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Estimate of the gap parameter for superfluid He in aerogel
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We infer the magnitude of the superfluid gap fite in aerogel from measurements of the normal fluid
density as a function of temperature. We compute the effective Yosida function for two different aerogel
samples over a range of pressures. We find that the suppression factor of the zero-temperature superfluid gap,
scaled bykgT,., ranges from 0.5 to 0.8 as compared to the pressure-dependent weak-coupling plus gap, with
the scaling factor dependent on the suppressiof.aklative to the bulk value.
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The magnitude of the gap in the quasiparticle energyin aerogel over a certain region in parameter spidéever-
spectrum is an important parameter in characterizing the suheless, in order to simplify our discussion and emphasize
perfluid phase ofHe (Ref. 1) and, in particular, is directly that we compare our data to models buik 3He rather than
related to the pairing amplitude. Because the gap shifts thgnpure *He, we will refer to the magnitude of the superfluid
quasiparticle energy levels, it plays a crucial role in deterorder parameter as the gap throughout this work.
mining the thermodynamic properties of the system. Many Estimates of the gap based on direct NMR and heat ca-
experiments, including NMR and heat capacity measurepacity measurements show that the superfluid gag#t in
ments, explicitly probe the magnitude of the superfluid 9apaerogel is suppressed compared to the bulk value. The zero-
Furthermore, the gap is often a straightforward parameter g, \heratyre gap estimated from NMR measurements is
gompute 'Q many ?Ode@. so It can hb_e used to corjlmlpare roughly A geroger> 0.5 by, - Which agrees well with heat ca-

etween theory and experiment. In this paper we wi COm;E)acity measurement§.By contrast, recent experiments on

pare our parametrization of the magnitude of the superflui Clal ) o )
gap of *He in aerogel obtained from superfluid density mea__superflmd He in aerogel using an oscillating disk of aerogel

surements in 98% open and 99.5% open aerdgdisgether in a °He b_a_th find that th_e gap suppression _measur_ed by the
with unpublished results, to bulk values of the gap in order tg*-B transition's magnetic field dependeﬁ%es consistent
elucidate the effects of the scattering impurities on the supetith @ simple scaling of the gap as predicted by the homo-
fluid pairing amplitude. geneous scattering model for superflﬁide in aerogel. This
The gap for theB phase of superfluidHe is isotropic and IS @ substantially smaller reduction than inferred from the
can be understood to first approximation using the BCSarlier measurements. Calculationsdewave superconduct-
theory fors-wave superconductofs-However, the additional 0rs with impurity scattering find that the average gap does
degrees of freedom in the order parameter alter the pairingot simply scale withT.*°
interaction and cause a modification to the gap. Experimen- The effect of impurity scattering on superfluitHe in
tally, the gap parameter is found to scale as a function oferogel is expressed in models in terms of the parameter
pressure and temperatfré. The weak-coupling plus I/&4, wherel is an impurity mean free path ardg the super-
(WCP+) model proposes that the BCS gap is scaled byfluid coherence lengthComparisons between experimental
pressure-dependent strong-coupling tefmsth a tempera-  data and these models have generally relied on vaiyésga
ture dependence that reduces these corrections for small vditting parameter, which has been found to exhibit pressure
ues of T/T.. The WCP+ calculations of the superfluid gap dependencé!® Experimentally, the ratid/ &, is most easily
have been found to agree well with torsional oscillatamd  altered by varying the pressure, which in turn changgs
heat capacity measuremehtsn the B-phase gap in bulk However, the effectivé may also be varied by changing the
*He. density of the aerogel, and we present our analysis of results
He in aerogel has been shown to undergo a superfluifom 99.5% aerogel which have not been discussed in earlier
transition when confined to a porous aerogel, a very diluteeference$:*® It is well known from experiments on bulk
network of ~3-nm-diameter silica strands. Measurements®He that strong-coupling corrections affect the superfluid
using torsional oscillators NMR,'! high-'? and low?® fre-  pairing at high pressurésthese corrections are not ac-
quency sound, and heat capatitgave all found thafHe in  counted for in current models fotiHe in aeroget® Our goal
aerogel undergoes a superfluid transition with reduced valuaa this paper is to extract an estimate of the pairing ampli-
for the superfluid transition temperaturé.] and superfluid tudes for3He in aerogel from our measurements on the su-
density () as compared to bulRHe. There has also been perfluid density in two different aerogel samples. We first
intense theoretical interest in understanding the behavior afompare these with bulk values for the BCS superfluid gap
3He in an aerogel impurity*>!® It should be emphasized and then to values which explicitly incorporate strong-
that in the general case of a disordered superfluid, the gap itoupling corrections in order to motivate a better understand-
the energy spectrum is no longer equivalent to the pairingng of the features which need to be incorporated into a
amplitude. This is strikingly demonstrated in recent workmodel for impurity scattering ofHe in aerogel which in-
which predicts the existence of gapless superfluidity*fde  cludes strong-coupling corrections.

0163-1829/2002/68)/0925114)/$20.00 65092511-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 65 092511

The experiments consisted of a torsional oscillator with A(T) A(T=0) m[2AC(T, 12
the aerogel occupying the main inertial mass. The cell was KeTo  KoTo lanhﬁz: 3 C_N ?—1 , (4)

mounted on a dilution cryostat with a PgNiuclear demag-
netization stage, having a base temperature of 0.7 mK. Th@here 5,.= A(T=0)/kgT. parametrizes the strong-coupling
sample temperature was measured using a lanthanum-dilute@rrections and\C/Cy is the specific heat discontinuity. It
cerium magnesium nitrate thermometer calibrated to withinshould be pointed out that using E¢) in order to compute
10 uK using the specific heat anomaly in bulk superfluid the Yosida function expresses the magnitude of the gap in
3He. terms of the dimensionless parametdkgT.. Because the

By monitoring the temperature-dependent period shift ofsuperfluid transition temperature féHe in aerogel.T., is
the torsional oscillator below, and comparing this to the reduced relative to the bulRHe superfluid transition tem-
change in period on filling the cell witAHe, we were able to peratureT o, there will be an additional terrifi/T, in the
measure the fraction ofHe which decoupled from the tor- suppression of the magnitude of the gap parameter.
sion head. After correcting for tortuosity, we converted this |t is convenient to factor out the explicit dependence on
period shift into a superfluid density. We measured the suthe transition temperature of the zero-temperature gap by de-
perfluid density as a function of temperature for several diffining a parameters (motivated by the definition of the
ferent pressures for the two aerogel samples. The aerogelrong-coupling parameteis. in Ref. 22, as
samples had porosities of 98% and 99.5%, covering a factor

of 4 in impurity density. The superfluid transition 8He in A(T=0)

these particular samples has been discussed previbusly, 527’ ©)
and portions of the superfluid density data used in this paper Ble

are presented in these earlier references. where T, is the superfluid transition temperature. Then, for

Superfluid ®He in aerogel at low fields and pressures isBCS systemsg will always equal 1.76, regardless of any
thought to be in theB phase with an isotropic g&B.By  change in the magnitude of the zero-temperature gap due to
comparing the temperature dependence of the bare normalsuppression of ;. In practice, we find that the value of
fluid density (oﬁ, defined below derived from the torsional for superfluid®He in aerogel shows a systematic dependence
oscillator measurements to the calculated Yosida function, an To/T., (where T, is the bulk superfluid transition tem-
measure of the density of thermal excitations on the Fermperaturg.
sphere, we are able to estimate the suppression of the super-We first compare the bare normal fluid density data from
fluid gap due to impurity scattering by the aerogel. the torsional oscillators to the Yosida function arising from a

There is a pressure-dependent adjustment to the normplessure-independent BCS gap. The BCS gap is computed
fluid density arising from Fermi liquid corrections to the ef- from Eq. (4) using 85,=1.76 and AC/Cy=1.43. The
fective quasiparticle mass. In a manner similar to that detemperature-dependent quasiparticle energy, found using Eq.
scribed in earlier referencé§we can strip away these Fermi (3), was substituted into the integrand in E8) which was
corrections by defining the bare normal fluid density as ~ numerically integrated with appropriate energy cutoffs. In

order to investigate a suppression of the gap by a simple

Pn scaling factor, we computed the Yosida function for a range
pﬁ ? of BCS gap parameters reduced by a multiplicative coeffi-
. F, ol (1) cient ranging from 1 to 0.53.

1+ (—) ( 1— —”) Figure 1 shows the comparison between the bare normal
3 p fluid density from the torsional oscillatdiTO) experiments

wherep,,/p is the normal fluid density measured by the tor- and the calculated scaled BCS Yosida functions. The upper

sional oscillator experiment arfé} is the pressure-dependent PIot is for the 98% porosity aerogel, while the lower plot is
Landau parameter. for the 99.5% sample. The data are shown for three pressures

Calculating the Yosida function, which is equivalent to (25, 10, and 2 bayswhere the superfluid transition tempera-

p2' first involves computing the magnitude of the gap andture is determined by the onset of the period shift in the TO.

b . .
then using this energy to find the density of thermally excited\[though pr/p shows some deviations from the calculated

quasiparticles. The isotropic temperature-dependent Yosidé°Sida functions close td, it is possible to estimate an
functiorft “effective” scaled BCS gap over a relatively large tempera-

ture range for each set of data. On the basis of Fig. 1 we see
o 1 evidence for a pressure-dependent suppression of the super-
Y(T)=f de SeChZE,BEk (2)  fluid gap(scaled byT,) for *He in aerogel.
0 The curvature of the bare normal fluid density is different
depends explicitly on the gap parametefT) through the from the linear behavior of the Yosida function closeTio.

quasiparticle dispersion equation This feature may be more clear in Fig. 2. The temperature
dependence of the superfluid fractione in aerogel does
Ey=+ \/e§+[A(T)]2. €©)] not follow that of the bulk fluid at any pressure. In particular,

Porto and Parpia found that the superfluid density followed a
To calculate the magnitude of the gap parameter, we uspower law behavior over a large temperature rahgais
the interpolation formufz deviation could indicate some change in the pairing mecha-

092511-2



BRIEF REPORTS PHYSICAL REVIEW B 65 092511

1 T
0.9 |-
—_ :\ az"
8 o F _-' ()
5 08 | 5 ]
om ; OOOOO . ..o..
he]
ge] L )
L @ 0.7 . 4
S < [ g 1
o0®
A 3 L
- —_ 06 ¥ 1
=l = i
> >
05 [ ]
98% porosity aerogel 1 . ‘ ‘ ‘ . ]
(RN NN TR W TR WA N SN SN SN S (N AN TR SO TR NN SO SR S SR N S W1 |— 0.4 E— s — : : E— E—
s 1 0.7 0.75 0.8 0.85 0.9 0.95 1
] T/T
- [o3

FIG. 2. The temperature-dependent Yosida function computed
] from the scaled WCP gap at a pressure of 10 bars. The WEP

] gap is scaled by the same factors as in Fig. 1, with the lower curve
corresponding to a scaling factor of 1.0 and the upper curve a scal-
ing factor of 0.53. Also plotted are the bare normal fluid densities

] for a 99.5% aerogel samplgolid symbol$ and a 98% aerogel

] sample(open symbolg both at 10 bar.

Y(T) (scaled BCS)

the Yosida function from the scaled W&Ryap, with scaling

. ] factors between 1 and 0.53 as in Fig. 1, plotted with the
99.5% porosity aerogel | normal fluid density forPHe in both 98% and 99.5% aerogel
O samples. Notice that at a fixed temperature the Yosida func-
tion from the WCP+ gap is smaller than the Yosida function
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FIG. 1. Comparison of the scaled BCS Yosida function vaith r

p. The upper plot shows the result for a 98% porosity aerogel while
the lower was taken with a 99.5% sample. The solid symbols are a
25 bars of pressure, the gray symbols at 10 bars, and the ope
symbols at 2.5 bars. The Yosida functions are plotted as solid linesz~
with BCS gap scaling factors ¢from bottom to top 1, 0.91, 0.83,
0.77, 0.71, 0.67, 0.63, 0.59, 0.56, and 0.53.
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09 | o 98% aeroge ]

L4

nism in the presence of impurity scattering. A quantitative == 07 | %’% ]
analysis of this discrepancy is hindered by the presence oz I ]
sound modes crossing the TO resonant frequency clog to I %‘
which affects the measurement,tﬁ. This small discrepancy 0.6 - +
between the Yosida function an is incorporated into the - '%‘
error bars in Fig. 3. I +
Rather than compare the bare normal fluid density to the O
BCS gap, we can also compare these data to the Yosid T/T
function computed from the WCP gap, which yields a ¢ ¢c0
more accurate estimate of the gap Bsphase bulk®He. The
pressure-dependent We€Pgap was computed using the 8l dwep+ , Which gives the best fit Yosida function away frofg
WCP+ paramete@ for 65c and AC/Cy in Eq. (4). The  piotted vsT,/T,o. Here 8 is defined in Eq(5), and the pressure
values of 6 used in computing the WCP gap vary from  gependence due to strong-coupling corrections is explicitly stated.
1.774 at O bar to 1.866 at 34 bars. Calculating the Yosidane solid symbols are from the 99.5% porosity aerogel sample,
functions for a set of scaled WGPgaps led to a family of  while the open symbols are from the 98% porosity sample. The
curves similar to those for the scaled Yosida function in Fig.error bars in the scaling factor represent the uncertainty in choosing
1 for each pressure. Figure 2 shows a specific example of thie best fit Yosida function, while the errors /T, result from
at 10 bars. This plot shows the temperature dependence dfe determination of ;.
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FIG. 3. Scaling factor for the WGP gap, expressed in terms of
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from the BCS gap. By comparing the bare normal fluid den-aerogel samples are parametrized simply by the suppression
sity at some pressure to these WERosida functions at the of T,. When the additional correction to the suppression of
same pressure, we estimated the effective suppression in thige gap arising from the reduction @f, due to impurity
WCP+ gap which gave the best fit to the experimental datascattering is included, the magnitude of the zero-temperature
We plot the suppression in the effective WERyap, in ~ 9ap in superfluid®He at a fixed pressure is reduced by a
terms of 8/ Swcps » Which produces the best fit Yosida func- factor of ~0.4 to~0.76 (depending on pressyrin aerogel
tion versusT,/T¢, for a range of pressures in both aerogel@s compared to bulk fluid. _ _
samples in Fig. 3. The error bars show the estimated range in Ve have estimated the magnitude of the superfluid gap for
the gap scaling factor based on uncertainty in choosing theHe in aerogel by comparing the bare normal fluid density to
best fit Yosida function. We see evidence for a systematig\(l)s".ja functions calculated using the BCS and \WCgaps.
dependence of the scaling factor fardefined in Eq(5), on e find evidence that the gap is reduced by a scaling factor

T/T.. The magnitude of the WGP gap parameter scaled which depends on pressure, beyond the variations due to the

by koT. depends stronalv on pressure for a aiven aero eqlormal strong-coupling corrections. This immediately sug-
Y Xg'lc d€P gy P 9 9€ests that any successful model féile in aerogel must

. oY g
sample(since T /T.q depends on pressdielt is important . T )
o note that by plotting the suppression afather than the simulate thisT .-dependent suppression of the gap. It should

suppression of thd=0 gap we have eliminated the explicit be pointed out that the estimates for gap discussed in this
dependence off,, and by computing the gap using the paper were based opf over a limited temperature range,
WCP+ parameters we have eliminated the pressureS\WeeN =0.7Tc andT=0.95T;, as compared to the much
dependent strong-coupling corrections. This means that thl%roader temperature range investigated prewous!y. Our est-
suppression ob shown in Fig. 3 represents variations of the mates for th_e suppression of the gap agree well with previous
gap parameter arising solely from impurity scattering fromheat capacity and NMR measuremefits the gpproprlate
the aerogel sample. yalues (')fT(?/TCo),'and aTc—dependgnt suppression of the gap
The magnitude of the gap scaling factéts de is qualitatively in agreement with predictions made for
WCP+ - ~ P : g
pends on the suppression Bf and not on the specific aero- d-wave superconductors with impurity scatterfig.

gel sample. Sincd has been shown to depend on the mi-  This research was supported by the NSF under Grant No.
crostructure of the aerogethe differences between the two DMR0071630.
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