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Correlated disorder in a p-wave superfluid
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(Received 20 November 1998

The role of aerogel as a means of introducing correlated disorder into supéifleids examined in this
paper. The aerogel structure is described by a diffusion-limited cluster aggregation model and compared to the
results of small-angle x-ray scattering obtained from samples that were used to study the supprdgsa of
well as the development of the superfluid fraction. These results highlight special characteristics of aerogels
that make this medium appropriate as a means of introducing disordetHietdVe discuss the inapplicability
of the Abrikosov-Gorkov model of an impure superconductor to%He-aerogel system, and then detail the
behavior of T, and the superfluid fraction ofHe contained in three different samples of aerogel.
[S0163-182609)03621-9

[. INTRODUCTION controllable density, and are easily introduced into liquid

Over the last decade there has been increasing interest fiHe, which has no other source of impurities. In addition,
the effects of impurities and disorder on phase transitionsthe correlations between the silica clusters can be altered by
particularly in unconventional superconductors. A number ofadjusting the growth chemistry. It must be fully appreciated,
experimentdi® and theoreticdl® investigations have fol- however, that aerogel is by no means random and there are
lowed the discovery of superfluidity oHe in aerogel which always strong structural correlations present within it. We
is the only system available for the study of disorderednote that these correlations are completely unavoidable:
p-wave superfluids. PuréHe is an excellent starting point since low-temperaturéHe is a completely immiscible lig-
because it is extremely clean, its properties are well undendid, any low density “impurity” must be able to rigidly
stood, and it does not need the extensive sample preparatiipport itself, and will necessarily have structural correla-
required to examine the intrinsic properties of superconducttions. In addition, these correlations will extend over longer
ors. In addition, the coherence lengthie can be changed and longer length scales as the impurity is made more and
simply by varying the pressure, allowing the relative strengtiore dilute. The purpose of this section is to describe the
of the impurity scattering to be easily altered without modi-Structure of aerogel and relate it to the behavioPide con-
fying the actual impurity density or correlations. tained within it. .

Surprisingly, the various experiments indicate that the 'N€ Production and understanding of aerogels has ad-

suppression of the superfiuid transition shows substantigf2nced significantly in the last decafeThey can be easily
variation even for®He which fills aerogels of very similar made with a wide range of densities, and the resulting struc-

itiod-356 ; ture is well understood. The standard technique for making

volume densitie : We present here e_wdence that the aerogel involves two essential steps: gelation of ,Si@m
structural co_rrela'uons ‘.N'th'n the aerog(ﬂh_lch directly af- solution and removal of the solvent after gelation. The prop-
fect the s_patlal correlations of .th'e superfluid °Tdef parametererties of aerogels are largely controlled by the kinetic dy-
are very important for determining the behavior of the tran- e of the gelation process. Different growth dynamics
sition temperature and superfluid density. To dgmonstratgan lead to different structure. Thpd of the initial solution,
thls,ovve have performed small-angle x-ray scattering on twq, example, strongly influences the precipitation rate of the
98'24) open aeroge! samples that we .pr.eV|ousI.y u;ed fOFS ilica from solutiont! For base catalyzed aerogels small
perfluid heI|um' studies, but which exhibit quantitatively dif- silica particles precipitate very quickly, and the subsequent
ferent phase dlagram_s: coalescing process of the silica into a gel is diffusion

We start bY de:_;cr_lbmg the structure O_f aerogels and Xiimited *>1 For neutrally reacted aerogels, the precipitation
amine adlffusmn-llm]te.d clustgr agglregaudDL.C_A) model _is slow, and the gelation is chemically limited. This is an
that produces a reahstlp manlfesta}tlon of a silica agrogel I portant point, since structurally different aerogels of iden-
the base_catalyzed regime. We briefly present deta|l_s of t.hﬁcal densities can be made by altering the gelation condi-
construction of torsion pendulum oscillators used in this; < o1 the other hand. the volume densities can be accu-
work and details of the small-angle x-ray measurement ately predetermined by carefully controling the
Measurements of the structural correlations of the d'Tferent‘,oncentration of the initial solution. The aerogels used in this
aerogels are reported, and the results of the superfluid me fudy were all grown in the base catalyzed regithand
surements are discussed in this context. We also discuss t &ch had volume concentrations of 1.898.2% open
scallng gnd temperature de\_/elopment of the superfluid frac— For base catalyzed aerogel, a structural picture has
tion at different pressures with reference to recent theor'esemerged from a variety of small-angle scattetrigS ex-

periments. Small particles of SjQvith diametersa=30 A

coalesce into a fractally correlated structure. The fractal cor-
Aerogels have almost all the properties required if onerelations extend up to a correlation length, which is con-

wishes to add impurities t8He. Aerogels are dilute, have a centration dependent and is on the order of several hundred

Il. AEROGEL STRUCTURE

0163-1829/99/5@2)/1458310)/$15.00 PRB 59 14 583 ©1999 The American Physical Society



14 584 J. V. PORTO AND J. M. PARPIA PRB 59

E i RS
@ Jocella 3
= g
& 10 _—__T 3
F CellC, E
;’ 5 [ Si:wlation ]
2 10k
s 3
S oL { .
'8 E Surface
5 » Regime 3 @) (b)
] E 3
A . i L | FIG. 2. Panel(a) shows the projection of a cube of aerogel,
10 10° 102 10" 10° =3500 A on a side, simulated with the DLCA model. The aerogel

q(A'l) has a volume concentration of 0.0188.2% opeh The particle
diameters have a Gaussian distribution aros®D A , with width
FIG. 1. Small-angle x-ray scattering from two different aero- =15 A. The particles are plotted on a gray scale according to
gels. The upper solid curve is for the aerogel sample from cell Atheir z position, with the darkest in the foreground. For comparison
and the lower solid curve is for the aerogel from cell @oth ~ We show in pane{b) a 3500-A cube containing a random arrange-
samples were 98.2% operThe dashed line is the scattered inten- ment of spheres with the same diameters and volume fraction as the
sity calculated for the DLCA model aerogel described in the text.aerogel cube shown i@).
The homogeneous regime applies at smaknd is separated from
the fractal regiméas indicated with the arrowstq=2x/¢,. The

. length over which the superfluid samples its environment,
fractal regime is separated from the surface regimg=a2=/a. g P P

there aren’t any real “surfaces” within aerogel at all, since
£,(=150-800 A »>a(=30 A). At the atomic length scale,
to a few thousand A. The “fractal” dimension for these basethough, aerogel does have an enormous surface area, which
catalyzed aerogels is usually found to be about 1.8, but thhas been measured in one of our samples to be about
fractal regime barely extends over a decade for all but th@5 n?/cm?® using ®He vapor pressure isothertfsThis sur-
most dilute samples. Above the length scgle the system face area has been shotwrto have important implications
looks homogeneous. Below the length scal¢he scattered for the behavior of the superfluid since the liquid is in fast
intensity arises predominantly from the surface of the parexchange with the polarizable solidlike surface layerfide.
ticles, which themselves can have fractallike properties. In addition to thek-space information available from
These features are illustrated in Fig. 1, where we have plotsmall-angle scattering measurements, accurate models of
ted the scattered intensity from two different aerogels. Theerogel formation can provide a good real-space picture of
correlations in the fractal and surface regimes can be detethe structure. For base catalyzed aerogels which are in the
mined by measuring the power-law behavior of the scattereiffusion-limited growth regime, the DLCA mod@g|*>1%20
ing in those regimes. The aerogel structure can therefore hgrovides an extremely good representation of aerogel. We
described by four parameters determined from small-anglaave implemented a version of the model described by
scattering. The two length scalés anda divide the scatter- Hasmy and co-worket$'® to simulate the structure of the
ing into three regimes: a homogeneous, fractal, and surfac&erogels used in our experiments. The scattering intensity
regime. The slopes in the fractal and surface regirdggnd  calculated from the model structure is also shown in Fig. 1
Ks, determine the nature of the correlations at those lengthlong with the actual scattered intensities. There are two fit
scales. In addition, the volume concentratmogives the av- parameters which set the intensity and overall length scale.
erage density of Si9) and is the fifth parameter that can be Since these parameters set overall scales, on a log-log plot
used to characterize the aerogel. It is evident that by itself, they correspond merely to shifting the scattering curve up/
is inadequate to fully describe aerogel and therefore its effeadown and left/right, respectively, with no alteration of the
on the properties of superfluitHe. shape of the curve. A third, less critical fit parameter is the
The picture is different for neutrally reacted aerogels. Indegree of polydispersity of the constituent particles which
this case there is no smallest unit particle, and the structuraffects only the short distance, highpart of the structure.
can be fractally correlated down to almost atomic lengthThe agreement for one of the aerogels is good over the
scalest! The fractal dimension is significantly largEr, length scales shown, and implies that for that aerogel, the
=2.4, and the correlation lengtf, is larger than for base simulation accurately represents the structure betwe2
catalyzed gels of the same density. For neutrally reactednd=2500 A. Above 2500 A we expect the structure to be
aerogels therefore the fractal regime can extend over twessentially homogeneous for base catalyzed aerdgels.
decades of length. There are some experimental drawbacks Figure 2a) shows a numerically simulated cube of 98.2%
to using neutrally reacted aerogels, however. They gel vergpen aerogel, 3500 A on a side. This representation of a
slowly (in fact may not gel at all at low enough three dimensional solid projected onto two dimensions is in-
densitied®), and they may tend to have a few very largetended to replicate the view observed in a TEM image. For
open pores’ comparison, we show in Fig(l) a cube of randomly placed
For both growth environments, it is clear that aerogel isspheres of the same volume density. These images are some-
not a “porous” medium in the strictest sense, since there arevhat misleading since all the silica in the entire depth of the
no conventional pores with well defined walls. In fact, if we aerogel cube has been projected onto the page. A 300 A slice
take the superfluid coherence lengif as the appropriate of the simulated aerogel is shown in FigiaBin order to
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FIG. 3. Panel(@ shows a 300-A-thick slice of the aerogel 0:' T
shown in Fig. 2a). A similar slice of the random arrangement of 0.00 001 0.02 0.03 0.04 005
spheres is shown in panéd). Volume Concentration

adequately illustrate how dilute the structure is. The structure FIG. 5. _The geometrical mean fre_e pagffor smula_\ted_aerogel
is clearly correlated on this length scale, and for Comparisonas a function of volume concentration. The solid line is the geo-

o . e . " Thetrical mean free path for a random distribution of particles of the
a similar slice of randomly placed silica is also shown in Fig. . h hed i ) ; ,
3(b). same diameter. The dashed line was determined from a fit to a

. ) ower law, and is given by the equatibp=17.6c" 11 A.
With an accurate real-space model in hand, we can nO\B g y quatibyr=

addre_ss qu_estions abo_ut relevan'_c length scales. A natu_rf'He pressure dependence &f since even at high pressure
guestion arises: What is the fraction of the volume that ISmost of the pairs will interact with the silica, and at low

farther than a distancefrom the SiQ? Figure 4 shows the  a5qre the coherence length spans the entire distribution of
distributionP(x) of nearest distancesto SiO; for the model . ra|ation lengths in the aerogel.

98.2% aerogel. It was generated by picking random points e fractal correlations on length scales betwaemdé,
W_'th'n the cube of _aerog(_al, and then ca_lculatmg the neareq{ave physical significance for straight line trajectorifsr
distance to any Sipparticle. The plot is the normalized oy ampie’of a quasipartidlevithin the aerogel. The ability of
histogram of these distances. Integrating this curve gives thg yraiectory to traverse a fractal object depends on the ob-
probability of being closer thaw to Si0;, which is also  jacps fractal dimensiom. For objects in three dimensions,
§hown in Fig. 4. Despite t_he f.acj[ that aerogel is SO dilute, W&na codimension (3 D) is a measure of the object's “open-
find thatall of the volume is within 350 A of son80,. One  ags g straight-line trajectori€d. For true fractals, if (3
consequence of this efficiently distributed yet highly open_py~ 1 3 random line will not intersect the object, and if
structure is that the probability of being closer tharto ES_D)<1’ a random line will intersect the object. As dis-

aerogel Cha?”ges rapidly over a very s_hort distance: hglf_ Otussed above, base catalyzed aerogels usually have a “frac-
the volume is farther than 100 A from silica, but none of it is tal” dimension between 1.7 and 1.9, so that the codimension

farther than 350 A. The coherence length Bfe ranges (3—D) is larger than 1. This indicates that the structure is
between=150 A at high pressure to near80o A."?‘t IO.W . less likely to obstruct straight-line trajectories, and thus
pressure. The absence of larger than 350 A cavities impliedhger mean free paths should be observed in these aerogels.
that essentially all the Cooper paiwhich have size=&,) e stress that this statement can be made only in a very
will encompass one or more of the silica aggregates. Consegy,oyimate sense, because the fractal correlations are
guently, it is correct to conclude that the silica, on averagepresent over such a narrow range of lengths. For neutrally

penetrates to the interior of the Cooper pairs. The distribuzeacted aerogels, the fractal correlations extend over a much

tion of silica shown in Fig. 4 is particularly well matched to larger range, and the dimension can be as Higs 2.4
indicating that the structure isot very open to straight-line

0012 S o trajectories.(That two objects of the same average density
0010 [ , ] can have different mean free paths is not surprising. A soap
i / 108 bubble foam and a jungle gym, for example, can be arranged
~ 0.008 |- / ] to have similar average densities, but drastically different
o< f / 106 = mean free paths.This observation could have significant
0006 | 1 2 implications for studies ofHe in aerogel because it should
320004: o4 & be possible to grow aerogels with identical densities, but
' ] with different mean free paths.
0,002 402 The enhancement of the mean free paimpared to that
] of a random arrangement of spheresshown for the simu-
0.000 NPV 1Y} lated aerogel in Fig. 5. We plot the geometric mean free path

PR,
200 300 400

x (A)

PR N R
o 100 I, calculated directly from the model aerogel as a function

of volume concentration, and the equivalent mean free path

FIG. 4. The solid line represents the distributi®(x) of nearest  for a random arrangement of spheres given B¥ha
Sio, distances within the open volume of the simulated aerogel=5ac”*, wherea is the diameter of the constituent spheres.
P(x)dx is the probability that a randomly chosen point within the The aerogel mean free path is somewhat larger than for an
aerogel is a distance+ dx/2 from Si0,. The dashed line represents uncorrelated systenfas expected from the arguments pre-
the integral ofP(x). sented abovyeand we find that below 5%, scales ag ™.
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/ _LAP(T) @
PsiP= 1-x APy -

The sensitivity of the oscillator is calibrated using the period
shift upon filling the cell with®He, APy, . In practice, the
analysis can be complicated by gaps between the aerogel and
the cell walls which are filled with bulk fluid, but the behav-
ior of bulk 3He is sufficiently well known that these effects
can be accounted for.

The first two cells, A and B, were of almost identical
design and were studied on a PgMiuclear demagnetization
cryostat. The body of the torsional oscillators were made of
beryllium copper, and the silver sinter heat exchangers were
of standard design. Cell C was intended for use at very low
FIG. 6. A scanning electron microscopy picture of a 50% Simer’temperatu_res on a copper dema_gne_tlzatlon stage. Thg body
made from 800-A nominal diameter silver powder. Compare theOf the oscillator was made Of. con SIIV?r’ anq a pure silver
length scale to the size of the aerogel in Fig. 2. Almost the entir od was used to thermally '"Fk the silver sinter heat ex-
cube shown in Fig. 2 can fit inside a single pore of the sinter. changer to the demagnetization . stage. A small s_econdary

heat exchanger was located to intercept any residual heat
load coming down the fill line. For all three cells the thermal
tlr?g was found to be no more than A& at the warming
rates used in temperature sweéms the order of 25uK/hr).

For a 95% aerogdly;=500 A, but it grows to 1800 A for a
98.5% aerogel. A 99% aerogel would have a mean free pa

OL:érianttic?gg?ji\f;rsgs]C:t 725\, trgﬁ]ane:;?jrep‘;[g Ioaft garilkﬁ The cells were operated at their resonant frequency using a
9 b 9 P circuit that maintained a constant amplitude of motion. In the

?gd :r?wthpereisausrief;rt;cglre i)égg]eprli(re\, I\fvilllsbzlrc?(?rﬂ?ln;?é%et; t?haeréxperiments described here, all heating due to internal dissi-
pm) q P g y pation was found to be insignificant at the amplitudes that

aerogel. The aerogel limited mean free path will certainlyWere used

depend in detail on the scattering of quasiparticles from the The samples were grown for us at Penn State directly into

aerogel surfa_ce. In parti(;ulgr, the nature of that scatteringmetal cups? For cells A and B, the cups were stainless steel
whether elastic or inelastic, is probably affectéy the sur- and in cell C the cup was pure silver. These cups were then

3 - B
lf_ac$ I?{ﬁrs of H.e' Itt. IIS ewdentf, howet\;]er, .Itlhgt thet lkjppt?]r epoxied into a mating cup in the respective torsional oscilla-
imi n? i en?ua?]?rar 1c etrr]ngatn rrrr:ai(na %ab \3’1' erse | Y 1€ 0rs. In cell A the aerogel completely filled the cell and there
geometric mean Iree path dete ed by the aerogel. was no contribution to the period shift from the bulk fluid.

From the discussion in this section, it is evident that aero . sample B, the cup had a concentric cylindrical plate ca-

gter:Zrh?)Vriui #ggil;e fﬁ?g#;e" glzsat:ggt;lstﬂgdsiIfircoamalig\(/)vssethoéadtor fabricated from a stainless steel mesh. This capacitor
P ' llowed thein situ determination of theHe/*He ratio within

aerogel to function as an impurity, and almost all of thethe aerogel. Its use will not be discussed in much detail,

volume is within a superfluid coherence length of some, . : ;
Si0,. For comparison, in Fig. 6 we show a SEM picture of abecause the presence of this device led to the generation of

50% packed silver sinter which aave a similar superfl .dnumerous internal resonances in the superfluid state which
°op v ! which gav imi upertiuld,pscured the temperature dependence of the superfluid frac-
fraction as the aerogel sampfésWe note that almost the

; S .~ tion.
.ent.'re 3500 A cube of aeroggl shown In F|g{a)2(;an be fit In cells B and C there was a small gap which contributed
inside any of the pores of this silver sinter. It is thus clear

) . ; bulk ®He signal to the period shift. As discussed above, the
fchat the structure of aerogel_ Is uniquely suited to the study Ogulk fluid properties are sufficiently well known that the bulk
impurity effects on superfluidHe.

contribution to the period shift can be accounted for. For
example, Fig. 7 shows the unadjusted period of cell C at 20
. EXPERIMENTAL DETAILS bar, along with the properly scaled temperature dependence
of the bulk superfluid? In cell B, the bulk gap was large
enough that the viscosity of the bulk fluid must also be taken
We examined®He superfluid in three different aerogel into accounf® An example of the bulk contribution to cell
samples using the standard torsion pendulum techritjue.B’s period and the scaled behavior of bifike are shown in
Since the normal-fluid viscous penetration depth exceeds theig. 8. For both cells the bulk contribution was subtracted

aerogel strand separation by several orders of magnitude, thgm the total period shift to yield the superfluid fraction.
normal fluid contributes its entire moment of inertia to the

torsional pendulum. The superfluid component also contrib-
utes to the moment of inertia due to geometry dependent
nonviscous forces, but since the aerogel is so open this con- The aerogel samples were carefully removed from the tor-
tribution is rather small. We have measured the fraction okional oscillators and were machined to reduce the sample
superfluid coupled to the oscillatgrto be 0.05 using super- from an initial thickness of 8 mm down to a final thickness

fluid “He. The superfluid density is therefore directly propor-of 1 mm. Small-angle x-ray scattering on these samples was
tional to the period shifA P(T) through the equation performed at the Cornell High Energy Synchrotron Source

A. Cell design

B. X-ray scattering
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FIG. 7. The period as a function of temperature fbte at 13.7
bar in cell C. The scaled bulk contributihis indicated by the
dashed line.

FIG. 9. Transition temperaturég as a function of*He pres-
sure. The solid line is the bulk transition temperature dependence
due to Greywall(Ref. 26. The solid circles, squares, and triangles
are from cells A, B, and C, respectively. The open diamonds are the
with the help of Ernie Fontes and Lois Pollack. The experi-results from NorthwesteriiRef. 2 and the open circles are the
ment was carried out at the D station, which is a bendingesults from ManchesteRef. 5.
magnet line with a double bounce multilayer monochro-

mator. The monochromator was set to operate at 1.54 Agtive differences clearly indicate that some other property of
the beam was collimated to 0<®.3 mm and we used a the aerogel, presumably structural correlations, plays an im-
1024x 1024 charge-coupled device area detector with a pixebortant role. In addition to the differences in transition tem-
spacing of 50.um. The measurements taken at the smallesperatures for the various samples, the behavior of the super-
angles were made with a sample to detector distance dfuid density is qualitatively quite different from bulkHe,
1.3 m. and also for that calculated fofHe containing homoge-
neously scattering impurities. In this section we discuss mea-
V. RESULTS surements of the structural correlations for two of our aero-
' gels(samples A and Cand discuss the consequences of the
Superfluid®He has been studied in several different aero-structural differences for the behavior of the superfluid.
gel samples to date® The superfluid transition temperatures Since the variation of the superfluid transition temperatures
in aerogel, T2, measured in cells A, B, and C are shown in recorded for these two samples represent the extreme values
Fig. 9, along with the results for two other samples measurepr this (98.2% opehaerogel density, such a comparison has
at Northwesterhand Manchestet While there is reasonable important implications for sample preparation in the future,
agreement between samples B, C, and the results obtainedaid for the understanding of the effect that the structural
Northwestern, it is clear that there are substantial differencesorrelations have ofig . We will also describe scaling prop-
between these and the results of sample A, while therties of the superfluid density which point to a qualitative as
ManchesteiT2 data are intermediate. All five samples had awell as quantitative disagreement with a model based on the
nominal aerogel volume fraction ef 1.8%, and the quanti- Abrikosov-Gorkov theory of suppression of by scattering.

005 ————T> 77— A. Results of small-angle x-ray scattering

0.00 b The manifestation of structural differences in samples A
5 . and C can be seen in Fig. (Since the transition tempera-
3 005 [ tures measured in sample B are very similar to those in
Er; : sample C, we assume that the structure is also very similar.
= 010 There are clear differences in almost all of the characteristic
-é o 155 properties of the two samples. All of the four parameters,
e &, a, K;, andK; (described in Sec. )] are different for the
& oo two samples. The aerogel in cell A was one of the very first

; 1 samples made for us by Moses Chan’s group. Unfortunately,
. S | AR I . at that time we were unaware that any characteristic of the

1.0 1.5 20 2.5 3.0

T (mK) aerogel other than density was significant. Consequently, the

mass concentration was carefully determined, but the gelling
FIG. 8. The period as a function of temperature fofe at 29.7 ~ conditions for the first cell were not documented. The early
bar in cell B. The scaled bulk contribution is indicated by the Cells were typically gelled more slowly than the later ones,
dashed line. Due to the size of the gap containing bulk fluid, theand we speculate that sample A was catalyzed in a less basic
bulk signal is not merely proportional to the bulk superfluid density€nvironment than sample C.
and the viscosity of the normal fluid fraction must also be taken into  The DLCA model accurately describes sample C, and a
account. Resonances négr make the identification of the transi- good estimate o& can be made by fitting the scattering from
tion temperature difficult. the model aerogel to the experimental scattering data. We
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TABLE I. Values of the five structural parameters discussed in W
the text for cells A and C. 3 o o ]
08| 0e ® ** 7]
& (A) a(A) K¢ Ks c L e
s06[ e 2 o7 ]
Cell A 1300 =30 =191 =57 0.018 = e © -
Cell C 840 28 —1.83 —4.5 0.018 =~ [& g
t 040 7 N
FO e
B
obtain an average particle diamete=28 A for sample C. 02 ¢ 5
Without a model for the aerogel in sample A it is more ://
iffi i - AFEETI EFRTEErE BRI A SR R
difficult to accurately establish a length scale, but by com 0.0 i b

paring the two scattering plots we estimate the average par- p/p(T~0)
ticle size in sample A to be about 10% larger than in sample
C.27 All five parameters for the two cells are summarized in FIG. 10. The aeroge| Suppressed transition tempera‘ﬂ[@fﬂgr-
Table I. malized to the bulk transition temperatur&$ as a function of
At the smallest length scale the slopes of the surface scalow-temperature superfluid fraction. The filled circles are for the
tering regimeK are slightly different. While a slope dfs  data from cell A and the open circles are for the data from cell C.
=—4 would indicate scattering from smooth surfaces, weThe two lines are results from Hanninebal. (Ref. 33 based on
find Kg=—5.7 for sample A anK;=—4.5 for sample C, the Abrikosov-Gorkov model for homogeneously scattering impu-
indicating that the constituent particles have rough, corretities in superfluid®He. The dashed curve is the result in the unitary
lated surfaces. The difference in the slopes points to possiblénit. [It has been showriRefs. 7 and 3Bthat the unitary limit
differences in the microscopic surface area of the two aeroeepresents the upper limit of./Tco at a givenps/p.] The solid
gels, but unfortunately we measured the surface area of onfHrve is the result halfway between the Born and unitary limits,
one of the samplejSWhiIe it has been shown that surface Which is most likely to be appropriate fdHe in aerogelRef. 33.

3He can have a significant effect on the internal structure o{

- 46 .
the superfluid;® we have fountf that replacing the surface canceled by a negative shift from another region TB&T

3 s 4
He with “He has only a small effect on the measupg@nd o ;
y e <T.. Results from Stanfofdindicate that superfluid tex-

TZ. We therefore believe that disparities in the surface Strucfures are sensitive to inhomogeneities within the aerogel. We
ture arenot the origin of the different results obtained with 9 gel.

e e moun
The largest difference is in the correlation lengih, 9 P '

) ~ N length it can be quite homogeneous. In this light the super-
where we find,~ 1300 A for sa‘fnple A”anqa.— 840 A for fluid transition should be global, even if the local order pa-
sample C. The slopes in the “fractal” regime also differ

o a .
slightly, although it is difficult to define a slope for sample C rameter is finite abové, fgr s.mall.reglons on the order of

because the fractal regime extends over such a limited rang 1€ coherence length. This S|tuat|qn WOU'Q be. analogou; to
Given that the twaof, differ, we expect the fractal correla- osephson _coupled superconducting grains in a thin film.
tions to be different, since for aerogels of identical densityHeat'C‘apaC'ty measurements underway should be able to

. provide a definitive answer for whether there is a local su-
U\];Z ;mgi p_arngt?riérﬁgi eazdaﬁ&(a?fité?gig?gliﬁé perfluidity that precedes the onset observed in these experi-

While the fractal nature of the impurity density may play ame;l;is:?evggnle;ﬂr% the small size of the aerogel particles
role in the behavior of the superfluid, it occurs mostly on a ' gel p

length scale smaller than the coherence length. The signifﬁemive t0$o) suggested that for the first time impurities

cant difference in¢, between the two samples is likely to ad been introduced into superfluitHe. It is therefore

strongly affect the superfluid. These differences help explai rE(T dp;%ggoftpm aprptly stcr;:ttess'inds)r?h szs(?;rzv-lﬁ%i?or\]?o) del
the differences irff., and as we will discuss below, it also impurity ng y : ! '

helps understand the behavior of the superfluid density as ;Plczt?éﬂ?]r ﬁgr?‘g]rifre'ﬁ;;/jsragfg ios \(/)(tarrothii 'ﬁpgﬂgﬁsé arggdtgle
function of temperature and pressure. 9 9 pic. '

the effect of the impurities is dominated by the size of the
impurity limited mean free path, relative to the coherence
length £,.%° For 2He in aerogel],, would be equivalent to
One of the most exciting aspects of the discovery of sui,, the geometrical mean free path that was described in Sec.
perfluid 3He in aerogel was the extreme sharpness of thél.
superfluid transitiort.In NMR studie$ this was particularly An early indication that a simple AG theory was insuffi-
important since NMR is a local probe of the superfluid ordercient to describe’He within aerogel was the relative robust-
parameter, and the sharpness of the transition indicates riess ofT¢ to the inclusion of impurities when compared to
global transition. At present there is no conclusive evidencehe suppression gfs.>?’ The disparity between the experi-
which rules out the possibility of local regions of superfluid mental results and the predictidAsof the homogeneous
with transition temperatures between the bllk and the  scattering model can be seen in Fig. 10, where we have plot-
suppressed?. Experiments at Manchester show that simul-ted the transition temperature suppression versus the low-
taneous NMR and torsion pendulum results reveal identicalemperature superfluid density. This robustnesEdatelative
Ta, but it is possible thatdepending on thé texture orien-  to pg has also been seen in high-superconductors and has

ation) a positive frequency shift from one region may be

B. Breakdown of the Abrikosov-Gorkov model
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prompted extensions to the AG thediit has recently been - Al
pointed out by Franet al3! that even for random impurities ‘
the AG formalism must break down for short coherence

length superfluids, and in addition the width of the spatial ’

distribution of the impurities must be taken into account. 4

They argue that even for strongly scattering impurities the "

transition temperature will not be greatly affected as long as -

the scattering sites are spaced farther apart than the il “ "

temperature—dependent coherence Ie@@ﬂ. The tempera- () (b)

tureT,;, at which the coherence length is roughly equal to the

impurity spacing&(T;)=1;, should be thdower boundfor FIG. 11. Two-dimensional cross sections of the local average

the trueT, in the system. If the temperature predicted by theaerogel density(¢) for the simulated aerogel shown in Figap
AG homogeneous scattering mode G is near or less than The two figures represeidentical aerogels, but the local density

T;, then the applicability of the AG theory is “probably not has been ave(;aged over SApheLe.ls O.de'ﬁerent SIZ€s. Tr:je denédly in
justified.”3l was averaged over 200 A, while iib) it was averaged over 750

. ) ) ) A. The slice through the aerogel for both figures was taken at the
We estimate the average impurity “spacingfor cell C same height as the slice shown in Figa)3

from the model to be twice the average value of the distri-

bution of closest silicax in Fig. 4, which yieldsl;=200 A. the average local aerogel densﬁg,(go) for the model aero-

At low pressure, wheré€(T) is larger tharl; at all tempera-  ge| shown in Fig. 23). The figures were constructed starting
tures, the AG scattering model is more likely to be justified.from the same aerogel by averaging the local silica density
At higher pressure, however, we estimatgT., to be as  over two different length scales, corresponding to the ex-
large as 0.75 fol; =200 A. (Here we have used Einzel's treme values of, realized in3He. The cross sections of the
expression for the gdpat a pressure of 30 barif we as-  density plotted in Fig. 11 were calculated in the same plane
sume that the transport mean free phthis roughly 2000 as the slice shown in Fig.(8. Clearly, on the length scale

A, the estimate foff2%/T., from the homogeneous scatter- appropriate at high pressure, the aerogel is rather inhomoge-
ing model is approximately 0.75 at 30 bafhe two tem- neous. At low pressure, the aerogel density averaged over the
peraturesT; and T4€ are nearly the same, which calls into coherence length is almost constant.

guestion the use of the AG model. We note that we have

only assumed an average spacing of impurities. The conse- C. Scaling

quence of variations in aerogel density that extepd ug,to Most of the scaled observables of bulk superfldide,
a length scale which is larger than the superfluid coherence

length &, can only further restrict the applicability of the S.UCh as the superfluid fractign/p and heat capacity rela-

homogeneous scattering model. At high pressure we theri've to the normal fluidC/Cy are predominantly functions of

fore expect the homogeneous scattering model to fail on twi he ratio of the energy gap 1o the t_er_npe_:ratM«kBT: These
counts. First, the local impurity spacing does not allow theobservables also depend on Fermi-liquid corrections, and to

use of the homogeneous scattering model, even if the implj’Jl Iess_er extent, _stro_ng—cgupling effects. For eX.""”.‘p'e- the su-
rities were homogeneously distributed. Second, the variaF-)erﬂUId density is given in the weak-coupling limit Hy

tions in impurity density which extend up t§, cannot be 1-Y(A/KgT)

accounted for in the simple homogeneous scattering model. Ps_ B , 2
Our reasoning for the inapplicability of the AG model is p 1+ EFSY(A/k T)

borne out by recent calculatiohsyhich show that the AG 3! B

model cannot describe tie suppression of superfluitHe, . . . s - ,
but that a model which includes strong inhomogeneity ofwhereY(x) Is the Yosida function ané, is the first sym-

scattering provides a much better description of the systen{‘netrlc Fefm""q“'d parameter. 'F‘ the weak-coupling .I|m|t,
Neither sample is well described by the homogeneous modetlf‘e behavior oA (T/T) is Cons”a'”eg' _and the scale tbris

but since the inhomogeneities in sample A are correlate§€t PYTc- At pressures above 5 by is not strongly pres-
over larger length scales, sample A is likely to be fartherSUre dependent and/p is therefore a function of just/T, .
from the homogeneous regime than sample C. The avera%Q”e can see this scaling in Fig. 12, where we have plotted
distancel, is different from the correlation length,, but it  the bulk superfluid fraction at several pressiftes a func-
should be related tg, and the fractal correlations described tion of T/T.. The scaling is not perfect, of course, due to the
by K; . Although we do not have a model for the structure Ongrml-Ilqmd corrections and strong-coupling effects. It is
sample A from which we can extrakt, we expect that since still true_, though, that for weakly or gtrongly cougled BCS
sample A has a largaf, andK; , the average impurity spac- SuUPerfluids, the energy scale for pairing is sefThy’

ing would also be larger than sample C. These length scales The scaling with temperature of superfluile in aerogel

for cell A are consistent with the differences between the twOntrasts sharply with the bulk behavior. We find that the
samples shown in Fig. 10, and it explains why g p, superfluid fraction is a function of thgroximity to the tran-

suppression in sample C is closer to the AG prediction. ~ Sition temperatureps/p=f(TZ—T). Here the temperature is
The potential for the applicability of the homogeneousnotscaled byTe" or T2, and the only relevant energy scale

scattering model at low pressure is illustrated in Fig. 11appears to beT¢—T). The superfluid fraction measured in

where we have plotted a two-dimensional cross section ofell A is plotted as a function of TG —T) in Fig. 13. At low
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FIG. 12. The bulk superfluid fraction as a function®fT,, at

FIG. 14. The period shift divided by the bulk densiyP/p
pressuregfrom left to right of 5, 10, 15, and 20 bar.

plotted vs [2—T) measured in cell B. The measurements were

_ ) _ . madeat11.5,19.3, 21.5, 26.0, and 29.3 bar. The period shift due to
temperatures the superfluid density saturates at a limitinghe bulk fluid within the gap was subtracted as described in Sec. Il

value which is strongly pressure dependent. It is clear, how¢see Fig. 8

ever, that the plots all have very nearly the same form be-
tweenT2 and the pressure dependent saturation at low tembased on low-temperature, low pressure measurefhents
perature. This behavior holds above 5 bar, and the collapshe similar aerogel of sample C. Providing the criteria for
of the data at different pressures onto each other is extremelyomogeneous scattering can be met, it is likely that at low
good if we group measurements above and below 15 bagsressures, the development with temperature of the super-
separately. It is remarkable that this scaling behavior extendiuid fraction should exhibit a dependence similar to that
over such a large range in temperature and pressure. It apredicted by the AG model. This behavior is discussed in the
pears that the pressure dependent microscopic properties 0éxt section.
3He determin€T2 and the low-temperature limiting value of A natural question that arises is the effect of the nonho-
the superfluid density, but between these points, the supemogeneous distribution of the aerogel and its resultant tortu-
fluid fraction is given byps/p=f(T2—T) wheref is inde- osity. We paraphrase the argument presented in Ref. 28. Un-
pendent of pressur@nd thereforey). like most other porous media, almost all of the aerogel
This scaling can also be seen in cel(Hg. 14, where we  structure is rOL_Jgth the same size as the poherence Iength.
plot the period shift as a function offf—T). The period For the tortuosity to be appropriately used, it has to describe
shift has been scaled by the normal-fluid density, so that i€ tortuous streamlines of a homogeneous superfluid. As a
the absence of parasitic resonances, the plots would be pr6onsequence, the scale of the structure of the porous medium
portional to the superfluid fraction. The data extend over 41aS t0 exceed that of the superfluig. All smaller scale
rather limited range of pressurdl1.4 to 29 bay but the Structure is then manifested as intrinsic to the properties of
scaling observed for sample A is also apparent from thesHe superfluid in the aerogel. This then leads to a “coarse
data. In both cases, the superfluid fraction at low pressure @rained” superfluid density® At low pressure, where is
too small to allow us to determine any change in the scalindg@rge, this definition should pose no problems. Even at mod-
of the superfluid fraction with temperature. We do not expecrate pressurg20 baj) where the coherence length is
the same behavior to continue to low pressure, however; 200 A, tortuosity can only arise from structure greater than
about 1000 A in length scale, which approximately corre-

04 v v v sponds to the length scale where the structure appears homo-
I ] geneous. Thus it is possible that there is a contribution to the
[ s ] tortuosity which may vary slightly with pressutespecially
031 Cell A s ] at high pressune but because of the homogeneity of the
/// ] aerogel at this length scale it is more appropriate to designate
o2l 7 ] the tortuosity as approximately zero. Closeiltg where the
X 7 X
a 7 coherence length is enhanced, the above arguments are fur-
7 ther strengthened.
o1 /7
4 D. Temperature dependence ofpg
00 L P B B The temperature dependence of the development of the
00 03 (TaC-T)l .E)mK) 15 superfluid neafr2 is also different from that of bulRHe. As

with all BCS superfluids, the bulk superfluid density is linear

FIG. 13. p/p vs (T2—T) measured in cell A. The solid lines With temperature very nedrc, since the BCS transition is
are measurements at 3.4, 3.9, 5.0, 6.1, 6.9, 8.5, 10.0, 12.9, and 13\l described by mean-field theotyThe linear behavior of
bar. The dashed lines are measurements at 20.2, 25.0, and 29.0 hag(T)/p for the bulk fluid is limited to a fairly narrow region

The dash-dotted line is a fit to a power lawe(T2—T)" with n

=1.33.

nearT,, as is shown in Fig. 15. One result of the AG model
is that the presence of a homogeneous distribution of impu-
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FIG. 15. A plot of logps/p vs log(Te—T) measured in cell A. FIG. 17. A plot of logps/p vs log(T3—T) measured in cell C.

The open circles are measurements at 3.4, 3.9, 5.0, 6.1, 6.9, 8.%pe solid circles are from a measurement made at 20.0 bar, and the
10.0, 12.9, and 15.0 bar. The solid circles are measurements at 20@pen circles are from a measurement made at 13.7 bar.
25.0, and 29.0 bar.

- . . above. We note that the trend of a smaller exponent at lower
rities should not modify the linear development of the super-3 ;4 density is different from the results obtained at

fluid fractior’ observed for pure’He. In contrast, we find  pjanchestetbut we can offer no explanation for the discrep-
that the development of the superfluid density in aerogel is,,«

not linear with temperature, and the power-law dependence Tha resonances in the data from cell B make the determi-
of ps(T) extends over a wide range of temperatures. Thig,4tion of any power law fop/p impossible, but we can
behavior indicates a qualitative as well as quantitative fa"“reseparate and thus subtract tshe bulk contribution to cell C
of the application of the AG model to this system. with precision. The resultings/p is shown in Fig. 17 at
Figure 15 shows log,/p at several pressures for cell Aas 13 7 ‘and 20.0 bar, and the corresponding exponents are
a function of logT¢—T). None of the curves show linear shown in Fig. 16. Remarkably, the superfluid in cell C has a
behavior, but instead exhibit a power-law dependence withyreater than linear power-law dependence at 20 bar, but it is
an exponenn clearly larger than unity. At pressures below 5 qujte linear at 13.7 bar, once again exhibiting the power law
bar it was impossible to accurately determine a power-lawpyer a large temperature range. The pressure dependence is
exponent(At these low pressures the superfluid density wagonsistent with our expectation since, of all the data, sample
very small, and sound resonantesminate the period shift ¢ at low pressure is most likely to be closer to the homoge-
at low pressures.The exponents: (Fig. 16 vary between neously scattering regime. Clearly, a systematic investigation
1.45 and 1.3, and there is a distinct difference betyveen thgf the power-law dependence on coherence length in the ab-
exponents above and below 15 b#¢ 245 A). The inho-  sence of a significant bulk fluid component is needed in or-
mogeneous scattering regime should give way to & homogeter to compare details of the crossover of the superfluid be-
neous regime as the pressure is lowe(see Fig. 11 To  havior from the strongly inhomogeneous to the nearly
illustrate this, we plot the measured exponents against thﬁomogeneous regime to theoretical expectations.
coherence lengthg, normalized to¢,, the length scale at  The change in power law away from the linear behavior
which the aerogel appears homogene@ee Fig. 1 The  nearT, as the pressure is increased is consistent with the
lower pressure data from cell A exhibit behavior which is penavior predicted for an inhomogeneous scattering model
closer to linear, as we would expect from the argumentggnstructed by Thuneberg, Sauls, and co-workéf8y av-
eraging the superfluid over the inhomogeneities they obtain

15 T HIHIE S A R nonlinear development of the superfluid n&arat high pres-
N ¢ } ] sures where the coherence length is small. As the pressure is
s { ] lowered, the temperature development should crossover to a
s 13b } i { } ] more linear behavior. It will be interesting to study super-
- . ] fluid *He in more dilute aerogels where the scale of the
S 12F ] structure is different and so should exhibit behavior which
é. : deviates even further from a linear temperature dependence.
m L1 1
10F Q . V. CONCLUSIONS
0.90'1- S B -0; _V\_/e have demonstrated thgt the _structural_ qorrelations
) ’ & e | ) within aerogels play an essential role in determining the be-
2 havior of superfluid®He contained within them. The scatter-

FIG. 16. The superfluid fraction power landetermined for cell  INg data that we have obtained from samples used to measure
A (solid circles and C(open circlesas a function of the coherence both TS andps/p emphasize that the volume fraction of the

length&, normalized to, , the length at which the aerogel appears aerogel is only the starting point from which the superfluid
homogeneouspy(T)/poc (T2—T)"éo/a), behavior can be understood. Specifically, we have shown
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that the aerogel can act as a nearly homogeneous or askag—holds forth the exciting possibility of quantifying the
highly inhomogeneous impurity for identical density aero-nature of the disorder and its effect on phase transitions.
gels, depending on the size of the aerogel correlation length
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