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The phase diagram of the superfluid phasedHs in 98% aerogel was determined in the range of pressure
from 15 to 33 bars and for fields up to 3 kG using high-frequency sound. The superfluid transition in aerogel
at 33.4 bars is field independent from 0 to 5 kG and shows no evidence/f-Agn splitting. The first-order
transition between th& andB phases is suppressed by a magnetic field, and exhibits strong supercooling at
high pressures. We show that the equilibrium phase in zero applied field Bghase with at most a region
of Aphase<20 uK just belowT, at a pressure of 33.4 bars. This is in contrast to pitte which has a large
stable region oA phase and a polycritical point. The quadratic coefficient for magnetic-field suppression of the
AB transition,g,(8), was obtained. The pressure dependenag,08) is markedly different from that to the
pure superfluidgq(B), which diverges at a polycritical pressure of 21 bars. We compare our results with
calculations from the homogeneous scattering mode{68), defined in a Ginzburg-Landau theory in terms
of strong-coupling parameteiB. We find qualitatively good agreement with the experiment if the strong-
coupling corrections are rescaled from known values ofdlsdor pure *He, reduced by the suppression of the
superfluid transition temperature. The calculations indicate that the polycritical pressure in the aerogel system
is displaced well above the melting pressure and out of experimental reach. We cannot account for the puzzling
supercooling of the aerogdB transition in zero applied field within the framework of known nucleation
scenarios.
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[. INTRODUCTION two thermodynamically stable superfluid phases in zero field.
The A phase is the axial state which separately breaks spin
Quenched disorder in condensed-matter systems is marand orbit rotational symmetries. Tlephase is the isotropic
fest in a wide variety of materials from glassy solids andstate which breaks relative spin-orbit symmetry. The stability
liquid crystals to the mixed state of superconductors. It arisesf the A phase over th® phase at elevated pressure, above
in diverse phenomena ranging from cosmological models fothe polycritical pressure of 21 bars in zero field, is a conse-
the evolution of the universe to vortex tangles in superfluidquence of strong coupling in the quasiparticle interactions.
“He. Disorder in superfluidHe is of special interest since After 30 years of extensive experimental and theoretical in-
the order parameter structure of this superfluid is nontrivialyestigation®He is the best understood of all unconventional
although well known, and its various phases exhibit a numsuperfluids or superconductors. Motivation to investigate dis-
ber of spontaneously broken symmetries. Quenched disorderder in this superfluid derives in part from our need to un-
in a superfluid can be generated extrinsically by a randonderstand impurity effects in this, and in similar, unconven-
impurity field with inhomogeneity on a length scale compa-tionally paired systems. New families of superconducting
rable to the coherence length. In the present case this imaterials such as §RuO,’ URhGe? and organic
achieved by imbibing®He into silica aerogel, a highly po- conductor$ may be unconventional superconductors, and in
rous material made of randomly interconnected strandsome cases, p-wave structure has been suggested.
of SiO,. At millikelvin temperatures®He is the purest material in
Aerogels have been used to study liquid crystasper-  nature. Its properties have been investigated extensively as a
fluid “He? *He-*He mixtures’ and superfluifHe*° Glassy  system entirely free of impurity scattering other than at sur-
effects have been observed in the liquid-crystal-aerogel sydaces. The influence of aerogel cile is to suppress the
tems. In3He-*He mixtures a profound influence of aerogel transition retaining a narrow width and to alter the behavior
on the phase diagraiwas reported. SuperfluitHe in aero-  of the superfluid phases. In contrast, for surface scattering,
gel was found to have a suppressed, but relatively sharghe orientation and the amplitude of the order parameter are
transition temperature and the order parameter appears to beth constrained and the superfluid becomes spatially inho-
reduced"® However, the nature of the phase diagram andmogeneous. The use of highly porous aerogels to introduce
identification of the thermodynamically stable phases havémpurity scattering in®He has provided a significant oppor-
not yet been clearly established. Here we report the use dtinity to learn about unconventional pairing states. The first
high-resolution transverse-acoustic impedance to map outbservations of superfluidity were torsional oscillator experi-
this phase diagram. ments to measure the superfluid density, performed at
The 3He-A and B superfluid phases were discovered in Cornell} and nuclear magnetic resonan@MR) studies
1972 by Osheroff, Richardson, and L£&he order param- performed at Northwestert’ These results were found to
eter is now established to bepavave spin triplet which has be consistent with theoretical models for impurity
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scattering! In its simplest form, the homogeneous scattering 3He bulk
model (HSM), the suppression of the superfluid transition is X-cut transducer (longitudinal)

given by the well-known Abrikosov-Gorkov formula S ——
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whereT.,(To) is the superfluid transition temperature of the _ ) _ o
aerogel(bulk) system,éy=%v/2mkgT, is the bulk coher- FIG. 1. Schematics of the acoustic cavity. The X-¢anhgitudi-

ence length, and,, is the transport mean free path. Thesen@ soung and AC-cut(transverie soundransducers are §ep§rated
carlier results triggered numerous  experimentaf?y 270m spacers and the 98% porous aerogel was griovaitu.
investigationéz'”and theoretical work-8-25aimed at char- Each transducer has two active sides; one probes the aerogel-filled

acterizing and understanding the properties of the “dirty” cavity while the other probes the bulk liquid outside the cavity.
superfluid formed inside the aerogel matrix. However, the
identification of the superfluid state in th#e-aerogel sys- The acoustic technique is similar to that reported
tem has been controversial, and only recently has there begmeviously**? and a schematic of our acoustic cavity is de-
agreement as to which superfluid phases are observed. picted in Fig. 1. The cavity was formed with two quartz
The first NMR measurement in puféle and 1.2 kG sug- transducers separated by two parallel stainless-steel wires
gested a superfluid in an equal-spin paifE&$P stat€ simi-  producing a cavity of widthd=270 um .23 One transducer
lar to the bulkA phase. With*He additions a non-ESP state was AC-cut for transverse sound, and the other X-cut for
was found® like the bulk B phase. NMR measurements at longitudinal sound, with a diameter of 9.5 mm. Their funda-
lower fields (~50 G) without “He found evidence for a mental frequencies were 2.9 MHz and 4.8 MHz, respectively.
B-phase superfluid in aerodéland Barkeret al® found a  This arrangement allowed us to perform experiments with
transition between an ESP and a non-ESP state at 284 G witlither transverse or longitudinal sound. The aerogel was
“He coverage. This transition was found to supercool quitggrown in situ, in the volume between the transducers. Each
readily and was identified to take place betweerand B  transducer has two active sides; one probes the aerogel-filled
superfluids, but it should be kept in mind that the orbitalcavity, and the other the bulk liquid outside the cavity. All
symmetry of the order parameter in aerogel has not yet beesxperiments were performed with pufele which was veri-
determined. The aerogéB transition was also observed fied to contain less than 250 ppm 8ifle, much less than the
recently by a vibrating aerogel disk at low pressiffeand  amount required to cover the aerogel strands with one atomic
was studied near the bulk polycritical pressUCP using  layer of “He.
high-frequency soun®f. The reason for covering the strands  The electrical impedance of the transducers was measured
with some “He (two or more atomic layejsis to replace using a continuous-wave spectrometer. The measurements
magnetic solid®He that contributes to measurement of thewere performed at a fixed frequency corresponding to odd
SHe magnetization and may also affect the nature of thdarmonics of the fundamental resonance, with a frequency
scattering and possibly properties of the dirty superfluid. Inmodulation of 400 Hz and modulation amplitude of 3 kHz.
the present work, we present a comprehensive acoustids the case of longitudinal sound, the medium inside the
study of the phase diagram of tiAe andB-superfluid phases cavity is of sufficiently low attenuation that a standing-wave
of 3He in a 98% aerogel withoutHe and from 0 to 3 kG.  pattern is established throughout the cavity. Small changes in
the attenuation and velocity, induced by changes in tempera-
Il. EXPERIMENT ture or pressure, produced changes in the electrical imped-
ance of the transducers that can be detected by the
High-frequency sound~MHz) has proven to be a pow- spectrometet-=3 For transverse sound, the highly attenuat-
erful tool to study the properties of purtHe in the normal ing medium prohibits the existence of well-defined standing
Fermi liquid and in the superfluid state. For example, Landwaves and the measurement is similar to that of an acoustic
au's seminal prediction of collisionless sound in a Fermi lig-impedance measureméftlt is not possible with this tech-
uid, called zero sound, was experimentally verified withnique to separate individual contributions from attenuation,
high-frequency sound attenuation measurem@&ntdigh-  sound velocity, or coupling to collectives modes in the
frequency sound also couples strongly to the order-paramet@mansverse-acoustic impedance. However, we have found
collective modesOPCM of the superfluid and numerous that, at low frequencies<10 MHz), the transverse sound
OPCM have been observed in both theand B phases of impedance changes abruptly at all of the known phase tran-
pure *He (see Ref. 29 for a review Transverse sound was sitions in each of the bulk and aerogel superfluids, see Fig. 2.
predicted to exist in normalHe by Landau, and was shown  The transverse-acoustic response at 8.691 MHz and a
to propagate in*He-B from the observation of an acoustic pressure of 25 bars is shown in the left panels of Fig. 2 on
Faraday effect® In what follows, we describe a technique cooling (upper trackand warminglower trace, and at zero
used to probe the phase diagram e in aerogel using (upper panél and 2.57 kG applied magnetic fieldower
both transverse and longitudinal high-frequency soundpane). The phase transitions in the bulk liquid and the aero-
waves. gel are denoted by arrows. On cooling, and in zero applied
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FIG. 2. Left: transverse-acoustic response at 25 bars and zero applieifipket panel and 2.57 kGlower panel. In each panel, the
data in the uppeflower) trace is taken on coolingvarming. The temperature scale is for warming only; for cooling the traces were offset
for clarity. The various transitions in the bulk and aerogel superfluids are indicated by arrows. The inset is an enlarged view of the bulk
superfluid transitioT .o in zero field(uppe), and 2.57 kGlower) which shows the bulld; andA, transitions. Right: an enlarged view of
the aerogelAB transition on warming is shown at 25 bars and 2.57 kG for the acoustic response of transverse sound at 8.691 MHz in the
upper panel, and longitudinal sound at 14.635 MHz in the lower panel.

field, we successively observed the bulk superfluidy), the aerogelAB transition observed on warming at 25 bars
bulk AB (Tagg), aerogel superfluidT,.,) and aerogeAB  and 2.57 kG. A small jump in the acoustic trace of longitu-
(Taga) transitions. The thermometry scales for cooling anddinal sound, coincident in temperature with that of transverse
warming are different. The scale shown in the figure is forsound, was observed when tA® transition occured at tem-
slow warming such that equilibrium is assured between theeratures sufficiently well below.,. The condition for ob-
LCMN thermometer used in low field, the melting curve serving the signature in longitudinal sound was that it ap-
thermometer, and the aerogel sample. For the results in Fig.f2ears at sufficiently low temperatures, meaning that the
and Fig. 4 below, we corrected the thermometry for the mordransition is either supercooled or that it appears on warming
rapid cooling experiments using the temperature dependende a fieldB=2 kG. However, we cannot determine whether
of the acoustic impedance established in equilibrium duringhis jump in the longitudinal sound trace arises from a
warming. This provides a convenient and intrinsic secondarghange in attenuation due to collective modes, or from qua-
thermometer, but for clarity the cooling traces are offsetsiparticle excitations. The observation of the aerog@&
When a magnetic field is applied, we also observed the bulkransition in longitudinal sound ensures that the transition
Ai-A, splitting as a “knee” in the acoustic response, asobserved with transverse sound is not a local effect occurring
shown in the inset of the lower left panel. The bdlk and  near the surface of the transducer. We have shown
A, transitions are completely resolved in the acoustic trace gtreviously’ that a well-defined longitudinal sound mode
a field of ~5 kG and above. can be established in our acoustic cavity, and therefore the
In the right panels of Fig. 2 we show a direct comparisonAB transition observed with this mode reflects the behavior
of the signatures from transverse and longitudinal sound foof the superfluid over the entire aerogel sample. We have
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also verified that the change of slope in the transversel? bars and for frequencies ranging from 3 MHz to 55 MHz.
acoustic trace labeled,, corresponds to the temperature at We found that the transverse-acoustic signature signalipg
which the attenuation of longitudinal sound decreases at this weakly frequency dependent but that it recovers the tran-
onset of the superfluid transitidh However, the wider range sition temperature T.o Iin the low-frequency limit,

of observability of the aerogeAB transition by transverse =10 MHz. The transition temperatures observed in our
sound, as compared with longitudinal sound, and its highesample are in excellent agreement with those reported
precision, makes it a better tool to map out the phase diaelsewherg!>*for the same density of aerogel. In what fol-
gram of *He in 98% aerogel. The frequency dependence ofows, the (P-T-B) phase diagram of®He in aerogel

the bulk superfluid transitioT.q, as observed with trans- was determined using transverse sound at a frequency of
verse sound, was also systematically studied at a pressure 691 MHz.

054528-4



PHASE DIAGRAM OF THE SUPERFLUID PHASES . . . PHYSICAL REVIEW B 66, 054528 (2002

Ill. RESULTS AND DISCUSSION L L =

6 - ]

A. P-T-B dependence of theAB transition in aerogel 150x10 " /"' e T

-

One of the key issues in the study of superfidide in - o T
aerogel is to determine the way in which the superfluid phase I ._,,_,»-*"
diagram is modified by impurity scattering. Unlileawave 100 - P e -
superconductors for which only magnetic impurity scattering -5 - e o _
is pair breaking,p-wave Cooper pairs are sensitive to all < " '
forms of scattering. For superfluitHe in aerogel, there is
now general agreement that impurity scattering suppresses 50 N P -
the superfluid transition temperature and the amplitude of the For8™ .
order parameter, and that a non-ESP phase similar to the bulk i - e ]
B phase is favored near zero field. However, most experi-
ments have been performed in different region®pofT, and ok - =
B and also under different experimental conditions, e.g., with r | ! ! ]
or without “He preplating on the aerogel strands and with .
different aerogel densities. In particular, the phase diagram of Time
the superfluid phases of purtHe in 98% aerogel has not L R
been established; the zero-field phase diagram is largely un-
known. We emphasize that only the spin structure of the
pairing state of°He in aerogel has been identified through
NMR measurement of the magnetizatid# or the stability
of the transition in a magnetic fiefd:?” In the latter case,
assuming triplet pairing, we can infer the spin component of
the order parametdESP or non-ESPfrom the field depen-
dence of the phase boundaries. The orbital symmetry is more
elusive. For example, it would be helpful to investigate the
OPCM which couple to orbital degrees of freedom of the
order parameter, but they have not yet been obsetved. : 1
Nonetheless, we use the earlier notatfofi*’“ A” and * B” 20 T ]
for the aerogel superfluid phases corresponding to ESP and I NI T
non-ESP states, by analogy with the bulk, and we later dis- 2.05 2.10 2.15 2.20 2.25
cuss implications from our measurements for the orbital Temperature (mK)
symmetry of the aerogel superfluid.

The phase diagrams of the aerogeB transition as a FIG. 4. Lower panel: transverse-acoustic response at 33.4 bars
function of B2 and for various pressures are shown in Fig. 3.and zero applied field during slow warming in the vicinity Bf,

The triangles denote the superfluid transitiohs,, as deter- and subsequent rapid cooling. The traces labeled 1 to 4 correspond
mined by the change of slope in the transverse-acoustic trac®, Séveral maximum temperatures reached prior to rapid cooling.
the filled circles are the equilibriurAB transitions taken on The corresponding cooling traces are shown in the upper panel as a
slow warming, and the empty circles are the supercoAlBd function of time, and the bulk and aerogkB transitions are de-

transitions. The long-dashed lines show the average values gpted by arrows. For traces 1 and 2 the aeragaltr_ansmon was
- . . ...not crossed on warming and for traces 3 and 4 it was. The trace

T.a and the dotted lines are extrapolations to zero field. Wlﬂ] e . y

beled 5 shows the aerogkB transition but for a cooling experi

Zlg techn_lque, we were gnableft_olgbssr\l/e dl{e:tll(yGtht_e aerng?iient originating from the normal state. In the lower panel, the
transgons on yvarmlng at fields below 1. ) 1.€., TOI' yertical solid line isT., as determined from the change in slope of
Taa/Tca=0.9. An independent check on the validity of our yhe acoustic response on warming, and the dotted line is a lower

extrapolation to zero field is discussed beldig. 4). bound on the temperature for the aerogeB-phase boundary,
The magnetic-field-independent transition from normal to— 29 ;K below T.,.

superfluid state, and field-dependent transitions fhoito B
superfluids strongly suggest that these are transitions be-
tween normal fluid to ESP superfluid states, and betweesweeps in which the temperature was slowly raised from low
ESP and non-ESP states, as in the bulk. The strong supdemperature £ 0.6 mK) to a temperature in the vicinity, but
cooling of the AB transition, even in zero applied field, slightly less than,T.,, and then rapidly cooled. If the
shows that the transition is first order. However, there are keyAB-phase boundary were reached on warming, the super-
differences in the aerogel phase diagram as compared to tleoledAB transition would be observed on cooling, whereas
bulk. In particular, the zero-field equilibrium region of aero- in the opposite case the aerogel superfluid would remain in
gel A phase is extremely narrow; 20 uK at 33.4 bars, if it  the B phase with no evidence of aB transition. This pro-
exists at all. cedure depends on the absence of what is called a memory
In order to locate thé\B-phase boundary at 33.4 bars in effect for secondary nucleation which we verified indepen-
zero applied field, we have performed a series of temperaturgently in modest magnetic fields.

40x10 °F

=)
1
/ { ol
4
|

Acoustic Response (a.u.)
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Figure 4 shows these various traces upon warming to
temperature in the vicinity off ., (lower panel and traces
labeled 1 to 4, vertically offset for clarityand then rapidly
cooled. The thermal disequilibrium during sudden cooling is
sufficient to make the cooling traces appear to move up in
this figure. The lowest tracginlabeled shows the complete
acoustic record in slow warming witfi., indicated by a
change of slope and marked by a solid vertical line.

In the upper panel, we show the same acoustic traces fo
rapid cooling(1 to 4) as a function of time while the trace
labeled 5 is for a cooling experiment originating from the
normal state. We do not observe the aerof§yBl transition
upon cooling in the traces 1 and(@nd also for any partial
warmup to temperatures below those shown heshile in
the traces 3 and 4 the aerogeB transition is observed on
cooling. This shows that the equilibrium aerodeB transi-
tion lies at a temperature somewhere between the traces
and 3, which is indicated in the lower panel of Fig. 4 by a
dotted line. This is close td., (=20 wK) and is approxi-

mately the width ofT ., itself (~30 wK), sufficiently close 0.5 1.0
that we cannot say that the normal state of thte fluid in 000 ™ J)
: 1
aerogel had not been reached somewhere in the sample. Co-
sequently, we have inferred that the region of ghphase in FIG. 5. Three-dimensional phase diagraf-T-B) of the A-

aerogel in zero applied field is extremely narro#20 uK  5n4B superfluid phases diHe in 98% aerogel. The aerogel phases
at a pressure of 33.4 bars. We have also verified at a pressu§gs jabeled A” and “ B” and are delineated by solid lines while for

of 20 bars that thé\B-phase boundary in zero applied field the pure phases they are labelkdind B and shown with dotted
is indistinguishable fronT ., using the same slow warming lines. The shaded area shows the volume spanned by the equilib-
and quench-cooling method. rium A phase in aerogel. The open circles are data from the present
From the data of Fig. 3 we construct a three-dimensionalork, and the lines connecting them are fits to the data. At pressures
phase diagram for pressure, temperature, and magnetic fiebélow 10 barsT., was taken from Matsumotet al. (Ref. 34,
for the superfluid phases of pufe in 98% aerogel, see together with the field dependence of %8 transition observed by
Fig. 5. The relative stability of the superfluid phases of thethe Lancaster group at 4.8 bafRef. 2.
pure and dirty superfluids can be directly visualized and
compared. The data for the equilibriuAB transition from
Fig. 3 are shown as empty circles, and the thick solid lineBarker et al® observed a metastable aerogdb transition
are a smoothed fit of g, andT.,. Below 10 bars, the data on cooling using an NMR technique at 284 G and witte
from Matsumotoet al®* were used to describ.,. They  preplating. At 32 bars, an equilibrium region Afphase of
found a critical pressure of 6 bars in the zero-temperature 70 uK was inferred from the data. This is somewhat larger
limit. The thick solid curve at a pressure of 4.8 bars wasthan our results at the same field. The magnetization discon-
taken from the field dependence of the aerogBltransition  tinuity at the AB transition known to occur in the bulk sys-
measured by the Lancaster group with a vibrating aerogakem was not observed in aerogel, making it difficult for them
disk® but with its superfluid transition adjusted to match to locate the equilibriunAB transition. Furthermore, given
that of Matsumoteet al3* Above 10 bars our data faf,, in  the scatter of the datdand the thermometry resolution
zero field are similar to that of Matsumoi al®* and the ~20 uK, it seems plausible that th&-phase region might
data points are not shown for reasons of clarity. The aerogéiave been smaller than 70K and consistent with our find-
phases are denoted byA" and “ B” while the pure phases ings here.
are denoted byA andB. The shaded volume emphasizes the
aerogelA phase opening up with applied magnetic field, and
the dotted lines are the pure phase diagram shown here for
comparisort® The field dependence of the aerogel superfluid
transitions T, plotted as a solid line at 33.4 bars will be  The Ginzburg-Landa(GL) theory for superfluidHe de-
discussed later. scribes the free energy near the transition temperature ex-
The three-dimensional plot of th&¢T-B) phase diagram panded in powers of the order parameter. With this approach
of 3He in 98% aerogel shows the effects of impurity scatterthe relative stability of various possibfewave states can be
ing on the equilibriumA phase. The equilibrium region &  explored in terms of the expansion coefficients of the
phase is destabilized by impurity scattering in zero field;theory®” An extension to the dirty superfluid has been
however, we believe that there is a very thin sliver of equi-developed using a model that describes elastic quasiparticle
librium A phase that gives rise to supercooling of fhphase  scattering. There are five possible fourth-order combinations
observed in zero applied fiéitlat pressures above 15 bars. of the order parameter that are invariant under all symmetry

B. Magnetic suppression of theAB transition and the
homogeneous scattering model
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transformation of the-wave superfluid. These fourth-order UM R U IR AR B AR
terms are characterized by the coefficients, (5., 14 o P
B3.B84,B5), which in the GL theory are determined by ther- i
modynamic quantities such as heat capacity, the magnetiza- j p
tion, the phase diagram, and the NMR frequency shift. In i i i
addition, there is a term in the theory with a coefficignt 10~ e N
that incorporates strong-coupling modifications to the Zee- 4
man energy and has been shown to be equal to its weak-& 8 i /
coupling value within 5% at all pressures for bulkie® In o [ ° A 1
principle, one could uniquely determine tif’'s (thus the ! ]
free-energy functionalif five independent thermodynamic
measurements were performed; the fact that in bulk super-
fluid 3He there are only four such measurements is unfortu-
nate. Nonetheless, combinations of #Bés can be extracted 250 © Kow=
from experiment and are very helpful in understanding the L L
magnetic suppression pf tlephase of*He in aerogel. 0 5 10 15 20 25 30 35

In the pure superfluid the GL theory can be used to de-
scribe the suppression of theB transition by magnetic field P (bar)
only for pressures less than 21 bars, the pressure of the poly- . o
critical point. For superfluidsHe in aerogel, the data from FIG. 6. Pressure dependence of the strong-c_oup_llng coefficient
Fig. 3 suggest that this theory can be applied at all pressuréiB)- The aerogel data from the present wasblid circles are

with compared to the bulkempty circle$ (Ref. 3. The data at 4.8 bars
denoted by a star are from Brussaatdl. (Ref. 26. The solid line
Taga B2 4 is a guide to the eye. The dotted line is the HSM with
1— =0,(8) _) +0| =—| , (2) =200 nm and for which the purgHe strong-coupling corrections
Tea Bo B are used. The same model was used with strong-coupling correc-

tions rescaled from puréHe by the factofT;, /T, and two values
of transport mean free path were choosgp=200 nm (dashed
line) and 150 nm(dot-dashed ling

where g,(B) is a strong-coupling parameter defined in a
manner similar to that of the pure superfluid, aBgd

=+/N(0)/6g, is given by

87 kgTca .
Bo= 723 yh (1+F3), () =B=B3"=Br"=—2B1"=2B5° with By°=7{(3)N(0)/
Y 240(mkgT¢o)? and NO) is the density of states. In the weak-
with y the gyromagnetic ratio ofHe andF2 a Fermi-liquid ~ coupling limit, g.(8*%) = 1.

parameter. In the homogeneous scattering MogHSM) The coefficieng,(B) can be taken directly from the low-
which we describe belowB, is modified by impurity scat- field slope,m, of the data in Fig. 3m=—g,(8) Tca/B2. In
tering according t8"%° Fig. 3, the dotted lines show the quadratic suppression of
Taga for the smallest field at which the transition was ob-
~ served, and the extrapolation to zero field was verified using
74(3) 1_Xn§_:1 (n—1/2+x)72 the quench-cooling method we have described above, see
BhSM/By= S , Fig. 4. The pressure dependenceggf3) obtained from the

data between 15 and 33.4 bars is shown in Figfileed
circles, together with the measured values from the bulk,

(4)  go(B), taken from Tanget al>® (open circles We also give

the values ofT.,, m, By, and g,(B) in Table I. For the

erogel dataB, was defined as in the pure case; usﬁﬁ'\"

> (n—1/2+x)"3
n=1

wherex=hv/4mkgT¢gl andly, is the transport mean free

path. This correction is about 2.5% at 25 bars with a 200-nmn) ) .
mean free path. Assuming that the aero§y&l transition oc- increaseg,(B) slightly, however, its effect for a mean free
th of ~200 nm remains within experimental error. For

curs between the axial and the isotropic states, as in the pufR&

superfluid, the coefficierg, () is written as this reason and for clarity, we have usBgl which does not
depend on the transport mean free path. We have also de-
Boas duced the value of,(B) at 4.8 bars from the magnetic sup-
Ja(B) = 2(—3Bs+2 pression of the aerogdB transition measured by the Lan-
131 2B345) 5 - . .
caster group® denoted in Fig. 6 with a star. The solid line is
\/(3[312+ B345) (2813~ B3as) a guide to the eye and the dotted, dashed, and dot-dashed
x| 1+ BoaBaas (9 lines are calculations using the HSM which we discuss be-

low. The pressure dependencegqB) is markedly different
where we have used the Mermin-Stare conventionfrom the pure superfluidyo(B), which diverges at the PCP

Bix=Bi+ Bj+Bk. In the weak-coupling limit, —B5°  near 21 bars. The almost linear dependence on pressure ob-
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TABLE I. Values of'!'9a, slopem of the quadratip field depen-  58°% B¢, essential to calculate accurately(3), are taken
dence of theAB transition, By, and strong-poupllng parameter from pure3He;®® namely,B345is derived from measurements
ga(B). The values at 4.8 bars were determined from the data of¢ e B-phase NMRg shifts and longitudinal resonance
Brussaarcet al. (Ref. 2. frequency®® B;, from the normal toB-phase heat-capacity

P (barg T..(MK)  m(mKKGY) B, (kG)  ga(B) jump,® and B45 and Bs are from measurements of the
A;-A, splitting®® and magnetic suppression of the bl
4.8 0.653 —0.095 3.47 1.8 transition, go(8).3® The only unknown parameter in the
15.0 1.530 —0.085 7.53 3.2 HSM is the transport mean path, , for which high-
20.0 1.779 —0.095 8.41 3.8 frequency acoustic measurements on our sample were found
25.0 1.946 —0.092 9.2 4.0 to be consistent with a mean free path of
28.0 2.023 -0.108 9.96 5.3 ~200-300 nnt™3* In all of the calculations,T., was
33.4 2.123 —-0.121 10.46 6.2 solved using Eq(6) and was used consistently throughout

our calculations of thgs;’s.

In Fig. 6, the dotted line shows the calculationsggfB)
served in the aerogel superfluid, even at high pressure, iswhich assumes that the strong-coupling corrections are the
substantial modification of the phase diagram induced byame as in the pure superfluid and with a transport mean free
impurity scattering. path of 200 nm. The effect of scattering is to increase the

The simplest model of impurity scattering is the H3M. polycritical pressure, wherg,(8) diverges, thus increasing
In this model, the scattering probability is independent ofthe stability of the dirtyB phase. This model does not de-
position and the medium is completely isotropic. This modelscribe our experimental data for any reasonable value of the
has the advantage that the Ginzburg-Landau theory is onliyansport mean free path. However, we expethat the
slightly modified from that of puréHe. The superfluid tran-  strong-coupling corrections should scale to first order as
sition in aerogelT.,, is given by solving Eq(1) in the form 585~ (T./T¢) B4°, hence being reducettelative to the
weak-coupling valug in the dirty system accordingly to

o[ 1 1 (855941 8= (8359 g/ BYX T,/ Ty Where (6559, and
IN(Tn/Tn)+ _ =0, 6 i /Ja'Pa |00.cac0..|a.
"(Tea/Teo) n§=:1 1 1 © (8859, are the strong-coupling corrections in the dirty and
n—3 N=3*X the pure superfluids. In Fig. 6 the calculationgygf3) were

) also performed with the HSM using the rescaled strong-
Wherexzﬁv,f/‘l”kBTcaltr andly is the transport mean free ., njing coefficients. They are shown with two choices of
path. Th?ﬁi s have been calculated for the HSM and areansport mean free path of 200 ridashed lingand 150 nm
given by (dot-dashed ling Considering the limitations of the HSM,
585¢ the agreement between the data and calculgj€g) is rea-
B1 -1 0 Pi sonably good. But more importantly, the HSM calculations
B> 1 5B5° shows unambiguously that the strong-coupling corrections
sc (relative to weak couplingare reduced by impurity scatter-
Ba|=ai| 2 |+a| O |+| |, O ing and that the PCP is increased in a 98% porous aerogel
Ba 1 oB;° above the melting pressure, beyond experimental reach. At
Bs -2 -1 5BS° the PCP, the heat-capacity jump in th@hase equals that of
5 the B phase, equivalent to the condition33=28345in Eq.
where the coefficienta; anda, are, (5). The HSM with rescaled strong-coupling corrections pre-
. dicts a PCP of-34 bars for a mean free path of 200 nm and
1\ a PCP of~40 bars for a mean free path of 150 nm. The
N(O)nzl n- §+X almost linear dependence on pressur@i3) that we ob-
a,=py°= 5 , (8) serve suggests that the true PCP may even be higher than
240 7kgTca) estimated from the HSM. Experiments with higher porosity
aerogels, having a correspondingly larger mean free path,
may be able to clarify this situation. It might also be neces-
' sary to take into account modification of the strong-coupling
(9) corrections beyond a simple rescaling as we have done, e.g.,
the effect of impurities on spin-fluctuation feedb&@k.
and thesB;“s are the strong-coupling corrections to the free Recently, Fisheet al** have proposed that there is sig-
energies. Note that in the bulk limit{—~), a;—87°and nificant pinning of theAB interface in the aerogel sample.
a,—0. We choose a random scattering phase shjfsuch  They argue that the pinning leads to both supercooling and
that sirf8,=1/2 anda,=0. Calculations performed with a superheating of théB transition, and hence the true ther-
scattering phase shift in the unitary limit ($if3=1) or  modynamic transition is bracketed by tAé transition ob-
Born limit (sir5,=0) have only a small effect on the mag- served on cooling and warming. This is supported by experi-
nitude ofg,(B) and do not alter our conclusions. The strong-ment at low pressure where they observed hysteresis of order
coupling corrections relative to the weak-coupling value~20 wK between cooling and warming experimefitghis

N(0)%vy —4

ay=————————
288 7TkB-I—ca)3|tr

(sinzﬁo— %)Zﬁ (n—%er
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scenario implies the existence of a stable regior gthase 220 T | T T T
in zero field and thus of a polycritical pressyRCP in 98% 218 L ]
aerogel inconsistent with the phase diagram we have pro- L 1
posed. Our experimental value gf(B) provides comple- 216 - y
mentary and independent evidence that the PCP does not I :
exist in the 98% porous aerogel superfluid. Our point of
view** is supported by the HSM model, provided that rescal-
ing of the strong-coupling corrections is taken into account. 210 F 4

The qualitative agreement of our data with the HSM cal- 1
culations using a rescaling of the strong-coupling corrections
to theB;'s provides qualitative evidence that the orbital sym- 2.06
metry of the order parameter in the aerogel system is similar
to that of the pure superfluid. The expression, Ej, for
suppression of th&B transition is specific to the transition B (kG)
between axial and isotropic states and so the agreement be-
tween the model and our measurements of the transition igt
consistent with, but not proof of, their identification wit
andB phases in the dirty superfluid.

Finally, it is worth noting that in the pure superfluid
do(B) does not recover its weak-coupling val(® at zero

pressure, but rather takes the value TBThis rather large In contrast, for the aerogel superfluid we do not observe
deviation from weak-coupling theory at zero pressure, '

~40%, is unexpected since all other thermodynamic meaz-iny deviation ofT, from its zero-field value, nor do we
o UNexp o y observe significant broadening of the transition region in the
surements indicate much smaller deviations from weak cou-

pling at low pressure. At zero pressure, Behase heat- acoustic trace even at our highest field of 8 kBt shown in
capacity jump® andA,-A, linear field splitting® are within Fig. 7). This splitting may be hard to resolve owing to the

0 ) i . N - rather broad superfluid transition in aerogel30 wK. The
3% of their weak-coupling values..Thls finite contrlputlon to expected linea,-A, splitting in the dirty superfluid can be
9o(p3) at zero pressure has been interpreted as evidence thé?l%timated from calculations based on Ginzburg-Landau

3 . ~ . .
He is not a weak-coupling superfluid at Zero pres§ﬁl_nes theory and the HSMsee above The bulkA;-A, splitting
we have shown above, the strong-coupling corrections are

reduced by scatteringcaling withT.,) and should therefore Can be expressed by the quantity defined a2

be dramatically reduced at low pressure wheégg is most

strongly suppressed. We therefore expgstt3) to recover _ (dT/dB)ar _ Bs

its weak-coupling limit in aerogel at low pressure, if indeed O (dT/dB)a,  Boss’

the deviation ofg,(3) from weak coupling in puréHe at

low pressure is due to strong-coupling corrections. Our datghich ranges for puréHe from 0.97 at zero pressure to 1.81

in aerogel do not allow us to extrapolate to zero pressure angt melting pressure. In the HSM, thé parameter can be

S0 an accurate measuremenggfs) at low pressures would  calculated fromBs and 8,45 and in aerogel takes the value at

be desirable since it might shed light on this problem. melting pressure of),=0.88J, with a mean free path of

200 nm. For this estimate, we have used the rescaled bulk

strong-coupling corrections as discussed above. Measure-

ments ofT, in high fields sufficient to resolve this splitting
The field dependence df., at 33.4 bars is shown in Fig. are desirable in order to establish a better understanding of

7 for fields ranging from 0 to 5 kG. The transition is clearly the thermodynamics of the dirty superfluid.

field independent and from this we can infer that the super-

fluid transition is from a normal fluid to an ESP superfluid.

These data contradict earlier NMR work whereB2 field

dependence was reported for the superfluid transition in

aerogel® Upon reanalysis of these same earlier results in- We have shown that the polycritical point vanishes for

cluding some additional experiments, by Haard andsuperfluid®He in 98% aerogel. Consequently, in zero field

Halperin® it was found that the NMR data are consistentwe expect that superfluidity occurs by a second-order transi-

with the acoustic experiments presented here to within extion from the normal state directly to tH& phase without

perimental error. supercooling. Our observation of supercooling giving a large
In pure superflui®He, owing to particle-hole asymmetry, region of metastablé phasewith no applied fieldis quite

a magnetic field produces a linear splitting of the normal-to-unexpected. Supercooling was first noted by Baweal®

A-phase transitioi° The field dependence of the splitting for the aeroge/AB transition at 284 G with*He preplating.

between theA; andA, phase lines is @K/kG near melting  This was also found for zero applied field and was studied as

pressure and is shown in Fig. 7 as dotted lines shifted to tha function of magnetic field by Gervae al?’**Our small-

average value of ;. est field in this case was estimated to be less than 10 G.

ptal e :

ve L E - - — -

Tea (MK)

2.08

0 1 2 3 4 5 6

FIG. 7. Field dependence of the aerogel superfluid transitign
33.4 bars. The dashed line shows the average vallig,0fThe

slopes of the two dotted lines are the same as foAth#, splitting

measured for puréHe near melting pressuf®ef. 40.

(10

C. Field dependence ofT .,

D. Supercooling of the aerogel/AB transition
in zero applied field
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There are a number of possible intrepretations and so a re- [ e soid
view of the expected behavior in the limit of low magnetic o o o LT p
i i N y
field is appropriate. : NI
Taking pure superflui®He as a guide at pressures less sop % S o N /
than the PCP, the first transition encountered on cooling in a = EC 30 o k !
small but nonzero magnetic field is from the normal state to ® F8 51 o 4 -
the A; phase and then, in the absence of supercooling, to the ~— r o 0° aA ;
B phase. If there were to be supercooling it is likely that the b
A, transition would be encountered before reaching Bhe
phase. This follows since th%; transition increases linearly
with field whereas the8 phase is suppressed quadratically.
Consequently, the supercooling of the aerofBl transition
at 284 G observed by Barket al!® can be explained in a
trivial way: a small region ofA; phase in equilibrium, .
=1 wK, is first encountered on cooling, leading to a meta- ol v T
stableA phase that supercools until tfBphase nucleates. 0.0 05 1.0 1.5 2.0 25
However, the mechanism for producing relative stability of Temperature (mK)
one phase over another, or the nucleation of the most stable

phase, has not been explored in such a small interval of FIG.8. Phase diagram for metastaBlde-A phase in 98% po-
temperature neaf¥. . rous aerogel in zero applied magnetic field. The triangles are the

Can the same argument for supercooling in 284 G hold a?erogel superfluid transition and the circles the aerédgltransi-
tion on cooling. The inset shows the magnitude of supercooling of

very low field as well? If the total field for the case of zero " . .
. . . - the aerogeAB transition as a function of pressure. The dashed lines
applied field were less than 10 G then the window of stability, o e puréHe superfluid phases and solid phase.

of the A; phase would be only=0.03 K. We find super-
cooling under these circumstance to be even more remark-

able since there is no evidence of similar supercooling for the gq; gji experiments to date it has been unavoidable that
pure superfluid at pressures bglow_ the pol_ycrltlcal point. 'fpure and dirty superfluids be juxtaposed. In future work it
the phenomenon of supercooling in low field were t0 bemay be possible to explore the connection between these two
unique to the dirty superfluid then it would require a corre-ynconventional superfluids and such experiments can benefit
spondingly unique nucleation scenario specific to the aerogetom detailed knowledge of the phase diagram. In this spirit
AB transition, which, in addition, must also account for our\ye nave recently investigated the nucleation of thB
observation that the extent of supercooling is fieldygnsitiors® showing that proximity coupling between the

P 7 H . . .
independent’ Furthermore, it seems not to make sense tqyure and dirty superfluids is too weak to act as a source of
rely on details for phase stability in such a narrow window of ., ,cleation.

temperature when the superfluid transitibg, is inhomoge-
neously broadened over an interval three orders-of-
magnitude larger. A second possibility, and one that we be-
lieve to be more likely, is that there must be a thin, but We have described the phase diagram of superfiie in
unobserved, sliver oA phase neafl., which gives rise to  98% aerogel. In this phase diagram we find two equilibrium
the metastability that is observed. This sliver is at me&0  states which we calh andB, by analogy with puréHe. The

#K wide, but might be stabilized by inhomogeneity in the B phase is favored in zero field and is destablized by a mag-
aerogel structure in a manner that is not yet understood. Inetic field yielding theA phase. The superfluid transition
Fig. 8, the metastable phase diagram from Geredi?’ is  from the normal state, i.e., the normalAephase transition,
shown with no applied magnetic field ranging in pressures insensitive to magnetic field. On this basis alone we can be
from 15 to 33.4 bars. The region of metastability is strikingly confident of the nature of the spin part of the order parameter
similar to that observed by Barket al'®in a field of 284 G,  associated with each of these phasesAtpbase is an equal-
with “He preplating, and for a much larger aerogel samplespin pairing state and tH& phase is a non-equal-spin pairing
The critical radiusR, for B-phase nucleation may play an state. The field dependence of tA®& transition can be un-
important role, since a large critical radius in the aerogelderstood from calculations using the HSM combined with a
might give rise to the observed metastability. An estirfrate simple rescaling of strong-coupling corrections to the quasi-
near melting pressures from the susceptibility difference angarticle interactions, assuming that theand B dirty phases
field dependence oOf og, Shows that it is larger in aerogel, are in fact the axial and isotropjgwave states. The theory
R2ero~5RbUk 4t the same value @/ Txg. In pure®He the  and experiment both concur that sufficient impurity scatter-
critical radius has not been measured below melting presng, as is the case for 98% aerogel, causes the polycritical
sure. Future work in a magnetically shielded environmenpoint to vanish. It is intriguing that no hint of the expected
and with different aerogel densities, together with characterbut small A;-A, splitting was observed even at fields of
ization of R, as a function of pressure, could bring some~8 kG; however, higher-field experiments will be better
understanding to this puzzle. able to address this question.

15
00 02 04 086
Tea T aga(MK)

Pressure (b

- Bapplied=0

IV. CONCLUSION
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The extensive supercooling of th&B transition, espe- set the stage for a better understanding of its nonequilibrium
cially with no applied field, remains a puzzle. It cannot sim-behavior, metastability, and nucleation.
ply be explained in terms of the phase diagram that we
present, nor in terms of current nucleation scenarios. This ACKNOWLEDGMENTS
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