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INTRODUCTION

The purpose of this article is to review some recent theore-
tical and experimental developments in the study of metallic
glasses at temperatures near or below IK. In this temperature
regime, it appears that practically all glasses, whether metallic
or insulating, behave in a similar fashion. The fact that such
similarities occur, despite substantial structural differences
between metallic and insulating glasses1, constitutes a major the-
oretical challenge. This challenge, however, is not directly
addressed in what follows. Instead, we shall concentrate upon the
evidence for universal behavior and upon the theory which is
necessary to understand this evidence. It turns out that most of
this evidence involves a comparison of phonon scattering in metal-
lic glasses with its counterpart in insulating glasses.

The theoretical framework for describing the low-temperature
properties of amorphous solids is provided by the tunneling model
of Anderson et al^ and Phillips-^. This model is a phenomenologi-
cal prescription for calculating the effects of local rearrange-
ments within the glassy structure. In the simplest version, these
atomic rearrangements produce low-energy excitations which are
quantum-mechanical two-level systems (TLS). These form a dilute
(concentration of TLS active below IK is less than 10~5) collec-
tion of S=Js pseudospins which interact with the strain fields
caused by long-wavelength phonons. It is an established fact that
this model describes most low-temperature properties of insulating
glasses in considerable detail . From a fundamental point of
view, this success supports the idea that the insulating-glass
"ground state" actually consists of many states of roughly the



same energy and that some small fraction of these states are
accessible to each other within experimental tine scales. We are
then led to wonder whether these principles apply to metallic
glasses, and (if so) whether the conduction electrons affect the
behavior of the TLS.

EVIDENCE AND PUZZLES

The natural way to look for TLS in metallic glasses involves
those experiments which give convincing proof in insulating
glasses. In this list of experiments^ we find the linear specific
heat, the T^ thermal conductivity, the lnT sound velocity, the
saturation of the sound attenuation, the ability of one ultrasonic
pulse to diminish the absorption of a second pulse, and generation
of phonon echoes by coherently excited TLS. In metallic glasses,
direct electronic contributions to the specific heat and thermal
conductivity overwhelm the TLS effect unless special methods of
eliminating the electrons can be devised. By using such methods,
Matey and Anderson and Graebner et al" have reported evidence for
TLS in several bulk metallic glasses, while von LMhneysen and
Steglich' have done the same for amorphous metallic films. On the
other hand, ultrasonic experiments are not masked by direct elec-
tronic contributions in competition with the TLS. Bellesja and
coworkers have observed the distinctive logarithmic temperature
dependence of the sound velocity in numerous metallic glasses.
Most significantly Dousslneau et al° and Golding et a l ™ have seen
convincing evidence of saturation of the ultrasonic attenuation
in the bulk metallic glass PdSiCu. Taken together, these experi-
ments are strong support for the existence of TLS in metallic
glasses.

Upon closer examination, however, a number of puzzles appear.
As shown in Figure 1, the phonon flux required to saturate the
absorption is several orders of magnitude greater in a metallic
glass than in its insulating counterpart at the same temperature
and frequency. Secondly, consider the attenuation which remains
after the resonant attenuation has been fully saturated, A com-
parison between metal ' and insulator12 of the temperature de-
pendence of this additional absorption, usually called relaxation-
al* 2, is shown in Figure 2. In the metallic glass, this absorp-
tion rises at a lower temperature and obviously has a much weaker
T dependence than the insulating glasses. A third point of dif-
ference is that various effects involving two or more ultrasonic
pulses separated by very small time, intervals are completely
absent in metallic glasses . In the insulating glasses, these
effects include phonon echoes and the saturation of one pulse by
another1. Finally, a number of discrepancies in the magnitude
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Figure 1. Curves showing typical metallic vs insulating beha-
vior in the saturation of ultrasonic attenuation at temperatures
near lOinK and frequencies near 1GHZ. Absorption is normalized to
its low-power value.
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Figure 2. Illuctration of the different temperature dependence
in the relaxational attenuation in a metallic glass^Q (PdSiCu) as
compared with a typical insulating glass (e.g.



and temperature/frequency dependence of the resonant absorption in
metallic glasses have been pointed out by Matey and Anderson^ and
by Araki et al 1 5.

Table 1 presents a summary of the experimental situation in
metallic glasses with an emphasis on the comparison with insula-
tors. It is apparent that there are some very substantial differ-
ences, which raises the question of whether a TLS in a metal is
intrinsically different than a TLS in an insulator. As we shall
see below, making such an intrinsic distinction is not justified.
Most of the apparent differences in Table 1 can be understood by
taking into account effects of the conduction electrons upon the
TLS.

THE ELECTRON/TLS INTERACTION

In insulating glasses, the TLS are described by

H =y]E.S1 +Y\2M.S1 + Q.S1) e. + H , (1)
o *-r* i a *-r* i x i B I phonon,

viViere E. is the energy splitting o£ the TLS at si te i , whose state

is described by the Pauli matrices 2Si(a=x,y,e). The strain field
e^ modifies the TLS environment, leading to the coupling tensors
M. and D.. Similarly, it is expected that the TLS will be coupled
to conduction electrons in a metallic glass . Figure 3 shows
a schematic representation of the atomic displacements, d.,
associated with a single TLS whose atomic cores are located at
positions X,, = R°, ± % d.. Associated with each of these cores is
an atomic pseudopotential which causes the electrons to see a
potential whose Fourier transform has the form

V (q) = 1 , , . m

where u(q) is the pseudopotential, v is the atomic volume, and the
TLS density operator is given by

N'

The N1 atoms comprising the TLS may be in the "left" state (L) or
"right" state (R). As shown in Figure 3, the existence of these
two positions for each core gives rise to a difference potential
V-̂ -V-̂ 5 which is the origin of the important coupling to the TLS.
If we now express X^ in terms of the pseudospin operators of Eq.
(1), we obtain interaction terms of the a



Table 1. Classification of Metallic Glass Experiments
(With References in Parentheses)

INSULATOR-LIKE BEHAVIOR

Linear Specific Heat (6)

T~ Thermal Conductivitiy
(5,6,7)

Ln T Sound Velocity (8)

Saturation of Resonant
Absorption (9,10)

UNUSUAL EEHAVIOR

Size of Saturation Threshold
(9,10)

T-Dependence of Relaxational
Absorption (10,11)

Absence of Two-Pulse Saturation
(10)

Absence of Phonon Echoes (10)

Quantitative Discrepancies in
Resonant Absorption (14,15)
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Figure 3. Schematic drawing of the origin of the electron/TLS
coupling. The displacement of the ions in a TLS from the "L"
position to the "R" position leads to a difference potential,
V R ~ V L » which is felt by the electrons.



' N i,k,q " " X x k+q k , (4

where N is the total number of atoms, c.jis an electron operator,
and r. denotes the center of the TLS from which X_£ is measured.
The coupling matrix elements are given by-'-

V U ( q

• = 2iu(q) V a "- sin(qdp/2) . . (5)

Vl.(q)
where A is the well asymmetry and A is the tunneling energy for
the TLS4. °

Given the existence of this coupling, a number of interesting
possibilities then present themselves. For example, what types of
temperature-dependent contributions to the electrical resistivity
arise from Eq. (4)? Can the TLS contribute (as phonons do) to the
attractive electron-electron interactions which lead to supercon-
ductivity? Can the electrons produce RKKY-type "spin-spin" inter-
actions among the TLS? Does a Korringa-type decay process sig-
nificantly alter the dynamics of the TLS? For the present dis-
cussion of phonon scattering, it turns out that this last question
is the most relevant.

PHONON SCATTERING REVISITED

The "spin lattice" relaxation rate T controls the return
to thermal equilibrium of a TLS which has bten disturbed, for
example, by an ultrasonic pulse. In insulating glasses, this
rate is governed by exchange of energy with the thermal phonon
bath . In metals, electronic excitations provide an alternative,
extremely efficient mechanism. This "Korringa process" follows
from a Golden Rule calculation ^ based upon Eq. (4):

T ~1 = -£r (pV.)2 E coth (BE/2) (6)
JL 4 n ••

where p is the electronic density of states per atom at E and E
is the TLS energy splitting. A rough estimate from Eqs. \5) and
(6), using u/v = 2eV, kpd = 0.1, and p = .5 eV yields a T., in the
nanosecond regime at T = lOwK and E/h = lGHs. This value is to be
compared with a T. in the millisecond regime for an insulating
glass at the same temperature and energy splitting. It is this
tremendous difference which explains many of the apparent puzzles
listed in Table 1.

Consider, for example, the saturation curves shown in Figure
1 The point at which saturation occurs is determined by the



competition between the driving ultrasonic field e^, which reduces
S a, and the relaxation rate T7 which restores it toward <Sa>. By
demanding that these two processes balance at threshold, it fol-
lows >-^ that the critical ultrasonic intensity is proportional to
T-,"^. Quantitative agreement with the observed threshold in
PdSiCu glass has been obtained from Eq. (6) using pV = 0.2, which
is reasonable for the values of u/v, kpd, and p mentioned above^.
In fact, this value of the coupling also gives a straightforward
explanation for the lack multipulse saturation and coherent
effects in metallic glasses. The TLS simply returns to thermal
equilibrium long before the second pulse arrives.

Further evidence for this fast relaxation comes from the
anomalous relaxational absorption illustrated in Figure 2. This
type of absorption occurs^ a s the TLS responds to a harmonically
varying modulation of its energy splitting resulting from the term
proportional co D in Eq. (1). This response is governed by the
relationship between the frequency w of the modulating strain
field and the response rate T^~^ of the TLS, leading to an absorp-
tion proportional to <A(A + 1)"•'•>, where A = uT, . Generally
this type of absorption remains small at low temperatures, where
A is large, and first becomes significant when A=l. As illus-
trated in Figure 2, this condition is met at a significantly
lower temperature in a metallic glass. Furthermore, the linear E
dependence of Tj~ in a metal (compared with E^ for an insulator)
leads to a more gradual temperature dependence in the metallic
glass. All of these results are in reasonable quantitative agree-
ment with the data1^1'11 for PdSiCu when the value pV = 0.2 is
used10,

A conclusive test of these ideas would be to "remove" the
conduction electrons by cooling the metallic glass below the
superconducting transition at Tc. Recent calculations by Black
and Fulde1^ show that the electronic contribution to T, is
exponentially activated for T<<Tc and increases with infinite
slope for TsTc. The predicted consequence for the relaxational
absorption of Figure 2 is a dramatic crossover from the insulating
to the metallic curve as T increases toward T c or as a magnetic
field is applied. Similar effects should be observable in the
saturation threshold and in multipulse ultrasonic experiments.

CONCLUSIONS

We have reviewed the evidence that TLS exist in metallic
glasses and have shown that most of the ultrasonic puzzles can be
understood in terms of a fast decay process via the conduction
electrons. Of the remaining puzzles, it is interesting to note
that the experiments of Araki et al almost certainly fall into
a previously unexplored region (T-~-'->>u>) of resonant attenuation
in glasses, where new effects may be expected. Furthermore, it
has become apparent that the ultrasonic evidence for a new inter-



action in the form of Eq. (4) gives new impetus to che search for
effects of the TLS upon the electronic properties of metallic
glasses16"13'20. All of these new effects and possibilities are in-
teresting in -hemselves, but they should not be allowed to obscure
the significance of the fact that a model originally designed for
insulating glasses ' can be supplemented without essential modi-
fication to explain low-temperature experiments in netallic glasses.
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