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Probing the A-B Phase Interface in Superfluid3He by Andreev Reflection
of a Quasiparticle Beam
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Using a ballistic excitation beam generated by a quasiparticle blackbody radiator, we have probed
the gap structure of a@-A interface in superfluid®He, stabilized magnetically. We see Andreev
reflection both from the interface and from the field-distorigphase gap. As Andreev processes
return excitations to the radiator enclosure, the fraction reflected governs the radiator temperature,
from which we infer the maximum spin-dependent quasiparticle gap as a function of magnetic field.
These measurements are the first to probe the superftiéd phase interface with quasiparticles.
[S0031-9007(96)02033-9]

PACS numbers: 67.57.Np, 67.57.Fg, 67.57.Hi

Superfluid®He shows the highest level of broken sym- with energies greater than the largest effective gap along
metry of any ordered condensed matter system. Conséhe beam path can pass, whereas excitations with smaller
quently the superfluid may exist in several phases witlenergies cannot pass and must be reflected by Andreev
different internal structures. The two most common,Ahe processes, which accurately return them back along their
phase and th8 phase, have very different order parame-previous trajectory.
ters and gap structures. Since these phases may coexist;To create a stati®-A interface we apply a magnetic
their phase boundary provides a remarkably unique interfield to a small region of the superfluid, since above some
face. This is the only such high-symmetry structure be<ritical field (0.339 T for 0 bar [3]) theA phase is pre-
tween two highly ordered but different Bose condensateterred. The two superfluid phases respond to a magnetic
to which we have access. Despite the inherent interesfield in different ways. The gap in the pseudoisotroBic
practical difficulties in studying this structure have limited phase is distorted by the field, decreasing along the axis
experimental study. The interfacial energy was measureparallel to the field and increasing in the perpendicular di-
long ago [1]. Various aspects of the interface propagatiomections. The parallel gap falls with increasing field [4,5]
have been studied [2], but very little else. approximately ag goy/1 — 1/2(y.B/Apo)?, Wherey; is

In this Letter we report the first results of an experimentthe Fermi-liquid corrected value of the gyromagnetic ratio
where we exploit the properties of Andreev reflection toy. For quasiparticles with momenta along the field the
measure the transmission acrossBh& phase interface of quasiparticle minimum energy is further split byy; B/2
a quasiparticle beam. The difference in the gap structuregepending on the quasiparticle spin. Conversely, inkthe
of the two phases ensures that at low temperatifEs<  phase the order parameter is inherently anisotropic. The
A) the available quasiparticle states in the two phasegap has nodes along the axis of the Cooper pair orbital an-
are very different, making quasiparticles ideal probes fogular momentum vector. Apart from creating a small dif-
observing the interface. We observe very clearly theference in gap between the up-spin and down-spin pairs,
sudden jump in the gap when the beam is blocked by an external field has almost no effect in thg@phase other
region of theA phase via the attendant spectacular fallthan to align the nodal direction perpendicular to the field.
in the quasiparticle transmission. Further, to demonstrat€here is no spin splitting of the excitation spectrum.
the quantitative as well as the qualitative possibilities To probe the maximum gap we direct an excitation
of this method we have also measured the maximunbeam through the region exposed to the magnetic field.
guasiparticle gap as a function of magnetic field, bothThe principle of the experiment is illustrated in Fig. 1. A
in the A phase and in thd phase, which we find to thermal beam of excitations is directed at By interface
be consistent with currently accepted values. At thdFig. 1(a)]. Only those excitations with energies above
temperatures of the experimef#120 uK) the energy the maximum gap can proceed. The rest are Andreev
flux emitted in the beam is very sensitive to changes irreflected. If we can measure the energy flux transmitted
the excitation gap, a 5% increase in gap yielding a factoand we know the beam temperature then we can infer the
of 2 reduction in flux. maximum gap “barrier.” For an interface stabilized by a

By directing a thermal beam of excitations through aparallel magnetic field the situation is more complicated
region of changing gap we can infer the maximum gapas theB-phase gap distortion depends on the excitation
height along the path from the fraction Andreev reflectedspin [Figs. 1(b), 1(c)].
provided that the excitation mean free paths are long The experimental arrangement is shown in the inset of
compared with the experimental dimension. Excitationg=ig. 2. The beam is created by a quasiparticle black-
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FIG. 2. The measured effective impedance of the blackbody
radiator (see text) as a function of magnetic field in the solenoid
for 0, 0.59, and 3.33 bar. The vertical arrows indicate the
B-A transition field for the two lower pressures. At the field
where theA phase first appears the impedance climbs rapidly
. ) owing to the sudden increase in Andreev reflection (see text).
Increasing parallel field The inset shows the experimental arrangement of the blackbody

FIG. 1. Interaction of a beam of quasiparticles incident on af@diator box. ~Around the orifice is situated the miniature
B-A phase interface from thB phase. (a) The “ideal” case, SuPerconducting solenoid which produces the magnetic field

both theB-phase andA-phase gaps are constant. Excitations@nd is encircled by a silver foil heat sunk to the outer cell.
with energies greater than thephase gap pass. Those with
lower energies are Andreev reflected. In practice, wherAthe
phase is stabilized by a parallel magnetic field, there is also fhaximumA-

B-phase gap distortion which depends on the excitation Smeh y phaS((ej ga_E[)hagéf?rallel t(f) ;[)hgsbeam(;tl_lrect[[on.
(b) The case for down-spin excitations. TBephase gap rises € cail IS wound wi urns or U.Us mm diameter

toward the phase boundary. Low energy down-spin excitation®Nb-Ti filamentary wire. Since it is difficult either to mea-
are therefore Andreev reflected from tBeghase gap. (c) Inthe sure or to calculate accurately the field profile of such a
up-spin case, thB-phase gap falls towards the phase interfacesmall solenoid, we know the central axial field only to
Up-spin excitations therefore reach the interface unimpeded. within 10%. To produce the large fields needed to sta-
bilize the A phase the coil has to carry currents where
body radiator [6]. This consists of amm X 5 mm X  there is some dissipation. Fortunately the Kapitza resis-
5 mm box, made of epoxy-impregnated paper wilth &  tance between the windings and the liquid is large enough
0.3 mm hole in one wall. The box is immersed in super-that most of the heat generated can be conducted to the
fluid He in the inner cell of a double-chambered demag-outer cell by a silver heat sink wrapped around the coil.
netization cell and is placed in a void cut in the copperHowever, there remains a significant heat leak into the in-
refrigerant in the form of thin sheets coated with sinterecher cell liquid which limits the maximum usable field to
silver, a configuration which ensures that the excitatiorabout 400 mT.
density outside the radiator is negligible compared with When the solenoid is energized those thermal excita-
thatinside. Inside the radiator are two vibrating wire reso4ions in the beam emitted by the radiator which have suffi-
nators (VWRSs) of Nb-Ti filamentary wire [7]. A heater cient energy to escape over the field-generated gap barrier
resonator ofl3 wm wire, driven hard, heats the liquid in are lost to the bulk liquid outside, whereas the others are
the box by pair breaking, thereby increasing the excitaAndreev reflected back into the blackbody radiator. To
tion density/temperature, which is detected by the increasmaintain steady state conditions the excitation density in-
in the damping of the second thermometer resonator dfide the radiator adjusts itself so that the energy lost in
4.5 um wire. Two further VWRs outside the radiator the beam balances the applied heating. Therefore, for the
monitor the background temperature. The excess quastame heating level, the effect of increasing the barrier is
particle density inside the box gives rise to the thermato increase the excitation density inside the radiator.
beam of excitations leaving the hole. The measurements are made as follows. A steady heat
Around the radiator orifice is placed a miniature sole-input is applied to the radiator with the heater VWR.
noid with a 1 mm inside diameter. The field direction The heat input is calculated from the in-phase product
ensures that the maximuBiphase gap distortion and the of the ac voltage and current across the heater VWR.
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At equilibrium, the frequency width of the thermometer 363 mT for B4 given in Ref. [3]. At 3.33 bars we see
VWR is measured. This is done for a range of heatingho sharp rise, since at this pressure ghphase is stable
levels varying typically from 1 to 200 pW. The solenoid only above 448 mT, beyond the range of our solenoid.
is then magnetized and the process repeated. To infer the maximum quasiparticle energy gAp.ax

To put this on a quantitative footing, first consider theas a function of field from the measured impedance we
case of zero applied field where the gap is everywherseparate the power emitted from the radiator into that
Ay, the undistortedB-phase gap. The power entering carried by the two spin componentd, and Q;. We
the radiator comprises the applied powgs,, and the note that down-spin quasiparticles with<< A, must be
heat leakQ..x. At equilibrium these equal the power Andreev reflected and accurately retrace their paths back
leaving the radiator in the beam. The beam poweinto the radiator and therefore do not contribute to the
Oveam IS proportional to the product of quasiparticle beam power. Therefore,

number density, energy, and group velocity, i@ueam = . .
A [, exp(—€/kT)e de, whereA is a constant. Therefore Q1 = A/2KT eXpl—Aman /KT) (Amay + KT).

we find The up-spin quasiparticles are virtually unaffected by the
B magnetic field in théB phase, since their effective energy
Obeam = Qapp T Qleak gap isreducedby the field. Therefore in thB phase
= AKT exp(—Ao/kT) (Ao + kT), 1) 0:(B) = AJ2kT exp(—Ao/kT) (Ag + kT).

where AKT exp(—Ao/kT) is the number flux leaving the However, once thé\ phase is present, these excitations

box and(A, + kT) is the mean energy per excitation. are also presented with the barrier of tAgphase gap,

We measur&),,, and the temperature inside the radiatorand therefore above thB-A field we assume tha®,

T. We knowA,. Therefore by measuringas a function corresponds to the maximud+phase value and thad;

of applied power we can fit Eq. (1) to deduce the valuess now given by

of the background heat leaR,..x and of the calibration .

constantA. The data fit Eq. (1) to better than 10% over Q1(A) = A/2KT expl=Aa/KT) (Aq + KT).

the whole range of applied power. In an ideal one-dimensional geometr®; and Q
Assume we now apply a field somewhere along thecomprise the only contributions to the power emitted.

beam trajectory and increase the effective gap to #&lowever, since the radiator orifice is situated in the

new higher valueA’. Now only those excitations in fringing field of the solenoid, a small volume of ti&

the beam with energies greater thar can still es- phase within the radiator is exposed to the field (the field

cape. The energy lost in the output beam is thus reat the orifice is about half the maximum). Owing to

duced toAkKT exp(—A’/kT) (A’ + kT). Since this flux the depression of the up-spin gap, this region is heavily

must balance the applied heating, the temperature ipopulated with up-spin quasiparticles. In the absence of

the box will rise to a new valuegZ’ to compensate. inelastic processes, these quasiparticles cannot contribute

We can think of the hole as having an impedanceo the beam since they are trapped in the potential well

which increases when the beam trajectory is restrictectreated by the field. However, in practice a large fraction

We can define a relative impedandeas the ratio of these excitations can leave the hole and scatter off the

of the potential beam energy flux at the higher tem-inside walls of the solenoid. Once such a quasiparticle

perature AkT' exp(—Ao/kT') (Ag + kT') to that which has reached the solenoid wall we may assume that there is

we would obtain for the same input power with no a significant probability of one or more inelastic collisions

beam restriction. That i$ = [T’ exp(—Ao/kT') (Ag +  with the wall in which the quasiparticle can gain energy

kT /[T exp(—Ao/kT) (Ag + kT)]. of orderkT. If, as a result, the energy of the quasiparticle
In Fig. 2, we show the measured impedance as ases above), then it can escape into the bulk and will

function of the magnetic field for the three pressures Ogontribute to the power. We must include a contribution

0.59, 3.33 bars. The steady increase in impedance witllom this sourceQ; by assuming that a fractiohof the

field at the lower fields arises from Andreev scatteringup-spin quasiparticles with energies withifi of A, are

from the gradually increasing down-sgaphase gap. At able to contribute, thus yielding

a field of approximately 340 mT for O bar we see a sharp B

increase in the impedance, signaling the formation of the O = fA/2KT[ exp(— émin/kT) (€min + kT)

A phase within the solenoid. The increase arises since

on the formation of theéA phase, excitations of both spin ~ exp(—Ao/kT) (Ao + KT)].

species see the maximuMphase gap barrier, whereas i.e., a contribution from all such states fras;, upwards

with B phase alone, only the down-spin excitations arewithin k7’ of A, whereT’ is the *He temperature outside

restricted by an enhanced gap. We utilize tAiphase the radiator.

signature to provide a more accurate calibration of the The maximum energy gap seen by the beamy can

solenoid field. The data for 0.59 bar show the sharmow be calculated. We equa® = Q.pp + Qleak =

increase at a higher field, consistent with the value oD, + Oy + Q; with f as the one free parameter. The
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value of f is chosen to give the expected value of thewhich is beyond the range of our miniature solenoid. We
maximum gap just belowB,pz at 0 bar. This yields a should stress that while the calculation relies on one free
value of f = 0.7 which we then assume for all three parameterf, this is fixed by the data taken at zero bar
pressures. and the higher pressure values are then consistent with
The values ofAn.x inferred as described above are accepted values with no further adjustment.
shown in Fig. 3 for three pressures as a function of We have assumed above that any excitation with
field, along with the expected gap profile as calculated byan energy greater than the barrier can escape freely.
Ashida and Nagai [8]. Since the valueskyf.,depend on However, since thé-A interfacial width is of the order
whether we assume the beam trajectory is blocked by thef the coherence length, there should also be “above-
A phase or only passes through the undistoBgghase, the-barrier” Andreev scattering [9] which would increase
we obtain two results for each field. Concentrating firstthe effective barrier height. We see no clear sign of
on the data for zero bar, with increasing magnetic fieldssuch behavior but since our system only approximates
we see a steady increase in the calculated value of the the model we are not able to make an any more
maximum B-phase gap (open circles), until at a field of definite statement. To see this more clearly we would
around 340 mT, when th@& phase blocks the path, the need instead to direct the beam from thehase to thé
calculation breaks down and the value rapidly rises tgphase.
infinity. Points calculated on the assumption that fe To conclude, we have made the first direct investigation
phase is present yield values &f, virtually identical to  of a staticB-A interface with a thermal beam of quasi-
Ao until the transition when they rise to yield, at aroundparticles. We observe Andreev reflection both from the
380 mT, a value ofA4 of about 1.14Ap, slightly lower  gap discontinuity at the interface and also from the field-
than the accepted figure. The results for 0.59 bar showlistortedB-phase down-spin gap. We also present preli-
very similar behavior except that as expected the jumpninary measurements of the effective quasiparticle energy
to the A phase appears at higher fields. At 3.33 bars théarriers. This is the first time that a beam of excitations
data clearly show that thB-A transition is not reached. has been used as a spectroscopic tool in superfide
This is consistent with the expected transition at 448 mTMore quantitative measurements will follow when we de-
vise better beam collimation. It is also worth noting that,
in a field just below that needed to create thphase, the
Y T spin splitting means that we can produce beams of excita-
od | 3.33 bar _ tions with polarizations of 80% or more.
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