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Direct Observation of Quantum Andreev Reflection at Free Surface of SuperfluidHe
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The quantum Andreev reflection has been observed for the first time at the free surface of superfluid
3He-B in the ballistic temperature region by use of a blackbody radiator with an orifice of 0.2 mm in
diameter and 1 mm in length. A quasiparticle beam is produced so as to hit the surface at a small
angle of 20 where the normal reflection component does not come back to the detector. The observed
reflection rate can be explained by a quasiclassical theory combined with the diffuse scattering of the
retroreflected particles at the orifice. [S0031-9007(98)05572-0]

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

Andreev reflection is one of the most fundamental conduce and detect a quasiparticle beam in the superfluid
cepts in superconductor and superfldiide, because this *He-B phase. They have used the device to make a di-
process is directly related with the presence of a Coopeaect observation of the Andreev reflection in the presence
pair condensate which plays an important role in BCS theef the flow field [10] and also at the superfluid A-B inter-
ory. It occurs when the quasiparticle excitation from theface [11]. One of the other interesting boundaries is the
condensate passes through the place where the order geee surface of superfluitHe. It is expected to be clean
rameter has a spatial change. Then an impinging quasipaand specular because of no impurities and no excitations
ticle (quasihole) is reflected as a quasihole (quasiparticlegt ultralow temperatures. Therefore we can compare the
with nearly the same momentum as that of the originakxperimental results with those predicted from a quasiclas-
one but with a reversed group velocity. As the reflectedsical theory without taking into account the surface rough-
excitation in this process retraces its incoming path, it i;ess. In this paper we present the first direct observation
often called a “retroreflection” and is quite different from of the quantum Andreev reflection at the free surface of
a normal one. This phenomenon was first discovered bguperfluid®He by use of the blackbody radiator.
Mendelssohn and Olsen [1], who observed that the ther- In order to observe the Andreev reflection, several con-
mal resistance of a superconductor was much larger in thditions must be satisfied. First, it is necessary to cool
intermediate state than in the Meissner state. Systematdown the liquid into a ballistic temperature region so that
study of the thermal resistance was made by Zavaritskii [2]the mean free path of the quasiparticle excitations exceeds
which helped Andreev [3] to propose this unusual type othe experimental dimension. Second, the ligtkte out-
quasiparticle scattering process. Since then, various inveside the radiator should have a good thermal contact with
tigations have been made both directly and indirectly witha refrigerant to sweep promptly the excess quasiparticles
many methods. As an example of such direct measurgroduced by the beam. The whole experimental cell, de-
ments, Benistant, van Kempen, and Wyder [4] observegigned to satisfy these conditions, was installed in the low
the retroreflection of injected electrons at the interface befield region of our powerful nuclear refrigerator [12]. The
tween a high purity normal metal and a superconductor. heat exchanger in the sample cell consists of five cylin-

Although?He superfluidity is similar to superconductiv- drical well-annealed silver plates on both sides of which a
ity in many ways, there are significant differences whichcombination of fine platinum (100 A) and silver (400 A)
arise from the electric neutrality of the He atom and,powder with a weight ratio of 2:1 is pressed and sintered.
more importantly, from thep-wave pairing. Especially The thickness of the sintered powder is about 0.5 mm and
the unconventional type of pairing is thought to causethere is 0.5 mm open space for liquid between the sintered
novel and exciting types of Andreev reflections in su-plates. The surface area per one plate is aiout?,
perfluid *He, compared with a superconductor. Theo-so the total surface area is ab@f0 m?. In the cell,
retical discussions on the reflection in superflikte have a blackbody radiator and several vibrating wires are sus-
been made widely by Kurkijarvi and Rainer [5]. Experi- pended from its lid. The blackbody radiator is shown in
mentally there exist several indirect evidences for therig. 1. Its head is made of a silver hemisphere with a
presence of such an unusual scattering process, for eA&-mm inner diameter and a 1 mm thickness. On its sur-
ample, the quantum-slip effect at the boundarylde-B  face there exists an orifice of 0.2 mm in diameter, whose
[6], the thermal boundary resistance [7], and the dampinguxis is oriented for a quasiparticle beam to hit thée
of vibrating wire [8]. However, a direct observation of free surface at a small angle of 2@vhere the normal re-
the Andreev reflection was not made until quite recentlyflection component does not come back to the radiator.
because of no powerful method. A few years ago, Fisheinside the radiator two semicircular vibrating wires with
et al. [9] developed a blackbody radiator which can pro-3 mm leg spacing are installed 1.5 mm apart. The first
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The heater powe@,, is obtained fromi X V;,, where

6 mm
30mT
1 mm
3 mm ‘
1.5 mm

vibrating wires

silver enclosure

FIG. 1. The blackbody radiator has a silver hemisphere head Qbeam =
with a 4 mm inner diameter. It contains two vibrating wires,

> I is the (rms) current through the heater avig is the
in-phase (rms) voltage at the resonant frequency at each
current. The emitted energy flux from the b@c.n is
given as follows:

. A [°
| Ovan = 5 [ E4BLAE) = foEveB)aE, )
whereg(E), f(E), fo(E), vq(E), andA are, respectively,
the density of states, the Fermi distribution7atand Ty,

the group velocity, and the cross section of the orifice.
After some calculations, it is written as

1 A
EANFUF|:kBT(kBT + A) eX[<_kB—T>

one to act as a heater and the other to act as a thermometer.

one, 12um diameter NbTi, produces a quasiparticle beam
and works as a heater. The second ong,™ diame-
ter NbTi, is used to measure the quasiparticle density and

— kgTo(kgTo + A)

X exp(— kBATo ) } . 2

serves as a thermometer. Outside the radiator the other

two vibrating wires are placed; the third oneudn diame-
ter NbTi, is to monitor the liquid temperature there and the
fourth, 12 um diameter NbTi, is to detect the liquid level.
A small vertical field of 30 mT is applied to the experi-
mental region as the driving field for the vibrating wire
resonators. The full line width at half maximum of the
resonance curve in each vibrating wifd, f,), was mea-
sured at the thermal equilibrium over the sample cell a
a function of the wall temperature which was determine
from a platinum NMR thermometer calibrated withlde
melting curve. The semilog plot &/, against the in-
verse wall temperature above 0.2 mK gives usBlghase
energy gap of(1.92 = 0.01)kgT¢, which is consistent
with those by Guénaukt al. [13] and Kéniget al. [14].
Measurements were made for different ligdide levels
which were adjusted precisely with the fourth vibrating
wire and two’He standard volumes, big and small, at
room temperature. When thiHe free surface is high

Here Ng, vp, and A are, respectively, the density of
states at Fermi energy, the Fermi velocity, and the
phase energy gapT andT, are, respectively, the liquid
temperatures inside and outside the blackbody. They
are derived from(Af,) of the vibrating wires placed
there. As the resonance line was clearly symmetric
Lorentzian,A f, was actually estimated from the relation
éAfz) X V, = const, whereV, is the amplitude of the

ibrating wire on resonance. This relation was checked

efore and after a series of measurements to remove the
experimental systematic errors coming from a cross talk
problem. Finally the value dfA f,) was corrected for the
intrinsic width arising from the wire itself.

Typical raw data are shown in Fig. 2. Figure 2(a) shows
the amplitude of the vibrating wire outside the blackbody
radiator at a resonant frequency of about 605 Hz. The
temperature of the liquid ther@},) was kept constant at
170 wK within an extremely good accuracy af0.2 uK

enough to fill up the cell and far from the orifice of

the blackbody radiator [case (1)], the emitted quasiparticle 6 T
beam is scattered at the cell wall over wide solid angle and

(©) thermometer To= 170 #K

does not come back to the orifice. The energy f@¥.m, ;’—3 5 inside the box “hl..-:
of the order ofpW is absorbed by the sintered powder g _ . v h_g»“" ]
immediately and does not affect the liquid temperature E 4 ‘hﬂ . b’..?"‘ (a) thermometer
outside the radiator. In a steady Stalge.n is equaltothe > & f!!l.a.‘": °“ts‘ff the box 4
heater power produced by the heater vibrating wirg, . é.-; o i " ]
When the’He free surface is close to the orifice [case (II)], 2~ 2 ,_‘!" hu' ]
the emitted quasiparticles are retroreflected at the surfaceg - '\ m 1
and return to the radiator again. Then the temperature < 1 - O R box 3
inside the radiator becomes steady wiibj. is equal to - ! | . . ]
the sum of the heater powe@,,, and the retroreflected O T T s s T T T s
energy flux,74Qveam, Wherer, is the overall Andreev time (ksec)

r_eflection rate(Qpeam = Qap + raQbeam). IN this case
Oveam 1S 1/(1 — r4) times as large as that of case (I) for
the same heater power. From this factoftl — r,), we
can obtain the overall Andreev reflection ratg,
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FIG. 2. Amplitude of three vibrating wires monitoring (a) the
liquid temperature outside the blackbody radiator, (b) the heater
power, and (c) the liquid temperature inside the blackbody
radiator. The temperature outside the blackbody is ARO
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during a series of measurements by slow nuclear demadudally only 18.6% of the excited quasiparticles is emitted
netization. Figure 2(b) shows the amplitude of the heatefrom the blackbody radiator. This fact is not so surprising
vibrating wire inside the blackbody radiator at a resonanbecause the mean free path of the quasiparticles is much
frequency of about 1.922 kHz. The stepwise structurdonger than the orifice size in the present temperature re-
is due to the increase of the current by 0.Q7A every gion. A pretty large amount of the quasiparticles entering
120 sec. Figure 2(c) shows the amplitude of the therinto the orifice is scattered diffusively at its rough wall and
mometer vibrating wire inside the blackbody radiator atcomes back to the blackbody. A similar numerical calcu-
resonant frequency of about 607 Hz with a constant curlation for the molecular gas flow with an infinite mean free
rent of about 0.074.A. The thermal time constant after path says that only 20% of the entering molecules passes
the increase of the heater current was found to be verthrough the orifice with the aspect ratio used here [15].
short, typically about 1 sec. Now we can calcul&geT,  Therefore the value of 5.4 is apparent, because a nomi-
and thenQy.am from Eq. (2) by use of the energy gap in nal geometrical value oA was used in the calculation of
the present Letter. The value Ofe.m at7Ty of 170 uKis  Queam as the cross section of the orifice. The difference
given in Fig. 3 for both cases (I) and (Il) as a function of of Qveam/Qap between the above two cases is important.
Qa.p- Small scattering of the data is due to the uncertaintyhe error bars in Fig. 4(a) are the largest ones estimated
limits of the measurements. The main cause arises frorffom the fitting in Fig. 3. In spite of such uncertainties, it
our employment of the same excitation current in the theris clear that the values for case (Il) are larger than those
mometer to avoid the variation of the cross talk. Neverfor case (I). This indicates that there exists what is called
theless the data were reproducible even for a thermal cyc quantum Andreev reflection at the free surface of super-
up to 10 K and for the small difference of the free surfacefluid *He-B. The retroreflection rate in case (Il),, is

level in case (I1). ObviouslY¥ye.m is proportional toQ,p . given in Fig. 4(b) as the increment from the average value
This is reasonable because of our smaflgs,, than that ~ Of 5.4 in case (). o

of Fisheret al. [9]. A linear fitting gives us a larger slope L€t us make a rough estimation on the observed reflec-
in case (Il) than in case (I). Similar data were obtained fofion rate in the actual experimental situation of case (1l)
several temperatureg. The temperature dependence ofin the ballistic limit. For simplicity, we assume that the
the slope is given in Fig. 4(a) for both cases. For case (I),

the emitted particles do not return back into the blackbody, 10 _ . _ ‘
which means thaQbean}/Qap s.hould be equal to 1, while i )
the obtained value 00pe.m/Qup is about 5.4, although
there exists a slight temperature dependence possibly due
to incomplete fulfillment of the infinite mean free path.
This indicates thaQDy..m here is overestimated and ac-

Reflection rate (%)
°

25 [ .
~ - 0
2 o2f > ' ' ' Y
3 58 F .
g ) ; };
>
8 15[ ] s1fF ¢ 3
L s TET 0t d ;
3 2:? 56 | case (I) { E E
E 11 N § }
al & s5 | 3
O case (D) & h
L ® case (1) P8 % } ]
05 T 1 54 § b
E 5.3 E case () % 3
0 P T R T ! :
0 0.1 02 0.3 04 0.5 5.2 4 + ! . L + L
0.172 0.176 0.18 0.184
Heater power (pW) T, (mK)

FIG. 3. Heater power dependence of the emitted energy flufIG. 4. (a) Qpeam/Qap for both cases as a function of the
at 170uK. The solid lines are the best fitted ones. In case (I),liquid temperature®) outside the blackbody radiator. (b) The
the emitted particles are scattered over the wide solid angle amubserved reflection rate as a function@f The solid line is
they do not return to the blackbody. In case (ll), they hit thethe calculated one which is based on the quasiclassical theory
free surface near the orifice and are retroreflected. (see text).
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angular dependence of the emitted quasiparticles for the In conclusion, the quantum Andreev reflection clearly

present orifice is the same as that of the molecular gasxists at the free surface of superfldide B. The ob-

flow with an infinite mean free path [15]. Then nearly served reflection rate can be explained with a quasiclas-

half (52%) of the emitted particles hit on the free sur-sical theory if we take into account the loss due to the

face which can be seen directly through an orifice fromdiffuse scattering at the orifice. The shape of the orifice

the blackbody radiator inside. The remaining half is scatis very important to make a quantitative analysis. Further

tered at the sample cell wall over the wide solid angleexperiments are eagerly desired for various aspect ratios

and its contribution to the retroreflection is supposed to band for the different surface conditions of the orifice.
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