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Impurity effects on the A1-A2 splitting of superfluid 3He in aerogel
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When liquid 3He is impregnated into silica aerogel a solid-like layer of3He atoms coats the silica structure.
The surface3He is in fast exchange with the liquid on NMR time scales. The exchange coupling of liquid3He
quasiparticles with the localized3He spins modifies the scattering of3He quasiparticles by the aerogel struc-
ture. In a magnetic field the polarization of the solid spins gives rise to a splitting of the scattering cross section
of for ‘‘up’’ vs ‘‘down’’ spin quasiparticles, relative to the polarization of the solid3He. We discuss this effect,
as well as the effects of nonmagnetic scattering, in the context of a possible splitting of the superfluid transition
for ↑↑ vs ↓↓ Cooper pairs for superfluid3He in aerogel, analogous to theA1-A2 splitting in bulk 3He.
Comparison with the existing measurements ofTc for B,5 kG, which shows no evidence of theA1-A2

splitting, suggests a liquid-solid exchange coupling of orderJ.0.1 mK. Measurements at higher fields,B
*20 kG, should saturate the polarization of the solid3He and reveal theA1-A2 splitting.

DOI: 10.1103/PhysRevB.68.224502 PACS number~s!: 67.57.Bc, 67.57.Pq
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One focus of experimental investigations of3He in aero-
gel has been the determination of the phase diagram.
sional oscillator, NMR, vibrating wire, and sound attenuati
experiments on3He in '98% porosity aerogels suggest th
there is just one superfluid phase for pressures above
critical pressure of 6 atm in zero magnetic field.1–3 At lower
pressures there appears to be only normal3He down to zero
temperature.4 In short, aB-like phase, with reduced susce
tibility, is the only stable superfluid phase observed in z
field. An A-like phase, if it exists in zero field, may be stab
only in a very small regionDT<20 mK nearTc . As in bulk
3He, anA-like phase can be stabilized in a magnetic fie
the region of stability,TAB<T,Tc , increases quadraticall
with field, Tc2TAB52gABB2. However, a splitting of the
transition for↑↑ and↓↓ pairs, analogous to theA1-A2 split-
ting in bulk 3He, has so far not been observed for fields
to B'5 kG.3,5

In pure 3He, on application of a magnetic field, theA1
phase, characterized by spin-polarized Cooper pairs c
posed of only↑↑ spins, nucleates at a temperature sligh
higher than the zero-field transition,Tc

A15Tc1lA1B.29 This
transition is followed by a second transition, shifted belo
the zero-field transition, atTc

A25Tc2lA2 B, in which the↓↓
pairs nucleate. The region of stability of pure↑↑ pairs in-
creases linearly with field,DTA12A2

[(Tc
A12Tc

A2)5(lA1

1lA2)B, at a rate of lA11lA2.6.1 mK/kG at p
533.4 bars.6,7

This splitting of the zero-field transition originates fro
the combined effect of the nuclear Zeeman coupling to
3He spin, and particle-hole asymmetry in the normal-st
density of states and pairing interaction. The original e
mate oflA1 by Ambegaokar and Mermin8 was based on the
asymmetry of the density of states for↑ vs ↓ quasiparticles
at the Fermi level. More involved calculations include t
effects of spin polarization of the Fermi liquid on the pairin
interaction.9,10 Estimates of the splitting of theA1 transition
are of order
0163-1829/2003/68~22!/224502~7!/$20.00 68 2245
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where g is the gyromagnetic ratio for3He, kBTc /Ef

;1023, andL;O(1 –10) is a ‘‘high-energy’’ vertex. A first
principles calculation ofL requires a solution of the many
body problem for the pairing interaction in3He. Alterna-
tively, we treatL on the same level as other high-ener
vertices in Fermi-liquid theory;L is a Fermi-liquid param-
eter, which can be determined by comparing physical pre
tions of the Fermi-liquid theory with experiment—in th
case theA1-A splitting. OnceL is determined, its effects on
other low-energy properties of3He can be calculated. Thus
the A2 transition can be calculated in terms ofL, and cor-
rections toTc

A2 from the↑↑ pair condensate.11

The disorder introduced by the aerogel structure into
uid 3He is, on average, weak on the high-energy sca
\/tEf!1. Thus, the Fermi-liquid interactions are essentia
unaffected by the aerogel, and we can calculate the effec
aerogel on the low-energy excitations and superfluid prop
ties within Fermi-liquid theory. The main effect of the aer
gel structure is to scatter3He quasiparticles moving with the
Fermi velocity. At temperatures belowT* '10 mK elastic
scattering by the aerogel dominates inelastic quasiparti
quasiparticle collisions.12 This limits the mean free path o
normal 3He quasiparticles to,.130–180 nm. Inp-wave
superfluids quasiparticle scattering is intrinsically pairbre
ing and leads to renormalization of nearly all properties
the superfluid phases, including theA1 and A2 transition
temperatures. The suppression ofTc , as well as pair-
breaking effects on observable properties of the superfl
phases, have been analyzed theoretically for nonmagn
scattering.13–18 Here we analyze the effects of scattering
the aerogel on theA1 andA2 transitions.

The aerogel has a strong effect on theshort-distance,
high-energy properties of the liquid locally near the sili
©2003 The American Physical Society02-1
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strands. The first few atomic layers of3He are adsorbed on
the silica structure and form a highly polarizable solidli
phase, observable as a Curie-like component of the ma
tization of 3He aerogel.19 The surface3He is in fast ex-
change with the liquid on typical NMR time scales, implyin
a liquid-solid exchange interaction,uJu/h*0.66 MHz
(uJu*0.03 mK).19,20 The exchange coupling of liquid3He
quasiparticles with the localized3He spinsJ may modify the
scattering of 3He quasiparticles by the aerogel structure21

Here we include the effect of magnetic scattering of3He
quasiparticles by polarizable3He spins coating the aeroge
strands. The differential scattering of↑ vs ↓ spin quasiparti-
cles by the polarized surface leads to an additional contr
tion to the splitting of the↑↑ vs ↓↓ transitions,lJ}J, which
is determined by the nonmagneticu0 and exchangeJ inter-
actions and the density of3He coating the aerogel.22 Below
we extend the analysis of Ref. 22 and examine the role of
exchange coupling on the possibleA1-A2 splitting of the
superfluid phases of3He in aerogel.

The suppression of the AB transition in both pure a
disordered3He is quadratic in field on a scale set bygAB
;mK/kG2.3 Thus, for fields B@B* 5lA1/gAB;1 G and
temperaturesT'Tc , the↑↓ pairs are suppressed. In the fie
and temperature range of interest we can restrict the
p-wave, spin-triplet order parameter to two components,d1

for ↑↑ pairs andd2 for ↓↓ pairs. We assume that the orbit
state is the same for both spin components and the a
~ABM ! form, x(p̂)5p̂•(m̂1 i n̂)/A2. Thus, in pure3He the
full Ginzburg-Landau~GL! free-energy functional~c.f. Ref.
23! reduces to11

V@d1 ,d2#5a~ ud1u21ud2u2!2h B~ ud1u22ud2u2!

1b24~ ud1u21ud2u2!214b5ud1u2ud2u2,

~2!

wherea, h, andb i are the known material parameters f
superfluid3He; a(T)5(1/3)Nf ln(T/Tc) determines the zero
field transition andh5(1/3)Nfl

A1/Tc determines theA1
(↑↑) transition, whereNf is the single-spin density of state
at the Fermi level. The fourth-order coefficients determ
the relative stability of the possible phases. In particu
b24.0 andb5,0 favor an equal-spin-pairing~ESP! phase
with ud1u5ud2u. The linear field term is symmetry breakin
and competes with the fourth-order terms. The latter win
lower temperatures and gives rise to theA2 transition where
↓↓ spins condense withTc

A25Tc2lA2 B and

lA25S b245

2b5
DlA1. ~3!

Within the homogeneous, isotropic scattering model~HSM!
the rotational symmetry of3He in aerogel is preserved on th
coherence length scale, and the GL free energy has the s
form as in pure3He, but with material parameters,ā, h̄,
etc., that are modified by the effects of scattering by
aerogel~we use a ‘‘bar’’ to denote the material parameters
the presence of aerogel scattering!. These effects were calcu
22450
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lated within the quasiclassical theory to leading order
Tc /Ef ~weak coupling!, and one finds13

ā5 1
3 Nf@ ln~T/Tc0!22 S1~x!#, ~4!

wherex5v f /2pT, and, is the mean free path of quasipa
ticles scattering off the aerogel. In Eq.~4!, and hereafter, we
denote the transition temperature for pure3He by Tc0. The
superfluid transition in aerogel is determined by the con
tion ā(Tc)50 and

S1~x!5 (
n50

` S 1

2n111x
2

1

2n11D . ~5!

The parameterh is directly proportional to the high-energ
vertexL and so is unrenormalized by impurities to leadi
order in\/pf,. Thus,h̄5h5(1/3)Nfl

A1/Tc0, wherelA1 is
the rate for the splitting of theA1-A transition in pure3He.
Although h is unrenormalized, the splitting parameters f
the A1 and A2 transitions are renormalized by the impuri
corrections to transition temperature and, in general, by thb
parameters.

The weak-coupling results for the fourth-order coef
cients are,13

b̄24522b̄554~ b̄wc1b̄ s̄!, ~6!

b̄wc5
Nf

30p2T2
S3~x!,

b̄ s̄5
Nf

9p2T2~ s̄02 1
2 !x S4~x!, ~7!

wheres̄0 is the dimensionless, nonmagnetic,s-wave scatter-
ing cross section, 0,s̄0,1 ~see below!, and

Sp~x!5 (
n50

` S 1

2n111xD p

, p.1 . ~8!

Note that the ratio r̄ b5b̄245/(2b̄5)[1 in the weak-
coupling limit, even with ~isotropic! impurity scattering.
However, this ratio deviates substantially from 1 in pu
3He, particularly at high pressures, e.g.,r b'0.47 at p
533.4 bars. Thus, the asymmetry of theA1-A vs theA2-A
transitions is a measure of the strong-coupling correction
the b parameters,dbsc5b2bwc, which are of order

dbsc

bwc
;

Tc

Ef
^uGNu2&FS, ~9!

compared to the weak-coupling values, where^•••&FS is a
Fermi-surface average of the normal-state quasiparti
quasiparticle collision rate}uGNu2.

Corrections to the weak-couplingb parameters from qua
siparticle scattering off the aerogel strands are of the or
db̄wc/bwc;xc5v f /2p,Tc , which is small for high-porosity
aerogels, but comparable to the strong-coupling correcti
2-2
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IMPURITY EFFECTS ON THEA1-A2 SPLITTING OF . . . PHYSICAL REVIEW B 68, 224502 ~2003!
from quasiparticle-quasiparticle collisions. Based on the s
pression ofTc and the aerogel mean free path we estim
xc.0.12 at high pressures.

If we neglect aerogel scattering corrections to the int
mediate quasiparticle states that enter the strong-coup
self-energies,24 then the relative strong-coupling correctio
for 3He in aerogel are scaled relative to their bulk ratios
the ratio of transition temperatures,

db̄sc

b̄wc
5

dbsc

bwc S Tc

Tc0
D . ~10!

This approximation gives a good qualitative description
the suppression of strong-coupling parameters for3He in
aerogel as measured by the field dependence of the
transition.3

A theoretical calculation of theb parameters that include
some of the effects of aerogel scattering on the intermed
states of the strong-coupling self-energies was carried ou
Baramidze and Kharadze16 within the spin-fluctuation feed
back theory of Brinkman and Anderson. This calculation p
dicts a suppression of strong-coupling effects with increa
disorder, but at a rate that is slower than that predicted
on the basis of the suppression ofTc . We can use the result
of Ref. 16 to estimate the strong-coupling correction to
predictedA2 transition for 3He in aerogel. The results o
Ref. 16 depend on a high-energy vertex, which we determ
by comparison with the magnitude of strong-coupling ra
r b5b245/(2b5) for pure 3He. In particular, we fix the ratio
dbsc/bwc for pure 3He, using the measured value ofr b :
(1/2)dbsc/bwc5(12r b)/(11r b). Then, the impurity cor-
rections to the strong-couplingb parameters calculated i
Ref. 16 give r̄ b5@12(1/2)db̄sc/b̄wc#/@11(1/2)db̄sc/b̄wc#
where30

db̄sc

b̄wc
5

dbsc

bwc S Tc

Tc0
D S S2~xc!/S2~0!

S3~xc!/S3~0! D . ~11!

To leading order in the pair-breaking parameter,db̄sc/b̄wc

'(dbsc/bwc)(12a xc). Based on Eq.~10!, a.2.47. The
rate of suppression is reduced toa.1.28 based on Eq.~11!.
In what follows we use Eq.~11! to estimate the suppressio
of the strong-coupling correction forTc

A2 . This correction
turns out to be small and relatively unimportant on the sc
of corrections that are required to explain the lack of
A1-A2 splitting for B<5 kG.

Finally, before discussing the effects of the liquid-so
exchange coupling, we consider a simplified version of
inhomogeneousscattering model discussed in Ref. 13 th
incorporates correlations of the aerogel. The length scal
which aerogel reveals inhomogeneity,ja;30–100 nm, is
typically comparable to the pair correlation length,j, and
has a substantial effect on the transition temperature of3He
in aerogel, particularly at high pressures. The inhomogen
of the aerogel on scalesja;j leads to higher superfluid
transition temperatures than predicted by the HSM with
same quasiparticle mean free path. Regions of lower aer
density, of size of orderja , are available for formation of the
22450
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condensate. Thus, the qualitative picture is that of a rand
distribution of low density regions, ‘‘voids,’’ with a typica
length scaleja in an aerogel with a quasiparticle mean fr
path, ,. When j;ja!,, the superfluid transition is deter
mined by the pairbreaking effects of dense regions surrou
ing the voids, and scales asdTc /Tc0}2(j/ja)2. However,
when the pair size is much larger thanja the aerogel is
effectively homogeneous on the scale of the pairs and p
breaking results from homogeneous scattering defined by
transport mean free path, which scales asdTc /Tc0}
2(j/,). This latter limit is achieved at low pressures. W
incorporate the correlation effect by introducing an effect
pairbreaking parameter in Eq.~4! that interpolates betwee
these two limits,x→ x̃5x/(11za

2/x), whereza[ja /,. This
heuristic treatment of aerogel correlations provides a g
description of the pressure dependence ofTc in zero field for
3He in aerogel over the whole pressure range, as show
Fig. 1 for ,51400 Å andja5502 Å. Alternatively, we can
adjust the mean free path, with pressure in order to simulat
the correlation effect onTc . However, we prefer to identify
, with the pressure-independent geometric mean free p
and introduce aerogel correlation effects via the effect
pair-breaking parameterx̃. In either scenario, the GL theor
for 3He in aerogel predicts transitions for theA1 and A2
phases, which correspond to the condensation of↑↑ and↓↓
Cooper pairs as in pure3He; the transition temperatures a
of the same form,

Tc
A15Tc1l̄A1B, Tc

A25Tc2l̄A2B, ~12!

but with renormalized parameters,

l̄A15lA1S Tc

Tc0
D @112x̃c8 S2~ x̃c!#, l̄A25 r̄ bl̄A1, ~13!

where x̃c8[Tcdx̃c /dTc , and r̄ b5b̄245/(2b̄5) is calculated
including both impurity scattering and strong-coupling co
rections as described above. These results predict theA1-A2

FIG. 1. ~Color online! The phase diagram for3He in 98% aero-
gel. The data are from Refs. 4 and 25. The theoretical curv

calculated fromā(Tc)50 using Eq.~4! in zero field with the ef-

fective pair-breaking parameterx̃ evaluated withja5502 Å and,
51400 Å. The phase boundaries for pure3He are shown for com-
parison.
2-3
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splitting of DTc
A12A2/B5(l̄A11l̄A2).6.3 mK/kG at p

533.4 bars, comparable to that of pure3He. There is cur-
rently no experimental evidence of theA1-A2 splitting in
3He aerogel. Since the width of the transition is less th
20 mK, inhomogeneities within the aerogel cannot acco
for the absence of theA1-A2 splitting.

For 3He in aerogel an additional mechanism contributi
to the splitting of the↑↑ and↓↓ transitions is possible.22 It
originates from an exchange coupling between liquid3He
quasiparticles and the surface3He spins adsorbed on th
silica structure. Such a surface solid of3He has been ob
served for3He impregnated into silica aerogel. The signatu
is a Curie-like susceptibilityxS5C/(T2QS) with a Curie
temperature,QS'0.4 mK.21

Thus, the model for scattering of quasiparticles by aero
that we adopt is a modified version of the scattering mo
described above which includes an exchange coupling
tween 3He quasiparticles in the liquid and localized3He
atoms bound to the silica aerogel structure. This couplin
described by an exchange term in the quasiparticle-impu
potential,

u5u01JS•s, ~14!

whereJ is the liquid-solid exchange coupling,S is the local-
ized 3He spin operator, ands is the Pauli spin operator fo
the 3He quasiparticles. There are no direct measuremen
J for 3He on aerogel, and theoretical calculations for3He on
planar substrates give indirect exchange interactions
vary over a wide range of values,Jind;0.1 mK–1.0 mK,
and may be either ferromagnetic or antiferromagnetic
pending on the specific mechanism and details of the th
retical model~cf. Ref. 26!.

In a magnetic fieldB52Bẑ the solid 3He spins are po-
larized,S5S(T,B) ẑ, with S(T,B)5P(B,T)s, where 0<P
<1 is the fractional polarization ands5(1/2). For suffi-
ciently low fields, and temperatures well above the order
temperature for the solid3He spins, the polarization is ex
pected to be linear in field withP(B,T)'umuB/kBT. In this
limit the A1-A2 splitting is given by Eqs.~12! and ~13!, but
with l̄A1→l̄A11lJ, wherelJ represents the effect of th
surface polarization and exchange coupling on the transi
temperatures for↑↑ vs ↓↓ pairs. The polarization-induce
splitting lJ}J depends on the sign of the exchange coupli
Thus, this term may either enhance or reduce the intrin
splitting l̄A1. In what follows we calculate the exchang
splitting lJ and discuss the result in relation to the existi
data forTc .

To calculate the liquid-solid exchange contribution to t
A1-A2 splitting we use the quasiclassical theory of superfl
3He,27 with effects of scattering by the aerogel described
the HSM,13 modified to include the exchange coupling in E
~14!. The instability temperatures for↑↑ and ↓↓ Cooper
pairs are obtained by solving the weak-coupling gap eq
tion for the spin-triplet components of the order paramet
22450
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3
ln~T/Tc0!D~ p̂!5T(

«n

E dV p̂8
4p

~ p̂•p̂8!

3S f~ p̂8;«n!2p
D~ p̂8!

u«nu D , ~15!

wheref(p̂;«n)5( f 1 , f 2 , f 3) are the ‘‘pair’’ amplitudes for the
three spin-triplet states:f ↑↓5 f 3 , f ↑↑5(2 f 11 i f 2), and f ↓↓
5( f 11 i f 2). The pairing interaction and density of states
the Fermi level, as well as the cutoff, have already be
adsorbed intoTc0.

The scattering of quasiparticles off the aerogel structur
described by a random distribution of scattering cent
~‘‘impurities’’ !. The impurity self-energy, to leading order i
\/tEf , is determined by at matrix for multiple scattering by
a single impurity and the mean density of impurities,

Ŝimp~ p̂;«n!5nst̂~ p̂,p̂;«n!. ~16!

The model for scattering of quasiparticles by aerogel that
adopt is described by an isotropic, nonmagnetic scatte
amplitude u0 and an exchange term in the quasipartic
impurity scattering potential; in 434 Nambu representation
û5u01̂1JSŜz , whereŜ5( 1̂1 t̂3)s/21( 1̂2 t̂3)str/2 is the
Nambu representation for the quasiparticle spin. For simp
ity we also assumeJ to be isotropic. Thet matrix for re-
peated scattering of quasiparticles off a random distribut
of these polarized scattering centers is

t̂5 û1Nf û^ĝ& t̂, ~17!

where^ĝ& is the Fermi-surface-averaged propagator. For n
mal 3He in aerogel and even in the presence of magn
fields and magnetic scattering, the propagator reduces tĝN

52 ipsgn(en) t̂3. Thus, the solution to the scatteringt ma-
trix is given by

t̂5
1

pNf
~ 1̂1 iseût̂3!21û, ~18!

wherese5sgn(en), and the dimensionless scattering pote
tial is û5u1̂1vŜz , with u5pNf u0 , v5pNf J S.

For nonmagnetic scattering (S50) thet matrix is param-
etrized by thes-wave scattering phase shift,d05tan21(u),

t̂5
1

pNf
sind0 e2 ised0t̂3. ~19!

In this minimal model for aerogel scattering, the mean d
sity of impurities and scattering rate for normal quasipa
cles are fixed by the mean free path, and scattering cross
sections,

ns5
1

s,
, with s5

4p\2

pf
2

s̄0 , ~20!

where the normalized cross section is related to the scatte
potential by
2-4
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s̄05
u2

11u2
. ~21!

Note thats̄0→0 is the Born scattering limit, whiles̄0→1 is
the unitary limit.

WhenSÞ0 there are different phase shifts for the scatt
ing of ↑ (1) and↓ (2) spin quasiparticles, which we pa
rametrize as

d65d06Dd. ~22!

The t matrix can now be expressed as

t̂5
1

pNf
$sind0cos~Dd!1̂1cosd0sin~Dd!Ŝz%

3e2 ised0t̂3e2 iseDdŜzt̂3. ~23!

The quasiparticle-impurity scattering rates for↑ and↓ qua-
siparticles are calculated from the retarded self-energyŜimp

R

5ns t̂R, obtained from Eq.~23! by settingse51. Thus, for
quasiparticles the self-energy for spinsz5↑ andsz5↓ be-
comes

S↑,↓
R 5GNsind↑,↓~cosd↑,↓2 i sind↑,↓!, ~24!

whereGN5ns /pNf . The scattering rates for↑ and ↓ spin
quasiparticles are then

1

2t6
5GNsin2d65GNs̄65GN

~u6v!2

11~u6v!2
, ~25!

wheres̄6 is the dimensionless cross section for scattering
↑ vs↓ spin quasiparticles. In both the unitary (d0→p/2) and
the Born (d0→0) limits, the↑ and↓ spin scattering rates ar
equivalent,

1

2t6
→H GNcos2~Dd!, d05p/2

GNsin2~Dd!, d050.
~26!

Only whend0Þ0,p is the scattering rate for↑ and ↓ spin
quasiparticles differ. In general, we can parametrize the s
tering rates as

1

t6
5

1

t̄
6

1

tS
, ~27!

or equivalently,

1

tS
5

1

t̄
S s̄12s̄2

s̄11s̄2
D , ~28!

where 1/t̄ is the polarization-independent scattering rate. I
convenient to express the normal-state self-energy in te
of base particle-hole matrices,

ŜN5S111̂1S13Ŝz1S31t̂31S33t̂3Ŝz , ~29!

with components

S1151 1
2 GNsin~2d0!cos~Dd!, ~30!
22450
-

f

t-

s
s

S1351 1
2 GNcos~2d0!sin~Dd!, ~31!

S3152
i

2
GNse@12cos~2d0!cos~2Dd!#, ~32!

S3352
i

2
GNsesin~2d0!sin~2Dd!. ~33!

To calculate the instability temperatures for↑↑ and↓↓ pairs
we need the off-diagonal propagator to linear order in
pairing self-energy. Thus, we expand the transport equat
self-energies, and normalization condition in powers ofD̂.
The zeroth-order terms are the normal-state propagator
self-energy@Eq. ~29!#. To first order we obtain27

@ i«nt̂32ŜN ,ĝ(1)#5@D̂,ĝN#, ~34!

and t̂3ĝ
(1)1 ĝ(1)t̂350 from the normalization condition. We

reduce the equations to 232 spin space by writingĤN

5 i ent̂32ŜN5(1/2)(1̂1 t̂3)H N1(1/2)(1̂2 t̂3)H̄ N with HN

5 i en2SN andH̄N52 i en2S̄N . Note thatĝ(1) is purely off-
diagonal with the upper-right pair amplitude satisfying t
equation in spin space,

HNf (1)2 f (1)H̄N52ip sgn~en!D. ~35!

Projecting out the spin-triplet components, we obtain (i en
2S6) f 65ipsgn(en)D6 with S65S316S3352isgn(en)/2t6,
and for f ↑↑(↓↓)[ f 1(2)57 f 11 i f 2,

f 65
pD6

uenu11/2t6
. ~36!

The linearized gap equations forD6 are given by Eq.~15!
with f→ f 6, D→D6, and T→Tc

6 . For nonunitary, axial
states

D6~ p̂!5d6~ p̂x1 i p̂y!/A2, ~37!

the eigenvalue equation ford6 yields the weak-coupling
equation for the instability temperaturesTc

6 . In the absence
of the polarization, the aerogel transition temperature
given by

ln~Tc /Tc0!52S1~xc!, ~38!

wherexc51/2ptTc , and the spin-independent rate for qu
siparticles scattering off the aerogel is given by

1

2t
5GNsin2d0[GNs̄0 . ~39!

In the presence of a liquid-solid exchange coupling, and
larization of the solid3He, the instability temperatures fo
the ↑↑ and↓↓ condensates are given by

ln~Tc
6/Tc0!52 S1~x6!, ~40!

wherex6[1/2pt6Tc
6 . For u0Þ0, the leading-order polar

ization correction to the scattering cross sections gives
2-5
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1

t̄
5

1

t
,

1

2tS
52nsJS~T,B!As̄0~12s̄0!3/2. ~41!

In the low-field region, and above the magnetic order
temperature,P5umuB/kBTc , and we obtain

lJ5gJS umu
kB

D S ~12s̄0!3/2

As̄0
D S 22xc S2~xc!

122xc S2~xc!
D , ~42!

wherexc5(j0 /,)(Tc0 /Tc), and the dimensionless exchan
coupling is

gJ52pNfJs. ~43!

Note the impurity-induced exchange splitting vanishes in
unitary limit.31 Equation~42! is easily generalized to includ
aerogel correlations within the heuristic ‘‘random void
model described above; the result forlJ has the same form
as Eq. ~42!, but with 2xc S2(xc)→ x̃c8S2( x̃c), where x̃c

5xc
2/(xc1za

2), xc51/2ptTc , and x̃c8[Tc dx̃c /dTc .
The effects of the liquid-solid exchange couplinggJ and

the polarization of the solid3He coating the aerogel strand
on the A1-A2 splitting are shown in Fig. 2, and compare
with measurements of the superfluid transition in 98% ae
gel reported in Ref. 25; these authors found no evidenc
theA1-A2 splitting for fields up toB55 kG. The data for the
superfluid transition of3He in 98% aerogel for fields up to
B55 kG are shown in Fig. 2. The error bars are conserva
estimates of the uncertainty in definingTc ; the experiment
shows no evidence of a splitting to within the error of det
mining Tc , and consequently we can assume that the s
ting to be less than the error bars forTc .32

The calculation of theA1-A2 splitting includes aeroge
correlations, which are most important at high pressu
Both the mean free path, and the aerogel correlation leng
ja contribute. The values of,51400 Å andja5502 Å cor-

FIG. 2. ~Color online! The low-field~linear! splitting of Tc with
magnetic field for 3He in aerogel with a mean free path of,
5140 nm, a correlation length ofja550 nm and a typical cross

sections̄051/2. The splitting for3He aerogel without liquid-solid
exchange is indicated by the solid~red! lines. The data points are
taken from Ref. 25.
22450
g

e

-
of

e

-
it-

s.

respond toTc52.12 mK at p533.4 bars and yield close
agreement withTc(p) over the full pressure range. The d
mensionless cross sections̄0 is not known with any cer-
tainty; there is likely a distribution of cross-sections provid
by the aerogel. In the absence of detailed knowledge
assume an average value ofs̄051/2. The values oflA1 and
lA2 for pure 3He, and thus the strong-coupling parameterr b
are taken from Ref. 6. The effects of nonmagnetic scatte
by aerogel lead to small corrections forl̄A1 and l̄A2; these
terms alone~shown in Fig. 2 asgJ50) generate theA1-A2
splitting that is substantially larger ('32) than the error
reported for the superfluid3He transition in Ref. 5. An anti-
ferromagnetic exchange coupling (gJ.0) decreases the
A1-A2 splitting. The magnitude of the predicted splitting
reduced to lie within the error bars forTc for gJ51.8
31024, which corresponds to an exchange coupling oJ
.0.1 mK per liquid 3He spin.

The existing data, while suggestive that the liquid-so
layer coupling may be playing an important role in suppre
ing the A1-A2 splitting are not conclusive. If scattering b
polarized3He is responsible for the suppressedA1-A2 split-
ting for pure 3He in aerogel, then heat capacity or acous
attenuation measurements with4He added to displace th
solid 3He, should exhibit theA1-A2 splitting that is compa-
rable to that of pure bulk3He. Measurements of Spragu
et al.21 at p518.7 bars and atB51.47 kG do show an in-
crease inTc from 1.69 mK without 4He coverage to 1.76
mK with the addition of one monolayer of4He to remove
the solid 3He; thus,DTc.70 mK. By comparison, if we
suppress the polarization component of the scattering rat
our theoretical calculation we obtain an increase inTc from
the conventional component of theA1-A2 splitting of
DTc

A1-A253.1 mK/kG B.4.6 mK, which is more than an or-
der of magnitude smaller than the change inTc observed by

FIG. 3. ~Color online! The field-evolution of the splitting ofTc

for 3He in aerogel with the same parameters as those used in F
The linear field splitting expected in the absence of polarized s
3He is indicated by the solid~red! lines. The nonlinear field evolu-
tion of the splitting is indicated by the thick~green! lines and cor-
responds to the value ofgJ53.031024. The Curie temperature is
taken from Ref. 19,QS.0.4 mK, and the exchange field isBS

5kBQS/umu.5.14 kG. The data points are from Ref. 25.
2-6
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adding 4He. Thus, the addition of4He also modifies the
nonmagnetic contribution to the pairbreaking, and this eff
is dominant at these low fields.

Measurements on pure3He in aerogel at higher field
should not suffer from this problem and should be able
resolve some or all of the uncertainty in the mechanism s
pressing theA1-A2 splitting at low fields. In particular, if an
exchange coupling,J'0.1–0.2 mK is responsible for th
suppressedA1-A2 splitting at B<5 kG, then for higher
fields, B@BS5kBQS/umu'5 kG the polarization of the
solid 3He should saturate, producing a field-independ
shift from scattering off the polarized3He, and theA1-A2
splitting that increases with field, forB@BS, at a rate com-
parable to that for pure3He.
h,
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ev

ld,

.S

.

22450
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The Curie temperature for the solid3He provides the tem-
perature and field scale for the polarization, i.
P(B/BS,T/QS). In order to estimate the field dependence
the A1-A2 splitting at higher fields we use the mean-fie
theory for thes51/2, near-neighbor Heisenberg ferromagn
to calculate the polarization.28 The result is shown in Fig. 3
for the same parameters used to obtain the low-field supp
sion of theA1-A2 splitting shown in Fig. 2. Thus, even i
fully suppressed at low fieldsB&BS the A1-A2 splitting
should emerge for fields aboveB'20 kG.
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