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Wigner Solid on the Free Surface of Superfluid®He
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We report the measurement of electrical transport of the two-dimensional Wigner solid (WS) formed
on the free surface of superfluitie-B down t0230 uK. The resistanc®(7T) dramatically decreases
as temperaturd decreases, obeying Arrhenius’ laR(T) « exd —A(T)/kzT], with A(T) which we
assign to the superfluid energy gap. That is, the scatteriigl@fquasiparticles by the WS determines
the transport. The resistance depends systematically on the static electric field which presses the WS
toward the liquid surface. We propose that the WS acts as a powerful probe for the study of the
superfluid®He. [S0031-9007(97)04553-5]

PACS numbers: 67.57.Np, 73.20.—r

Superfluid®He has been of much interest during the lastand important in physics of the WS. Prior to the
two decades [1]. It is a unique example of anisotropicpresent work, we performed transport measurements for
nons-wave BCS superfluids. Since the Cooper pairghe surface electrons on normal liquiehe, in order to
have nonzero angular momenta, the superfluid propertiesearch for the WS phase and study the Fermi liquid
are greatly altered by the presence of boundaries [2kurface [10]. We observed an abrupt drop of mobility
Near boundaries, the order parameters become highlyhich substantially shows that the WS is formed on liquid
anisotropic, and textures formed bpndd vectors, which  *He as well. The mobility drop is due to the formation
are related to the direction of the orbital and spin angulaof the periodic surface corrugation (dimple lattice) whose
momenta, are aligned. A number of interesting problemswave vectors equal the WS reciprocal lattice vectors, and
such as possible new states [3] and Andreev reflection [4gmplitude (depth) is of the order of 0.1 A [9]. In the WS
still remain unsolved. phaseu decreases as temperatdrelecreases, obeying a

The free surface of liquidHe provides an ideal bound- power lawu « 72 [11]. This 7% behavior is explained
ary of the p-wave superfluids. One may expect that, atby taking the Fermi liquid effect into account [12]. The
the free surface, the quasiparticles scasfgecularly,and *He bulk quasiparticles scatter to the dimple lattice. This
hence the order parameter is much more anisotropic thastattering contributes to the WS mobility as well as the
boundaries between solid walls and the superfluid, whersurface excitations (ripplons) do. Since the ripplons are
the scattering is diffusive [2]. Despite the importance,damped oriHe at low temperatureg, is determined only
few experiments had been done for the superfluid free suby the dimple-quasiparticle scattering. The mobility is
face, because of the lack of surface-sensitive experimentaiversely proportional to the bulk viscosity, so the Fermi
means. Development of surface probes is essential for tHejuid viscosityn « T2 results thafu o« T2.
surface studies. The macroscopic shape of the free sur- The very existence of the WS dhle gives us two novel
face under rotation was studied by optical means [5]. Thaspects: (1) the static and dynamical properties which are
surface dynamics may play a crucial role on #igube peculiar to the WSHe system, and (2) the utility of the
oscillations [6]. Very recently, Andreev reflection of the WS for the study of the bulk and surface properties of su-
*He quasiparticles at the free surface was observed [7]. perfluid *He. In this Letter we concentrate on the latter.

In this Letter, we report on a new experimental probeWe point out its importance and advantage: The oscil-
for the free surface of superfluigHe. It is the two- lation of the WS and the accompanied dimples induces a
dimensional electron crystal (Wigner solid, WS) trappeddipolarlike fluid motion beneath the surface, so the WS
on the free surface. We have found that the WS transpotiecomes anechanical devicsimilar to vibrating wire or
is dominated by the scattering He quasiparticles to ultrasonic transducer. The WS can be in principle oper-
the periodic surface deformation accompanied by the WSated in a wide range of frequency, say, from kilohertz to
The WS can be a powerful tool not only for studying gigahertz. This broad frequency, i.e., energy, range will
the surface properties in superflulie, but also for the be advantageous for superfldide studies. In particular,
sensitive quasiparticle detection. one can employ the coupled collective modes of the WS

It is well known that the WS is formed on #&He phonons to the surface dimples, which were observed on
surface [8], and it shows interesting properties [9]. Onsuperfluid*He [8] and probably exist also otHe. The
the other hand, on liquidHe, no experimental searches frequencies of such modes are about 100 MHz, which are
for the possible WS phase had been made for a longomparable to the superfluid energy gap. Much informa-
time. It was never thought that changing the underlyingion about the energy gap and order-parameter collective
liquid from “He to *He would produce anything new modes may be obtained.
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As a first step of investigation, we have performed the The method of the resistivity measurement is similar
measurement of ac transport properties, i.e., resistivity, oto our previous works [10,11,13]. An ac voltadg, of
the B phase down t@30 uK. 100 kHz and2.0 mVp_p is applied to the inner electrode.

We employ the capacitive coupling method [13] to The current flowing inside the WS is detected from the
measure the resistivity. The experimental cell is shown irouter electrode as a voltadg,,, induced on a capacitor
Fig. 1(a). The copper cell contains a ring-shape sinteredhich is connected between the outer electrode and the
silver powder of30 m? surface area, in its bottom half. ground. The in phase and quadrature components, ef
In the middle of the cell, we set an electrode pairare monitored by a lock-in amplifier. The conductivity
shown in Fig. 1(b) (the Corbino disk), which is made o, is derived by fitting Vo, to a formula which is
by etching a copper-epoxy print plate. The gap betweegiven elsewhere [13]. In this Letter no magnetic field
the inner and outer disks is 0.1 mm. Thin copper tubess applied. Therefore, the superflul phase is always
(commercially available, originally for making circuit realized. Moreover, the electrical current flows only in the
boards with copper-lined holes) are buried to the diskradial direction of the Corbino disk, and the resistaRde
and the electrical contact is made by soldering coppesimply given byo . ~!. (In two dimensions, resistance is
wires from the bottom of the epoxy plate to the tubes.equivalent to resistivity.) The experimental data reported
We introduce4 cn?® of liquid *He so as to set the free here were taken during slowly sweeping temperature by
surface at 1.0 mm above the electrode. A copper-epoxgdiabatically demagnetizing or magnetizing the nuclear
disk, whose radius equals the outer Corbino radius, is satage.
on the ceiling of the cell. The liquid level is monitored In Fig. 2, we show the resistan®eas a function of tem-
by measuring the capacitance between the ceiling disgerature, for various static electric fields , which press
and the Corbino one. A copper guard ring, made othe WS toward the surface, and hence determine the depth
a thin Kapton print plate, is glued on the side wall of of the dimples. R is independent of temperature down to
the cell. 930 wK. This temperature-independent resistance is seen

The electrons are generated by thermionic emission afip to about 20 mK, above which tH& 2 behavior ap-

a tungsten filament, which is mounted 2 mm above theears. We interpret thig-independent behavior as the
liquid. To decrease the electron energy by vapor gaso-called mean free path effect of thide quasiparticles
scattering, the emission is done at 600 mK, at which th¢12]. When the quasiparticle mean free path exceeds the
*He vapor pressure is 0.6 Torr. The electrons are kepiVS lattice constant, which is abol@™* c¢m, the exchange

on the liquid surface by applying a positive dc voltageof momenta at the dimples is no longer represented by the
Vae to the Corbino disk, and the electron density is  bulk viscosity, but by the individual scattering of the quasi-
determined by the shielding condition of the electric fieldparticles which has the Fermi momentym. Then the
above the liquid. The data reported here are taken at  force exerted to the corrugated surface is independent of
1.5 X 108 cm™2. The WS melting occurs at 265 mK. temperature. We note that, although the details will be

The cell is mounted on a copper nuclear demagnetizadiscussed elsewhere, the calculated resistance agrees well
tion refrigerator, in which the effective amount of cop- with experiment.
per under 6.5 T is 37 moles [14]. The temperature is At T = 930 uK, R decreases abruptly. It is remark-
measured by a platinum NMR susceptibility thermome-able that, from 930 t®30 uK, R decreases more than
ter mounted on the nuclear stage, which is calibrated by a
*He melting curve thermometer with the temperature scale

established by Greywall [15]. 1l -]
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FIG. 2. Temperature dependence of resistafcdor vari-
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tal cell. (b) The Corbino electrode. 488.6 V/cm.
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3 orders of magnitude. The temperat®3) uK is ex- the electrons, i.e., the dimple depth at the lattice site. The

actly the superfluid transition temperatufg of 3He at  resistance is given bR = m,v/(nse?).

saturated vapor pressure (SVP) [15]; that is to say, the Equation (1) immediately leads to some important con-

abrupt change of resistance is caused by the superfludusions. In the normal phase, whete= 0 and hence

transition of*He. 2f(A/kgT) = 1, the WS resistance is independent of
We find thatR increases a%, increases. We show temperature. This agrees with the experimental observa-

in Fig. 3 the dependence & on E,, for various fixed tion. Furthermore, agféo) is proportional toE; [12,13],

temperatures. The resistance obeys a power BiW) < \ve find thatR « E2. This power law is close to the ob-

E7. The exponentr is temperature dependent: In the servedE, dependence of the resistance near the super-

normal phasey is slightly larger than 2. In the superfluid f|yid transition, shown in Fig. 3.

phasegq decreases slowly from 2, ﬁSdecreaseg frorf,. In the superfluid phaseR(T)/R(T.) is obtained from
The tremendous decrease of the WS resistanck. at gq. (1) as

shown in Fig. 2 is due to the change of the scattering .

mechanisms, and/or the decrease of the number of scat-  R(T)/R(Tc) = 2{exdA(T)/ksT] + 137 (2)

terers. In Fig. 4, we ploiR normalized byR at T,  |n Fig. 4, we show the result of Eq. (2) using the weak-

verse normalized temperatufg/T with linear scale. The

. . . 1/2
substantial linearity observed in all the data ﬂQr/f >, A(T) = A(0)tan 3.067kpT, <£ B 1) . @)
1.5 (T < 620 uK) shows thatR(T) obeys Arrhenius A(0) T
law,

where A(0) = 1.764kzT.. The theoretical curve is in
R(T)/R(T.) = exp(—A/ksT). good quantitative agreement with the experimental data
where kp is the Boltzmann constant. The parameterof smallestE, (the saturation case, in which the electric
A increases froml.76kpT, to 2.0kpT. as E, increases field is completely terminated at the surface electrons).
from 180 to 489 Ycm. These values ol are close We conclude that, in the superfluid phase, the WS
to the weak-coupling BCS energy gap d =0, transport is dominated by the scattering of the Bogoli-
A(0) = 1.764kpT., and also to the estimated gap at SVP,ubov quasiparticles, whose distribution is controlled by
1.774kpT. [1]. the superfluid energy gap(T’). Two observations should
Monarkha and Kono [12] theoretically studied the pe stressed: (1) Th&(T)/R(T.) data for the saturation
WS transport on normal and superflutHe. When case is perfectly described by Eq. (2). This fact sug-
the ordinary quasiparticle scattering is relevant, and thgests that the contribution of Andreev reflection (AR),
scattering is elastic, the collision frequency is given by  which decreases the momentum transfer and hence the
4 WS resistance, is negligible. On the other hand, a recent
_ hkp A 21 £(0)]2 - i
V=3 Zf( )Z lgl*1&5"1%, (1)  experiment showed that AR does exist at the free surface
T M Ny kgT . . . .
[7]. The quasiparticle momentum transfers which pre-
where f is the Fermi distribution functionA(7) the Vail the WS resistance increase as the incident adgle
superfluid energy gaj, the Fermi wave numben, the

electron masgg the WS reciprocal lattice vector, a

the Fourier component of the surface displacement due to N ‘ ' ' ' '
; From Top to Bottom
180.0
r 283.0
ol wesopk W ] 01¢
E 4 620 E >
e 465 . % [
L o 310 . o
107 - e 00
—_ E . E el E
& ;
E * F ti 1]
. " .
10°g ¢ E 0001 ",
F . 3 - 1
o ] L hii
105_ o _ 0.0001 1 1 | | | 1
o T 10 15 20 25 30 35 40
100 2 S % T Y00 Te/T
E, (V/cm)

FIG. 4. Resistance normalized by the resistanceTat=
FIG. 3. Resistance as a function of pressing electric field 930 uK, R(T)/R(T.), as a function of normalized inverse
for various fixed temperatures. The data are taken fRAfH) temperaturd’./T. The originalR(T) data are shown in Fig. 2.
shown in Fig. 2. The solid line represemsx E2. The solid line represents Eq. (2).
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