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Hall-Velocity Limited Magnetoconductivity in a Classical Two-Dimensional Wigner Crystal
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The magnetoconductivityr,(B) of a classical two-dimensional electron crystal on superffiie
is nonlinear. Experimentally, we find a contribution to,(B) which, at constant field3, gives
o.(B) x J,, the current density, while at constant current,(B) « 1/B. For increasing/,, the
Hall velocity vy slowly approaches the ripplon velocity at the first reciprocal lattice vector, due to
strong electron-ripplon interactions with the helium. The magnetoconductivity then decreases sharply
for vy > v;. [S0031-9007(96)00837-X]

PACS numbers: 73.20.Dx, 67.90.+z, 73.50.Jt

Electrons in surface states above bulk superfluid heliunbehavior1/o(B) « B> observed in the fluid phase [13].
form the simplest conducting system known experimenWe now present new measurementsodiB) in the 2D
tally [1]. They interact strongly and, at low temperatures,Wigner crystal on helium in the low drive region below
form a classical two-dimensional (2D) electron solid, thethe threshold. We find that, as the excitation increases,
Wigner crystal. This was first detected [2] from the on-the Hall drift velocity in the crossed electric and magnetic
set of coupled-plasmon ripplon (CPR) mode resonancefields approaches a limiting value close to the ripplon ve-
[3] below the transition temperaturg,, which occurs locity at the first reciprocal lattice vector of the crystal.
at a value of the plasma parametfe, = 127 = 3 (the  This leads to the nonlinear magnetoconductivity with ex-
ratio of the potential and kinetic energies) [4,5]. Thesecitation voltage and the frequency and field dependences
modes arise from interactions between the electrons arfdund experimentally. Above the threshold in the solid,
ripplons which have been considered to produce a cohethe Hall velocity increases sharply. Nonlinear behavior
ent deformation, or dimple, in the helium surface beneatlis also a crucial feature of the metal-insulator transition in
each electron [5,6]. This crystal has been particularly imthe 2D electrons in GaA#IGaAs heterostructures, which
portant for the study of 2D melting and the Kosterlitz- has usually been attributed to the formation of a pinned
Thouless transition [4], though the exact nature of théWigner crystal, but may actually be a percolation metal-
melting transition in 2D systems and even the order of thénsulator transition [14]. The classical 2D electron solid
transition is still controversial [7]. Ryzkov and Tareyevaon helium is the clearest experimental example of a 2D
[8] have recently considered the interaction potentials foCoulomb solid.
which melting should involve two continuous transitions The magnetoconductivity of 2D electrons above super-
from the solid to the fluid via the hexatic phase, as prefluid helium was measured using a Corbino disk a dis-
viously proposed [4]. In zero magnetic field the crys-tanced (typically 100 um) beneath the helium surface
tal is an excellent conductor, with an electron mobility [13] as shown in Fig. 1. A central electrode (radius
as high as 800 RV s for an electron density of.05 X ri = 1.2 mm) is surrounded by a ring (outer radius
102 m~2 [9]. Until recently, little was known about the r; = 1.4 mm) which separates the receiving electrodes
magnetoconductivityr,(B) = o(B) in a magnetic field B1, B2, and B3 (outer radiug, = 2.0 mm). Around
B. Giannetta and Wilen [10] found hysteresis in the solidthese is a planar guar€. The electrode separation is
phase in a magnetic field which they interpreted as shed0 um. Free electrons were held in place by dc potentials
induced melting in crossed electric and magnetic fieldson electrodesA, B, and E (ground), the guard electrode
Shirahama and Kono [11] have further studied this hysG (—ve) and a top platé—ve) ath = 1.6 mm above the
teresis in the magnetoconductivity in the solid and interelectrodes. The electron densitywas determined from
pret it as a dynamical transition in which the electronsthe —ve dc bias voltage on electrodgrequired to cut off
collectively slide out of the periodic deformation of the the ac current between electrodésand B. An ac volt-

He surface about some threshold value of the excitatioageV, from 1 to 500 mV rms at a frequengy = w /27
voltage to form a solid without CPR modes. Below thebetween 1 and 50 kHz was applied to electrddend the
threshold o (B) is also nonlinear and has a distinctive field ac currentd to the electrode® were measured. For a
dependencé /o (B) « B [11,12] in contrast to the Drude perfect conductor the phase of the capacitively coupled
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12X 10?m™2, B=02T, f=7kHz, and V;, = 10 mV 1203
. ! o 1 _ 10" m™ (O) at 0.06 K, B=0.2T, f =4 kHz versus the
rms, showing the transition to the solid phasd’at= 024 K. g excitation voltageV,. The conductivities from Eq. (1)

Inset: Corbino disk geometry. are shown withvy = v; = 4.09 m/s (n = 1.06 X 102 m~2,
dotted line) and v; =474 m/s (n = 1.90 X 10> m~2,

current! is 7 /2 with respect td/y. The phase shif¢p(B) ~ dashed line).
away froms /2 in a perpendicular magnetic field is pro-

portional tol /o (B) for ¢ = 0.3 rad [15], while for larger  pias with an rms radial current density over the Corbino
phase shifts the theoretical response function was used g J = CfVo/d = (124 X 10"£V,)/d A/m where

evaluatel /o from ¢. _ the constantC depends on the electrode geometry. If we
The magnetoconductivity was measured as a funCt'Oﬂavea(B) « V, then, sinceo..E, = J,  V,, the elec-

of temperature, excitation voltage, frequency, and magdgic field E. would be independent of,. A simple ex-
netic field for a range of electron densities in the fluid andsjanation is suggested from the motion of electrons in
solid phases. The temperature dependenct/ofB) in  ¢rossed electric and magnetic fields. The cyclotron orbits
a perpendicular magnetic field = 0.2 T f%r a_dzrlve of  acquire a drift velocityy, along the electric field but also
10 mVis shown in Fig. 1 for = 1.2 X 10 m™". The  qye at right angles to it with a Hall velociyy = E./B
inverse magnetoconductivity increases below 1 K with th&for poth classical and quantum orbitsdf 7 => 1, where
mobility, as1/o(B) ~ wuB?/ne (the Drude model) in this s the scattering time; these experiments are close to the
region. A sharp transition to the electron solid phasequantum regiotiw, /kT = 1.344B/T > 1). Hence

is observed af,, = ¢X(wn)'/?/4meeoksl,, = 0.225 X ¢

107%7'/2K whereg = (1 + &)/2 [5], below which the o (B) = e _ I _ CfV 1)
conductivity is almost independent of temperature. E, vyB vyBd

In the fluid phase, only a small nonlinearity is found
as o(B) decreases quadratically with drive voltage (by
=20% for Vo = 100 mV), which may be due to hot-
electron effects [16]. However, the behavior in the solid
phase is strikingly different as shown in Fig. 2 where
o(B) is plotted versusV, at 0.06 K forB = 0.2 T for
a measurement frequency of 4 kHz for several electron 6
density. At low voltages, the magnetoconductivityB)
increases almost linearly up to a threshold voltdge
where it decreases rapidly. No hysteresis was observed,
in contrast to Shirahama and Kono [11].

This nonlinearity strongly depends on the measurement
frequency used and on the magnetic field as shown in
Fig. 3, whereo(B) is plotted for several frequencies in
a fixed magnetic field and in Fig. 4 for several fields at
a fixed frequency. The general features are the same
in each case but the rate of increase ®€B) with
drive voltage increases for higher frequencies and lower

magnetic fields. .. FIG. 3. The magnetoconductivity(B) versus the rms exci-
The consequences of these measurements are quite {gq. voltageV, for n = 1.13 X 102 m~2 at 0.07 K, B =

markable. The excitation voltage is capacitively coupledys T, for f = 4 (0), 8 (), and 12(<>) kHz. The lines show
and, for small phase shifts, this corresponds to a currenhe conductivities from Eq. (1) with; = v; = 4.1 m/s.

We can therefore calculate the experimental rms value
of vy = CfVy/o(B)Bd as shown in Fig. 5 for the data
from Fig. 2 at different densities. A¥), increases the
Hall velocity slowly increases towards a limiting value
of between 4 and 5 yfis. Above this critical velocity

oB) (108 Q™
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FIG. 4. The magnetoconductivity(B) versus the rms excita-
tion voltageV, for n = 1.44 X 10" m~2 at 0.07 K, forf =

4 kHz andB = 0.1 (O), 0.2 (), and 0.4(<>). The lines show
the conductivities from Eq. (1) withy = v; = 4.3 m/s.

the Hall velocity increases rapidly. For linear conduction
o(B) would be independent o¥, while vy would be
proportional toVy,.

These critical velocities suggests the underlying physics,here oo

vector G; (this increasesthe magnetoconductivity). For
the electron densities shown in Figs. 2 and'b,= 4.09,

4.20, 452, and 4.74 /3. The comparison with the data
strongly suggests that these are the relevant velocities.

If we now assume that the Hall velocity is constant
then Eq. (1) immediately gives all the nonlinear features
observed experimentally. The lines in Figs. 2, 3, and
4 show the conductivities calculated from Eq. (1) with
vy = v;. In each case the experimental values are
parallel to these lines, below the threshold voltage. Of
course the drift and Hall velocities are actually both time
and space dependent. Further theoretical work is required.

Another consequence of Eq. (1) is thato(B) should
increase linearly with magnetic field in the solid if the
Hall velocity is limited by the ripplon velocity. In
the fluid phase in low magnetic field8 = 0.3 T, the
magnetoconductivity follows the Drude result

o9
2
> (B) )
= nepu is the zero-field conductivity, even

=1+ u’B?,

The shallow dimple beneath each electron can be ©though «B >> 1 [12]. This behavior is due to many-

panded as a Fourier series in the reciprocal lattice vecto
G2 = pGi of the crystal [3,5,6] forp = 1,3,4,7,9, etc.
with G, = 27 (2/y/3)/2n'/2.  As the electrons and
dimples are driven at a velocity = vy, the helium
surface will oscillate at frequencies, = G, - v. This
will give a resonant response as, approaches the fre-

guencies of the ripplon modd, = (a/p)2Gy/* at the
reciprocal lattice vectors, where is the surface tension
and p the density of the helium. In a field the coupled
magnetoplasmon-ripplon (CPR) modes [5,17] should b
at much higher frequencies th&ly. This resonance will
give a drive dependent drag term in the equation of motio

which will increase rapidly as®; approaches); and puts

'Sectron effects: the fluctuating internal electric fields
E; in the electron fluid produce an energy uncertainty
eEsL whereL is the de Broglie wavelength, the classical
cyclotron radius or the magnetic length. Féw, <
eEfL (w. = eB/m is the cyclotron frequency), aB <
By, an onset field for magnetoresistance, the Landau
levels are smeared out and the Drude model applies [13].
The behavior in the solid phase is quite different, with
1/0(B) « B with a gradient which is drive dependent as
ghown in Fig. 6 for drive levels of 10, 15, and 30 mV
rms. Equation (1) suggests that, in nonlinear regio(R)
ishould scale a$/B, as found experimentally [18].

A closely related model has been given for the critical

an upper limit on the Hall velocity equal to the phasedrift velocity in the quantum Hall regime in a 2D elec-

velocity v; = (aG;/p)"/? of the ripplons with wave

tron gas in semiconducting GaA&lGaAs heterostruc-
tures [19] using the concept of Landau critical velocity.
In the frame of the reference of the drifting electrons (ve-

15 3 % o " 3 locity v) the change in energy of the ripplons (phonons
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FIG. 5. The rms Hall velocityvy versus the rms excitation
voltage V, for the data in Fig. 2 forn = 1.06 X 10" (<),
1.20 X 102 (A), 1.57 X 102 (O), and 1.90 X 102 m~2 (O)
at 0.06 K. The ripplon velocitiesv; = 409 m/s (n =
1.06 X 10> m~2, dotted line) andv, = 4.74 m/s (n =
1.90 X 10" m~2, dashed line) are shown.
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FIG. 6. 1/0(B) versusB in the solid phase forn = 1.1 X
10”2 m~2 at 0.06 K, f = 4 kHz for V, = 10 mV (d), and
15 mV (A) and 30 mV(<) rms.



VOLUME 77, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AcusT 1996

in GaAs) due to the creation of an excitatietp) of mo- Rev. Lett.42, 798 (1979).
mentump is AE = e(p) + v - p. If lv| > e(p)/p = [4] D.R. Nelson and B.I. Halperin, Phys. Rev. B, 2457
vy, the excitation phase velocithE < 0 and sponta- (1979); A.P. Young, Phys. Rev. B9, 1855 (1979);

neous emission of ripplons can occur. For the 2D electron ~ E-Y. Andrei, F.1.B. Williams, D.C. Glattli, and G.
crystal, this will be amplified for coherent ripplons at the Deville, in The Physics of Low-dimensional Semiconduc-
reciprocal lattice vectors With¢ — v, for G,. tor Structuresedited by P. Butcheet al. (Plenum Press,

Th_ese idea.s. also demonstrate gnother aspect of the d}T-s] g?vae\\(,ﬁ[g: 319833; ggr?,% l;:‘lﬁyps'zggfés (1988).

namical transition observed by Shirahama and Kono [11]-[6] K. Kono, J. Phys. Soc. Jpis6, 1111 (1987).

As the Hall velocity increases, there will come a point [7] k. chen, T. Kaplan, and M. Mostoller, Phys. Rev.

where the electron breaks loose from its dimple, which ~ ~ [ ett. 74, 4019 (1995); K. Bagchi, H.C. Andersen, and

then disappears fovy > vy, as originally suggested by W. Swope, Phys. Rev. Letf6, 255 (1996).

Fisheret al. [3] in the first discussion of CPR modes. The [8] V.N. Ryzhov and E. E. Tareyeva, Phys. Rev5®, 8789

third harmonic current increased sharply above the thresh-  (1995).

old voltage indicating an abrupt mobility change during [9] R. Mehrotra, C.J. Guo, Y.Z. Ruan, D.B. Mast, and

each cycle. A.J. Dahm, Phys. Rev. B9, 5239 (1984); M.A. Stan
The effects of electron heating must also be considered, and A.J. Dahm, Phys. Rev. &0, 8995 (1989).

Glattli et al.[20] measured the thermal time constant!i0] R- Giannetta and L. Wilen, Solid State Commdg, 199

. (1991).
(11 ws at 0.1 K) and the heat capacity.Zkp per electron [11] K. Shirahama and K. Kono, Phys. Rev. Le#d, 781

at 0.1 K) forn = 1.02 X 10> m~? in the solid phase (1995).
(f_Ol’ B = 0) and hence we can estimate the temperaturg 21 p_J. Richardson, A. Blackburn, K. Djerfi, M. 1. Dykman,
differential AT between the electrons and the helium. C. Fang-Yen, P. Fozooni, A. Kristensen, M.J. Lea, and

For the data shown in Fig. 2 the total power input to the A. Santrich-Badal, Surf. Sci. (to be published)

electron solid wast X 107 W giving AT = 0.002 K  [13] M.J. Lea, P. Fozooni, P.J. Richardson, and A.

at Vo = 10 mV. Below the threshold voltage, heating Blackburn, Phys. Rev. Let#3, 1142 (1994), P. Fozooni,

effects,x J2 /o, are relatively small. P.J. Richardson, M. J. Lea, M.l. Dykman, C. Fang-Yen,
We have presented measurements of the nonlinear and A. Blackburn, J. Phys. Condens. Mat&r L215

magnetoconductivityr (B) with excitation voltage and the (1996). )

frequency dependence and the magnetic-field dependengeﬂ'] A.A. Shaskin, V.T. Dolgopolov, G.V. Kravchenko,

. . ) - M. Wendel, R. Schuster, J.P. Kotthaus, R.J. Haug, K.

in a classical 2D Wigner electron crystal on superfluid

. von Klitzing, K. Ploog, H. Nickel, and W. Schlapp, Phys.
helium. All these features are most unusual but we have Rev. Lett.73, 3141 (1994).

shown how they can be simply related by assuming thafi 5] experimentally the phase shitb is a well-defined pa-

the Hall velocityv, is limited to the ripplon velocity, at rameter which specifies the losses in the system. We
the first reciprocal lattice vector. Aboveri@plon barrier used the standard expression for a Corbino disk [see
atvy = v, the magnetoconductivity decreases rapidly. R. Mehrotra and A.J. Dahm, J. Low Temp. Phy,

We thank Professor M.l. Dykman, Dr. J. Saunders, 115 (1987)] to obtain values of the magnetoconductivity
and Dr. G. Deville for useful discussions; Professor  from ¢. This is strictly correct for a linear, local, and
K. Kono for sending preprints of his work; the EPSRC uniform conductor. In the nonlinear solid phase, this
(UK) for a Research Grant and for a Studentship (for __ defines an effective magnetoconductivity.

P.J.R.); the EU for support under Contract No. CHRXCTH8] M. Saitoh, J. Phys. Soc. Jp#2, 201 (1977).

930374 A K. Betts, F. Greenough, and J. Taylor for[17] D. M. Mast, A.J. Dahm, and A. L. Fetter, Phys. Rev. Lett.

L . ! ) 54, 1706 (1985); D.C. Glattli, E.Y. Andrei, G. Deville,

technical assistance; D.' Murphy, .A. Jury, anq the staff 5 Poitrenaud, and F.I.B. Williams, Phys. Rev. L&,

of the Southampton University Microelectronics Centre 1710 (1985).

and the lithography unit of the Rutherford Appleton [18] Equation(2) holds only forfiw./kT <1 (B < 0.07 T

Laboratory, UK, for electrode fabrication. at 0.1 K). A field independent scattering time for
hw./kT > 1 would give 1/0(B) « B, as the diffusion
length becomes the magnetic length= (/i/eB)'/>

[1] For an introductory review, see W.F. Vinen and (quantum Drude model), but with no intrinsic drive or
A.J. Dahm, Phys. Todaf0, 43 (1987). frequency dependence.

[2] C.C. Grimes and G. Adams, Phys. Rev. Let2, 795 [19] P. Streda and K. von Klitzing, J. Phys.1Z, L486 (1984).
(1979). [20] D.C. Glattli, E. Y. Andrei, and F.I. B. Williams, Surf. Sci.

[3] D.S. Fisher, B.Il. Halperin, and P.M. Platzman, Phys. 196, 17 (1988).

1353



