the TS-electron and the associated electron-
TS interactions are longitudinal and combine to produce
the suggested indirect T'S-TS interaction.

It is evident that the key for understanding the low
temperature acoustic susceptibility of metallic glasses are
the extremely high dephasing rates of T'Ss, the dynamics
of which are largely determined by their interaction with
conduction electrons. It is as well evident that the exper-
iments at audio frequencies call for an additional expla-

nation. As stated above, the straight log T dependence of
dv/v in the normal state at any frequency deserved par-
ticular attention. In any case, already BLACK - expected
a region of unusual behavior when E < hr, '

Last but not least we like to note that the analysis of
our measurements support quite generally the assump-
tions of the standard tunneling model including in par-
ticular the suggested distribution of relevant parameters.
In this sense our work seems to constitute a good exam-
ple of a ’smoking gun’ experiment as was recently asked
for by LEGGETT and VURAL" . While the energy space
is explored by the temperature from 10mK up to sev-
eral Kelvin, the dynamics of these tunneling systems is
measured at kHz and at GHz frequencies. Moreover, the
dynamcis (71 and 75) of TSs with same energy E are
vastly different whether the sample is superconducting
or normal conducting.
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VI. SUPPLEMENTAL

These supplemental parts contain i) some more infor-
mation on the possible energy dependence of the density
of states (DOS) of two level tunneling states (T'S) in the
glassy metal Zrs9TizCugoNigAlyg, ii) further measure-
ments on the ultrasound absorption at frequencies from
300 MHz to 700 MHz, present iii) phonon echo experi-
ments of the Hahn echo type measuring 7 times of TSs
resonant with ultrasound of 1 and 1.3 GHz, and show iv)
vibrating reed measurements of the splat cooled metallic
glass ZI‘46_8T18_2CU7.5N110B627.5 (Vitreloy 4) ?

A. DOS of TS energy dependent?

As mentioned in the main text along with discussing
temperature dependencies of the sound velocity dv(T)/v
at various frequencies a change in the ’logT" slope’ may
imply a variation of the DOS of TS. Fig. 7 shows again the
ov(T) /v measurements at 969 MHz, and for the discus-
sion slopes are added in two temperature regions, around
500 and 150 mK. This suggests a small decrease of the
TSs” DOS for respective energies. However, this effect
should be taken with caution. First of all, we cannot be
sure that the sample is thermally equilibrated with the
thermometer. And second as already pointed out, mea-
surements of the thermal conductivity of a closely related
metallic glass, superconducting as well, don’t support
any deviation from a constant density of states of TS.
Both quantities, sound velocity variations in the super-
conducting state as well as thermal conductivity measure
predominantly TSs with almost symmetric double well
potentials.

Ultrasonic absorption as shown in fig. 6 of the main ar-
ticle and again most clearly in fig. 8 exhibts a plateau ex-
tending in the normal conducting state to temperatures
as low as 60 mK. For the lower frequencies this absorp-
tion is mainly caused by the relaxation mechanism of T'Ss
with a wide distribution of asymmetry energies and the
plateau indicates a constant density of states with distri-
butions of asymmetry energies and tunneling parameters
as proposed in the original tunneling model”””". The
decreasing relaxation absorption towards lower tempera-
ture is partially balanced by resonant absorption, partic-
ularly for the measurements at higher frequencies. For
better illustration, the two absorption mechanisms as cal-
culated for both normal and superconducting states are
separately plotted in fig.8. As explained in the main
article, the resonant absorption in the normal metal is
strongly reduced due to the TSs’ short coherence time
whereas in the superconducting sample it is partially or
completely saturated.

As discussed in the main article, we finally like to stress
again that the straight log T of dv/v in the normal state
poses quite hard constraints for any model that generates
deviating distribution functions and DOS of TS. It re-
quires a delicate balance of resonant and relaxation con-
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Figure 7. Temperature dependence of the transverse sound
velocity measured at 969 MHz. Experimental data are the
same as of Fig.1 of the main article. Solid lines represent
numerical calculations plotted for two confined temperature
ranges. Cres values ("log T slopes’) indicate a possible reduc-
tion of the TSs’” DOS at lower engergies by =~ 18%. The
calulation for the low temperature range shows the expected
minimum at this measuring frequency. Obviously, the sample
is thermally decoupled below T' ~ 70 mK.

tributions of T'Ss with quite different ratios of tunneling
energy and asymmetry energy. In general terms this is
achieved by the assumptions of the Tunneling Model.

B. Phonon echoes

Quite similar to other two-level systems, e.g. nuclear
or electron spins or electronic transitions in atoms and
molecules, atomic-tunneling systems (TS) in solids may
be excited and driven by microwave pulses to generate
echoes. Equipped with usually both elastic and electric
dipole moments, T'S may respond with phononic™ as well
as photonic™ echoes. The latter one actually provided
details of the microscopic nature of TS Peculiar to
phonon echoes is that they propagate co-linearly behind
their generating ultrasound pulses collecting energy from
excited TSs along the propagation path.

Details of the physics of phonon echoes in glasses, two-
pulse echoes to determine transverse relaxation times 7o
of a spectral range of TS defined by the spectrum of
the driving pulses, and three-pulse echoes for 7, the en-
ergy relaxation time to establish thermal population of
the two levels, are well described in the literature~”
In dielectric glasses and in superconducting glasses well
below the transition temperature™ 7q is determined by
one-phonon processes, i.e. emission or absorption of a
resonant thermal phonon of the bath.

In the present study of the bulk metallic glass
Zr5gTizCuggNigAlyy two-pulse echoes were employed to
measure 7o at 11mK for two frequencies, 1002 and
1367 MHz. Ultrasound pulses were generated at one side
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Figure 8. Temperature dependence of the transverse ultra-
sound absorption at frequencies from 201 to 731 MHz. Lines
show calculations: dash-dotted for relaxation contributions,
short dashed for resonant contributions, green for normal, and
blue for superconducting below T.. Parameters have the same
numerical values as in fig. 6 of the main article. The measure-
ment at 731 MHz suffered from considerable noise caused by
suboptimal transducer thickness and frequency band of the
RF-components.

of the sample and detected in transmission by another
ZnO transducer on the opposite side. Since the first ul-
trasound pulse is stronger reduced by resonant absorp-
tion than the second pulse it is not obvious were along
the propagation path the optimal condition of a 7/2 — 7
— pulse sequence occurs. The received signals always con-
tain the full ’history’ of non-linear absorption as well
as generation of echoes of the propagating ultrasound
pulses.

In most of our experiments (as in the original work™")
two identical acoustic pulses were transmitted. Sig-
nals from regular ultrasound pulses and echoes were
detected by the receiving transducer at times t =
11,374,514 g, ..., ie. after odd multiples of the time
Ty, = L/vy, given by the sample length L divided by the
(transverse or longitudinal) speed of sound v ;. Figure9
shows received signals after ¢ = T} in the left panel and
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Figure 9. Received signals on log-scale of transverse (T)
and longitudinal (L) 1.002 GHz ultrasound pulses of 100ns
duration, and generated two-pulse echoes (E). The first pulse
is launched at time t = 0 followed by the second pulse af-
ter delay times At = 0.3 us (lower signal traces in red) or
At = 0.9 us (upper signal traces in green). First indices 1 or
2 at the received signals T and L refer to these two pulses.
The respective second indices at T and L label the number
of passes travelled by the pulses. Traces are vertically shifted
for clarity of the graph and low amplitude noise is cutoff.

after ¢t = 3T} in the right panel. Caused by a small inho-
mogeneity of the sample material and related variation
of phase velocity the integrated signal across the trans-
ducer area suffered from interferences and therefore the
shapes of all detected pulses were distorted. Resolving
and identifying all signal pulses were further impeded by
the crystalline structure of the ZnO transducers which
generated simultaneously both transverse and longitudi-
nal ultrasound.

In the left panel of fig. 9 clear (transverse) phonon echo
signals Et; are observed at twice the time delay At from
the first ultrasound pulse Ty; to the second one Toj.
Pulses of longitudinal ultrasound L;3 and Loz are seen
as well, no longitudinal echoes could be observed. How-
ever, shortly after L1 a secondary echo E2, is generated
by To1 and the primary echo Et;. The amplitude of E%l
is another factor 10 smaller than Et; which in turn is
smaller by factor 10 than the sound pulse To;.

In the right panel of fig. 9 all signals can be found again,
at a later time, when the transverse ultrasound pulses
have travelled three times the sample length; longitudi-
nal sound pulses 7 times. It is quite evident now, that the
first ultrasound pulse T3 is stronger attenuated than the
second one To3 and that the echo amplitude Et3 is grown
with respect to their generating ultrasound pulses. The
secondary echo E% appears just above noise level. It is
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Figure 10. Amplitudes of phonon echoes Et1, Et3, and Ets at
1.002 GHz in dependence of the delay time At.

also evident from the upper (green) signals that the two
longitudinal sound pulses keep the same relative height
even after 7 passes through the sample. This may be in-
terpreted as a weaker coupling to tunneling systems com-
pared to transverse sound, so that the first pulse could
not noticeably change the two-level occupation numbers.

Figure 10 shows signals of ultrasound echoes after 1, 3,
and 5 passes through the sample the heights of which are
exponentially decreasing with increasing delay between
the two generating pulses. A fit with E o exp —t /79 yields
a transverse relaxation time 7 = 7.3us for TS within the
spectral range of a 100 ns pulse at 1 GHz and at 11 mK.
Analog experiments at 1.367 GHz showed an overall sim-
ilar picture, however with 7 = 5.2us indicating that 7
is roughly proportional to the the TS energy — a major
result of these phonon echo experiments.

C. Vibrating Reed Measurements of
Zr6.8Tig.2Cur sNijoBezr 5

These measurements are briefly described since some
of the results are used in fig. 4 of the main article to sup-
port the T dependence of the TSs’ relaxation rate in
the superconduction state at lowest temperatures. The
splat cooled sample material was tailored to a shape that
allowed for a series of vibrational resonances, both flex-
ural and torsional modes, at frequencies between 100 Hz
and 12kHz. A few examples are shown in fig. 11 as
color coded images of displacements and respective stress
fields. It is important to note that deformation at the
clamping is negligible or small for all modes and clamp-
ing losses may be disregarded.

Modes at lowest frequencies are a simple nodding or
rotation (see modes 1 and 2 in fig. 11) of the large plate
with restoring forces produced by bending or twisting
the narrow strip. Mode 4 is an antisymmetric flexural
mode characterised by a blue cross (see fig. 12) for small-

M1 M2

Ms

y
:

12443 Hz

|

106 Hz 603 Hz 7240 Hz 7985 Hz

Figure 11. Results of finite element calculations show vari-
ous modes of the specially shaped sample. Electrodes for elec-
trostatic drive and detection are mounted slightly off-center.
Different modes are not equally well detectable. Modes are
shown form left to right with increasing eigenfrequencies as
noted. Top figures represent displacements and bottom fig-
ures corresponding stress distributions in color code from blue
(small) to red (large).
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Figure 12. Temperature dependence of the sound veloc-

ity of splat-quenched glassy Zras.8Tig.2Cu7.5NijgBez27.5, mea-
sured with mode 4 — a flexural mode — at 2815 Hz. Material
is superconducting below 1.4 K, a magnetic field of 4 T keeps
it normal conducting.

est displacements. Higher modes vibrate with displace-
ment node lines in the shape of a double cross or horns
(modes 8 and 9).

As an example, fig. 12 shows the temperature depen-
dence of the sound velocity of mode 4 at 2815 Hz in
the superconducting and in the normal states. The gen-
eral behaviour resembles that of other superconducting
metallic glasses as presented and discussed in the main
part of this paper. Of particular importance here is the
maximum at about 60 mK in the superconducting sam-
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Figure 13.  Absorption Q™! of Zrs gTig 2Cur.5NijoBezr.s
and stress distribution of the employed flexural mode corre-
sponding to fig. 12.
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Figure 14. Absorption of the bulk metallic glass

Zr59TigCugoNigAlyg corresponding to the sound velocity mea-
surement of fig. 5 in the main text. Dashed lines are calcula-
tions with parameters according to those data.

ple marking the onset of relaxation contributions to the
susceptibility. The temperature of this onset shifts with
frequency as plotted in fig.4 of the main part of this
paper and confirms that the relaxation of TS is caused
by one-phonon processes at temperatures well below the
superconducting transition.

It is worth noting that the one-phonon rate is dom-
inated by the spectral density of transverse thermal
phonons. Therefore all modes of the sample can be used
for this analysis, irrespective of the mode being flexural
of torsional.

Figure 13 finally shows absorption data correspond-
ing to fig. 12. It exhibits a pronounced maximum in the
superconducting state, about 40% higher than the ab-
sorption in the normal state. The absorption in the nor-
mal state is gradually increasing by about 10% between
50 mK and 1 K. Similar behavior is found for other metal-
lic glasses as shown e.g. in the last figure 14. However,
this is not predicted by the standard tunneling model as
already discussed in the main part of the publication.

The relaxation mechanism, particularly at low frequen-
cies involves and tests the contribution of a class of TS
with extremely small tunneling energy A compared to
their energy splitting E. Note, that only a perfect dis-
tribution function P o 1/A generates a perfect plateau
of the relaxation contribution to Q~'. Thus, quite dif-
ferent sections of this distribution are involved whether
TS interact only with thermal phonons or additionally
with conduction electrons or quasiparticles of the super-
conductor to achieve their equilibrium population. As
pointed out already, minute modifications of the o 1/A
distribution may contribute to solve this discrepancy.

*

meissner.arnold@web.de

T U.Kuehn@Qifw-dresden.de


mailto:meissner.arnold@web.de
mailto:U.Kuehn@ifw-dresden.de

16

1 sschnei@gwdg.de

§ georg. weiss@kit.edu

51 Q. Schneider. Bulk metallic glasses. Journal of Physics:
Condensed Matter, 13(34):7723-7736, Aug 2001.

52 X. Sun, S. Schneider, U. Geyer, W.L. Johnson, and
M.A. Nicolet. Oxidation and crystallization of an amor-
phous ZreoAli5Nigs alloy.  Journal of materials research,
11(11):2738-2743, 1996.

53 W.A. Phillips. Tunneling states in amorphous solids. Jour-
nal of Low Temperature Physics, 7(3):351-360, 1972.

54 P W. Anderson, B.I. Halperin, and M.C. Varma. Anoma-
lous low-temperature thermal properties of glasses and spin

glasses. Philosophical Magazine, 25(1):1-9, 1972.

S5 B. Golding and J.E. Graebner. Phonon Echoes in Glass.
Phys. Rev. Lett., 37:852-855, Sep 1976.

56 B. Golding, M.v. Schickfus, S. Hunklinger, and K. Drans-
feld. Intrinsic Electric Dipole Moment of Tunneling Systems
in Silica Glasses. newblock Phys. Rev. Lett., 43:1817-1821,
Dec 1979.

ST B. Golding and J.E. Graebner. in W.A. Phillips (ed.)
Amorphous Solids, volume 24 of Topics in Current Physics,
p-109-134, Springer-Verlag Berlin Heidelberg, 1981.

58 (. Weiss and B. Golding. Phonon Echoes in Superconduct-
ing Amorphous Pdsg Zr7o . Phys. Rev. Lett., 60:2547-2550,
Jun 1988.


mailto:sschnei@gwdg.de
mailto:georg.weiss@kit.edu

	Acoustic properties of metallic glasses at low temperatures – tunneling systems and their dephasing 2mm Dedicated to Siegfried Hunklinger on the occasion of his 80th birthday 
	Abstract
	Sound velocity in metallic glasses – stating the problem
	The Standard Tunneling Model: a short review
	Experimental Methods
	Results and Discussion
	Conclusions
	Acknowledgments
	References
	Supplemental
	DOS of TS energy dependent?
	Phonon echoes
	Vibrating Reed Measurements of Zr46.8Ti8.2Cu7.5Ni10Be27.5

	References


