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Thermal Expansion Coefficient near the Superfluid Transition of He in an Aerogel
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We measured the isobaric thermal expansion coefficient Pr near the superfluid transition of He in an

aerogel along six isobars between 3 and 24 bars. The data yield the specific-heat exponents a and a' and

amplitude ratio A/A'. Fits by power laws in t = T/T—, —1, where T, is the transition temperature, pro-

duced a= —0.6 and a'= —1.0&a. Including an analytic background axt permitted a a'= —0.59,
but required a very large coefficient a and yielded A'/A =0. The exponents are inconsistent with that of

p, and hyperscaling in three dimensions.

PACS numbers: 67.40.Kh, 64.60.—i, 67.40.Hf, 67.40,Yv

Recent measurements of the superfluid fraction [1-3]
p, /p and of the heat capacity [2] Cp near the superfluid
transition of He contained in aerogel (a porous silica gel
of over 90% porosity) have revealed a sharp phase transi-
tion, but one for which the usual power-law interpretation
of the data yielded a critical behavior which differs
dramatically from that of the bulk fluid [4]. The p, data
produced [3] a superfluid-density exponent (=0.76,
which is significantly greater than the bulk value [4] 0.67.
Since ( should be equal to the correlation-length ex-
ponent v for a system of dimensionality d =3, this value
for ( and the hyperscaling law

dv 2 —a

implied a specific-heat exponent a = —0.28. That predic-
tion corresponds to a sharp cusp in Cp. The shape of the
predicted cusp was found to be inconsistent with the Cp
measurements at saturated vapor pressure of Wong et al.
[2]. In the present paper we present measurements of the
isobaric thermal expansion coefficient Pp which also give
a. Our measurements were made along several isobars
for 3 +P & 24 bars, and thus permitted a comparison of
the critical singularities of Cp on the two sides of the
transition with each other and with that of p, along the
full transition line. A fit of our data by power laws in the
reduced temperature t=(T —T, )/T, gave a= —0.6 and
a'= —1.0, where a and a' are the specific-heat exponents
above and below T„respectively. This result is in dis-

agreement with the scaling law

a =a'.

An attempt to recover the scaling prediction Eq. (2) by
including an analytic background term in the fit yielded
a =a'= —0.59. However, this analysis required very

large coefficients of the analytic term and gave the unusu-

al result A'/A=0. All of the above exponent values are
clearly inconsistent with Eq. (1) and the p, measure-
ments if the dimensionality of the system is taken to be
three. Agreement with a modified version of Eq. (1) ap-
propriate to a fractal system can be obtained for a fractal
dimension d=2.82, but we do not know of any reason

why the system should be fractal.

Cp =APp+8, (3)

with A=VT(8P/8T), (0 and 2!=T(8S/8T), . Here
the derivatives are taken parallel to the transition line.

The value of A does not differ much from that for bulk

helium [3], and % is small. Thus Pp is nearly proportion-
al to —Cp. Sufficiently close to Tz we expect to be able

to write

/3, =(A/a)t +B

for t &0 and

P, =(A'/a')( —t) +B'

for t (0, with a, tt', and A/A' the same as for Cp.

(4a)

(4b)

We used the experimental method of Mueller, Ahlers,
and Pobell [5]. A piece of aerogel cut from the same
batch as the lightest one (p=0.140 g/cm ) studied by
Mulders et al. [3,6] almost completely filled the sample
volume V, =2.56 cm . A capacitive Straty-Adams pres-
sure gauge [7] was used to control the sample pressure to
0.1 ltbar. The sample cell was connected to a volume

Vb=1.48 cms containing bulk helium (the "bulk vol-

ume") through a 76-pm-diam capillary of 12 cm length.
The temperature of the bulk volume was held in the

range 2.3-2.6 K, where the thermal expansion coefficient
is well known [8] and has no singularities. Both volumes

were isolated from the rest of the apparatus by a valve lo-

cated on the bulk volume. The pressure of the sample
volume was controlled by regulating the temperature of
the bulk volume. Thus a temperature change h, T, of the

sample volume resulted in a temperature change h, Tb of
the bulk volume, and the expansion coefficient Pp of the
helium in the sample volume was given in terms of that in

the bulk volume (Pp b) by Pp =limey p( Pp bATs

&Nb/AT, N, ). The mole-number ratio Nb/N, is simply

related to the measured ratio of the two volumes. Be-
cause of uncertainties in quantities like the density of He
in the aerogel and V, /Vg, systematic errors in Pp might

be a few percent. This does not affect the singular behav-

ior of Pp deduced from the data.
Close to the transition, Cp is given [4] in terms of Pp

by
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FIG. 1. The thermal expansion coefficient Pp as a function of
the temperature T for P 18 bars.
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FIG 2. The thermal expansion coefficient Pp as a function of

the reduced temperature t for various pressures. From top to
bottom, the pressures are 2.7, 5.0, 7.1, 12.1, 18.0, and 24.0 bars.

Typical data for Pt as a function of T and for
P 18.05 bars are shown in Fig. 1. The data at other
pressures have the same qualitative features, as can be
seen in Fig. 2 where they are shown as a function of t.
Below T„ IIt is nearly linear in t. The slope of Pt is
much larger above T, and seems to diverge as the transi-
tion is approached. Contrary to the scaling law Eq. (2),
this suggests different critical behavior on the two sides of
the transition. About 5 mK above T, there is a small
anomaly which is associated with the transition at Tt„of a
small amount of bulk helium in the sample cell.

The cusps in Pp shown in Figs. I and 2 differ dramati-
cally from the well known "lambda anomaly" which is
found in bulk helium. In Fig. 3 we further illustrate the
change in the critical behavior due to the presence of the
aerogel. We show the expansion coefficient at several

logiolt I
or Iogioltbl

FIG. 3. Data for Pt on a linear scale as a function of the re-

duced temperature t on a logarithmic scale for various pres-
sures. The data at vapor pressure were obtained from the heat-

capacity measurements of Ref. [2] and Eq. (3). At each pres-

sure, the upper (lower) set of data is for T) T, (T(T, ). The
solid lines give Pp for bulk helium as a function of tb-=(T—Ta)ITa

pressures on a linear scale as a function of log(ltl). For
each pressure, the upper (lower) set of data is for T) T,
(T & T,). For the bulk system, the data above and below

Tt, as a function of tb—= (T —Tq)/jTq would fall on the
lines shown in the figure. Above T, the expansion
coefficient is significantly modified by the gel only when

the temperature is within about 0.1% of T,. The situa-
tion is very different below T„where particularly at the
higher pressures the gel influences the thermodynamic
properties even when the temperature is several percent
below T„ i.e., even deep in the superfluid phase. In con-
trast to the behavior above T„we see that the influence
of the gel at a given value of t below T, is strongly pres-
sure dependent.

In order to study more quantitatively the critical phe-
nomena near T„we fitted the data at each pressure over
the range —0.005 & t &0.002 by Eqs. (4), allowing a, a',
A, A', B B', and T, to be adjusted. These fits gave the
exponent values shown in Fig. 4. We restricted the fitting
range above T, to avoid the influence of the small bulk
anomaly. To verify that our results were not influenced

by the bulk helium in the sample cell, we used the known
bulk Pt to fit the bulk anomaly at the three highest pres-
sures by adjusting the amount of helium contributing to
it. At each pressure, this analysis yielded a bulk volume

equal to 3.7% of the total sample volume. We then sub-
tracted this bulk contribution from our data and refitted
the "corrected" data by Eqs. (4). The exponents found
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FIG. 4. The exponents a (circles) and a' (squares) as a func-
tion of pressure. They were obtained from a fit of Eqs. (4) to
the data. Error bars for a are smaller than the symbol size.
Solid circles: this work. Open circles: fit to the Cp data of Ref.
[2].
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FIG. 5. The exponent a a' as a function of pressure. The

values were obtained from a fit to the data of Eqs. (4) with a
temperature-dependent background term.

for the corrected data were consistent with those shown in

Fig. 4. As expected from the qualitative appearance of
the data, this analysis yielded a' & a, in violation of the
scaling law Eq. (2). The values for a and a' were much
more negative than the value —0.26 expected from Eq.
(1) and the p, measurements [9]. Because of the ap-
parent violation of the scaling laws Eqs. (1) and (2) by
the pure-power-law interpretation of the measurements
with t &(1, we will now pursue alternate explanations of
the data.

The nearly linear dependence on t below T, suggests
that results consistent with Eq. (2) might be obtained by
including an analytic background term in Eq. (4). Such
a term would arise from a dependence of the coefficients
upon T. Thus we fitted the data with a=a' and 8

8' Bn(1+at), adjusting a, Bo, a, A, A', and T, . Sta-
tistically satisfactory fits were obtained, with the ex-
ponent values given in Fig. 5. Including conlluent singu-
lar terms, as was necessary in the bulk case [5], allowed
for the universal value a= —0.59. However, the values
of a were found to be close to 25 at ail pressures. An an-
alytic temperature dependence of 8 and B' would be ex-
pected to lead to values of —1. The amplitude ratio A'/A
was found to be nearly zero, as shown in Fig. 6. This is
unusual and differs for instance from the n-vector model
applicable to many other systems with isotropic interac-
tions, for which P=—(1 —A/A')/a=4. 2 for all physically
relevant values of n [10,11]. Our aerogel results yield a
very large and perhaps infinite value for P. Also, the
hyperscaling relation Eq. (1) is still violated by this fit
and the p, data. It seems diScult to understand these
features of the data for instance within the framework
of recently discussed critical points for systems with
quenched disorder [12,13].
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FIG. 6. The amplitude ratio A'/A as a function of pressure

for the fits of Fig. 5.

It has been suggested by dos Santos, Branco, and de
Queiroz [14] that hyperscaling might be recovered if it is
assumed that the relevant dimensionality of the helium-
aerogel system is a surface fractal dimension d/ & 3. In
that case, v g/(d/ —2) and Eq. (1) becomes d/(/
(dI —2) 2 —a. With these relations the experimental
exponent values ( 0.76 and a —0.59 yield d/ 2.82.
However, we do not know of any reason why the helium-
aerogel system should show fractal behavior. In our case
the aerogel itself, having been grown in a base solution, is
not believed to show self-similar structure over any wide
range of distances [15]. In any event, in this interpreta-
tion the large values of a and P would remain to be un-
derstood.

So far in the analysis we have allowed the leading criti-
cal behavior of the helium-aerogel system to differ from
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that of bulk helium. An alternate interpretation would

suggest that the leading critical behavior is unaltered by
the presence of the aerogel. The apparent change in the
universal parameters due to the impurities is then as-
sumed to be caused by slow transients, i.e., by corrections
to the asymptotic power law which decay exceptionally
slowly with decreasing ( t (. Such a situation is believed to
prevail for instance in the dynamics of the superfluid
transition of bulk He [161. It would lead to modified

effective exponents in the experimentally accessible range
of t [17-19]. For the case a 0 these transients have

been discussed in some detail by Narayan and Fisher
[17]. For the superfluid density these authors write

p, -[t( '[]n(I/(t))l ~, where gb 0.671 is the bulk criti-
cal exponent of p, [20]. Previous analysis [3] had indi-
cated the need for including the more conventional
confluent singular terms, and thus we fitted the p, data
[3] over the range 3 & 10 ' & t &—0.01 by

p, /p ko(1+D[t)o' )(t) '[In(1/)t[)]

For P &18 bars the deviations were essentially random
[21] and no larger than those from the fits reported in

Ref. [3] which produced /=0. 76. The values of g were

in the range 1.0+ 0.1, consistent with the expected
universal nature of this parameter [22]. The quality of
the fits and the pressure independence of g give credence
to the slow-transient interpretation. However, it is

difficult to see how this approach will lead to a sufficiently
dramatic modification of the heat capacity and the ex-
pansion coefficient to explain the qualitative difference
between the data in Figs. 1 and 3 and the expansion
coefficient of pure He. In particular, the asymmetry of
the deviation from bulk behavior above and below T,
would seem to be difficult to explain.

We conclude that the critical behavior of the helium-

aerogel system is far from being understood.
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