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Phase diagram of the superfluid phases of3He in 98% aerogel

G. Gervais,1 K. Yawata,1 N. Mulders,2 and W. P. Halperin1
1Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208
2Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716
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The phase diagram of the superfluid phases of3He 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 of anA1-A2 splitting. The first-order
transition between theA 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 is theB phase with at most a region
of A phase&20 mK just belowTc at a pressure of 33.4 bars. This is in contrast to pure3He which has a large
stable region ofA phase and a polycritical point. The quadratic coefficient for magnetic-field suppression of the
AB transition,ga(b), was obtained. The pressure dependence ofga(b) is markedly different from that to the
pure superfluid,g0(b), which diverges at a polycritical pressure of 21 bars. We compare our results with
calculations from the homogeneous scattering model forga(b), defined in a Ginzburg-Landau theory in terms
of strong-coupling parametersb. We find qualitatively good agreement with the experiment if the strong-
coupling corrections are rescaled from known values of theb ’s for pure 3He, 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 aerogelAB transition in zero applied field within the framework of known nucleation
scenarios.

DOI: 10.1103/PhysRevB.66.054528 PACS number~s!: 67.57.Pq, 67.57.Bc, 64.60.Kw
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I. INTRODUCTION

Quenched disorder in condensed-matter systems is m
fest in a wide variety of materials from glassy solids a
liquid crystals to the mixed state of superconductors. It ari
in diverse phenomena ranging from cosmological models
the evolution of the universe to vortex tangles in superfl
4He. Disorder in superfluid3He is of special interest sinc
the order parameter structure of this superfluid is nontriv
although well known, and its various phases exhibit a nu
ber of spontaneously broken symmetries. Quenched diso
in a superfluid can be generated extrinsically by a rand
impurity field with inhomogeneity on a length scale comp
rable to the coherence length. In the present case th
achieved by imbibing3He into silica aerogel, a highly po
rous material made of randomly interconnected stra
of SiO2.

Aerogels have been used to study liquid crystals,1 super-
fluid 4He,2 3He-4He mixtures,3 and superfluid3He.4,5 Glassy
effects have been observed in the liquid-crystal-aerogel
tems. In 3He-4He mixtures a profound influence of aerog
on the phase diagram3 was reported. Superfluid3He in aero-
gel was found to have a suppressed, but relatively sh
transition temperature and the order parameter appears
reduced.4,5 However, the nature of the phase diagram a
identification of the thermodynamically stable phases h
not yet been clearly established. Here we report the us
high-resolution transverse-acoustic impedance to map
this phase diagram.

The 3He-A and -B superfluid phases were discovered
1972 by Osheroff, Richardson, and Lee.6 The order param-
eter is now established to be ap-wave spin triplet which has
0163-1829/2002/66~5!/054528~11!/$20.00 66 0545
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two thermodynamically stable superfluid phases in zero fie
The A phase is the axial state which separately breaks s
and orbit rotational symmetries. TheB phase is the isotropic
state which breaks relative spin-orbit symmetry. The stabi
of the A phase over theB phase at elevated pressure, abo
the polycritical pressure of 21 bars in zero field, is a con
quence of strong coupling in the quasiparticle interactio
After 30 years of extensive experimental and theoretical
vestigation3He is the best understood of all unconvention
superfluids or superconductors. Motivation to investigate d
order in this superfluid derives in part from our need to u
derstand impurity effects in this, and in similar, unconve
tionally paired systems. New families of superconducti
materials such as Sr2RuO4,7 URhGe,8 and organic
conductors9 may be unconventional superconductors, and
some cases, ap-wave structure has been suggested.

At millikelvin temperatures3He is the purest material in
nature. Its properties have been investigated extensively
system entirely free of impurity scattering other than at s
faces. The influence of aerogel on3He is to suppress the
transition retaining a narrow width and to alter the behav
of the superfluid phases. In contrast, for surface scatter
the orientation and the amplitude of the order parameter
both constrained and the superfluid becomes spatially in
mogeneous. The use of highly porous aerogels to introd
impurity scattering in3He has provided a significant oppo
tunity to learn about unconventional pairing states. The fi
observations of superfluidity were torsional oscillator expe
ments to measure the superfluid density, performed
Cornell,4 and nuclear magnetic resonance~NMR! studies
performed at Northwestern.5,10 These results were found t
be consistent with theoretical models for impuri
©2002 The American Physical Society28-1
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scattering.11 In its simplest form, the homogeneous scatter
model~HSM!, the suppression of the superfluid transition
given by the well-known Abrikosov-Gorkov formula

lnS Tc0

Tca
D5CS 1

2
1

1

2

j0

l tr

Tc0

Tca
D2CS 1

2D , ~1!

whereTca(Tc0) is the superfluid transition temperature of t
aerogel~bulk! system,j0[\v f /2pkBTc0 is the bulk coher-
ence length, andl tr is the transport mean free path. The
earlier results triggered numerous experimen
investigations12–17and theoretical work11,18–25aimed at char-
acterizing and understanding the properties of the ‘‘dir
superfluid formed inside the aerogel matrix. However,
identification of the superfluid state in the3He-aerogel sys-
tem has been controversial, and only recently has there b
agreement as to which superfluid phases are observed.

The first NMR measurement in pure3He and 1.2 kG sug-
gested a superfluid in an equal-spin pairing~ESP! state5 simi-
lar to the bulkA phase. With4He additions a non-ESP sta
was found10 like the bulk B phase. NMR measurements
lower fields (;50 G) without 4He found evidence for a
B-phase superfluid in aerogel12 and Barkeret al.15 found a
transition between an ESP and a non-ESP state at 284 G
4He coverage. This transition was found to supercool qu
readily and was identified to take place betweenA and B
superfluids, but it should be kept in mind that the orbi
symmetry of the order parameter in aerogel has not yet b
determined. The aerogelAB transition was also observe
recently by a vibrating aerogel disk at low pressures,26 and
was studied near the bulk polycritical pressure~PCP! using
high-frequency sound.27 The reason for covering the strand
with some 4He ~two or more atomic layers! is to replace
magnetic solid3He that contributes to measurement of t
3He magnetization and may also affect the nature of
scattering and possibly properties of the dirty superfluid.
the present work, we present a comprehensive acou
study of the phase diagram of theA- andB-superfluid phases
of 3He in a 98% aerogel without4He and from 0 to 3 kG.

II. EXPERIMENT

High-frequency sound (;MHz) has proven to be a pow
erful tool to study the properties of pure3He in the normal
Fermi liquid and in the superfluid state. For example, La
au’s seminal prediction of collisionless sound in a Fermi l
uid, called zero sound, was experimentally verified w
high-frequency sound attenuation measurements.28 High-
frequency sound also couples strongly to the order-param
collective modes~OPCM! of the superfluid and numerou
OPCM have been observed in both theA and B phases of
pure 3He ~see Ref. 29 for a review!. Transverse sound wa
predicted to exist in normal3He by Landau, and was show
to propagate in3He-B from the observation of an acoust
Faraday effect.30 In what follows, we describe a techniqu
used to probe the phase diagram of3He in aerogel using
both transverse and longitudinal high-frequency sou
waves.
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The acoustic technique is similar to that report
previously31,32 and a schematic of our acoustic cavity is d
picted in Fig. 1. The cavity was formed with two quar
transducers separated by two parallel stainless-steel w
producing a cavity of widthd5270 mm.33 One transducer
was AC-cut for transverse sound, and the other X-cut
longitudinal sound, with a diameter of 9.5 mm. Their fund
mental frequencies were 2.9 MHz and 4.8 MHz, respectiv
This arrangement allowed us to perform experiments w
either transverse or longitudinal sound. The aerogel w
grown in situ, in the volume between the transducers. Ea
transducer has two active sides; one probes the aerogel-
cavity, and the other the bulk liquid outside the cavity. A
experiments were performed with pure3He which was veri-
fied to contain less than 250 ppm of4He, much less than the
amount required to cover the aerogel strands with one ato
layer of 4He.

The electrical impedance of the transducers was meas
using a continuous-wave spectrometer. The measurem
were performed at a fixed frequency corresponding to o
harmonics of the fundamental resonance, with a freque
modulation of 400 Hz and modulation amplitude of 3 kH
In the case of longitudinal sound, the medium inside
cavity is of sufficiently low attenuation that a standing-wa
pattern is established throughout the cavity. Small change
the attenuation and velocity, induced by changes in temp
ture or pressure, produced changes in the electrical imp
ance of the transducers that can be detected by
spectrometer.31,33 For transverse sound, the highly attenu
ing medium prohibits the existence of well-defined stand
waves and the measurement is similar to that of an acou
impedance measurement.32 It is not possible with this tech-
nique to separate individual contributions from attenuati
sound velocity, or coupling to collectives modes in t
transverse-acoustic impedance. However, we have fo
that, at low frequencies (&10 MHz), the transverse soun
impedance changes abruptly at all of the known phase t
sitions in each of the bulk and aerogel superfluids, see Fig

The transverse-acoustic response at 8.691 MHz an
pressure of 25 bars is shown in the left panels of Fig. 2
cooling ~upper trace! and warming~lower trace!, and at zero
~upper panel! and 2.57 kG applied magnetic field~lower
panel!. The phase transitions in the bulk liquid and the ae
gel are denoted by arrows. On cooling, and in zero app

FIG. 1. Schematics of the acoustic cavity. The X-cut~longitudi-
nal sound! and AC-cut~transverse sound! transducers are separate
by 270-mm spacers and the 98% porous aerogel was grownin situ.
Each transducer has two active sides; one probes the aerogel-
cavity while the other probes the bulk liquid outside the cavity.
8-2
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PHASE DIAGRAM OF THE SUPERFLUID PHASES OF . . . PHYSICAL REVIEW B 66, 054528 ~2002!
FIG. 2. Left: transverse-acoustic response at 25 bars and zero applied field~upper panel!, and 2.57 kG~lower panel!. In each panel, the
data in the upper~lower! trace is taken on cooling~warming!. The temperature scale is for warming only; for cooling the traces were o
for clarity. The various transitions in the bulk and aerogel superfluids are indicated by arrows. The inset is an enlarged view of
superfluid transitionTc0 in zero field~upper!, and 2.57 kG~lower! which shows the bulkA1 andA2 transitions. Right: an enlarged view o
the aerogelAB transition on warming is shown at 25 bars and 2.57 kG for the acoustic response of transverse sound at 8.691 MH
upper panel, and longitudinal sound at 14.635 MHz in the lower panel.
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field, we successively observed the bulk superfluid (Tc0),
bulk AB (TAB0), aerogel superfluid (Tca) and aerogelAB
(TABa) transitions. The thermometry scales for cooling a
warming are different. The scale shown in the figure is
slow warming such that equilibrium is assured between
LCMN thermometer used in low field, the melting curv
thermometer, and the aerogel sample. For the results in F
and Fig. 4 below, we corrected the thermometry for the m
rapid cooling experiments using the temperature depend
of the acoustic impedance established in equilibrium dur
warming. This provides a convenient and intrinsic second
thermometer, but for clarity the cooling traces are offs
When a magnetic field is applied, we also observed the b
A1-A2 splitting as a ‘‘knee’’ in the acoustic response,
shown in the inset of the lower left panel. The bulkA1 and
A2 transitions are completely resolved in the acoustic trac
a field of ;5 kG and above.

In the right panels of Fig. 2 we show a direct comparis
of the signatures from transverse and longitudinal sound
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the aerogelAB transition observed on warming at 25 ba
and 2.57 kG. A small jump in the acoustic trace of longit
dinal sound, coincident in temperature with that of transve
sound, was observed when theAB transition occured at tem
peratures sufficiently well belowTca . The condition for ob-
serving the signature in longitudinal sound was that it a
pears at sufficiently low temperatures, meaning that
transition is either supercooled or that it appears on warm
in a fieldB*2 kG. However, we cannot determine wheth
this jump in the longitudinal sound trace arises from
change in attenuation due to collective modes, or from q
siparticle excitations. The observation of the aerogelAB
transition in longitudinal sound ensures that the transit
observed with transverse sound is not a local effect occur
near the surface of the transducer. We have sho
previously31,33 that a well-defined longitudinal sound mod
can be established in our acoustic cavity, and therefore
AB transition observed with this mode reflects the behav
of the superfluid over the entire aerogel sample. We h
8-3
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FIG. 3. Phase diagrams of th
superfluid phases in aerogel a
various pressures in a magnet
field. The triangles are the supe
fluid transition temperature,Tca ,
determined from transverse acou
tics. The supercooled aerogelAB
transitions,TABa , are shown on
cooling ~empty circles! and in
equilibrium on warming ~filled
circles!. The data are plotted a
function of B2 to illustrate the
quadratic suppression of theAB
transition at low field. The dashed
lines show the average value o
Tca and the dotted lines are an ex
trapolation ofTABa to zero field.
Note that the field axis is differen
for the left and right panels.
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also verified that the change of slope in the transve
acoustic trace labeledTca corresponds to the temperature
which the attenuation of longitudinal sound decreases at
onset of the superfluid transition.31 However, the wider range
of observability of the aerogelAB transition by transverse
sound, as compared with longitudinal sound, and its hig
precision, makes it a better tool to map out the phase
gram of 3He in 98% aerogel. The frequency dependence
the bulk superfluid transitionTc0, as observed with trans
verse sound, was also systematically studied at a pressu
05452
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17 bars and for frequencies ranging from 3 MHz to 55 MH
We found that the transverse-acoustic signature signalingTc0
is weakly frequency dependent but that it recovers the tr
sition temperature Tc0 in the low-frequency limit,
&10 MHz. The transition temperatures observed in o
sample are in excellent agreement with those repo
elsewhere5,15,34for the same density of aerogel. In what fo
lows, the (P-T-B) phase diagram of3He in aerogel
was determined using transverse sound at a frequenc
8.691 MHz.
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III. RESULTS AND DISCUSSION

A. P-T-B dependence of theAB transition in aerogel

One of the key issues in the study of superfluid3He in
aerogel is to determine the way in which the superfluid ph
diagram is modified by impurity scattering. Unlikes-wave
superconductors for which only magnetic impurity scatter
is pair breaking,p-wave Cooper pairs are sensitive to a
forms of scattering. For superfluid3He in aerogel, there is
now general agreement that impurity scattering suppre
the superfluid transition temperature and the amplitude of
order parameter, and that a non-ESP phase similar to the
B phase is favored near zero field. However, most exp
ments have been performed in different regions ofP, T, and
B and also under different experimental conditions, e.g., w
or without 4He preplating on the aerogel strands and w
different aerogel densities. In particular, the phase diagram
the superfluid phases of pure3He in 98% aerogel has no
been established; the zero-field phase diagram is largely
known. We emphasize that only the spin structure of
pairing state of3He in aerogel has been identified throu
NMR measurement of the magnetization10,15 or the stability
of the transition in a magnetic field.26,27 In the latter case,
assuming triplet pairing, we can infer the spin componen
the order parameter~ESP or non-ESP! from the field depen-
dence of the phase boundaries. The orbital symmetry is m
elusive. For example, it would be helpful to investigate t
OPCM which couple to orbital degrees of freedom of t
order parameter, but they have not yet been observe31

Nonetheless, we use the earlier notation15,26,27‘‘ A’’ and ‘‘ B’’
for the aerogel superfluid phases corresponding to ESP
non-ESP states, by analogy with the bulk, and we later
cuss implications from our measurements for the orb
symmetry of the aerogel superfluid.

The phase diagrams of the aerogelAB transition as a
function ofB2 and for various pressures are shown in Fig.
The triangles denote the superfluid transitions,Tca , as deter-
mined by the change of slope in the transverse-acoustic tr
the filled circles are the equilibriumAB transitions taken on
slow warming, and the empty circles are the supercooledAB
transitions. The long-dashed lines show the average value
Tca and the dotted lines are extrapolations to zero field. W
our technique, we were unable to observe directly the aer
AB transitions on warming at fields below 1.4 kG, i.e., f
TABa /Tca*0.9. An independent check on the validity of o
extrapolation to zero field is discussed below~Fig. 4!.

The magnetic-field-independent transition from normal
superfluid state, and field-dependent transitions fromA to B
superfluids strongly suggest that these are transitions
tween normal fluid to ESP superfluid states, and betw
ESP and non-ESP states, as in the bulk. The strong su
cooling of the AB transition, even in zero applied field
shows that the transition is first order. However, there are
differences in the aerogel phase diagram as compared to
bulk. In particular, the zero-field equilibrium region of aer
gel A phase is extremely narrow,&20 mK at 33.4 bars, if it
exists at all.

In order to locate theAB-phase boundary at 33.4 bars
zero applied field, we have performed a series of tempera
05452
e

g

es
e

ulk
i-

h

of

n-
e

f

re

.

nd
s-
l

.

ce,

of
h
el

e-
n

er-

y
the

re

sweeps in which the temperature was slowly raised from
temperature (;0.6 mK) to a temperature in the vicinity, bu
slightly less than,Tca , and then rapidly cooled. If the
AB-phase boundary were reached on warming, the su
cooledAB transition would be observed on cooling, where
in the opposite case the aerogel superfluid would remain
the B phase with no evidence of anAB transition. This pro-
cedure depends on the absence of what is called a mem
effect for secondary nucleation which we verified indepe
dently in modest magnetic fields.35

FIG. 4. Lower panel: transverse-acoustic response at 33.4
and zero applied field during slow warming in the vicinity ofTca

and subsequent rapid cooling. The traces labeled 1 to 4 corres
to several maximum temperatures reached prior to rapid cool
The corresponding cooling traces are shown in the upper panel
function of time, and the bulk and aerogelAB transitions are de-
noted by arrows. For traces 1 and 2 the aerogelAB transition was
not crossed on warming and for traces 3 and 4 it was. The tr
labeled 5 shows the aerogelAB transition but for a cooling experi-
ment originating from the normal state. In the lower panel,
vertical solid line isTca as determined from the change in slope
the acoustic response on warming, and the dotted line is a lo
bound on the temperature for the aerogelAB-phase boundary,
;20 mK below Tca .
8-5
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Figure 4 shows these various traces upon warming t
temperature in the vicinity ofTca ~lower panel and trace
labeled 1 to 4, vertically offset for clarity!, and then rapidly
cooled. The thermal disequilibrium during sudden cooling
sufficient to make the cooling traces appear to move up
this figure. The lowest trace~unlabeled! shows the complete
acoustic record in slow warming withTca indicated by a
change of slope and marked by a solid vertical line.

In the upper panel, we show the same acoustic traces
rapid cooling~1 to 4! as a function of time while the trac
labeled 5 is for a cooling experiment originating from t
normal state. We do not observe the aerogelAB transition
upon cooling in the traces 1 and 2~and also for any partia
warmup to temperatures below those shown here!, while in
the traces 3 and 4 the aerogelAB transition is observed on
cooling. This shows that the equilibrium aerogelAB transi-
tion lies at a temperature somewhere between the trac
and 3, which is indicated in the lower panel of Fig. 4 by
dotted line. This is close toTca (&20 mK) and is approxi-
mately the width ofTca itself (;30 mK), sufficiently close
that we cannot say that the normal state of the3He fluid in
aerogel had not been reached somewhere in the sample.
sequently, we have inferred that the region of theA phase in
aerogel in zero applied field is extremely narrow,&20 mK
at a pressure of 33.4 bars. We have also verified at a pres
of 20 bars that theAB-phase boundary in zero applied fie
is indistinguishable fromTca using the same slow warmin
and quench-cooling method.

From the data of Fig. 3 we construct a three-dimensio
phase diagram for pressure, temperature, and magnetic
for the superfluid phases of pure3He in 98% aerogel, see
Fig. 5. The relative stability of the superfluid phases of
pure and dirty superfluids can be directly visualized a
compared. The data for the equilibriumAB transition from
Fig. 3 are shown as empty circles, and the thick solid lin
are a smoothed fit ofTABa andTca . Below 10 bars, the data
from Matsumotoet al.34 were used to describeTca . They
found a critical pressure of;6 bars in the zero-temperatur
limit. The thick solid curve at a pressure of 4.8 bars w
taken from the field dependence of the aerogelAB transition
measured by the Lancaster group with a vibrating aero
disk,26 but with its superfluid transition adjusted to mat
that of Matsumotoet al.34 Above 10 bars our data forTca in
zero field are similar to that of Matsumotoet al.34 and the
data points are not shown for reasons of clarity. The aero
phases are denoted by ‘‘A’’ and ‘‘ B’’ while the pure phases
are denoted byA andB. The shaded volume emphasizes t
aerogelA phase opening up with applied magnetic field, a
the dotted lines are the pure phase diagram shown here
comparison.36 The field dependence of the aerogel superfl
transitionsTca plotted as a solid line at 33.4 bars will b
discussed later.

The three-dimensional plot of the (P-T-B) phase diagram
of 3He in 98% aerogel shows the effects of impurity scatt
ing on the equilibriumA phase. The equilibrium region ofA
phase is destabilized by impurity scattering in zero fie
however, we believe that there is a very thin sliver of eq
librium A phase that gives rise to supercooling of theA phase
observed in zero applied field27 at pressures above 15 bar
05452
a

s
in

or

2

on-

ure

al
eld

e
d

s

s

el

el

d
for
d

-

;
-

Barker et al.15 observed a metastable aerogelAB transition
on cooling using an NMR technique at 284 G and with4He
preplating. At 32 bars, an equilibrium region ofA phase of
70 mK was inferred from the data. This is somewhat larg
than our results at the same field. The magnetization disc
tinuity at theAB transition known to occur in the bulk sys
tem was not observed in aerogel, making it difficult for the
to locate the equilibriumAB transition. Furthermore, given
the scatter of the data15 and the thermometry resolutio
;20 mK, it seems plausible that theA-phase region might
have been smaller than 70mK and consistent with our find-
ings here.

B. Magnetic suppression of theAB transition and the
homogeneous scattering model

The Ginzburg-Landau~GL! theory for superfluid3He de-
scribes the free energy near the transition temperature
panded in powers of the order parameter. With this appro
the relative stability of various possiblep-wave states can be
explored in terms of the expansion coefficients of t
theory.37 An extension to the dirty superfluid has bee
developed11 using a model that describes elastic quasipart
scattering. There are five possible fourth-order combinati
of the order parameter that are invariant under all symme

FIG. 5. Three-dimensional phase diagram (P-T-B) of the A-
andB-superfluid phases of3He in 98% aerogel. The aerogel phas
are labeled ‘‘A’’ and ‘‘ B’’ and are delineated by solid lines while fo
the pure phases they are labeledA and B and shown with dotted
lines. The shaded area shows the volume spanned by the eq
rium A phase in aerogel. The open circles are data from the pre
work, and the lines connecting them are fits to the data. At press
below 10 bars,Tca was taken from Matsumotoet al. ~Ref. 34!,
together with the field dependence of theAB transition observed by
the Lancaster group at 4.8 bars~Ref. 26!.
8-6
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PHASE DIAGRAM OF THE SUPERFLUID PHASES OF . . . PHYSICAL REVIEW B 66, 054528 ~2002!
transformation of thep-wave superfluid. These fourth-orde
terms are characterized by the coefficients, (b1 ,b2 ,
b3 ,b4 ,b5), which in the GL theory are determined by the
modynamic quantities such as heat capacity, the magne
tion, the phase diagram, and the NMR frequency shift.
addition, there is a term in the theory with a coefficientgz
that incorporates strong-coupling modifications to the Z
man energy and has been shown to be equal to its w
coupling value within 5% at all pressures for bulk3He.38 In
principle, one could uniquely determine theb i ’s ~thus the
free-energy functional! if five independent thermodynami
measurements were performed; the fact that in bulk su
fluid 3He there are only four such measurements is unfo
nate. Nonetheless, combinations of theb i ’s can be extracted
from experiment and are very helpful in understanding
magnetic suppression of theB phase of3He in aerogel.

In the pure superfluid the GL theory can be used to
scribe the suppression of theAB transition by magnetic field
only for pressures less than 21 bars, the pressure of the p
critical point. For superfluid3He in aerogel, the data from
Fig. 3 suggest that this theory can be applied at all press
with

12
TABa

Tca
5ga~b!S B

B0
D 2

1OS B

B0
D 4

, ~2!

where ga(b) is a strong-coupling parameter defined in
manner similar to that of the pure superfluid, andB0

5AN(0)/6gz is given by

B05A 8p2

7z~3!

kBTca

g\
~11F0

a!, ~3!

with g the gyromagnetic ratio of3He andF0
a a Fermi-liquid

parameter. In the homogeneous scattering Model~HSM!
which we describe below,B0 is modified by impurity scat-
tering according to24,20

B0
HSM/B05!7z~3!F12x(

n51

`

~n21/21x!22G
(
n51

`

~n21/21x!23

,

~4!

wherex[\v f /4pkBTcal tr and l tr is the transport mean fre
path. This correction is about 2.5% at 25 bars with a 200-
mean free path. Assuming that the aerogelAB transition oc-
curs between the axial and the isotropic states, as in the
superfluid, the coefficientga(b) is written as

ga~b!5
b245

2~23b1312b345!

3S 11A~3b121b345!~2b132b345!

b245b345
D , ~5!

where we have used the Mermin-Stare conventi
b i jk[b i1b j1bk . In the weak-coupling limit, 2b5

wc
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,

5b4
wc5b3

wc5b2
wc522b1

wc52b0
wc with b0

wc57z(3)N(0)/
240(pkBTc0)2 and N~0! is the density of states. In the weak
coupling limit, ga(bwc)51.

The coefficientga(b) can be taken directly from the low
field slope,m, of the data in Fig. 3,m52ga(b)Tca /B0

2. In
Fig. 3, the dotted lines show the quadratic suppression
TABa for the smallest field at which the transition was o
served, and the extrapolation to zero field was verified us
the quench-cooling method we have described above,
Fig. 4. The pressure dependence ofga(b) obtained from the
data between 15 and 33.4 bars is shown in Fig. 6~filled
circles!, together with the measured values from the bu
g0(b), taken from Tanget al.36 ~open circles!. We also give
the values ofTca , m, B0, and ga(b) in Table I. For the
aerogel data,B0 was defined as in the pure case; usingB0

HSM

increasesga(b) slightly, however, its effect for a mean fre
path of ;200 nm remains within experimental error. F
this reason and for clarity, we have usedB0 which does not
depend on the transport mean free path. We have also
duced the value ofga(b) at 4.8 bars from the magnetic sup
pression of the aerogelAB transition measured by the Lan
caster group,26 denoted in Fig. 6 with a star. The solid line
a guide to the eye and the dotted, dashed, and dot-da
lines are calculations using the HSM which we discuss
low. The pressure dependence ofga(b) is markedly different
from the pure superfluid,g0(b), which diverges at the PCP
near 21 bars. The almost linear dependence on pressure

FIG. 6. Pressure dependence of the strong-coupling coeffic
g(b). The aerogel data from the present work~solid circles! are
compared to the bulk~empty circles! ~Ref. 36!. The data at 4.8 bars
denoted by a star are from Brussaardet al. ~Ref. 26!. The solid line
is a guide to the eye. The dotted line is the HSM withl tr

5200 nm and for which the pure3He strong-coupling corrections
are used. The same model was used with strong-coupling co
tions rescaled from pure3He by the factorTca /Tc0, and two values
of transport mean free path were choosen:l tr5200 nm ~dashed
line! and 150 nm~dot-dashed line!.
8-7
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served in the aerogel superfluid, even at high pressure,
substantial modification of the phase diagram induced
impurity scattering.

The simplest model of impurity scattering is the HSM11

In this model, the scattering probability is independent
position and the medium is completely isotropic. This mo
has the advantage that the Ginzburg-Landau theory is
slightly modified from that of pure3He. The superfluid tran-
sition in aerogel,Tca , is given by solving Eq.~1! in the form

ln~Tca /Tc0!1 (
n51

` S 1

n2
1

2

2
1

n2
1

2
1xD 50, ~6!

wherex[\v f /4pkBTcal tr and l tr is the transport mean fre
path. Theb i ’s have been calculated for the HSM and a
given by11

S b1

b2

b3

b4

b5

D 5a1S 21

2

2

2

22

D 1a2S 0

1

0

1

21

D 1S db1
sc

db2
sc

db3
sc

db4
sc

db5
sc

D , ~7!

where the coefficientsa1 anda2 are,

a1[ba
wc5

N~0! (
n51

` S n2
1

2
1xD 23

240~pkBTca!
2

, ~8!

a25
N~0!\v f

288~pkBTca!
3l tr

S sin2d02
1

2D (
n51

` S n2
1

2
1xD 24

,

~9!

and thedb i
sc’s are the strong-coupling corrections to the fr

energies. Note that in the bulk limit (l tr→`), a1→b0
wc and

a2→0. We choose a random scattering phase shiftd0 such
that sin2d051/2 anda250. Calculations performed with a
scattering phase shift in the unitary limit (sin2d051) or
Born limit (sin2d050) have only a small effect on the mag
nitude ofga(b) and do not alter our conclusions. The stron
coupling corrections relative to the weak-coupling val

TABLE I. Values ofTca , slopem of the quadratic field depen
dence of theAB transition, B0, and strong-coupling paramete
ga(b). The values at 4.8 bars were determined from the data
Brussaardet al. ~Ref. 26!.

P ~bars! Tca ~mK! m (mK/kG2) B0 ~kG! ga(b)

4.8 0.653 20.095 3.47 1.8
15.0 1.530 20.085 7.53 3.2
20.0 1.779 20.095 8.41 3.8
25.0 1.946 20.092 9.2 4.0
28.0 2.023 20.108 9.96 5.3
33.4 2.123 20.121 10.46 6.2
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db i
sc/b0

wc , essential to calculate accuratelyga(b), are taken
from pure3He;38 namely,b345 is derived from measurement
of the B-phase NMRg shifts and longitudinal resonanc
frequency,38 b12 from the normal toB-phase heat-capacit
jump,39 and b245 and b5 are from measurements of th
A1-A2 splitting40 and magnetic suppression of the bulkAB
transition, g0(b).36 The only unknown parameter in th
HSM is the transport mean path,l tr , for which high-
frequency acoustic measurements on our sample were fo
to be consistent with a mean free path
;200–300 nm.31,33 In all of the calculations,Tca was
solved using Eq.~6! and was used consistently througho
our calculations of theb i ’s.

In Fig. 6, the dotted line shows the calculations ofga(b)
which assumes that the strong-coupling corrections are
same as in the pure superfluid and with a transport mean
path of 200 nm. The effect of scattering is to increase
polycritical pressure, wherega(b) diverges, thus increasing
the stability of the dirtyB phase. This model does not de
scribe our experimental data for any reasonable value of
transport mean free path. However, we expect41 that the
strong-coupling corrections should scale to first order
db i

sc;(Tc /TF)b0
wc , hence being reduced~relative to the

weak-coupling value! in the dirty system accordingly to
(db i

sc)a /ba
wc.(db i

sc)0 /b0
wc3Tca /Tc0 where (db i

sc)a and
(db i

sc)0 are the strong-coupling corrections in the dirty a
the pure superfluids. In Fig. 6 the calculations ofga(b) were
also performed with the HSM using the rescaled stro
coupling coefficients. They are shown with two choices
transport mean free path of 200 nm~dashed line! and 150 nm
~dot-dashed line!. Considering the limitations of the HSM
the agreement between the data and calculatedga(b) is rea-
sonably good. But more importantly, the HSM calculatio
shows unambiguously that the strong-coupling correcti
~relative to weak coupling! are reduced by impurity scatter
ing and that the PCP is increased in a 98% porous aer
above the melting pressure, beyond experimental reach
the PCP, the heat-capacity jump in theA phase equals that o
theB phase, equivalent to the condition, 3b1352b345 in Eq.
~5!. The HSM with rescaled strong-coupling corrections p
dicts a PCP of;34 bars for a mean free path of 200 nm a
a PCP of;40 bars for a mean free path of 150 nm. T
almost linear dependence on pressure ofga(b) that we ob-
serve suggests that the true PCP may even be higher
estimated from the HSM. Experiments with higher poros
aerogels, having a correspondingly larger mean free p
may be able to clarify this situation. It might also be nece
sary to take into account modification of the strong-coupl
corrections beyond a simple rescaling as we have done,
the effect of impurities on spin-fluctuation feedback.42

Recently, Fisheret al.43 have proposed that there is sig
nificant pinning of theAB interface in the aerogel sample
They argue that the pinning leads to both supercooling
superheating of theAB transition, and hence the true the
modynamic transition is bracketed by theAB transition ob-
served on cooling and warming. This is supported by exp
ment at low pressure where they observed hysteresis of o
;20 mK between cooling and warming experiments.26 This

of
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PHASE DIAGRAM OF THE SUPERFLUID PHASES OF . . . PHYSICAL REVIEW B 66, 054528 ~2002!
scenario implies the existence of a stable region ofA phase
in zero field and thus of a polycritical pressure~PCP! in 98%
aerogel inconsistent with the phase diagram we have
posed. Our experimental value ofga(b) provides comple-
mentary and independent evidence that the PCP does
exist in the 98% porous aerogel superfluid. Our point
view44 is supported by the HSM model, provided that resc
ing of the strong-coupling corrections is taken into accou

The qualitative agreement of our data with the HSM c
culations using a rescaling of the strong-coupling correcti
to theb i ’s provides qualitative evidence that the orbital sy
metry of the order parameter in the aerogel system is sim
to that of the pure superfluid. The expression, Eq.~4!, for
suppression of theAB transition is specific to the transitio
between axial and isotropic states and so the agreemen
tween the model and our measurements of the transitio
consistent with, but not proof of, their identification withA
andB phases in the dirty superfluid.

Finally, it is worth noting that in the pure superflui
g0(b) does not recover its weak-coupling value~1! at zero
pressure, but rather takes the value 1.61.36 This rather large
deviation from weak-coupling theory at zero pressu
;40%, is unexpected since all other thermodynamic m
surements indicate much smaller deviations from weak c
pling at low pressure. At zero pressure, theB-phase heat-
capacity jump39 andA1-A2 linear field splitting40 are within
3% of their weak-coupling values. This finite contribution
g0(b) at zero pressure has been interpreted as evidence
3He is not a weak-coupling superfluid at zero pressure.36 As
we have shown above, the strong-coupling corrections
reduced by scattering~scaling withTca) and should therefore
be dramatically reduced at low pressure whereTca is most
strongly suppressed. We therefore expectga(b) to recover
its weak-coupling limit in aerogel at low pressure, if inde
the deviation ofg0(b) from weak coupling in pure3He at
low pressure is due to strong-coupling corrections. Our d
in aerogel do not allow us to extrapolate to zero pressure
so an accurate measurement ofga(b) at low pressures would
be desirable since it might shed light on this problem.

C. Field dependence ofTca

The field dependence ofTca at 33.4 bars is shown in Fig
7 for fields ranging from 0 to 5 kG. The transition is clear
field independent and from this we can infer that the sup
fluid transition is from a normal fluid to an ESP superflu
These data contradict earlier NMR work where aB2 field
dependence was reported for the superfluid transition
aerogel.10 Upon reanalysis of these same earlier results
cluding some additional experiments, by Haard a
Halperin,38 it was found that the NMR data are consiste
with the acoustic experiments presented here to within
perimental error.

In pure superfluid3He, owing to particle-hole asymmetry
a magnetic field produces a linear splitting of the normal-
A-phase transition.40 The field dependence of the splittin
between theA1 andA2 phase lines is 6mK/kG near melting
pressure and is shown in Fig. 7 as dotted lines shifted to
average value ofTca .
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In contrast, for the aerogel superfluid we do not obse
any deviation ofTca from its zero-field value, nor do we
observe significant broadening of the transition region in
acoustic trace even at our highest field of 8 kG~not shown in
Fig. 7!. This splitting may be hard to resolve owing to th
rather broad superfluid transition in aerogel,;30 mK. The
expected linearA1-A2 splitting in the dirty superfluid can be
estimated from calculations based on Ginzburg-Land
theory and the HSM~see above!. The bulkA1-A2 splitting
can be expressed by the quantityU0 defined as36

U0[2
~dT/dB!A1

~dT/dB!A2
52

b5

b245
, ~10!

which ranges for pure3He from 0.97 at zero pressure to 1.8
at melting pressure. In the HSM, theU parameter can be
calculated fromb5 andb245 and in aerogel takes the value
melting pressure ofUa.0.85U0 with a mean free path o
200 nm. For this estimate, we have used the rescaled
strong-coupling corrections as discussed above. Meas
ments ofTca in high fields sufficient to resolve this splittin
are desirable in order to establish a better understandin
the thermodynamics of the dirty superfluid.

D. Supercooling of the aerogelAB transition
in zero applied field

We have shown that the polycritical point vanishes
superfluid 3He in 98% aerogel. Consequently, in zero fie
we expect that superfluidity occurs by a second-order tra
tion from the normal state directly to theB phase without
supercooling. Our observation of supercooling giving a la
region of metastableA phasewith no applied fieldis quite
unexpected. Supercooling was first noted by Barkeret al.15

for the aerogelAB transition at 284 G with4He preplating.
This was also found for zero applied field and was studied
a function of magnetic field by Gervaiset al.27,35 Our small-
est field in this case was estimated to be less than 10

FIG. 7. Field dependence of the aerogel superfluid transitionTca

at 33.4 bars. The dashed line shows the average value ofTca . The
slopes of the two dotted lines are the same as for theA1-A2 splitting
measured for pure3He near melting pressure~Ref. 40!.
8-9
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There are a number of possible intrepretations and so a
view of the expected behavior in the limit of low magne
field is appropriate.

Taking pure superfluid3He as a guide at pressures le
than the PCP, the first transition encountered on cooling
small but nonzero magnetic field is from the normal state
theA1 phase and then, in the absence of supercooling, to
B phase. If there were to be supercooling it is likely that t
A2 transition would be encountered before reaching theB
phase. This follows since theA1 transition increases linearl
with field whereas theB phase is suppressed quadratica
Consequently, the supercooling of the aerogelAB transition
at 284 G observed by Barkeret al.15 can be explained in a
trivial way: a small region ofA1 phase in equilibrium,
&1 mK, is first encountered on cooling, leading to a me
stableA phase that supercools until theB phase nucleates
However, the mechanism for producing relative stability
one phase over another, or the nucleation of the most st
phase, has not been explored in such a small interva
temperature nearTc .

Can the same argument for supercooling in 284 G hol
very low field as well? If the total field for the case of ze
applied field were less than 10 G then the window of stabi
of the A1 phase would be only&0.03 mK. We find super-
cooling under these circumstance to be even more rem
able since there is no evidence of similar supercooling for
pure superfluid at pressures below the polycritical point
the phenomenon of supercooling in low field were to
unique to the dirty superfluid then it would require a cor
spondingly unique nucleation scenario specific to the aero
AB transition, which, in addition, must also account for o
observation that the extent of supercooling is fie
independent.27 Furthermore, it seems not to make sense
rely on details for phase stability in such a narrow window
temperature when the superfluid transitionTca is inhomoge-
neously broadened over an interval three orders
magnitude larger. A second possibility, and one that we
lieve to be more likely, is that there must be a thin, b
unobserved, sliver ofA phase nearTca which gives rise to
the metastability that is observed. This sliver is at most&20
mK wide, but might be stabilized by inhomogeneity in th
aerogel structure in a manner that is not yet understood
Fig. 8, the metastable phase diagram from Gervaiset al.27 is
shown with no applied magnetic field ranging in press
from 15 to 33.4 bars. The region of metastability is striking
similar to that observed by Barkeret al.15 in a field of 284 G,
with 4He preplating, and for a much larger aerogel samp
The critical radiusRc for B-phase nucleation may play a
important role, since a large critical radius in the aero
might give rise to the observed metastability. An estimat35

near melting pressures from the susceptibility difference
field dependence ofTABa shows that it is larger in aeroge
Rc

aero;5Rc
bulk , at the same value ofT/TAB . In pure 3He the

critical radius has not been measured below melting p
sure. Future work in a magnetically shielded environm
and with different aerogel densities, together with charac
ization of Rc as a function of pressure, could bring som
understanding to this puzzle.
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For all experiments to date it has been unavoidable
pure and dirty superfluids be juxtaposed. In future work
may be possible to explore the connection between these
unconventional superfluids and such experiments can be
from detailed knowledge of the phase diagram. In this sp
we have recently investigated the nucleation of theAB
transition35 showing that proximity coupling between th
pure and dirty superfluids is too weak to act as a source
nucleation.

IV. CONCLUSION

We have described the phase diagram of superfluid3He in
98% aerogel. In this phase diagram we find two equilibriu
states which we callA andB, by analogy with pure3He. The
B phase is favored in zero field and is destablized by a m
netic field yielding theA phase. The superfluid transitio
from the normal state, i.e., the normal-to-A-phase transition,
is insensitive to magnetic field. On this basis alone we can
confident of the nature of the spin part of the order param
associated with each of these phases: theA phase is an equal
spin pairing state and theB phase is a non-equal-spin pairin
state. The field dependence of theAB transition can be un-
derstood from calculations using the HSM combined with
simple rescaling of strong-coupling corrections to the qua
particle interactions, assuming that theA andB dirty phases
are in fact the axial and isotropicp-wave states. The theor
and experiment both concur that sufficient impurity scatt
ing, as is the case for 98% aerogel, causes the polycri
point to vanish. It is intriguing that no hint of the expecte
but small A1-A2 splitting was observed even at fields
;8 kG; however, higher-field experiments will be bett
able to address this question.

FIG. 8. Phase diagram for metastable3He-A phase in 98% po-
rous aerogel in zero applied magnetic field. The triangles are
aerogel superfluid transition and the circles the aerogelAB transi-
tion on cooling. The inset shows the magnitude of supercooling
the aerogelAB transition as a function of pressure. The dashed lin
are the pure3He superfluid phases and solid phase.
8-10
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The extensive supercooling of theAB transition, espe-
cially with no applied field, remains a puzzle. It cannot si
ply be explained in terms of the phase diagram that
present, nor in terms of current nucleation scenarios. T
raises further questions concerning the nature of the su
fluid state in aerogel and whether it might be inherently
homogeneous. In summary, the measurements of the equ
rium phase diagram of3He with impurity scattering
improves our understanding of pure and dirty superfluids
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set the stage for a better understanding of its nonequilibr
behavior, metastability, and nucleation.
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