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Superfluid Transition of 4He in Porous Gold
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We have measured the superfluid density and the heat capacityeotonfined in porous gold in
order to study the effect of quenched disorder on the superfluid transition. The superfluid density
exponent is found to be identical to that of bdiKde within experimental resolution. The heat capacity
shows a sharp peak at the transition temperature. The size of the peak appears to be larger than that
predicted by critical phenomena theory. [S0031-9007(97)03417-0]

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

Theoretical analysis by Harris and others [1] showed In this Letter, we present the results of detailed experi-
that if the introduction of impurities into a near critical ments orfHe in porous gold (PG) that are consistent with
pure system corresponds to imposing random unfrustratetie prediction of Harris forw < 0. We found a super-
coupling in the system, then the phase transition of the imfluid density exponent{ (equal to» for the superfluid
purity diluted system will remain sharp. Depending ontransition), identical to that of puréHe extending over
whether the specific heat exponenbdf the pure system is two decades irt, and we also observed a heat capacity
positive or negative, the critical exponents of the dilutedpeak at7T.. Our results on the size of the peak, in con-
system are predicted either to change @or> 0), or re-  junction with those of previous experiments [8,10], reveal
main the same (forr < 0, and such systems are said to an interesting puzzle pertaining to the hyperuniversality
satisfy the Harris criterion). In other words, far < 0,  hypothesis [11].
the diluted system resides in the same universality class PG samples are made by selectively leaching out sil-
as the pure system. More generally, it has been showwer from a silver-gold alloy with 70 at. % silver [12]. The
that a wide class of disordered systems should satisfy thecanning electron microscope (SEM) picture of PG (in-
inequality v = 2/d (v andd are the correlation length set of Fig. 1) shows an interconnected porous structure
exponent and dimensionality of the system) [2]. This in-with a single characteristic length scale, similar to that of
equality is identical tax = 0 assuming that hyperscaling
(2 — a@ = dv) holds. Examples of such systems include
percolation, disordered magnets, and Anderson localize 5 — T 7T
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tion [1,2]. Experimental confirmation of the first half of
the Harris prediction, fosr > 0, was found in a site diluted
three dimensional Ising antiferromagnet [3]. Upon dilu-
tion with nonmagnetic ions, the positiveof the pure sys-
tem changes to a value that is less than zero [3]. Sinise -
less than zero for the pure superfluid transition, confining

“He in a porous medium allows for the testing of the seconc
half of the Harris prediction. The superfluid densipy)
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point-like simple power law dependence on the reduce>’ 2
temperaturet = (T, — T)/T. (T, is the transition tem-
perature). In Vycor, the exponent betwees 1072 and
1073 is indistinguishable from the bulk value within the 1k o o -
experimental uncertainty, consistent with the theoretica
prediction. The expected heat capacity peal athow- B
ever, has been elusive [7,8]. The superfluid density expc 0 N
nent of*He in aerogel (also a porous glass), in contrast tc 0.90 0.95 1.00
“He in Vycor, was found to be distinctly larger than that ) ’ '

of pure*He [4,6,9]. This unexpected result could possibly P/Po

be related to the fa(_:t that the S'I.'Ca netwqu n aeroggl ISFIG. 1. Helium isotherm results on PGA at 2.18 K. The
qorrelated to long d'Stan_CeS’ which c_ompl_lcates the Sltua6pen symbols are for adsorption and filled symbols are for
tion [9]. Thus, the experimental confirmation for the casedesorption. The inset is a SEM picture of PGA. The scale
of @ < 0 is far from being satisfactory. bar shown in the picture is 1000 A.
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porous Vycor glass [13]. AHe vapor pressure adsorption cell provides a convenient fixed point in the temperature
isotherm shows a sharp capillary condensation. Since thgcale (bottom panel of Fig. 2 and Fig. 3).
value of P/P, where a capillary condensation occurs is The p, data of PGA are analyzed in the form
determined by the radius of curvature of the pores, a con- _ ¢ A
densation at gwell defing®l/ P, value, as showrﬁ) in Fig. 1, ps(t) = psot*(1 + bt%). (1)
indicates a porous structure with a very narrow distributionlhe correction to scaling exponedtis fixed at 0.5 [15].
in pore diameter [14]. The other parameters are determined by a nonlinear least

Two pieces of sample A (PGA), each 0.05 cm thicksquares fitting procedure. These parameters are found
and 1 cm in diameter, one fgr, measurements and the to be pso = 0.14 + 0.01 g/cn?, £ = 0.67 + 0.01, b =
other for heat capacity measurements, are cut from thé6 * 0.5, and7. = 2.1691 = 5 X 107> K. The super-
same ingot. Silver in these two pieces is leached out ifluid density, throughout this Letter, is expressed in grams
a 70% nitric acid solution. The porous structures of thes@er unit coarse grain averaged volume of the entire ex-
two samples, as characterized by SEM pictures 4hel  perimental system, i.e., the volume includes both the
adsorption isotherm (Fig. 1), are indistinguishable fromporous gold structure and liquid helium contained therein.
each other. A methane vapor pressure isotherm at 77 Rs noted above, the temperature is determined against
is made on the sample and the surface area and total pdifee bulk transition temperaturd’( is found at 2.171 K
volume are deduced. If a uniform cylindrical model is because the measurements are made under pressure of
assumed for the pores, then the pore diameter is found.12 bar). The uncertainties quoted are standard devia-
to be 750 A, consistent with that shown in the SEMtions. In order to exclude data that may be affected by
picture. The porosity is found to be 69%. The porosityPossible fourth sound resonances rigaand/or rounding
and pore diameter of sample B (PGB) are found to bdelated to inhomogeneity in the porous structure, only the
58% and 240 A, respectively. Silver in PGB is leacheddata in the rang@ x 107 < ¢ < 1072 are included in
out in a perchloric acid solution with an applied potentialthe analysis. If only the data in the rangex 107™* <
of 1.04 V. p, and heat capacity measurements on PGB! < 2 X 107° are included in a simple power law analy-
which is 0.025 cm thick and 1 cm in diameter, are madesis (without the correction to scaling term), the parame-
sequentially on the same sample. ters are found to bepy = 0.15 = 0.01 g/cn?, ¢ =

p, is measured by the torsional oscillator technique [4]0.67 = 0.01, and7. = 2.1691 + 5 X 107> K.
The sample is encapsulated in a thin magnesium shell and Similar procedures are adopted to analyzedata of
then glued onto a hollow beryllium copper torsion rod PGB. The scatter in the data is larger than that of PGA due
1.4 cm long and 0.89 mm in diameter, which also serves a smaller signal and lower mechani€all x 10°) of the
afill line. For PGA, the torsional oscillator has a resonantscillator. Deviation from simple power law behavior is
frequency of about 578 Hz with a mechaniglof 7 X noticeable for the data inside= 1073 (Fig. 4). Asacon-
10° at low temperature. We were able to resolve a mas§equence, only data in the range™ <+ < 107> are in-
loading or superfluid decoupling within X 107¢ g/cn?.  cluded in the analysis. The parameters in Eq. (1) for PGB
The superfluid density ofHe in PGA very close td, is  are found to bepso = 0.07 = 0.01 g/cnm?’, ¢ = 0.68 *

shown in Fig. 2. A small quantity of bulkHe inside the 0.02,b = 0.7 * 0.5,andT. = 2.156 = 5 X 107* K. In
Fig. 4, p, of PGA and PGB are plotted against the reduced
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FIG. 2. The superfluid density (filled circles) and the heat ca-
pacity (open circles) ofHe in PGA. The bottom panel shows, FIG. 3. The superfluid density (filled circles) and the heat
at a highly expanded scale, the superfluid signal of a smaltapacity (open circles) dHe in PGB. The bottom panel shows
quantity of bulk*He inside the cell. This signal provides a at expanded scale the superfluid signal of a small quantity of
convenient temperature fixed point. bulk “He present inside the cell.
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o 12 e - convenient temperature fixed point. The contribution due
&“ r e R &“ to bulk *“He has been subtracted from the data shown in
& 1.0 © 40000 09022000000000000600000000000| R Figs. 2 and 3. The “scatter” ned, is due to an imper-

ol — o 0.8 fect subtraction of the bulk signal.
T T o T The temperature at which the heat capacity peak is cen-
tered, as shown in Fig. 2, is found to be roughtp uK

10 “ |
F lower than ther'. of p, results. The agreement i may,
L in fact, be better. If the ideal heat capacity peak of PGA
> r at T. has a shape that resembles th@eak, which has
N4 I a much sharper drop off on the high temperature side, a
3;10‘3 shift of the apparent peak to lower temperature, in addi-
Q tion to a rounding of the peak, is expected when a finite

ac heat is applied. Such a downward shift of the peak is
also expected if there is a rounding due to inhomogeneity
in the sample. The value @f., quoted above, on the other

107  bol el e hand, is determined by the, data outside the rounded re-
107* 1073 1072 gion assuming a power law behavior. The peak-to-peak
(T.-T/T, temperature oscillation in the heat capacity measurements

FIG. 4. Log-log plots for the superfluid density in PGA is tuned to bel50 uK near the peak so that it is less than

(open circles), PGB (filled circles), and Vycor (triangles, from the rounding observed in the, measurements, aPF_’VOXi'
Ref. [3]) as a function of reduced temperature. The solid linemately250 wK. The agreement of the heat capacity and
represents the fit of bulk helium data (Ref. [12]). The top panelp, transition temperatures withiz00 K and the result
shows fractional deviations of the superfluid density data ofgn the p, exponent indicate that the superfluid transition
IPGAf\_t(oEpen f'rc'es) and PGB (filled circles) from the powery horous gold is a genuine continuous phase transition re-
aw fit [Eq. (1)) siding in the same universality class as that of biile.
_ _ In Fig. 5, the heat capacity of PGA [traca)| is com-

Eemperature ina log-log scale. For comparisanof bulk  pared with the heat capacity tifle confined in Nuclepore

He [16] and*He in Vycor [5] are also shown. The fact fjiter papers of pore diameter 800 A [trace ()] [18]. The
that thep, data are parallel to each other is a visual conyores in these filter papers are essentially one dimensional.
firmation of the results of the least squares fit that all the)AIthough the pore diameters of these two systems are com-
systems have the same critical exponent. In the top panghraple, the heat capacity of PGA shows a rounded “di-
of Fig. 4, the fractional deviation of the data from the beStverging” feature near the maximum, which is not present
fit [Eq. (1)] is shown. It Sfj?WS deviation from th_e} POWET in the Nuclepore data. The maximum of the heat capac-
law behavior inside = 10~ for PGA andr = 107 for  jty of PGA is found at 2.1 mK below,; in Nuclepore
PGB. A likely reason for the deviation, as noted above, ist js 1 mK belowT,. The shape and the position of the

inhomogeneity in the porous structure of the PG sampleseat capacity peak in Nuclepore are found to be consistent
If we assume Josephson’s relation [17],

2
@) = érot*éf = kgﬂ’ (2) T T T T T T 60
= ps(t) 1000 [(q) , ]

to be valid for*He in porous gold, then the amplitude pooo0” % . Ol 50
of the correlation length is found to kg = 0.84 nm for 3 800 | L oam *w | <
PGA and&, = 1.7 nm for PGB. In Eq. (2)kz is Boltz- 9 . A =
mann’s constantm the mass of thé'He atom, and’ > - (b) Ty 40E
Planck’s constant. Comparing with Fig. 4, these values of £ 600 TWWMV . | S

. .. . ..(c).M QE”QQ,( N~
&o imply that macroscopic inhomogeneity at length scales O «(d)r ‘ﬁ, . O
larger than 400 nm (170 nm) is present in PGA (PGB). et aao

Figures 2 and 3 also show heat capacity *bfe in 200 (&)
PGA and PGB measured by the ac technique. In order
to eliminate draining of the applied heat through the su- _6

perfluid film, a Vycor glass superleak (which closes for
T > 195 K, T, of *“He in Vycor) is used to link the fill- _ _
ing capillary to the sample cell. A careful configuration FIG. 5. Measured heat capacity 9fe in PGA [trace §)].

; ; ot draces 0), (c), (d), and €) are the residuals when a Gaussian
of thermal reservoirs provides a temperature stability Ofrounded/\ peak positioned aT, with a multiplying factor of

100 nK for the calorimeter. A resolution in heat capacityq'17 02 023 and 0.26 is subtracted from trade (Trace @)
of 1.5 X 1073 is achieved. The presence of a small quanis the heat capacity dfHe confined in Nuclepore filter papers
tity of bulk liquid, as in thep, measurements, provides a of pore diameter 800 A (Ref. [14]).
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with those expected from finite size rounding of an “ideal” This work was supported by the national Science Foun-
superfluid transition af’, [19]. These differences again dation under Grants No. DMR-93311918 and No. DMR-
confirm that a genuine continuous transitiorZaf rather 9630736.
than a finite size rounding, is the appropriate framework to
understand the results in PGA.
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