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The hypothesis of dynamical scaling asserts that, sufficiently close to the critical tem-
perature, the decay rate I' of the order-parameter fluctuations assumes the form j."
=q'Q(q(), where q is the wave number and ( the correlation length. A new accurate ex-
perimental study of this decay rate in 3-methylpentane-nitroethane yields the value 3.06
+ 0.02 for the dynamical scaling exponent z, in excellent agreement with the theoretical
predictions for the dynamic universality class of fluid systems.

PACS numbers: 64.60.Ht

It is generally believed that the asymptotic be-
havior of the static properties of fluids near the
gas-liquid critical point and of binary liquids
near the critical mixing point are determined by
the universality class of the three-dimensional
Landau-Ginzburg-Wilson model. " In recent
years, experimental evidence in support of the
validity of the hypothesis has been reported, pro-
vided that the critical point is approached suffi-
ciently closely. '

In this Letter we report an experimental study
of the dynamical scaling exponent that character-
izes the asymptotic scaling behavior of the ti~-
dependent order-parameter correlation function
of fluids. To describe dynamic critical phenom-
ena, systems can be grouped into dynamic uni-
versality classes. In particular, fluids near the
gas-liquid critical point and binary liquids near
the critical mixing point are expected to belong
to the same dynamic universality class. The hy-
pothesis of dynamical scaling, originally pro-
posed by Ferrell et al. and by Halperin and Hohen-
berg, and supported by the renormalization-group
theory of dynamic critical phenomena, asserts
that for sufficiently small wave numbers q and
sufficiently close to the critical temperature T„
the decay rate I' of the order-parameter fluctua-
tions should assume the form~

F =q'n(qg),

where g is the correlation length and s a univer-
sal dynamical scaling exponent. The dynamical
scaling exponent of three-dimensional fluids sat-
isfies the relation z =3+x„, where x„ is the ex-
ponent of the power law rt o-.$"& for the shear vis-
cosity g.

The scaling function Q(x) satisfies the boundary
conditions

1 m&(x) x '"" '; limQ(x)=const.

Thus in the hydrodynamic regime (x-0) F will
vary as q' at constant temperature, while in the
"critical" regime (x —~) F will vary as q'. Us-
ing a perturbation expansion in e =4-d (d = dimen-
sionality) up to order e', one finds from the dy-
namic renormalization-group theory' and from
the mode-coupling theory' the exponent value x „
= 0.065, so that z = 3.065.

The time-dependent correlation function is
most conveniently measured by light scattering.
However, because of multiple-scattering and
gravity effects, it is very difficult to determine
an accurate value of the exponent z for fluids
near the gas-liquid critical point. ' The experi-
mental values of the exponent z for binary liquids
near the critical mixing point have tended to be
somewhat smaller than the value predicted theo-
retically. The most recent value is z = 2.992
+ 0.014 reported by Sorensen et aE. from light-
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scattering measurements in 3-methylpentane-
nitroethane. ' This value is in good agreement
with the value z =2.99+0.05 found earlier by
Chang et al. for the same mixture, but in definite
disagreement with the theoretically predicted
value z = 3.065.

Experience with the analysis of static proper-
ties of fluids near the critical point has indicated
that the asymptotic power laws become valid
provided the temperature is within about 10 ' or
10 4 from the critical temperature. ' Because of
the additional assumptions in deriving the critical
behavior of the dynamic properties, the range of
validity of the asymptotic power laws for the
dynamic properties may be even smaller. For
instance, the viscosity g is often separated into
a critical viscosity enhancement 4g and a normal
or background viscosity g. In deriving the asymp-
totic equations it is assumed implicitly that the
critical point is approached sufficiently closely
so that Ag» g,

' a condition never realized in
practice. In the case of the viscosity this prob-
lem is approached by postulating that the viscos-
ity anomaly is a multiplicative anomaly of the
form"

When one fits the experimental viscosity data of
the 3-methylpentane-nitroethane mixture with (3),
taking into account the temperature dependence
of g, one finds x„=0.0635+0.0004 in good agree-
ment with the theoretical prediction. " In the
case of the decay rate I it is suggested that for
actual experimental data not asymptotically close
to the critical point EII. (I) should be replaced
by"

(4)

where R(q, $) is a function of both q and (, i.e.,
a function of both q and the temperature T. Clear-
ly, in order to determine the dynamical exponent
z accurately, experimental data very close to the
critical temperature T, are needed.

We have made a dedicated effort to measure
the decay rate I of 3-methylpentane-nitroethane
mixture close to the critical temperature with a
higher accuracy than obtained heretofore. Using
the same sample and optical cell previously used
in determining the static correlation function for
the mixture, ' we measured the autocorrelation
function of the scattered light intensity. Light of
a He-Ne laser was focused at the center of the
cell after passing an intensity stabilizer consist-
ing of a variable attenuator with a servo loop.
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FIG. 1. Experimental values of the decay rate I' as a
function of T —T~ .

The scattered light intensity was detected by a
photomultiplier tube whose signal was analyzed
by a clipped correlator with 128 channels con-
nected to a minicomputer. The data were taken
as a function of the incident light intensity and
extrapolated to zero intensity, thus eliminating
local heating effects. '" The measurements were
corrected for any after-pulsing effects in the
photomultiplier tube as described elsewhere. "
The data were taken at three different scattering
angles, 29.8', 89.5, and 146.8', corresponding
to q=7.04x10' cm ', 1.924x10' cm ', and 2.621
x10' cm ', respectively. In principle, light will
be scattered not only from the incident beam, but
also from the beam reflected at the cell wall.
This effect was negligibly small at the scattering
angles of 29.8' and 89.5', but a correction was
required for the measurements obtained at 146.8'.
Details will be presented in a future publication.

It is noted that the dynamical scaling prediction
(I) does not presuppose exponential decay of the
time-dependent correlation function, ' but applies
to any suitably defined decay rate I . Small, but
detectable, deviations from exponential decay
have been found very close to the critical point. "
For the purpose of the analysis we define I" as
the effective decay rate of the time-dependent
correlation function P'I(T), when fitted by an
exponential decay law exp( —r T) over a fixed time
interval 0 ( r (p I' '. In our experiment p was
equal to 1.0+0.2 for all runs, in spite of the fact
that the decay rate I' varied by two orders of
magnitude in the range of the experimental tem-
peratures and wave numbers. The decay rate
data obtained experimentally are shown in Fig. 1
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as a function of T —T, .
We try to determine the dynamical scaling

exponent z without assuming an explicit approxi-
mant for the functions Q(q)) and R(q, $), which
are theoretically known with limited accuracy
only. We do this by fitting the decay rate data
I'(T) at each temperature by a power law of the
form

i (T) cx q~ef f&

viations, over the last 10 mdeg from the critical
temperature. Our results are in satisfactory
agreement with the less precise value z, f f —2.98
+0.05 at AT=3 mK earlier obtained by Chang et
a/. for the same mixture. ' However, our new
more accurate data indicate that the asymptotic
limit has not yet been reached at that tempera-
ture. Within the experimental accuracy, z, f f
can be represented by a linear function of h, T
for AT - 10 mK and we obtain

This procedure defines an effective exponent z, f f
as a function of temperature which away from T,
should approach the value 2 as predicted by the
laws of hydrodynamics, while z, ~f should ap-
proach z in the limit T- T, The values obtained
for z, f f as a function of temperature are shown
in Fig. 2. In determining z, ff, the decay rate
data were corrected for a small background con-
tribution determined by a procedure proposed by
Oxtoby and Gelbart" and discussed elsewhere. "
However, this correction only affects the data
far away from T, and has, therefore, no effect
on the determination of the dynamical scaling
exponent z. In principle, the data should also be
corrected for multiple-scattering effects. " Be-
cause of the small cross section for light scat-
tering of the 3-methylpentane-nitroethane mix-
ture, "this effect on the decay rate I" was found
to be negligibly small at all temperatures.

The data in Fig. 2 show the crossover from the
hydrodynamic regime to the critical regime. Be-
cause of the low light-scattering intensity, we
were unable to obtain accurate data in the hydro-
dynamic regime, i.e. , at temperatures T —T,
~ 0.5 C. However, here we focus our attention
on the approach to the extreme critical regime.
For this purpose we show in Fig. 3 the values ob-
tained for z, f f, together with their standard de-

z = lim zpff(T) 3.063+0.024, (6)
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where the quoted error represents two standard
deviations. This result is in excellent agreement
with the theoretical prediction, as well as with
the exponent value x„=0.0635 + 0.0004 deduced
from the viscosity, thus removing the apparent
disagreement with the theory recently reported
by Sorensen e] al. '

We are indebted to C. O. Alley for the use of
some of his laboratory facilities, to R. F. Chang
for his advice in per forming the experiments,
and to R. S. Basu, R. A. Ferrell, and J. D. Gun-
ton for stimulating discussions. This research
was supported in part by the National Science
Foundation under Grant No. DMR 79-10819 and
in part by a grant from the Mathematical and
Physical Sciences and Engineering Division at
the University of Maryland. Computer time for
this project was provided by the Computer Sci-
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FIG. 2. Values of the effective exponent z~g as a func-
tion of T-Tc ~

FIG. 3. Values of the effective exponent z~g as a func-
tion of T —T, close to the critical temperature.
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Results of zero-sound attenuation measurements in 3He-~, at frequencies up to 60
MHz and pressures between 0 and 20 bars, are reported. At frequencies of 30 MHz

and above, a new attenuation feature is observed which bears the signature of a collec-
tive mode of the superfluid.

PACS numbers: 67.50.Fi

Zero sound has proven to be an important
probe of the quantum properties of liquid 'He.
The first observations of zero sound by Keen,
Matthews, and Wilks' and Abel, Anderson, and
Wheatley' provided a striking confirmation of
the Landau theory of a normal Fermi liquid.
Soon after the discovery of the superfluid phases
of 'He, measurements by Lawson et al. ' and
Paulson, Johnson, and Wheatley4 revealed a
large peak in the attenuation of zero sound locat-
ed just below the superfluid transition tempera-
ture (T,). Such peaks, occurring in both 'He-A
and 'He-B, have since been attributed to the reso-
nant excitation, by the sound wave, of a collective
oscillation of the superfluid, as well as to sound
absorption through direct breaking of Cooper
pairs. ' ' For 'He-B, the resonant excitation of
the collective mode is predicted to occur at a
temperature satisfying the relation

&~ =(—")'"& (T)

where b, s(T) is the energy gap in 'He Band u is-
the angular frequency of the sound wave. Pair
breaking takes place in the temperature interval
S~ ~ 2b, s(T). Measurements' up to 25 MHz show

a single attenuation peak near T„which is pre-
sumably caused by an overlap of these two peaks
due to quasiparticle broadening effects. ' In this
Letter we report results of zero-sound attenua-
tion measurements in 'He-B at a variety of pres-
sures between 0 and 20 bars and frequencies be-
tween 10 and 60 MHz. ' Our most striking result
is the observation of an unexpected attenuation
peak, in addition to the one usually observed, '"
which bears the clear signature of a collective
mode of the liquid.

The measurements reported here were carried
out in two separate cells, each mounted in a nu-
clear demagnetization cryostat capable of opera-
tion down to 0.7 mK. The first cell contained two
10-MHz fundamental X-cut quartz transducers
separated by 0.769 cm. The second cell contained
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