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Impurity effects on the A;-A, splitting of superfluid 3He in aerogel

J. A. Saul$? and Priya Sharrta
lDepartment of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208, USA
2Centre de Recherches sur les §iBasses Tempatures, Centre National de la Recherche Scientifique,
Laboratoire Associe I'Universite Joseph Fourier, Boe Postale 166, 38042 Grenoble Cedex 9, France
(Received 4 June 2003; published 5 December 2003

When liquid ®He is impregnated into silica aerogel a solid-like layePbile atoms coats the silica structure.
The surface’He is in fast exchange with the liquid on NMR time scales. The exchange coupling of fikieid
quasiparticles with the localizetHe spins modifies the scattering tifle 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 sofidle. We discuss this effect,
as well as the effects of nonmagnetic scattering, in the context of a possible splitting of the superfluid transition
for 11 vs || Cooper pairs for superfluidHe in aerogel, analogous to th-A, splitting in bulk 3He.
Comparison with the existing measurementsTgffor B<5 kG, which shows no evidence of thg-A,
splitting, suggests a liquid-solid exchange coupling of ordter0.1 mK. Measurements at higher fields,
=20 kG, should saturate the polarization of the sdlite and reveal thé\;-A, splitting.
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One focus of experimental investigations %e in aero- A vh| [ kgTe
gel has been the determination of the phase diagram. Tor- A=Al E | (1)

sional oscillator, NMR, vibrating wire, and sound attenuation
experiments orfHe in ~98% porosity aerogels suggest that
there is just one superfluid phase for pressures above thgnere y is the gyromagnetic ratio for*He, kgT./E;
critical pressure of 6 atm in zero magnetic fiéfd At lower ~1073, andA ~O(1-10) is a “high-energy” vertex. A first
pressures there appears to be only norfiig down to zero principles calculation ofA requires a solution of the many-
temperaturé.In short, aB-like phase, with reduced suscep- body problem for the pairing interaction iPHe. Alterna-

tibility, is the only stable superfluid phase observed in zeraq. _—
field. An Aclike phase, if it exists in zero field, may be staple [vely, we treatA on the same level as other high-energy
vertices in Fermi-liquid theory\ is a Fermi-liquid param-

only in a very small regiod T<20 uK nearT.. As in bulk . . . . .
3HZ anA—Iikye phase c?an be stab/iTized in a° magnetic ﬁeld,eter, which can be determined by comparing physical predic-
’ 'tions of the Fermi-liquid theory with experiment—in this

the region of stability,T ,g<T<T,, increases quadraticall -~ . . .
9 Y\ ¢ d Y case theA,-A splitting. OnceA is determined, its effects on

with field, T,— Tag=— gagB2. However, a splitting of the i
transition fori T and| | pairs, analogous to th&,-A, split- other Iow-ene_rgy properties dHe can be calculated. Thus,
the A, transition can be calculated in terms &f and cor-

ting in bulk 3He, has so far not been observed for fields up™'©’ A X
to B=~5 kG3° rections toT _? from the 11 pair condensat¥:

In pure ®He, on application of a magnetic field, tifg The disorder introduced by the aerogel structure into lig-
phase, characterized by spin-polarized Cooper pairs conid He is, on average, ‘weak on the high-energy scale,
posed of only1 spins, nucleates at a temperature slightly?/ 7E;<<1. Thus, the Fermi-liquid interactions are essentially
higher than the zero-field transitioﬂi@l:TCH\AlB.zg This  unaffected by the aerogel, andlwe. can calculate thg effects of
transition is followed by a second transition, shifted below@€r0g€! on the low-energy excitations and superfluid proper-
ties within Fermi-liquid theory. The main effect of the aero-

. . A _ A . .

thg zero-field transition, JCZ_TF)T.Z B, in which t.hel.l gel structure is to scatteiHe quasiparticles moving with the
pairs nuclgate. The_ region of stability opruTeApalrs N Fermi velocity. At temperatures beloW* ~10 mK elastic
creases linearly with fieldATa —a,=(T"=T)=(\"*  scattering by the aerogel dominates inelastic quasiparticle-
+2%2)B, at a rate of NA1+\"2=6.1 uK/kG at p quasiparticle collision&? This limits the mean free path of
=33.4 bar”’ normal ®He quasiparticles ta=130—180 nm. Inp-wave

This splitting of the zero-field transition originates from superfluids quasiparticle scattering is intrinsically pairbreak-
the combined effect of the nuclear Zeeman coupling to théng and leads to renormalization of nearly all properties of
3He spin, and particle-hole asymmetry in the normal-statehe superfluid phases, including th and A, transition
density of states and pairing interaction. The original estitemperatures. The suppression ©f, as well as pair-
mate ofA”1 by Ambegaokar and Mermfirwas based on the breaking effects on observable properties of the superfluid
asymmetry of the density of states fprvs | quasiparticles phases, have been analyzed theoretically for nonmagnetic
at the Fermi level. More involved calculations include thescattering:®>~*® Here we analyze the effects of scattering by
effects of spin polarization of the Fermi liquid on the pairing the aerogel on thé; andA, transitions.
interaction®!? Estimates of the splitting of tha, transition The aerogel has a strong effect on thieort-distance
are of order high-energy properties of the liquid locally near the silica
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strands. The first few atomic layers 8He are adsorbed on lated within the quasiclassical theory to leading order in
the silica structure and form a highly polarizable solidlike Tc/E¢ (weak coupling, and one finds
phase, observable as a Curie-like component of the magne- _
tization of 3He aeroget® The surface®He is in fast ex- a=3N¢[In(T/Tg)— 2 S1(X)], (4
change with the liquid on typical NMR time scales, implying
a liquid-solid exchange interaction|J|/h=0.66 MHz
(|3]=0.03 mK) 1*?° The exchange coupling of liquidHe
quasiparticles with the localizetHe spins] may modify the
scattering of>He quasiparticles by the aerogel structtfre. > "
Here we include the effect of magnetic scattering®fe  tion «(T¢)=0 and
quasiparticles by polarizabl8He spins coating the aerogel "
strands. The differential scattering pfvs | spin quasiparti- S,x)=" 1 B 1
cles by the polarized surface leads to an additional contribu- 1 Ao \2n+1+x 2n+1)°
tion to the splitting of thef T vs | | transitions\ j<J, which o ) ]
is determined by the nonmagnetig and exchangd inter- ~ The parameter; is directly proportional to the high-energy
actions and the density dHe coating the aerogéf.Below vertex A and so is umenormallzed by impurities to leading
we extend the analysis of Ref. 22 and examine the role of therder in#/p{. Thus,n= 7= (1/3)N;\*1/ Ty, wherex*t is
exchange coupling on the possibig-A, splitting of the the rate for the splitting of thé;-A transition in pure*He.
superfluid phases otHe in aerogel. Although % is unrenormalized, the splitting parameters for
The suppression of the AB transition in both pure andthe A; and A, transitions are renormalized by the impurity
disordered®He is quadratic in field on a scale set byg  corrections to transition temperature and, in general, bysthe
~mK/kG2.2 Thus, for fieldsB>B*=\"1/g,z~1 G and parameters.
temperature3 ~T,, the | pairs are suppressed. In the field The weak-coupling results for the fourth-order coeffi-
and temperature range of interest we can restrict the fultients are?
p-wave, spin-triplet order parameter to two componedts, _ _ -
for 71 pairs andd_ for | | pairs. We assume that the orbital Bos= —2Bs=4(B"+ B7), (6)
state is the same for both spin components and the axial

wherex=v/27T€ and{ is the mean free path of quasipar-
ticles scattering off the aerogel. In E@,), and hereafter, we
denote the transition temperature for piitde by To. The
superfluid transition in aerogel is determined by the condi-

®

(ABM) form, x(p)=p- (m+in)/y2. Thus, in pure’He the N
full Ginzburg-LandauGL) free-energy functionalc.f. Ref. B = 300272 Sa(x),
23) reduces t&
Ny —
0[d, ,d_J=a(|d.[*+]d_[*)— 7 B(|d,[*~[d_[?) ﬂU=F;TZ(ao—%)x S,(%), @

+Bod|dy [2+]d_[?)?+4B4ld |*]d_|?, - S _
whereo is the dimensionless, nonmagnesayave scatter-
ing cross section, € 0y<1 (see beloy, and

2
wherea, », andB; are the known material parameters for
superfluid3He; a(T) = (1/3)N¢In(T/T,) determines the zero-
field transition andz=(1/3)N;\*Y/T, determines theA; SP(X):EO
(11) transition, whereN; is the single-spin density of states
at the Fermi level. The fourth-order coefficients determineNote that the ratior_B:Ez‘w/(—Es)El in the weak-
the relative stability of the possible phases. In particularcoupling limit, even with (isotropig impurity scattering.
B24>0 andBs<0 favor an equal-spin-pairin@ESP phase  However, this ratio deviates substantially from 1 in pure
with |d.|=|d_][. The linear field term is symmetry breaking 3He, particularly at high pressures, e.gz~0.47 atp
and competes with the fourth-order terms. The latter wins at- 33 4 bars. Thus, the asymmetry of thg-A vs the A,-A

lower temperatures and gives rise to thetransition where  transitions is a measure of the strong-coupling corrections to

o

1
2n+1+Xx

p
) , p>1. (8)

1| spins condense Witfll'/:Z:Tc—)\AZ B and the B parametersd 3= 8— 8", which are of order
ﬁ245 5BSC TC
Ay A ~ 2
A 2_( _ 5))‘ L ) e Ef<|FN| )Fs: 9

Within the homogeneous, isotropic scattering maghsM) compared to the weak-coupling values, whére- )rg is a

the rotational symmetry otHe in aerogel is preserved on the Fermi-surface average of the normal-state quasiparticle-
coherence length scale, and the GL free energy has the sameasiparticle collision rates |T"y|?.

form as in pure®He, but with material parameterE,, ; Corrections to the weak-coupling parameters from qua-
etc., that are modified by the effects of scattering by thesiBarticle scattering off the aerogel strands are of the order
aerogel(we use a “bar” to denote the material parameters in68"% 8"~ x.=v/2m{ T, which is small for high-porosity
the presence of aerogel scattejinbhese effects were calcu- aerogels, but comparable to the strong-coupling corrections
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from quasiparticle-quasiparticle collisions. Based on the sup- ‘ S
pression ofT; and the aerogel mean free path we estimate - 3
X.=0.12 at high pressures. He-AerogeI
If we neglect aerogel scattering corrections to the inter- , .
mediate quasiparticle states that enter the strong-coupling Superflwd
self-energie$* then the relative strong-coupling corrections 20

for He in aerogel are scaled relative to their bulk ratios by 3
the ratio of transition temperatures, &

5B 5ﬁ50( T ) 0 I

Cc
—— = —1. (10
BWC BWC Teo o TR ||
— Theory

This approximation gives a good qualitative description of e &
the suppression of strong-coupling parameters ¥de in ' ' TTmK] ' '
aerogel as measured by the field dependence of the AB
transition3 FIG. 1. (Color onling The phase diagram fotHe in 98% aero-

A theoretical calculation of thg parameters that includes 9€l- The data are from Refs. 4 and 25. The theoretical curve is
some of the effects of aerogel scattering on the intermediatealculated froma(Tc)=0 using Eq.(4) in zero field with the ef-
states of the strong-coupling self-energies was carried out bigctive pair-breaking parametgrevaluated withé,=502 A and¢
Baramidze and KharadZewithin the spin-fluctuation feed- =1400 A. The phase boundaries for piftde are shown for com-
back theory of Brinkman and Anderson. This calculation pre-arison.

dicts a suppression of sirong-coupling effects with 'ncreasesgondensate. Thus, the qualitative picture is that of a random

istribution of low density regions, “voids,” with a typical
ength scalet, in an aerogel with a quasiparticle mean free
epath,€. When é~ ¢,<¢, the superfluid transition is deter-
mined by the pairbreaking effects of dense regions surround-
an the voids, and scales & . /T o< — (£/£,)%. However,
when the pair size is much larger th&g the aerogel is
effectively homogeneous on the scale of the pairs and pair-

v X . breaking results from homogeneous scattering defined by the
(1/2)6p%1B™=(1=15)/(1+T). Then, the impurity cor- transport mean free path, which scales &%./T. o

rections to the strong-coupling parameters calculated in- _ ¢y " This Jatter limit is achieved at low pressures. We
Ref. 16 giver p=[1—=(1/2)6p%1 ™ I[1+(1/2)6B%1B8™]  incorporate the correlation effect by introducing an effective
where’ pairbreaking parameter in E¢4) that interpolates between
these two limitsx—x=x/(1+ £2/x), wherel,= &,/¢. This
(SZ(Xc)/SZ(O) (11) heuristic treatment of aerogel correlations provides a good
S3(Xc)/S3(0) description of the pressure dependencd oin zero field for
o 3He in aerogel over the whole pressure range, as shown in
To leading order in the pair-breaking paramet®8°73"°  Fig. 1 for ¢ =1400 A andé,=502 A. Alternatively, we can
~(6B%18")(1—ax;). Based on Eq(10), a=2.47. The adjustthe mean free pathwith pressure in order to simulate
rate of suppression is reducedde-1.28 based on Eq11).  the correlation effect off,. However, we prefer to identify
In what follows we use Eq(11) to estimate the suppression ¢ with the pressure-independent geometric mean free path
of the strong-coupling correction foTCAZ. This correction and introduce aerogel correlation effects via the effective

turns out to be small and relatively unimportant on the scalgair-breaking parametex. In either scenario, the GL theory
of corrections that are required to explain the lack of thefor *He in aerogel predicts transitions for tg and A,
A;-A, splitting for B<5 kG. phases, which correspond to the condensatiohtoénd | |
Finally, before discussing the effects of the liquid-solid Cooper pairs as in purdHe; the transition temperatures are
exchange coupling, we consider a simplified version of arof the same form,
inhomogeneouscattering model discussed in Ref. 13 that A _ A _
incorporates correlations of the aerogel. The length scale at T 1=T+\MB, T 2=T,—\"2B, (12
which aerogel reveals inhomogeneit§,~30—-100 nm, is
typically comparable to the pair correlation length, and
has a substantial effect on the transition temperaturéHaf
in aerogel, particularly at high pressures. The inhomogeneity
of the aerogel on scales,~ ¢ leads to higher superfluid 5 N o o
transition temperatures than predicted by the HSM with thevhere x;=T.dx./dT., andr z=B,4s/(—Bs) is calculated
same quasiparticle mean free path. Regions of lower aerogéicluding both impurity scattering and strong-coupling cor-
density, of size of ordef,, are available for formation of the rections as described above. These results predicAth®,

disorder, but at a rate that is slower than that predicted ju
on the basis of the suppressionTgf. We can use the results |
of Ref. 16 to estimate the strong-coupling correction to th
predictedA, transition for *He in aerogel. The results of
Ref. 16 depend on a high-energy vertex, which we determin
by comparison with the magnitude of strong-coupling ratio
I g= Baas! (— Bs) for pure 3He. In particular, we fix the ratio
5859 B¢ for pure 3He, using the measured value of :

5Esc_ S BSC Tc

BWC - BWC (TCO

but with renormalized parameters,

AA1=)\A1

Te MEN, NAs— YA
T_O [1+2X. Sp(Xe)], A 2=1g\"1, (13
c
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- Ar—Ay _ S A T A —~ 1 ~ dQx, A A
splitting of AT_* "2/B=(\"1+\"2)=6.3 uK/kG at p §In(T/Tco)A(p)=T2 fT;(P'p')

=33.4 bars, comparable to that of putble. There is cur-
rently no experimental evidence of thg-A, splitting in
3He aerogel. Since the width of the transition is less than
20 uK, inhomogeneities within the aerogel cannot account
for the absence of th&;-A, splitting. . . )
For 3He in aerogel an additional mechanism contributingWheref(p;en) = (f1,f2,f5) are the “pair” amplitudes for the
to the splitting of thel 1 and | | transitions is possibl@ It three spin-triplet stated; =f3, f;,=(—f;+if,), andf
originates from an exchange coupling between liqdide =(f1+|f2_). The pairing interaction and density of states at
quasiparticles and the surfaddle spins adsorbed on the the Ferml_level, as well as the cutoff, have already been
silica structure. Such a surface solid #fle has been ob- adsorbed intd co.

d forHe i ted into sili | The sianat The scattering of quasiparticles off the aerogel structure is
served lorthie impregnated Into silica aerogel. he signatur€qeqeripeq by a random distribution of scattering centers
is a Curie-like susceptibilityys=C/(T—0g) with a Curie

”n (“impurities” ). The impurity self-energy, to leading order in
temperature@ s~0.4 mK. hl7E;, is determined by amatrix for multiple scattering by

Thus, the model for scattering of quasiparticles by aerogel single impurity and the mean density of impurities,
that we adopt is a modified version of the scattering model

describged above whi_ch ineludes an .exchange ceupling be- iimp(ﬁ;sn):nsi(ﬁaﬁ;sn)- (16)

tween ®He quasiparticles in the liquid and localizetHe

atoms bound to the silica aerogel structure. This coupling ig’he model for scattering of quasiparticles by aerogel that we

described by an exchange term in the quasiparticle-impuritpdopt is described by an isotropic, nonmagnetic scattering

potential, amplitude u, and an exchange term in the quasiparticle-
impurity scattering potential; in ¥4 Nambu representation
u=uyl+JS3,, where2=(1+ 75) 072+ (1- 75) 0"/2 is the

u=ug+JS o, (149  Nambu representation for the quasiparticle spin. For simplic-

ity we also assumd to be isotropic. The matrix for re-

] o ) o peated scattering of quasiparticles off a random distribution
whereJ is the liquid-solid exchange couplin§,is the local-  f these polarized scattering centers is

ized 2He spin operator, ang- is the Pauli spin operator for
the 3|;|e quasiparticles. There are no direct measurements of =0+ Nfﬁ(ﬁﬁ, (17)
J for 3He on aerogel, and theoretical calculations tbte on

planar SubStI’a.teS giVe indirect eXChange interactions th%here<a> is the Fermi_surface_a\/eraged propagator_ For nor-
vary over a wide range of values;g~0.1 uK-1.0 mK,  ma| 3He in aerogel and even in the presence of magnetic

and may be either ferromagnetic or antiferromagnetic deg ; terina. th t ~
pending on the specific mechanism and details of the theo1e d? and magnetlc scattering, _e propagator reelucgﬁ 0
retical model(cf. Ref. 2. = —imsgn(e,) 73. Thus, the solution to the scatterihgna-

trix is given by

A(p")

X f(ﬁ';sm—wm), (15)

In a magnetic fieldBB=— Bz the solid *He spins are po-
larized, S=S(T,B)z, with S(T,B)=P(B,T)s, where 0<P ~ 1 . . R
<1 is the fractional polarization ans=(1/2). For suffi- t= W—N(1+iSeU73)_1U, (18
ciently low fields, and temperatures well above the ordering f
temperature for the solidHe spins, the polarization is ex- wheres,=sgn(e,), and the dimensionless scattering poten-
pected to be linear in field \_N|tVP(B,T)~|,u|B/kBT. Inthis gl is G=ui+v3,, with u=mN;uy, v==N;J S.
limit the A;-A, splitting is given by Eqs(12) and(13), but For nonmagnetic scattering€ 0) thet matrix is param-
with M 1—\A14+ )\ j, where\; represents the effect of the etrized by thes-wave scattering phase shifiy=tan (u),
surface polarization and exchange coupling on the transition
temperatures fof T vs || pairs. The polarization-induced ~ 1 s
splitting A y<J depends on the sign of the exchange coupling. t= W_Nfs'” Go& e, (19)
Thus, this term may either enhance or reduce the intrinsic
splitting A1, In what follows we calculate the exchange !N this minimal model for aerogel scattering, the mean den-
splitting A ; and discuss the result in relation to the existingSity of impurities and scattering rate for normal quasiparti-
data forT,. cles.are fixed by the mean free pathand scattering cross
To calculate the liquid-solid exchange contribution to theSectiono,
A;-A, splitting we use the quasiclassical theory of superfluid
3He,?” with effects of scattering by the aerogel described by 1 . Amhi—
the HSM™® modified to include the exchange coupling in Eq. Ns=—z, With o= 02 0. (20)
(14). The instability temperatures forT and || Cooper f
pairs are obtained by solving the weak-coupling gap equawhere the normalized cross section is related to the scattering
tion for the spin-triplet components of the order parameter, potential by
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— u?

Oo= .
1+u?

(21)

Note that;(,ﬂo is the Born scattering limit, Whi|;0~>1 is
the unitary limit.

WhenS+ 0 there are different phase shifts for the scatter-
ing of T (+) and] (—) spin quasiparticles, which we pa-

rametrize as

T=5p+A6. (22
Thet matrix can now be expressed as
~ 1 - ) .
t= W—N{sm 50COg A )1+ cossysin(A8) 2}
f
W @ 1503 iSA %, (23)

The quasiparticle-impurity scattering rates foand | qua-
siparticles are calculated from the retarded self-enéﬁqg
=n, tR, obtained from Eq(23) by settings.= -+. Thus, for
guasiparticles the self-energy for spip=1 ando,=| be-
comes

3R =T\sind, |(coss; |—isins; ), (24)

wherel'y=n¢/7N¢. The scattering rates for and | spin
quasiparticles are then

1 _ u=v)?
=I‘Nsir125i=1"N(ri=1"N(—)2,
1+(u=xv)

274 (25

whereo . is the dimensionless cross section for scattering of

1 vs | spin quasiparticles. In both the unitar§y(— 7/2) and

PHYSICAL REVIEW B 68, 224502 (2003

315=+ 3 \cog28y)siN(AS), (31)
3a1=— IEl‘,\,se[l—(:05{250)005{ 2A6)], (32
3= I—l"NsEsin(Zéo)sin( 2A6). (33

2

To calculate the instability temperatures for and | | pairs

we need the off-diagonal propagator to linear order in the
pairing self-energy. Thus, we expand the transport equation,
self-energies, and normalization condition in powersAof
The zeroth-order terms are the normal-state propagator and
self-energy[Eq. (29)]. To first order we obtaf{

[ienms— 3N, 0W1=[A,g0], (34)

and 739"+ g™ 7;=0 from the normalization condition. We
reduce the equations toX2 spin space by writing:h\l
=ienma— 2= (12) A+ T3)Hn+ (1/2)(1— 73)Hy with Hy
=ie,— 3y andHy=—ie,— 2y . Note thatg") is purely off-
diagonal with the upper-right pair amplitude satisfying the
equation in spin space,

Hyf O — fOH = 2i 7 sgr(e,) A (35)

Projecting out the spin-triplet components, we obtaiig,, (

=3 . )f.=i7sgnE)A . with3_ =33,+33=—isgnEy /27,
and fOI’fTT(ll)Eer(,): + f1+ if2,

7TA+

fir:|fn|+1/27'4_,'

(36)

the Born (9,— 0) limits, theT and| spin scattering rates are tyq |inearized gap equations fdr. are given by Eq(15)

equivalent,
1 I'\COL(AS), Sp=l2
Il .
27. | T\SiP(AS), 6&,=0.

Only when §,# 0,7 is the scattering rate fof and | spin

(26)

quasiparticles differ. In general, we can parametrize the scal

tering rates as

1 1 1
—=Zx=, 27
™ 7 Ts
or equivalently,
1 1{o,—0_
e e ) (28)
s Tt\o,to_

with f—f*, A—A*, and T—>Tci.
states

For nonunitary, axial

AL(p)=d.(pxtipy)/V2, (37)

he eigenvalue equation fai. yields the weak-coupling
Squation for the instability temperatur&s . In the absence
of the polarization, the aerogel transition temperature is
given by

IN(Tc/Teo) =2S,(Xe), (39

wherex,=1/2w7T., and the spin-independent rate for qua-
siparticles scattering off the aerogel is given by

1 _
_:FNSinzﬁoEFN(To.

27 (39)

where 1f is the polarization-independent scattering rate. It is

convenient to express the normal-state self-energy in ter

of base particle-hole matrices,

DINED FPAIED P D SPE RaD 2oL 9 (29
with components
3,=+ 1T'\sin(28,)cog A 6), (30

n{g the presence of a liquid-solid exchange coupling, and po-

arization of the solid®He, the instability temperatures for
the 11 and || condensates are given by
IN(T_/Teo)=2Sy(x™), (40

wherex*=1/2m7. T, . Foruy#0, the leading-order polar-
ization correction to the scattering cross sections gives
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e respond toT,=2.12 mK atp=33.4 bars and yield close

1 agreement withr.(p) over the full pressure range. The di-
mensionless cross sectiary is not known with any cer-
tainty; there is likely a distribution of cross-sections provided
by the aerogel. In the absence of detailed knowledge we

g 21gTs b b e assume an average valueaf=1/2. The values okt and
5@ i : N2 for pure 3He, and thus the strong-coupling parametger
- 2‘”_ R T =T -7 ™ +1)B - are taken from Ref. 6. The effects of nonmagnetic scattering
| gﬁ”’“": e =TerTp ) i by aerogel lead to small corrections fof1 and\”2; these
- z’:ziiz p=33dbar 1 terms along(shown in Fig. 2 ag,=0) generate thé;-A,
T ... stseo WM = 4.2 UK/KG splitting that is substantially larger~(X2) than the error
r Tp =050 1 reported for the superfluidHe transition in Ref. 5. An anti-
. ferromagnetic exchange couplingy;t>0) decreases the
B(Gauss) A;-A, splitting. The magnitude of the predicted splitting is

reduced to lie within the error bars fof. for g;=1.8
X104, which corresponds to an exchange couplingJof
=0.1 mK per liquid *He spin.

FIG. 2. (Color online The low-field(linean splitting of T, with
magnetic field for3He in aerogel with a mean free path 6f

=140 nm, a correlation length @f;=50 nm and a typical cross = . . - .
sectionoy= 1/2. The splitting for®He aerogel without liquid-solid The existing data, while suggestive that the liquid-solid

exchange is indicated by the solited) lines. The data points are !ayer coupling ma.ly. be playing an |mpor'tant role in sqppress—
taken from Ref. 25 ing the A;-A, splitting are not conclusive. If scattering by

polarized*He is responsible for the suppressegA, split-
ting for pure ®He in aerogel, then heat capacity or acoustic
2nJS(T.B) Voo(1—og)32 41 attgnuatlon measurements wiftie add'ed to dl.splace the
I )\/U_O( 7o) “D solid 3He, should exhibit thé\;-A, splitting that is compa-
. ] ) ~ rable to that of pure bulk’®He. Measurements of Sprague
In the low-field region, and above the magnetic orderinggt |21 at p=18.7 bars and aB=1.47 kG do show an in-
temperatureP=|u|B/kgT,, and we obtain crease inT, from 1.69 mK without “He coverage to 1.76
mK with the addition of one monolayer dfHe to remove

1_

1
7 27g

N [ul (1= 00)*?| [ —2%:Sy(Xc) 42 the solid 3He; thus, AT,=70 K. By comparison, if we
=9 kg \/;_0 1-2X.Sy(X¢) )’ suppress the polarization component of the scattering rate in

our theoretical calculation we obtain an increasé infrom
wherex.=(&,/€)(To/T¢), and the dimensionless exchangethe conventional component of thé&;-A, splitting of
coupling is AT?TA2=3.1 nK/IkG B=4.6 uK, which is more than an or-

g, 27N, Js. 43 der of magnitude smaller than the changél inobserved by

217

7
T

c -

Note the impurity-induced exchange splitting vanishes in the %
unitary limit.3* Equation(42) is easily generalized to include 216}

aerogel correlations within the heuristic “random void”

model described above; the result foy has the same form 2 7

as Eq.(42), but with —x;Sy(x)—=X.Sy(X;), whereX, — _ 2uf ® Govaseral |

=x2/(Xc+ {2), Xo=1/2m7T,, andx,=T,dx./dT,. % | ]
The effects of the liquid-solid exchange coupliggand = ~_zero field

the polarization of the solidHe coating the aerogel strands 2124
on the A;-A, splitting are shown in Fig. 2, and compared i
with measurements of the superfluid transition in 98% aero-
gel reported in Ref. 25; these authors found no evidence o0 21
the A;-A, splitting for fields up taB=5 kG. The data for the . I T ..
superfluid transition offHe in 98% aerogel for fields up to o 1x10* 2x10° ax10* ax10°*
B=5 kG are shown in Fig. 2. The error bars are conservative B(Gauss)

estimates of the uncertainty in definiflg; the experiment 1~ 5 6r onling The field-evolution of the splitiing o,
Sh_ows no evidence of a splitting to within the error of deter_'for 3He in aerogel with the same parameters as those used in Fig. 2.
mining T¢, and consequently we can assume that the splityne jinear field splitting expected in the absence of polarized solid
ting to be less than the error bars for.> 3He is indicated by the solitred) lines. The nonlinear field evolu-
The calculation of theA;-A; splitting includes aerogel tjon of the splitting is indicated by the thidigreen lines and cor-
correlations, which are most important at high pressuresesponds to the value @f;=3.0x 10 . The Curie temperature is
Both the mean free path and the aerogel correlation length taken from Ref. 190s=0.4 mK, and the exchange field Bg
&, contribute. The values of=1400 A andé,=502 A cor-  =kgOg/|u|=5.14 kG. The data points are from Ref. 25.
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adding “He. Thus, the addition ofHe also modifies the The Curie temperature for the solftHe provides the tem-
nonmagnetic contribution to the pairbreaking, and this effecperature and field scale for the polarization, i.e.,
is dominant at these low fields. P(B/Bs,T/Og). In order to estimate the field dependence of
Measurements on puréHe in aerogel at higher fields the A;-A, splitting at higher fields we use the mean-field
should not suffer from this problem and should be able tatheory for thes=1/2, near-neighbor Heisenberg ferromagnet
resolve some or all of the uncertainty in the mechanism supto calculate the polarizatiof. The result is shown in Fig. 3
pressing theA;-A, splitting at low fields. In particular, if an  for the same parameters used to obtain the low-field suppres-
exchange couplingJ~0.1-0.2 mK is responsible for the sjon of theA;-A, splitting shown in Fig. 2. Thus, even if
suppressedA;-A, splitting at B<5 kG, then for higher fy|ly suppressed at low field8=<Bs the A;-A, splitting

solid ®He should saturate, producing a field-independent

shift from scattering off the polarizedHe, and theA;-A,
splitting that increases with field, f@>Bg, at a rate com-
parable to that for puréHe.
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