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memory terms which have been neglected so far
in Akcasu's approach. In view of the simplifica-
tions made in the calculations of Dubois-Violette
and de Gennes, it is not surprising to also find
some discrepancies at long times. While the pre-
averaging of the Oseen tensor has only a minor
influence on the linewidth' and probably also on
the line shape in the q region considered, the ne-
glect of the excluded-volume interaction seems
to be the most severe simplification. An experi-
mental check of this statement will be carried
out by future measurements under 0 conditions.

At higher concentrations, Fig. 3 clearly shows
strong deviations from the q' behavior in going
to smaller q. This can be taken as an experimen-
tal indication for the crossover from a q' to a q'
behavior, as predicted by de Gennes' for entan-
gled systems. (This crossover is not to be con-
fused with the expected q' behavior at very low q
due to the diffusion of the polymer as a whole. )
However, the small number of data points pre-
vents an accurate determination of the exponent in
the low-q range. For this purpose, more experi-
ments will be necessary. Within the de Gennes
theory the position of the crossover point q* in
momentum space allows a dynamical estimate
of the screening length (, although in order to
give a numerical value, one has to know the pro-
portionality factor. The values given on Fig. 3
were obtained assuming q*$ = 1, and their order

of magnitude agrees quite well with those found
in static experiments on polystyrene in benzene. '
Using q*$ =/6 as given by Akcasu" would in-
crease $. To prove the predictions concerning
the concentration dependence of $ or D, again
more experiments will be necessary. For the
two concentrations we have D,(0.3 g/cm')/D, (0.15
g/cm') = 1.54+0.09 and for the monomer concen-
trations (0.26/0. 15)'"~= 1.51, which is in ~ree-
ment with the proposed behavior.

We would like to thank Professor T. Springer
for his suggestion of the problem, Dr. K. W.
Kehr for many helpful discussions, and Dr. B.
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Acoustic experiments on the metallic glass Pdo 77&Sio &65Cuo 06 are presented which show
a tunneling-system decay rate at 0.01 K enhanced by a factor of 10 over insulating glass.
A theory is presented for decay based upon the coupling of tunneling systems to conduc-
tion electrons, and the parameters of the theory are obtained from experiment. Helaxa-
tional absorption and dispersion in this amorphous metal are interpreted in terms of a
tunneling model with a broad spectrum of decay rates.

In this Letter we show that a strong interac-
tion exists between the conduction electrons and
the intrinsic two-level tunneling systems of an
amorphous metal. This coupling is inferred by

observation in acoustic experiments of a greatly
enhanced tunneling-system decay rate T, ' in the
metallic glass Pdp 775Sip y65Cup p6 in compax'idion
with amorphous insulators such as SiO, . A theory
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of conduction-electron-tunneling-system relaxa-
tion is presented which provides a description of
the energy and temperature dependence of the de-
cay rates. Finally, we argue that a distribution
of decay rates, as would arise from an atomic
tunneling process, is required to yield reason-
able agreement with these experiments.

Like insulating glasses below 1 K, metallic
glasses exhibit a nearly linear temperature-de-
pendent contribution to their specific heats, ' a
nearly T' phonon thermal conductivity, "and
also show resonant phonon absorption' and dis-
persion. " These phenomena can thus be inter-
preted in terms of a general model which de-
scribes amorphous solids as supporting a broad
distribution of two-level atomic tunneling sys-
tems which arise as an intrinsic feature of dis-
order. In spite of the similarities among dis-
ordered solids, recent experiments' on PdSiCu
revealed the following unusual features: (i) The
acoustic saturation intensity I, was inferred to
be anomalously large, so that the usual tunneling-
system relaxation process involving one-phonon
decay seemed unlikely. (ii) A nonsaturable con-
tribution to acoustic absorption, varying approxi-
mately as logT, was observed between 0, 1 and
4 K. (iii) negative deviations from logT behavior
in the resonant sound velocity were observed at
temperatures as low as 0.2 K. We shall show
that all of these anomalies occur as a result of
tunneling-system-conduction-electron interac-.
tions.

In the present experiments, the acoustic ab-
sorption and velocities have been measured for
PdSiCu at a frequency m/2v = 1 6Hz, as a function
of acoustic intensity, for temperatures between
10 mK and 10 K for longitudinal and transverse
phonon polarizations; see Fig. 1.

The ability to observe a large saturation effect
for the transverse mode at 10 mK has allowed us
to perform two-pulse saturation-recovery experi-
ments. Two 100-nsec-duration acoustic pulses
are applied to the glass. The first, with large
amplitude, is capable of nearly satur. ating the
two-level systems; the second, much weaker,
probes the recovery of the resonant energy levels
at the pulse separation time ~». At 10 mK, we
observe no effect on the second pulse by the first
when 7» is as small as 100 nsec. Since our sen-
sitivity is sufficient to discern an effect after ap-
proximately 4 time constants, we place an upper
limit on Tt of 25 nsec at 0.96 GHz and 10 m&.
For comparison, in fused silica glass under simi-
lar conditions, it has been observed' that 7y ' 200

H „=(w/2K) [n( e „)v ] 'E coth( 'pE) . — (2)

This process is formally analogous to the Kor-
ringa relaxation' of nuclear spins due to conduc-
tion electrons in metals. '" With the previously
stated limit on T, &25 nsec, we find that n(E „)v ~)0.04.

The effect of this fast energy decay on other
acoustic processes is profound. For example,
the diagonal strain coupling term in Eq. (1) gives
rise to an intensity-independent interaction known
as "relaxational" absorption" (and dispersion)
which depends on the size of the product coT,
with respect to unity. Here T, is the decay time
of thermally excited tunneling systems (E =2k BT).
In glassy insulators, the condition aT, »1 is gen-
erally obeyed in the temperature regime in which
tunneling is believed to occur. " In PdSiCu, how-
ever, the fast electronic decay process permits
relaxational effects in the regime ~Ty (1 to be

p,sec, a decay time longer by four orders of mag-
nitude.

In glassy insulators below 1 K, it is well estab-
lished that decay of tunneling systems is governed
by a one-phonon process. ' If such a process
were to explain the anomalously rapid decay time
in PdSiCu it would require a phonon-tunneling-
system coupling more than an order of magnitude
larger than existing in SiO,." Since this possi-
bility seems unreasonable, we propose that a
parallel decay of energy through the conduction-
electron system of a metallic glass is possible.
To make this idea quantitative the following Ham;-
iltonian is introduced'.

H =Ho+ (2M„S„+D,S, )e„

+ N '(v ~ S„+v ~(S,) Q
kk'

where H, = ES, +H ph+H, & represents, respective-
ly, the noninteracting pseudo-spin- —,

' tunneling
systems of energy E, the phonons, and the con-
duction electrons; and N is number of atoms in
the glass. The coupling of a tunneling system to
a strain e, of polarization v is given by off-dia-
gonal M„and diagonal D, elements, whereas
coupling of tunneling systems to the conduction-
electron density is given by off-diagonal and di-
agonal elements v ~ and v ~i, respectively. We
describe by the latter term a process in which
conduction electrons with density of states n(E F)
per atom at the Fermi energy are inelastically
scattered off the tunneling system with energy
change +E, with a resulting tunneling-system de-
cay rate
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observed for temperatures as low a,s 100 mK
where the behavior of T, is well characterized.
We suggest that the anomalous behavior discussed
above (items ii and iii) can be explained by a "re-
laxational" process if a distribution of decay
times is included.

We assume that the tunneling picture' applies
to PdSiCu at temperatures T~ 10 K. Thus we

!
consider a distribution of tunneling entities re-

siding in double-well potentials with tunneling
matrix element A, =(KQ)e, where SO is a zero-
point energy, and with asymmetry A. The sys-
tem's lowest two eigenvalues are then E=+—,'(b,,'
+ 6') '. The diagonalized coupling terms be-
come M = y +/E, D = 2y L/E, and v ~ = K

~~
A, /E,

where y and K!!are phonon and electron deforma-
tion potentials. The relaxational contribution to
the absorption e„, and velocity shift ~V„I/V is
given by

& rel

V

R 4pv

dE sech'(-,'PE)
~

deP(~)D (~),
0

4~„2

(3)

The inner integration is performed over the dis-
tribution function"" p(~) = —,'P(1 —r) '~'x ' ',
where r =—Ao'/E' and q is to be determined by
experiment. " The rate R is the sum of two rates,
R=R,I+Rph, where" Rph =p, M, 'E'coth( —,'pE)/
2mpS'V, ' and R„ is given by Eq. (2). Because of
its stronger E dependence, the one-phonon rate
P ph wil l dominate decay above a few K. With the
above assumptions the resonant absorption and
velocity contributions are n„,/u = 2v (Py'/pV')
xB(1—q, 2)tanh[2phcu] and AV, «/V=(py /2@V )
x B(1 —q, —,') ln(T/T, ), where B is the p function
and T, is a reference temperature. The total
absorption and velocity change is the sum of reso-
nant and relaxational contributions.

We have evaluated Eq. (3) numerically as a
function of the parameters q, nv~, y, and P with
the results shown in Fig. 1. The parameter val-
ues used here are q=0.4, no~=0. 16, y, =0.4 eV,
and P=2.2X10" erg ' cm '. The electron-coup-
ling parameter is very close to the lover limit,
nv~&0. 04, found by the saturation-recovery ex-
periment. The value of v, which is the differ-
ence in the scattering pseudopotential seen by the
electrons for the two tunneling configurations, is
estimated at ™1 eV, taking n(E„) = 3N/2E „and E„
~ 10 eV. The phonon-coupling parameter is about
a factor of 2 smaller than the value for SiO, found

by phonon echo techniques, y, (SiO, )= 1.1 eV, and
P is the same' found for SiO, .

It should be emphasized that we have attempted
to describe here the acoustic properties of a
glass in a temperature region varying by three
orders of magnitude utilizing only four param--
eters and the tunneling model. Since there are
four contributions involved (the resonant and the
relaxational absorption and velocity) the problem
is determined, and there is no assurance that

four parameters can describe the experimental
results. For example, it would be possible to de-
scribe the absorption data in Fig. 1 to arbitrary
precision if the constraint on either velocity con-
tribution were relaxed or, alternatively, if an
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FIG. 1. Transverse acoustic velocity (upper panel)
and absorption coefficient (lower panel) of Pdp 775Sip

Cup pg at low temperatures. The solid line is the the-
oretical calculation composed of two components: reso-
nant, indicated by a dot-dashed line; and relaxational,
indicated by a dashed line. The solid circular points
in the absorption data refer to an acoustic intensity of
10 Wcm; the other points are for an intensity as
low as 10 %cm
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additional coupling parameter were introduced to
describe the relaxational processes, an approach
followed previously. " However, the tunneling
model, taken strictly, allows only one coupling
constant in the description of resonant and relax-
ational response.

In our model calculation, the relative sizes of
resonant and relaxational behavior are governed
by q, the position of the velocity maximum and
the velocity temperature dependence above the
maximum are determined by the phonon coupling
y and by q, and the deviation from lnT velocity
behavior above 0.2 K is caused by relaxational
dispersion. The deviation of theory from exper-
iment at low temperatures arises" from the
overly simple power-law form for the q-depen-
dent distribution function P(r) At h.igher T, the
deviations result from neglecting correlations
between b and A, i.e., from assuming that b, is
uniformly distributed.

A sensitive test of the coupling parameters
can be made by calculating the critical intensity
for saturation I„since saturation at very low
temperatures occurs as a balance between pho-
non-induced transitions and electron-induced de-
cay. At 10 mK since the pulse duration is much
greater than T„asteady-state solution to the
rate etluations exists with I,= 2p &'(h/y)'T, ',
where we assume T,~ T,. For transverse pho-
nons the calculation gives I,= 2& 10 ' W cm ',
whereas from measurement we find I,~ 1~ 10 '
W cm ', well within experimental uncertainty in
obtaining absolute" intensities.

The proper description of the rel3xational
acoustic behavior in PdSiCu requires a distribu-
tion of decay rates for two-level systems of a
given energy. ""If a single decay rate were as-
signed by taking M =y in Etl. (2) (and assuming a
roughly uniform density of states), then a maxi-
mum in n„& would occur when &uT, (E = 2ks T)- 1, i.e. , just below 1 K, in clear disagreement
with the data in Fig. 1. The extent of the distri-
bution can be estimated by examining the maxi-
mum value of r;„ in Etl. (3) which is consistent
with experiment. For systems of energy E/ks
~0.1 K, for example, we find a minimum distri-
bution in T, of four orders of magnitude. Thus
the present results constitute strong evidence
for a two-level tunneling model of intrinsic de-
fects in glasses, as opposed to simply a general
two-level model.

It has been claimed that tunneling systems can
contribute to anomalies in the elect"ical resis-
tivity of glassy metals. " The present description

of .the tunneling-system-conduction-electron in-
teraction is fundamentally different' from this
previous theory and, based upon our experimen-
tal value for E|i, does not lead to readily observa-
ble effects in electronic transport.

In a recent paper, Bellessa" has claimed that
the acoustic velocities of glasses in the region
4 (T &20 K cannot be explained by the tunneling
model: Our calculation for the velocity exhibits
a nearly linear T dependence and a logarithmic
frequency behavior in this limited temperature
region, and a precise fit to experiment can eas-
ily be obtained by minor modification of the dis-
tribution functions. Thus we do not believe that
a different model must be invoked to explain
these properties.

In conclusion, we have shown that the presence
of conduction electrons is the origin of the un-
usual tunneling system dynamics in metallic
glasses. The existence of greatly enhanced de-
cay rates for these systems has provided a
unique opportunity for examining acoustic proc-
esses in a region in which they are very sensi-
tive to assumptions about the spectrum of relax-
ation times.

We acknowledge helpful conversations with
B. L. Gyorffy, B. I. Halperin, and J. Jackie.
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