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Applying the recently developed technique of neutron spin-echo spectroscopy, we found
it possible to verify unambiguously the scaling predictions of the Zimm model: &-q3
for the dynamics of a single chain. At higher polymer concentrations, experimental in-
dications for the predicted crossover to many-chain behavior, which is accompanied by
a change in exponent from 3 to 2, were observed. Line-shape analysis rules out a sim-
ple exponentM decay, indicating the importance of memory effects.

The thermodynamic behavior of polymer solu-
tions shows a close similarity to critical phenom-
ena near second-order phase transitions. ' Cer-
tain static scaling predictions have recently found
remarkable experimental proof. ' As in the gen-
eral development of the theory of phase transi-
tions, the static scaling laws have been extended
to dynamical sealing. '4 An experimental proof
of this theory can in pr'inciple be achieved by qua-
sielastic scattering experiments which probe the
relaxation spectrum of the polymer. Neutron-
scattering experiments, in particular, reach the
required region of momentum and energy trans-
fer q and +. However, until very recently there
was no instrument available which provided high
energy resolution at small enough momentum
transfers. As a result, apart from some at-
tempts to determine the exponent for the q depen-
dence of quasielastic linewidths in dilute solu-
tions, "little progress has so far been made. In
the present work we have applied the newly de-
veloped neutron spin-echo technique, '' and for
the first time it has been possible (i) to reach the
q region of interest in the dilute case, (ii) to per-
form a line-shape analysis in the time regime,
and (iii) to investigate the influence of concentra-
tion. In particular, the scaling prediction of the
Zimm model in dilute solutions was confirmed
unambiguously; the decay of correlations was
found to deviate considerably from a simple ex-
ponential law and the crossover from single- to
many-chain behavior was observed.

The theoretical description of polymer relaxa-
tion in solution on the scale of segmental diffu-
sion (Flory radius R F & r & segment length l) has

so far been based on hydrodynamic equations. '"
In these theories, deviations from equilibrium
are counterbalanced by entropic restoring forc-
es, and the hydrodynamic interaction between the
monomers has to be included (Zimm model" ) in
order to obtain physically realistic predictions.
With respect to scaling, the excluded-volume in-
teraction has also been considered. '4 The in-
fluence of concentration was treated by introduc-
ing a correlation length g which is roughly the
distance between entanglement points of different
polymers. " $ scales with the concentration as
c "' (Ref. 2) in good solvents. For spatial di-
mensions r & $ one expects to observe essentially
the behavior of a single chain, while for large z
the many-chain behavior should be dominant.
For the single-chain regime the half-width of the
relaxation spectrum is predicted to scale with
(T/q)q', independent of excluded-volume effects,
where T is the temperature and g the viscosity
of the solvent. ' " In the many-chain regime, the
influence of entanglements becomes important.
For short times, this gives rise to a gel-like
rigidity modulus E ~ 1/$'. 2 s The half-width of
the relaxation spectrum is predicted to scale
with q'." The proportionality factor may be tak-
en as the cooperative diffusion coefficient D, of
the gel. From the condition of smooth crossov-
er between single- and many-chain regimes D,

follows.
Scaling theories do not give proportionality fac-

tors, nor do they provide information about the
shape of the scattering law. For this purpose di-
rect calculations on model systems are neces-
sary. The first direct attack on this problem was
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undertaken by Dubois-Violette and de Gennes, '
who treated the Zimm model under 8 conditions.
For the half width at half maximum they found
&v (peV) = 0.28(T/q)q' K/cP A'. The calculated
line shape exhibits considerable deviations from
an exponential decay (see Fig. 1). Employing
Kirkwood's generalized diffusion equation togeth-
er with Mori's projection-operator technique,
Akcasu and Gurol" have calculated the initial
slope Q(q, t) in the t regime which (apart from a
numerical factor) is identical with the half width

Because this approach uses only equilibri-
um properties of the polymer, it has the further
advantage of yielding results for good solvents,
where a 30% increase in b, &u is predicted com-
pared with that for a 9 solvent at the same tem-
perature and viscosity. " The transition regions
towards smaller and larger q may also be treat-
ed. The theory has the disadvantage of giving no
information on line shape as long as memory ef-
fects are not included. Calculations with this
method have shown that earlier experiments
have been performed mainly in the transition re-
gion between segment diffusion and "monomer
diffusion. '"

The experiments were performed at the neutron
spin-echo spectrometer IN11 at the Institut Laue-
Langevin, Grenoble. The neutron spin-echo
method has been discussed elsewhere. " Per-
forming a neutron spin-echo experiment, the fi-
nal neutron polarization P(q, H) is measured as
a function of the applied magnetic field H. In con-
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FIG. 1. Polarization InP(q, H) as a function of mag-
netic field H corresponding to time g'. solid lines, scat-
tering law as calculated by Dubois-Violette and de
Gennes (Ref. 9); dashed lines, exponential decay func-
tion.

trast to conventional neutron-scattering tech-
niques for an ideally defined q—P(q, H) is pro-
portional to the real part of the intermediate
scattering law S(q, t), where t is a linear function
of II.

The scattering experiments were performed
using two different protonated polymers: atactic
polymethylmethacrylate (PMMA) (mol. weight 7
x10') and polydimethylsiloxane (PDMS) (mol.
weight 3x 10') dissolved in deuterated benzene.
The polymer concentrations were 0.05, 0.15, and
0.30 g/cm' in the case of PDMS and 0.05 g/cm'
for PMMA. The measurements were carried out
at 72 C at a mean incident wavelength of 8 A,
with scattering angles 29 between 2' and 10',
corresponding to q values between 0.027 and
0, 137 A '. The width of the incident-wavelength
distribution was + 17%,' this width is effectively
unrelated to instrumental resolution in the spin-
echo method. The instrumental resolution was
determined using a 9:1mixture of deuterated and
protonated polyethylene, which gives rise to
strong elastic coherent scattering in the relevant
angular region. The solvent scattering was meas-
ured in separate runs. The instrumental back-
ground was negligibly small.

The quasielastic intensity I(q, t) scattered by
the polymer solutions contains three contributions
so that

gP01
f(q, t) = cK'S","g(q, t)+ c '"'

Sp",;(q, t)

sol
+(1-c) 4" S„,(q, t),

where E is the scattering-length contrast between
polymer and solvent, the S(q, t) are the intermedi-
ate scattering laws and 0 the corresponding cross
sections. For our samples the coherent cross
section of the polymer was always predominant.
The data were corrected for the solvent scatter-
ing and instrumental resolution, the latter being
a simple scale factor in the spin-echo technique.
For the incoherent scattering of the polymer, no
correction was made. This is justifiable as a
very good approximation, since (i) the incoherent
scattering was always only a few percent of co-
herent scattering, (ii) due to the spin-flip scat-
tering the incoherent part enters only with 8. fac-
tor' &, and (iii) the coherent and incoherent con-
tributions are a result of the same dynamical
process —the scattering laws differ only slightly. '

The corrected data were fitted with the scatter-
ing law SDv(q, t) calculated by Dubois-Violette
and de Gennes, ' and also by an exponential decay
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function. The fit parameter in both cases was
T/qz, where z allows for deviations in the pre-
factor (nominally 0.28). Two typical results are
shown in Fig. 1 together with the experimental
spectra. In addition, a fit of all spectra obtained
from one sample was performed with common
variation of the parameter. - If the q' power law
is valid, the T/qz values for one sample should
coincide at all q values. In Fig. 2, b, &u/q'~T/qz
is plotted versus q for PMMA and PDMS at c
=0.05 g/cm'. The solid lines give the values ob-
tained by the common fit. There is excellent
agreement between the predicted q' power law
and the experimental results. A fit of the expo-
nent x by common variation of parameters for all
spectra of one sample yields x = 3.02+ 0.03 for
PDMS and x =2.93+ 0.03 for PMMA. The propor-
tionality factors T/qz for x = 3 are 515+ 12 and
878+ 14 K/cP for PMMA and PDMS, respectively.
For z = 1, the expected value' is 960 K/cP.

The results at higher concentration are shown
in Fig. 3. Here (T/qz)q (corresponding to A~/q')
is plotted versus q. While the results at 0.05 g/
cm' follow a straight line indicating the q' law,
the data obtained at 0.30 g/cm' PDMS show up
strong deviations from this behavior at small q.
Indications for increased linewidth at small q
are also found at 0.15 g/cm'. After detecting
this behavior using the above-mentioned fit pro-
cedure, the data points below 0.1A ' for the 0.3
g/cm' and below 0.07 A ' for the 0.15-g/cm'
samples were refined by fitting to an exponential
decay function, which turned out to be a reason-
able description in this region. The 1/e decay
was taken as I'=D, q', yielding D,(0.15)= (3.06
+0.15)x10 ' cm' s ', and D,(0.30)= (4.70' 0.17)
x 10 ' cm' s '.

The experiments on dilute solutions and good
solvents verify clearly the scaling prediction of
the Zimm model. However, the prefactors (T/qz)
obtained from the fits require some discussion.
The model of Dubois-Violette and de Gennes, '
for example, derives z =1 in the reference case
of a L9 solvent. For PDMS we have x=1.1, where-
as PMMA yields z = 1.9. Akcasu" predicts an
increase of linewidth of about 30%%ug due to the ex-
cluded-volume interaction passing over from a
8 to a good solvent. In this case the deviations
would be even larger. As a consequence, the
proportionality factor between 4+ and q' has no
universal nature, but it seems to differ from
polymer to polymer (see also Ref. 6).

Concerning the line shape, the shape functions
S»(q, t) of Dubois-Violette and de Gennes shows
clearly a better agreement with the experimen-
tal spectra than the exponential decay (Fig. 1).
However, as already evident from the figure, at
longer times still systematic deviations from
this shape function appear in all data sets.

Both statements are supported by the evaluated
normalized y' values. For all but one experi-
ment S»(q, t) turned out to be a reasonable de-
scription of the data (0.79&y'&1.74; exponential
decay function: PDMS at 20 = 10, y'= 3.04 vs y'
=0.99; or at 28=8', g =4.6 vs 1.11). One experi-
ment was performed with better statistics (meas-
uring time increased by a factor of 5). It showed
significant deviations from S»(q, t) (y =4.0; for
exponential decay function, y'= 11.5).

The strong deviations from an exponential de-
cay, which occurred in all data taken at the low-
est concentration, indicate the importance of the
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FIG. 2. Linewidth g~ divided q3 as a function of q".
solid lines, resnlt of a fit with common variation of
parameters.
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FIG. 3. I inewidth g~ divided by q2 as a function of
q: solid line, result of a fit with common variation of
parameters for the 0.05-g sample. The dashed lines
are guides for the eye.
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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.
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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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