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Effect of Magnetic Scattering on the’He Superfluid State in Aerogel
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Pure*He in highly porous aerogel forms an equal-spin pairing superfluid with transition temperatures
suppressed from bulk values. We have measured the magnetic field dependence of the transition
temperature from which it can be inferred that both magnetic and nonmagnetic quasiparticle scattering
from solid *He at the aerogel surface is important to the superfluid state. Replacement of the
solid *He on the surface of the aerogel withle gives rise to a unequal spin pairing superfluid
phase. [S0031-9007(96)01769-3]

PACS numbers: 67.57.Fg, 67.57.Lm, 67.57.Pq

It has been shown recently that liquitHe confined thought to be an ESP state, depends quadratically on the
in high porosity aerogel undergoes a transition [1,2]Jmagnetic field, and as a resolution to this problem we
to a homogeneous superfluid state, but with significanpropose that the field dependence comes from magnetic
suppression of both the order parameter and transitioquasiparticle scattering.
temperature7,, as compared with the bulk superfluid at Aerogels are a class of highly dilute porous glasses
the same pressure. Superfldide in aerogel is a uniqgue composed of interconnected silica strands approximately
system because inhomogeneity introduced by the gel is o nm in diameter and separated by an average distance
length scales less than the superfluid coherence length. of 200 nm [7]. In the open geometry of aerogel the
this sense it is a “dirty superfluid” where the gel appearsHe quasiparticle mean free path is long,> 200 nm,
to the *He as a dilute impurity of quenched disorder ineven though all points in the liquid are withis50 nm
analogy with the dirty limit in superconductors. Dirty of a scattering surface [1,2]. The strand diameter is
superfluid®He is unlike any superfluid previously studied small compared with the superfluid coherence length,
in confining media, such as Vycor glass and packed meta; = Avg/7A(T) = 90 nm (at 0 bar), and much smaller
powders [3], where an inhomogeneous order parametehan the textural bending lengtéiz = 10 um. Thus, the
exists, but is locally suppressed near surfaces [4,5] owingrder parameter cannot form textures to minimize strain
to quasiparticle scattering. Recent theoretical work hagnergy near the surface of the aerogel strands. It is for this
developed these ideas taking into account quasiparticleeason the gel strands act as dilute impurities embedded
scattering anisotropy and orientational disorder of theén a homogeneous superfluid. Such systems have been
order parameter [6]. studied extensively in the context of superconductivity

In previous work*He superfluidity in 98.2% aero- [8]; the superfluid phase in aerogel should consist of a
gel has been observed in two different experimental arspatially homogeneous order parameter, but one that is
rangements. Torsional oscillator measurements [1] of theuppressed by pair-breaking scattering which occurs at the
superfluid density in zero magnetic field give a clear indi-strand surfaces.
cation of a sharp onset of superfluidity over a range of An NMR cell containing a sample of aerogel [2] was
pressures. Similar results were found in nuclear mageonnected through a 1.6 mm diameter hole to’'He
netic resonance (NMR) measurements of resonance freeservoir ofl2 cm?® extending to 85 m? copper sinter heat
quency shifts in 1.117 kOe [2] indicating the onset ofexchanger in thermal contact with a Pemagnetization
dipolar order from which significant suppression of the or-stage. Also connected to tRele reservoir was an open-
der parameter was determined. Differenceg ifioundin  volume NMR cell [9] for the simultaneous measurement of
these two experiments have been attributed to variationthe frequency and magnetization in bulk superfluid. Data
between aerogel samples. The magnetization was fourid fields 0.385 = B = 2.047 kOe were taken at roughly
from the NMR experiment to be temperature independenthe same pressuré8.2 = P < 19.0 bar. All data with
as expected for an equal-spin pairing phase. An equapure *He were taken before introducirfgde. Addition
spin pairing (ESP) superfluid consists of bound pairs obf “He was accomplished by warming the cryostat and
spin-1/2 quasiparticles in the same spin state. Previousample cell above 4.2 K and removing the sample gas to
experience with ESP states has been limited toitpease ~ which the *He was added before the new mixture was
and A; phase of bulk®He for which the transition tem- recondensed in the cryostatHe has a larger Van der
perature is only very weakly and linearly dependent on\Waals attraction thatHe, and so will preferentially adsorb
magnetic field, owing to particle-hole asymmetry. In thisto the aerogel surfaces. Assuming uniform coverage of all
Letter we report the apparently contradictory observatioravailable surface area, tHele concentrationy,, may be
that the transition temperature of dirty superfldide, expressed in equivalent layef3; = 930y, layers.
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Pulsed NMR measurements with ®ping pulses were 4 . . . . .
performed [9] with data accumulation beginni®y us af-
ter the pulse. The absorption spectra were obtained by
Fourier transformation and were numerically integrated
to obtain the average nuclear spin resonance frequency,
the linewidths, and the nuclear magnetizatidh, Three
sources of magnetization were identified in the NMR sig-
nal from the aerogel cell: liquidHe in the aerogel, solid
layers of’He adsorbed to the aerogel surfaces, and a stray o 1
signal from bulk’He, presumably from th&He reservoir.
The part of the spectrum from bufide was easily identi-
fied from its characteristic frequency shift. Thee solid
layers exhibited Curie magnetization with a Curie-Weiss
temperature of 0.4 mK, found previously to be indepen- ! ! ! ! .
dent of pressure [2]. The liquid and solid signals from the 0.5 06 07 08 09 1 1.1
3He within the cell were in fast exchange [10] resulting in a T/T
single narrow NMR line. However, the shift of the preces-
sion frequency of the liquid spin population alofAw), FIG. 1. The square of the longitudinal resonance frequencies
expressed relative to the normal fluid Larmor frequency'rn the superfluid plotted against the reduced temperatures at

. . epresentative fields 0.382 kOe (squares), 1.12 kOe (triangles),
wp, can be recovered in a stralghtforwar_d way [2,10]. Itand 2.18 kOe (crosses).
is likely that there also exists a dense first layer of solid
*He adjacent to the aerogel which does not appear in our
NMR spectrum [11]. Such a layer can be expected to be
significantly dipolar broadened and to be uncoupled fromx + BH?, where at 18.7 barsg = 440 + 40 uK and
the rest of théHe in the system. B =60 + 12 uK/kO€ (see Fig. 2). The values df.

As in Ref. [2], the onset of superfluidity is identified by shown in Fig. 2 were adjusted to a common pressure
the sudden onset of frequency shiftd» ), measured with of 18.7 bars using the pressure dependence measured in
respect to the normal state values. In the spin-triplet Ref. [2] of 51.6 uK/bar near 18.7 bars. The field de-
wave superfluid, the magnetic dipolar interaction betweemendence observed is comparable in magnitude to the
Cooper pairs causes a shift of the transverse resonangeadratic field suppression of the bulkle-A to He-B
[12], w2 = wi + F(¢,6)Q2, whereQ is the temperature phase transitionAB) at the same pressure.
dependent longitudinal resonance frequency and is pro- The mechanism for magnetic field dependence of the
portional to the amplitude of the order parameter, oftertransition temperature in bulkHe superfluid takes two
referred to as the energy gapi(¢, 6) is a temperature in- forms. The breaking of unequal-spin pairs’tie-B, | 11),
dependent factor that depends on the amplitude of excitanodifies the relative free energies tifie-A and *He-B
tion in the NMR experiment through the spin tipping angle,and gives rise to the first ordeB transition. This effect
¢, and on the orientation of textures of the order parameis quadratic in field. However, the magnetization behavior
ter to the external field, given by the angleas may be in aerogel [2] indicates that the equilibrium phase of
appropriate for the particular spin pairing staté(¢, 6) is  the dirty superfluid is an ESP state with no population
unknown for the aerogel superfluid phase. However, thef | 1l) pairs. Such states will have a weak linear field
limiting behavior at small tipping angles is qualitatively dependence associated with Zeeman splitting of the Fermi
similar to the equilibrium bulk superfluid phaséle-A.  surface, as is the case for the linear magnetic splitting
In both systems{Aw) is a maximum at$ = 0 [2] and  of the bulk’He-A; phase & 6 uK/kOe) [13]. Neither
the pairing is equal spin. Thus we take the small tip anof these mechanisms can explain the large quadratic
gle limit of dipole-locked®He-A for the analysis presented magnetic field suppression of superfluidity in aerogel.
here,F = 1. Consequently we consider the role of magnetic scattering

Figure 1 shows the square of the longitudinal resofrom the polarized layers of solidHe. Our hypothesis
nance,()?, for three magnetic fields as a function of theis that the field independent suppressionZef given by
reduced temperatur&,/T.(H) (see Fig. 2). Inour largest a, comes from the potential scattering of quasiparticles
field 2 appears to saturate at low temperature at a sigwhile the magnetic field dependent part, given By
nificantly smaller value as compared with that observedomes from magnetic scattering. To illustrate this in the
in lower fields. The suppression of the order parametegontext of the ISM, we take as a model for an elastic
by magnetic field at low temperatures is inconsistent wittscattering potentiay = v + aP - ¢, wherev anda are
the one parameter isotropic scattering model (ISM) [26]scalar amplitudesg is a quasiparticle spin, andl is the
The suppression df,. by the presence of aerogel has apolarization of the scattering surface, withe H. This
quadratic dependence on applied magnetic fidléi, =  potential naturally produces the desired Hependence
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The first solid layer is not believed to exchange couple
with the rest of the’He in the system so, in the first
case, a purely magnetic interaction would be required
for the shift seen inT,, either via dipolar coupling or
indirectly through local disturbances of the quasiparticle

2.2 | o 2 Fermi surface. In the second case thde trapped
in surface states near the solid-liquid interface could
interrupt surface scattering ofHe quasiparticles from
S~ solid *He.

~ . After the addition of 3.4 layers ofHe, the coverage
1.8 = for which all surface solid®*He is removed, we see

A
§\m\@ dramatic changes in the superfluid behavior in aerogel.
16

A new superfluid phase is stabilized, characterized by
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a decreasing magnetization with decreasing temperature
as shown in Fig. 3. This is in contrast with the other
lower “*He coverages and all other experiments with pure
3He in aerogel at different fields and pressures where the
superfluid magnetization is temperature independent. The
FIG. 2. The suppression df. with magnetic field (circles) is new phase must be a non-ESP phase and so in Fig. 3 we

gquadratic, and comparable in magnitude to the suppression ; ; 2
the B phase in bulk (dashed line). The valueslofhave been ‘?:fompare with the bulls phase. We find thad*, deduced

adjusted to a common pressure of 18.7 bars, as described in th@m the frequency shifts in this new phase, is 60% larger
text. The triangles correspond to thee additions in the inset. than observed before and that the NMR linewidths are

Inset: 7. dependence ofiHe coverage in 98% aerogel. Data also much larger than at lower coverages and temperature
are taken in a field of 1.47 kOe. The dasheol line at 1.76 mkdependent, given approximately biy05(Aw). In our

Is the zero field extrapolated value Bf for pure”He. other experiments, the linewidth was approximately the
same in normal and superfluid states except for a small
bump just belowT, [18]. The similar magnitude of
shifts and linewidth indicate textural broadening. For
a random texture in th& phase we calculate that the

H2 (kOe?)

in the ISM. The suppression @, is given bykgAT, =
87/ 7 [8] where the quasiparticle scattering ratéys, is
proportional to the square of the matrix elemeli)|?,
and hence H

To test this hypothesis we removed the magnetic surface
solid incrementally by replacement with nonmagnékie,
and we monitored the process through measurement of the
magnetization. At the large$He coverage;-3.4 layers,
all of the solid layer magnetization was extinguished, and
we recovered the zero field value 6f. It is likely that
the aerogel surface was covered with both solid and a
superfluid film of*He. We interpret this behavior as an
indication that the magnetic scattering channel is shut off

1.2

by the addition of'He, confirming the importance of the T et
surface solid in the field dependencelof ) &°

At the “He coverage of 0.8 layer on80% of the 3He : 05— Ty 1
surface solid was replaced yHe. There are several i . . . ff/ o
possible scenarios for placement of thde consistent 0 | 15 2 25 3 35 4

with this result. We suspect that tHele first replaces
most of the solid*He in the first layer at the aerogel
surface [11]. The first solid layer dHe is not expected
to couple to the overlayers ofHe [14]. Subsequent

o 4 . .
additions of I_—|e replace the solidHe t.hat IS obs_ervablg indicated by the arrow. For comparison the simultaneous mea-
by NMR until all of the surface solid NMR signal is surement of the bulkHe magnetization is shown with theB
eradicated. Another possibility rests on the proposal ofransition indicated as a dashed line and the bulk transition tem-
enhanced solubility ofHe near the solid-liquid interface peratureTo. The inset gives the suppression of the square of
[15—17]. In this case the first additions tifle occupy the order parameter as a function of the square of the suppres-

f tates in the liquid adi tto th lid f sion of T.. The ISM for the unitary limit is a dashed line.
surface states In the fiquid adjacent 1o the Solid Suraces. g jjgr frequency shift data [2] (crosses) and the present work
The shift of 7. for the submonolayefHe coverage

(circles) are shown for the ESP phase. The frequency shift for
must be explained in the context of these two scenarioghe non-ESP phase (solid circle) is also shown.

T (mK)

FIG. 3. Total magnetization plotted against reduced tempera-
ture in aerogel plated with 4 layeféde. The magnetization
drops below the Fermi liquid value at temperatures< T. as
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linewidth should bel.10(Aw), determined as the ratio of This work has been supported by the National Science
first moment to the square root of the second moment ofoundation through Grant No. DMR-9314025.
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