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Superfluid density of *He in 98% aerogel in small magnetic fields
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We performed low-frequency sound measurementStia in 98% aerogel in a magnetic field that was
varied between 0 and 2130 G at a fixed pressure of 27.9 bar. We monitor the frequency of the second sound
like (slow) mode, which is the manifestation of superfluidity®fe in the presence of correlated disorder, and
use its temperature dependence to calculate the superfluid fragtienWe observed no field dependence of
the p((T)/ p, other than an increase in the temperature range whee-like (A") phase is metastable. Both the

A" and B phases have a smallgg(T)/p than that of bulk®He, and the rati(pf/psB is =0.5 over the whole
temperature range. Th& phase does not reappear on warming from Bhghase until a field in excess of
1270 Gauss is applied.
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I. INTRODUCTION aerogel system, the question of whetérphase is actually

®He is recognized as an extremely pure system that undefhe bulkA phase or a .differen.t equal-spin-paired state is still
goes a transition from a normal Fermi-liquid topawave _una_nsyv_ereél?le’ Experiments in a 99.3% open aerogtlat
superfluid at low enough temperatures. It has been found thég significantly more openidentify the A" phase as the Pla-
a very dilute network of silica strands, aerogel, acts as afar staté:* Most theoretical investigatiofs™’ have concen-
impurity in 3Hel Typical aerogels used fiHe studies have a trated on theB phase, which has been conclusively identified
porosity of ~98% (Refs. 2-5 and exhibit fractal structure through NMR!1181% Hanninenet al?® and Higashitaniet
with a distribution of correlation lengths between a few na-al.?! calculate the suppression factors for the two compo-
nometers and 100 nm. Since the silica particles’ diametenents of the anisotropid phase and for th& phase. These
(~2-5nm is smaller than the superfluitHe coherence theoretical re§ults will be compared to experimental behavior
length(é,=15-80 nm, aerogel acts as a collection of corre- that showsp” /p~0.522 More recent work has elucidated
lated impurities enabling the study of disorder on a stronglythe role of the solidHe layer in the suppression of the high-
mteracglng Fermi I|qU|d. The ae;rogel has a §|gn|flcant effectielq A, phase?® With the question of the existence of the
on the“He phase diagram, which exhibits different featuresppase now settle#, attention should turn to the nature of the
compared to bulkHe. The most obvious is the SUPPression o* phase In bulk and conventionally confinéde, other

of the superfluid transitio, and of the superfluid density : 7 ;
ps/ p. 18 In addition theA-like phase appears to be highly gg:lrt\)llsdphases were propoSed” but not experimentally

hysteretic, displaying an enhanced supercoofiigpgether
with stable coexistence of th&-like and B phase§®1!ob-
served under specific preparation conditions. Further, on
warming in zero field, theA like phase fails to reappear

except perhaps in a region of widt20 uK below the su- Two-fluid hydrodynamics describes a superfluid as a com-
perfluid transition,Tc,. bination of two interpenetrating normal and superfluid
In the work reported here, we used the low-frequencycomponentg8 In the presence of an elastic mattaeroge),
sound technique to obtain the superfluid densifyp of *He  the normal fluid component is clamped to the matrix, since
confined to 98% aerogel in a magnetic field. The measurethe viscous penetration depth exceeds the characteristic sepa-
ments carried out in both the isotrofiicphase and the meta- ration of the silica strands in aerogel and can oscillate either
stable A-like phase (which we refer to as theA” phase in phase or out of phase with the superfluid component, giv-
throughout the papgreveal that the superfluid component ing rise to the so-called fast and slow modes, which are
of the A" phasep’s* , which we had found to be suppressed toequivalent to a compressional wave and second sound in
~0.5p2 in zero field, continues to be suppressed by thebulk, respectively. The slow mode also corresponds to fourth
same factor in fields up to 1270 G. THe— A" transition  sound in rigid porous media. McKenre al. observed the
was not seen ipg/ p on warming until a field>1270 G was second sound like mode itHe in aeroget® modified the
applied, calling into question whether tié phase is really conventional two-fluid hydrodynamic equations by coupling
the lowest energyequilibrium) phase in low fields at this the normal component to the elastic skeleton of aerogel, and
pressure. Alternatively, thB phase must exhibit superheat- showed that the antisymmetrislow) and symmetriofas
ing (unlike the bulk and persist to nedr., in a metastable modes could propagate in the superfluid. Analysis of the
state. slow-mode velocity as a function of temperature provides
Although several measurements using various experimerinformation about the superfluid fraction in tiele-aerogel
tal techniques have been performed in fie-98% open system and can be described by the following equation:

Il. EXPERIMENTAL METHOD
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FIG. 1. Examples of the slow mode observed for superfiliie in 98% aerogel. Data were taken at pressRee27.9 bar andB
=747 G. The left panel shows the evolution of the slow mode on cooling and the right panel on warming. Only 20% of the data are shown
for clarity. They axis has an offset with temperature. The weaker low-frequency mode seen both on cooling and warming is the fundamental
second sound like mode that appear3 gt=1.85 mK. AboveT, it transforms into the “edge modésee text for detai)s The sharp kink
on cooling at~1.35 mK signals the onset of th&" — B transition. NoB— A" transition was observed on warming BE747 G. The
stronger modes at higher frequencies are attributed to the resonances arising from combinations of the Helmholtz mode and harmonics of the
slow mode.

ps ) pal (€Ca)? -1 of the *He-aerogel system. The frequency was swept in the
—=1 o) - 11+1¢ (1) range between 5 and 450 Hz. All measurements were taken
P P s at a fixed pressure of 27.9 bar, and we varied the field be-
which in the limit of cZ<c can be rewritten as tween 0 and 2130 G.
ps_ P (cs)z @ IV. EXPERIMENTAL RESULTS
P pa\Ca An example of the second sound like mod@at747 G is

shown in Fig 1. The left and right panels show the evolution
of the slow mode on cooling and warming, respectively. The
sharp kink at~1.35 mK is the signature of th&" — B tran-
sition that was observed only on cooling in this field. The
cooling rate was varied between 10 and/@Q/h, and the

ll. CELL AND MEASURING TECHNIQUE A’ — B transition always occurred at the same temperature
and displayed a characteristic width €20 uK, in accord
with the zero field data obtained in the same aerogel

in aerogel® in a pure silver cell(chosen to minimize the sample?2 Also, we did not observe any history dependence
specific heat in a magnetic figldThe 98% aerogel sample e ’ . .
P g 9 0 9 P of the A" — B transition. Using Eq(2) we calculate the su-

(~1 cn?) has a cylindrical shape and was inserted in a close= : . A
fitting cavity in the cell body. Two coin silver wafers with perfluid fraction of*He in aerogel versus temperature. To

0.5 mm thick piezoceramic PbTiOdisks glued on top, determineps/ p accurately, we had to account for the “edge

. . : - _mode” contribution. The so-called edge mode is associated
capped off the cavity at either end and functioned as micro jith the longitudinal oscillations of bulk superfluitie in a

phone and speaker. Coin silver was used because of its s in sliver between the aerogel cylinder and the walls of the
ior elasti i il - . : .
perior elastic propertietcompared to pure silveand mod perimental cell. This edge mode was observed earlier by

erate specific heat in the presence of a field. Both transduce 6 e
were in contact with the aerogel, which ensured that the olovet al” for superfluid™He in aerogel and by Muldeest

31 Aa i ;
aerogel was clamped in the cell body. Tie inside the cell al.>* for superfluid®He in aerogel. Its sound velocity can be

— A . (Abulks bulky1/2 i ~
was cooled by a-3.2 cn? silver sinter heat exchanger. The expressed aSygqe=A (s / p "%, where Ais a geometry

experimental cell was mounted on a nuclear demagnetizaticfiePendent constant. The blke-B normal fluid density can

cryostat with a copper nuclear stage. A vibrating wire vis-P€ described througzh the low-temperature form of the
cometer andHe melting-curve thermometer monitored the Yoshida function,Y(t anFj 'nbme ﬁ'lTpleSt case the relation
temperature ofHe in the cell and on the experimental plate P&tween the normal fractiop,™/ p>"* and temperature can
of the cryostat. To minimize the radiation of the sound fieldP€ written as
into the heat exchanger and vibrating wire volumes we re- pgulk o
duced the diameter of the channels connecting these to the ook <t Vegraalt, (3
sound cell down to 0.5 mm. P

We applied an ac drive to the speaker and used a Iock—iwheret:T/T‘C’“'k is the reduced temperature afng is the
amplifier connected to the microphone to detect the responsenergy gap. We find that we can fit the edge-mode contribu-

wherec; is the slow mode velocity and, is the longitudinal
sound velocity in aerogeh, andp are the densities of aero-
gel and bulk®He, respectively.

We studied the low-frequency sound propagatioriteé
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tion with an accuracy better than 10% using the parameterat P=27.9 bar were found to be in good agreement with

A=5.2m/s and the values of®"*/p®“* versusT at P earlier reported zero-field data at a similar presédre Fig.

=29.1 bar taken from Ref. 33. 2B we also plot thg™*/ p values(filled circles measured in
Examples of the superfluid fractiops/p at B=2130 G,  the bulkB phasé® atP=24.17 bar to emphasize the suppres-

1270 G, 747 G, and earlier data in O(&fter subtraction of  sjon of ps/p in *He in aerogel compared to bufkle.

the edge-mode contributipare shown in Fig. 2. In all cases, Figure 3 is a temperature-frequency plot that shows the

the lower trace was taken on cooling and the upper one oavolution of the slow mode’s frequency Bt 2130 G(solid

warming. There is a significant difference in the magnitudesine) as the sample was cooled down and warmed up. The

of the p/ p of the metastabl&” (seen while coolingand the  dotted line represents the 747 G data whereAthe: B tran-

B phase, which appears at low temperatures and persists &tion occurred only on coolingi.e., theB— A" transition

T.a On warming in Fig. 2B)-2(D). pQ /pgzo.s, and we dis- was not observed on warmipd he cooling trace extends the

cuss this in greater detail later on. Once &ie- B transition ~ temperature evolution of the slow mode measured at 747 G

is completed, the behavior of the cooling and warming tracegnd shows the suppression of-g in higher fields. AtT

is identical. Our experiments showed no field dependence of1.1 mK andB=2130 G, theA” — B transition is manifested

pslp in the A" and theB phase. The absolute values@fp by a sharp kink. We infer that tha&" — B transition did not
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FIG. 3. The slow mode frequency vs temperature. The dotted F|G. 4. The temperature of th& —B andB— A" transition vs
and solid lines show data in 747 G and 2130 G, respectively. Armagnetic field(A) represent our data on cooling demonstrating the
rows mark the cooling and warming directions. The temperature Offfect of supercooling. The zero-field point was taken from earlier
the A'—B transition is significantly suppressed by the magneticeyperiments on the same sanfplé.) shows theB— A" transition.

field. At B=2130 G theA’ B transition is incomplete. This is  Circles show the data obtained BE25 bar using the ultrasound
inferred from the observation that the warming trace lies to the leftechnique by Gervaist al* (®) represent the supercooléd — B

of the data points obtained in tH& phase(while warming at B transition, andO) the B— A" transition on warming. The two dif-
=747 G. TheB— A" transition is observed &t=1.45 mK. ferent values off, are indicated by dotted lines.

proceed to completion because the warming trace at 2130 G . )

lies between the cooling and warming traces taken at 747 @lata of Brussaardt al® where theA” —B andB— A" tran-
The B— A" transition occurs aT=1.45 mK, and once it is Sitions occurred at almost the same temperatBre4.8 and
complete the slow mode frequency falls on the correspond!-4 baj. . N

ing A" cooling trace taken at 747 G. This was the oRly The fact that ouB— A" transition was only seen at the
— A" transition we observed in our experiments. highest f|e!d and was never observed at 127@)(3747 Qis

The temperature independent stable coexistence okthe Very peculiar. According to the data of Gervaisal* shown
andB phases seen in the 2130 G data is similar to our earligf? Fig. 4 theB— A" transition occurs approximately 23K
observations in zero fielt?2 Our findings do not agree with higher than theA’ — B transition and the temperature offset
the results of Moscow grodpwho used pulsed NMR to only weakly depends on the fleld.. If we use the same ap-
measure the relative fraction of thelike andB phase versus Proach, namely, extrapolate tfigx in our experiments by
temperature belowf.,. They observed a slow conversion Offsetting it by 400uK (based on the 2130 G datdhen we
from the A-like into the B phase belowT,,, with a rate de- Would predictTg, atB=1270 G to occur at=1.6 mK. If the
termined by the proximity in temperature to tA’é_, B tran- B— A" transition temperature scales B*% (the I|m|t|ng be-
sition. At P=25.5 bar andB=284 G the conversion pro- havior in theB— 0 limit), then theB— A" transition should
ceeded over several hours BT ,~ 0.9, while it took only ~ occur at=1.7 mK. These two temperatures form the bound-
several minutes af/T.,~0.8. The discrepancy in the low- aries of the gray box shown in Fig. 2B. Clearly, no signature
frequency sound and NMR results suggest that the magnetﬁf theB— A" transition was observed at this temperature. We
field, which modifies textures in the bulk and the surfacenote that the results of Gervais al* also do not show &
solid ®He (whose magnetization may play a role in the sta-—A transition below ~1400 G, even though they, too,
bilities of the A" and B phasey cannot provide the mecha- should have adequate sensitivity to resolve this.
nism for the metastability and time-dependent conversion of
the A" into the B phase as proposed by us earffer.

In our experiments, we found thdi-g depends on the
strength of the magnetic fieldconsistent with earlier Figure 2 summarizes they/p obtained in different fields
work®2% and is significantly suppressed compared to theand Fig. 2D) shows the zero field values gf;/p taken
zero-field result€:22 In Fig. 4 the solid triangles indicate the from.22 In bulk *He-A, the superfluid density is a tensor
supercooledd” — B transition and the open triangle shows quantity and is determined by the relative orientation of the
the only B— A" transition we observed on warming. For orbital angular momentum vectdrand the superflo’? To
comparison, we plot the data of Gervaisal? obtained at measure the anisotropic components of the superfluid density
P=25 bar using a high-frequency transverse sound techniquensor it is necessary to orient théexture of the superfluid.
where solid circles denote th&" —B transition and open In the bulk, this can be achieved, for example, by taking
circles theB— A" transition. Our data show the hysteretic advantage of the preferential orientation of the spespen-
nature of theA” — B transition and agree with the Northwest- dicular to thed vecton along the magnetic field direction,
ern group’s result§3*in contrast to the hybrid vibrating wire and the alignment ol with I. Thel texture is also oriented

V. DISCUSSION
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perpendicular to the cell walls. With the field parallel to the implies a decrease @f/p by less than 1%, within the scatter
walls, a uniform texture withpg, may be created with of our measurements.
perpendicular to the flow. By application of a magnetic field From the superfluid density shown in Fig. 2 and E3),
perpendicular to the walls, a nearly uniform texture may beye can deduce the zero-temperature energy gap foBthe
created withl parallel to the wall, thus allowingg to be phase B33940which yieldsAg =~ 0.5A, in agreement with
inferred (the finite bending radius-25 um precludes a di-  the earlier NMR measurements of Barketr al® and heat
rect measurement gfy because of the nonuniform textiire  capacity dat4?
and the ratiops, /pg=2, is only a limiting case. Torsional |5 pylk 3He the nucleation of thd& phase from theA
oscillator e3xperimen§§ demonstrated the anisotropic nature phase at the first-order transition can be explained in the
of ps/p in "He-A and also found consistency at 23 bar be-framework of the free-energy and surface-energy differences
tween the t_heoreticf':llly expected ratiomf / p2=6/5, as was between two phaséd?3 This approach first assumes the
later seen in experiments at Mancheéf_er. o . ~ nucleation of a seed of th® phase inside the metastalfle
Aerogel is a medium that should be intrinsically isotropic. phase. Once the size of a seed exceeds the critical rRgius
Presumably the superflow direction is highly local in orien-ne transition to the energetically favordl phase occurs
tation as the superfluid must bypass regions of high silicgapidly. Experimentally, it has been shown that Bi@hase
density(where superfluidity is most likely suppresge@on-  formation can be stimulated by radiatfrand is also aided
sequently, one would expect only a little anisotropyf/p by any roughness at the bounding surfaces on a scale larger
to be revealed by the application of a magnetic field perpenthan the coherence length. The critical radius can be ex-
dicular to the axis of the cylindrical sample. It is possible pressed afR,=205/ AG, Whereo,g is the surface tension
that in zero field there might be local domains of the textureyetween the two phases an is the bulk free-energy dif-
(possibly manifested by the broad NMR line shapesd that  ference. Work of Osheroff and Crdésrovided insight into
a progressively larger field would orient these domains withhe surface tension between theand B phases in bulRHe
[l to the 'supAe*rrow. Howeyer, the.re is no evidence of anyynq established thatag~ F<&(T). HereF, is the difference
decreasein ps upon applying a fieldcompare the lower petween the normal phase and superfluid free energiBsat

panel in Fig. 2 to the upper paneWe take this to imply that 5 the temperature-dependent coherence lerg, is
the superfluid density in thA-like phase is most likely iso- given by the expression

tropic.

If we assume th&" phase to bze the bulk phase, then the ET) =[7L3)1487* YA elkg T (1 - TIT) 12
results of two theoretical work$2 predict an anisotropy of _ “12
the superfluid density tensor in aerogel. Higashitani's = 0.137welkaTe) (1 = T/Te) ™5 (4)
result§! predict that the ratio op%/ps, ~0.5 and thate,  where(3) is the Riemann Zeta function. We assdfinat
<p§, . Thus, the ratio ofpf§/pS>0.5, in contrast to our ex- the free-energy differencB,~ A2/ &(T)?, take the values of
perimental result, which shows a stronger suppressiqﬁ of T, to be 2.41 mK in the bulk and 1.85 mK fdHe in aero-
Hanninenet al?° find the same expression for the superfluidgel, andT ,g to be 1.95 mK in the bulk and 1.48 m{&t zero
density. However, they suggest that the suppressiopgof field) for He in aerogel. We can then estimate the surface
should increase as the temperature is lowered, in contrast tension. Settingr2%°%® A2/ £(T), from Eq. (4) we find that
the experimental observations. It is well known that the ho-s3%°%¢. 0.19,%% comparable to the 0.284 reported by
mogenous scattering models cannot account for the stronGervaiset al3* on a different aerogel sample near melting
suppression of the superfluid density relativeTtpand thus  pressure.
inhomogenous scattering modéteflecting local anisotropic The strong supercooling of ti& — B transition in aero-
scattering from the strand like aeropelre thought to be gel confirms that this is a first-order transition and the fact
more appropriaté®?? Despite the limitations of the homog- that its temperature is not affected by the cooling rate sug-
enous scattering model, the size of the rqtﬁ)/pSBzOB, gests that the temperature of the transition is determined
which is outside the bounds of the predictions of the theoretmainly by the microstructure of aerogel, which strongly pins
ical work, together with the absence of any variationpgf the A'B interface. The Northwestern group’s result for the
with magnetic field, suggest that t#é phase cannot be un- critical radius of the seed of thB phase in theA phase is
ambiguously identified as the bufile A-phase. Indeed, re- R2®9°~5R¥ (Ref. 34 and suggests a larger energy of the
cent theoretical works of Fomif!3 propose another equal- A -B interface. The A'—B transition’s finite width
spin-paired statéaxiplanar phageas a stablé\-like phase in  (~20 uK) also supports the argument that pinning domi-
the presence of disorder, though there are no accompanyinites the dynamics of the interface. Our results for the tran-
predictions for the magnitude of the superfluid density in thissition’s width are consistent with the earlier hybrid vibrating
phase. wire experiments by Brussaaed al2 and the recent experi-

In the bulk B phase in zero field, the energy gag is  ments at Stanforl We would also argue that in highly con-
isotropic and no anisotropy in the superfluid density isfined ®He, such as that encountered in the experiments with
expected? However, the presence of a magnetic field dis-large*He content® pinning would likely ensure that only the
torts Ag. Earlier ultrasound measurements in the bulk dem-A" phase would be present.
onstrated the suppression of the energy gap-8#0 atB In the bulk, it is generally acknowledged that even when
=5 kG andP=29.3 bart”38In our field ranggup to 2.1 kG  the experiment is taken below the supercootéd- B tran-
the distortion is expected to be on the order of 1.5%, whictsition, small seeds of th& phase remain trappdgerhaps in
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corners of the cel] while the rest of the liquid is in the We observed the second sound lilsbow) mode, and, from
lower-energyB phase. When warming, th& phase regener- measurements of this mode’s sound velocity versus tempera-
ates without superheating from these seeds. Because we hauee, we inferred the superfluid fractigr/p in both A" and

a limited data set, we can only speculate that there is somB phases. We did not observe any significant field depen-
critical field (ln the region of 1400 q:‘!above which the sur- dence Ofps/P in either phase. Howevepé*/p andpSB/p dif-

face or pinning energjthat is a barrier to the propogation of fer in magnitude by a factor of two. This behavior is incon-
the A" phasg is overwhelmed by the difference in the free sjstent with the evolution of the superfluid density in the bulk
energies Of thé\ andB phases. Certainly the Critical radius A phase and Suggests that another equa' Spin_paired phase
is very large for disorderedHe, and this fact together with can be stable in the presence of disorder. We also argue that
pinning may explain why thé" phase fails to reappear while at a critical field around 1400 G, the free-energy difference

warming in low fields. On the other hand, our olBy~A" petween the two phases overcomes the pinning energy, en-
transition was observed from a mixture of te and B apjing the transition from th® phase to the\" phase.

phases rather than th® phase alone, and this may have

assisted to ree;tablis_h th}é phase. Clearly there is*a need ACKNOWLEDGMENT
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