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The magnetoconductivity(B) of two-dimensional electrons on liquid helium was measured from 0.25 to
1.3 K in the electron fluid phase in magnetic fields up to 8 T. In low magnetic fiBlds(0)/o(B)=
1+ (uB)? as in the Drude model, whejeis the zero-field mobility due to scattering Bile vapor atoms and
ripplons, even fowB>1. The values of mobility are in good agreement with previous measurements and with
calculations for a correlated electron fluid. At higher field$0)/o(B) deviates from the Drude model and
becomes density dependent due to many-electron effects. Only at the highest fields, or the lowest densities,
does o(B) approach the theoretical single-particle magnetoconductivity. For both vapor-atom and ripplon
scattering the results are in good agreement with a microscopic many-electron theory in which the diffusion of
the cyclotron orbits is controlled by the internal fluctuational electric fields. The density and temperature
dependence of these internal fields derived from the experiments are in excellent agreement with Monte Carlo
simulations[S0163-1827)06024-4

[. INTRODUCTION tally, the low field magnetoconductivity and magnetoresistiv-
ity follow the simple Drude model over a very wide range of
Two-dimensional electrons in surface states above supegonditions, even fouB=w 7<500, well in the range of
fluid helium form the simplest conducting system knownclassically strong magnetic fieldso,=eB/m is the cyclo-
experimentally: Below 1 K the electrons are in the quantum tron frequency. This is rather surprising, given that Landau
ground state of the potential well formed by the helium sur-level quantization should occur with energy levels at (
face and a vertical electric field. However, they are free to+0.5) Aw. for uB>1. The energy density of states will
move horizontally with very high mobilitieg., limited by  change dramatically with magnetic field and would be ex-
scattering from*He vapor atoms and by the thermal surfacepected to enhance the elastic scattering rate, depending on
vibrations, or ripplons. For vapor atoms the scattering mayhe width of the Landau levels. For independent electrons,
be regarded as almost ideal, short-range, and quasielastive only contribution to this width is the collision broaden-
while ripplon scattering is also well understood. At the elec-ing, which can be found from the self-consistent Born
tron densities which are stable on bulk helium< approximatiofi (SCBA) or from the method of momerits
2x 10" m™2, the electrons in the fluid phase are dil(iigpi-  which give similar results. This approach works well for low
cal separation 1um), classical, and nondegenerate. How-mobility sample$, though with some residual quantitative
ever, the electrons are strongly interacting via long-rangaliscrepancies, but at higher mobilites @
Coulomb forces, with a macroscopic screening length deter<2000 nf/V s), the narrower collision width becomes less
mined by the distance to underlying metallic electrodesghan the energy spread given by the product of the many-
(=100um in these experimenisin most experiments, the electron internal forceE; and characteristic lengths such as
plasma parametdthe ratio of the characteristic unscreenedthe thermal de Broglie wavelength and the quantum mag-
Coulomb energy to the kinetic enejgy T’ netic length. This essentially smears out the density of states
=e?(mn)Y%4mek T>1, while forT'>127 (low T) the sys- and leads back to the Drude model for magnetic fields less
tem forms a two-dimensiondRD) electron crystaf. Given  than someonset field B, which is typically 0.5 T for elec-
the experimental flexibility and control over the density, tem-trons on helium. FoB>B,, o, becomes density dependent
perature, mobility, and magnetic field, this is an ideal systemand 16, is then directly proportional to the internal electric
for investigating the influence of electron-electron interac-field strength. At higher fields the collision width of the Lan-
tions on fundamental transport properties. dau levels increases again and the independent electron
In particular, recent data clearly indicates that electrontheory (SCBA) does become valid. Previous measurements
electron interactions, and the internal electric fields whichand interpretations of the magnetoconductivity only consid-
they produce, have a dramatic influence on theered single-particle theorisThe many-electron transport
magnetoresistivity and magnetoconductivity in this sys-  effects have been studied theoretically in the extreme quan-
tem. A single-particle approach will not suffice. Experimen-tum limit of strong magnetic fiefd and interesting density-
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dependent effects were observed in cyclotron resontnce.where oy is the surface tension arffl, and E, are explicit
Recently, the damping of edge magnetoplasmons has beémegrals which are functions of the temperatdreand the
used to determine the magnetoconductivity,,? both in  vertical pressing fieldE, as given in the Appendix. This
the vapor-atom and ripplon scattering regimes, in goocexpression is valid for Zw,/kT<1 where w,
agreement with the direct measurements reported-(e?n®?2e,m)? is the characteristic frequency of short-
previously** and in this paper and confirming the influence wavelength 2D plasmons. However, the numerical values for
of many-electron effects. the mobility given by Eq(1) are very close to those from
Recently a comprehensive many-electron theory of transSaitoh’s expressioRs and also the calculations done by
port phenomena in strongly correlated classical and semiviehrotraet al® For higher densities the motion of an elec-
classical systems has been developea. parallel with this  tron in the field of other electrons is no longer classical. The
increased theoretical understanding we have also developeshalysis of this case is beyond the scope of the present paper.
the experimental techniques based on high-precision Corbino
electrodes, fabricated using modern lithographic techniques. g conductivity as diffusion: The Einstein relation

These new electrodes give improved experimental resolu- ) .
tion. The Drude model gives the magnetoconductivity of a 2D

This paper describes measurementsrgf from 0.25 to electron systeni2DES by assuming independent electrons
1.3 K in the 2D electron fluid phase, at fields up to 8 T inin classical orbits in a magnetic field and a field-independent
both the vapor-atom and ripplon scattering regimes. The pascaitering time. The tensor components of the magnetocon-
per is organized as follows. In Sec. Il we give an account offUctivity o and magnetoresistivity are as followsthe signs
the basic theoretical concepts underlying many-electro® the components given are positive for negative charges,
magnetoconductivity within the framework of the Einstein Puttinge=|e):
diffusion relation. In Sec. Il we describe the experimental

cell, the Corbino electrodes, and the experimental proce- t&ﬁ%, Oyy= BTy, (2a)
dures. In Sec. IV we give the experimental results and ana- (1+up°B9) Y

lyze them in terms of the internal electric fields in the 2D

system while in Sec. V we draw the main conclusions and Pxx=Pos Pxy=BINe. (2b)

the Appendix gives some of the theoretical expressions usegyeqe simple results act as benchmarks for our experiments
to measurer,, . A useful parameter to plot experimentally is

Il. MAGNETOCONDUCTIVITY the ratione/ wo which for the Drude model gB>1 be-
i . comes
A. Zero-field mobility
The zero-field mobilityw and the zero-field conductivity ne B2 3)
og=neu in the 2D electron fluid have been measured by no(B) '
many authors using rectangular electrodgise original
Sommer-Tanner technigtfe, circular Corbino Conductivity in a 2D electron fluid is essentially a diffu-

electrodes>*%the plasma linewidtf’ or a resonant cavity at sion process. The Einstein relation between mobility and the
radio frequencie$® The most detailed measurements in zerodiffusion constant for a system obeying Maxwell-Boltzmann

field are those of Mehrotrat al® below 1 K, using frequen- statistics gives

cies up to 2 MHz and by Stan and DafifiiThe mobility is 5

strongly temperature dependent and varies from?/V/ra _ﬁ'—_
just below thex point to over 2000 MV s at 0.1 K(depend- ToTYT 75

ing on the density Within the single-particle approximation, _ e s 1. .
the zero-field mobility has been calculated for vapor-atomVNereL is the diffusion length andg~ is the scattering rate

and ripplon scattering by Saitdhpsing the electron-ripplon 1N @ field. In zero magnetic field, puttingl2 equal to the
interactio? which depends strongly on the perpendicularSauared mean free path r_epro_duoe;;ne,u.zln a magnetic
electric pressing fiel&, . However, Buntaret al2® pointed  field the diffusion length is given by?=RZ/2, whereR;
out that the electron-electron correlation time for ~=(2mkT)*%eB is the classical cyclotron radius, for
=102 m 2 s less than the electron-ripplon relaxation time. % @c/kT<1, while forw./kT>1, only the lowest Landau
For an energy dependent interactiGuch as with ripplons, level is occupied and.?=1%/2 where|=(#/eB)'? is the
but not vapor atomsthis leads to a different average in the magnetic length. The various conductivity models corre-
expression fop which can be a factor of 2 smaller than the SPond to selecting the value bfand the scattering rafé,as
single-particle resultin Ref. 18 the effect was considered in shown in Table I. The Einstein model is, of course, equiva-
terms of occasional electron-electron collisions as if the eleclent to the orbit-center migration theory of Kuleo al** and
tron system were a weakly nonideal plagnfeor a strongly ~Ando et al®

correlated classical electron system the zero magnetic field The Drude model, fouB> 1, is given by classical cyclo-

scattering rater, * is shown in the Appendix to be of the tron orbits andrg= 7o, which leads tme/ uo=B? as shown
form in Table |. But the Drude model neglects the quantization of

electron orbits into Landau levels, which changes the scat-

4

e?2E2 E E2 tering rate via the density of states. In the self-consistent
o= ol _22_ , (1) Born approximatiofSCBA) for &function scatterers, as dis-
Ahas E. El cussed by Andet al® for degenerate electrons, the Landau
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TABLE I. 2D magnetoconductivity for short-range scattering,

using the Einstein relation, fotwmg>1. o=(ne’/kT)(L?/ g);
R.=(2mkT)Y%eB; |=(#/eB)'?
Model L? To ne
B yiaos
Drude-classical RZ =1 =B?
Drude-quantum 2 =1 «BT
Single electron RZ  o(uB)Y? B32
Landau levels R
Classical orbits
Single electron 12 oc(uB)? TB?
Landau levels R
Quantum orbits
Many-electron RZ  ohwe/A. =B}
Landau levels [A.=eER.] . 2mPkT(E?)
Classical orbits o h%? FIG. 1. The scaled mean square fi€ldI') from Monte Carlo
B>B, calculations. The asymptotic value Bf=8.91 for a harmonic clas-
Many-electron 12 xhawcl/A, _ 4B§ sical Wigner crystal is shown dashed. Inset: the field component
Landau levels [A,=eEl] " (how /kT) 2 distribution.

Quantum orbits

where w,=(e?n¥42e,m)'2 is the 2D plasma frequency

levels are collision broadened to a widlh=#/75. Hence  wjth a wave vectog=n?ande = 1.0286. The force driving
the scattering rate is enhanced by a factdtw./As as the  gn electron can be calculated for larfelow T) in the 2D
electron states from an energy range. are concentrated crystal phas® and arises because of the displacement of the
into A For a semielliptical density of stafeat each Lan-  electrons from the lattice sitd® . In the harmonic approxi-
dau level this leads to the self-consistent resultgl/ mation it is linear in the displacement, has a Gaussian distri-
=(2uB/m) " 5. An expression for the resultant magneto- hytion, andF(I')=8.91, independent of. In the most in-
conductivity for a nondegenerate 2D electron gas has beegresting range of the normal electron liquid and of the
given by van der Heijdert al*® The functional dependences melting transition the functioff(I') has been obtained from
of ne/uo are given b%’e) the Einstein relation as shown inMonte Carlo simulations in Ref. 30 and is plotted in Fig. 1.
Table I. Scheuzgeet al™ derived the corresponding expres- The variation ofF is surprisingly small in this range, varying
sions for Gaussian density of states, with slightly different{om 9.1 atl"'=200 to 9.5 forl’ =20 although the structure
prefactorsithe factor 24 becomes 1/R The original SCBA  of the system changes dramatically from a good crystal to a
theory was only valid foroy,/oy>1 but it has been ex- |iquid whose correlations decay over a few electron spacings.
tended to all values of this ratid, keepingw.7g>1, and  previous analyses and calculations of the many-electron
gave an excellent fit to data on edge-mode propagation faihagnetoconductivity in the fluid phase invoked short-range
electrons on helium at temperatures above 1.7 K at very higBrder! and used the valuE =8.91.
magnetic fieldgup to 22 ), where the vapor-atom scattering  The effects of these internal fields on the magnetotrans-
is very strong”® It is our contention that as the mobility port can be considered in several ways. The basic ideas can
@ncreases, electron-electron interactions become increasing simply understood in terms of cyclotron orbit diffusion.
Important. _ The scattering rate for elastic scattering depends on the elec-

The corresponding SCBA theory for the magnetoconductron density of states or smearing of the Landau levels. In the
tivity for ripplon scattering in the 2D electron fluid has been sjngle-particle SCBA this smearing is the Landau level col-
given by Saitof® for w./kT>1, who also calculated |ision width A.=#%/7. But for a fluctuating many-electron

axx(B) for the 2D solid phase. field of magnitudeE; , there are other characteristic energies.
For hw./kT<1, the characteristic “size” of the electron is
C. Many-electron effects the thermal de Broglie wavelengthy=7%/y2mkT. Hence

In the relatively dilute 2DES on helium, there is negli- there is a quantum uncertainty of the kinetic energy of the
gible wave function overlap and the force on an individualelectron wave packek,=XxreE; due to the fluctuating in-
electron can be expressed in terms of a local fluctuating eledernal fields. ForA«>% w., which corresponds te,> w,
tric field E;. The distribution ofE; for a classical normal or B<0.23 T forn=10"* m~?, Landau level quantization is
liquid has been obtained in several ways. Since fluctuationsmeared out and the orbit diffusion and magnetoconductivity
in the system are thermal, and the field arises because of tiege essentially the same as in the Drude formalism. This is
electron-electron interactions, it is convenient to write thealso the case foA.=eER.>7%w., whereA. is the energy
mean-square field in the form variation across a cyclotron orbit radii® . The condition

A.=hw. defines a characteristic magnetic fielB,

=9.69x 10" SFYn%8TY2 T which is the onset field for mag-

netoresistance and for deviations from Drude-like magneto-
(5) conductivity, and lies between 0.2aid T in these experi-

2kawF2, n/2
(E5y=F(T) — IF(F)( ):F(F)Ez,

47T;0
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ments. Only forA <# w. do the Landau levels influence the and the energy variatioreE;| tanh.w/2k T) across the elec-
magnetoconductivity as the smearing of the Landau levelgon wavelength. The next two sections give more detailed
becomes less than the level separafiéior B>By, the scat-  equations used in the analysis.

tering rate is then enhanced by a factag®/7,*
~hw:/A.;, as shown in Table |, and we obtain the striking

D. Vapor-atom scattering
result

The dominant scattering abevl K comes from thé'He
ne Tgl , vapor atoms which act as almost ideal short-range scattering
B = —1 B2=7B§=8.50% 10*4Ef\/T, ho JkT<1, centers. Because of the large mass ratio such scattering is
Ko 7o 6 quasielastic. In the whole range of classical magnetic fields
©6) hw./kT<1, the normalized many-electron classical magne-

which may be compared with Eq3). In this region, toresistancey,.and magnetoconductivity;,. can be written
ne/ wo(B) is directly proportional to the rms internal electric in the form™
field E¢=(E?)' (this result is strictly valid only for short-
range scatterers o Pxx_ oo 4 5t

In the quantum limit, Aw./kT>1, the characteristic Pmc:E:M B ‘Tmc:?
length scale is the magnetic lendthThis affects the mag-
netoconductivityo in two ways. First the diffusion length -
changes and this in itself would give magnetoresistance and = > (1+4w2%(By/B)*) %2  fiw /kT<1, (83

deviations from the classical Drude model, even for field- =
independent scattering, as in the quantum Drude model in 5 o114
Table I. Also the energy spread across the cyclotron orbit is | 2mKT(EF)
A4=eEl. Hence, forA,<#w., we obtain(for short-range o #%e? ’
scatterers
) ne 7" _, B?
ne 4Bg hoy /KT 1. @ po(B) 7.l B o for w.r>1. (8b)

wo(B)  (hwo/kT)¥?’

The normalized magnetoresistance is a function of the onset

field By. ForB<B, there is zero magnetoresistance, and the
agnetoresistivity and magnetoconductivity follows the
rude model. Deviations from the Drude model start Bor

~ B, with a limiting value given by Eq(6).

Note thatne/uo is still proportional to the internal electric
field strengthE; .

In all cases the scattering rate increases with field and
the highest fields, the Landau level collision widlfy can

become greater thaA, and the SCBA result for quantum 3 " .
orbit diffusion should then apply, as shown in Table I. It is For (B*kTmeBp)tanhfw/kT)>1 and for arbitrary

also interesting to note that the scattering rate increases wifh@c/KT the normalized many-electron quantum magnetore-
magnetic field faster than the cyclotron frequency and hencg'Stance Is
the Hall angle=tan™ (oy,/oy,)=tan *(uB) in low fields, de-

creases aB increase$® The Hall effect has been measured * :B_Z (@) Uzﬁ (9a)
in this system and there is strong experimental and theoreti- Pmq 4B5\ kT T

cal evidence that a linear Hall effegi,,=B/ne is always

valid in a nondegenerate 2D electron fluid. ne 4B§

The internal field that drives an electron during its colli- —
sion with a scatterer fully characterizes the effect of the ro(B)  E\hw kT
electron-electron interaction on electron scattering provided
the field is uniform over the electron wavelength and doegvhere the factoE allows for the filling of the Landau levels
not change during a collision. These conditions are met if th@nd is a function ofiw./kT, Z=1 in the quantum limit.
electron motion is classical or semiclassical. Bor0 this ~ Equations(8) and(9) agree exactly foB>B, andfiw./kT
requires that the change of the electron energy over a thermad 1.
wavelengthx; be small compared to the thermal energy, or In the vapor-atom scattering regime above 1 K, the Lan-
eEx;<kT.%2 This corresponds to the conditiohw,<kT. dau level collision widthA is comparable with the energy
In this limit, the scattering ratéfor short-range scattergrs spread due to the internal electric fields, particularly above 3
is only slighty enhanced by a factor +{5F/ T. The Einstein relation gives=r5" in strongB. If the
38477)(ﬁa)p/kT)2~1+O.04(ﬁa)p/kT)2 for w,m> 12 How-  cyclotron orbits have a spread of energlethen the scatter-
ever, the conditionfiw,/kT=3.4x10Pn¥4T>1 can be ing rate is enhanced, due to the concentration of the density
easily reached and this may account for some of the densityf states, by a factor proportioned tav./A. If we write
dependent scattering seen by Mehrotetall® for  A2=(#r5')?+A2 as the sum of collision broadening and

(9b)

n>2x102m 72 many-electron effects then
Hence we see that the conductivity of a nondegenerate 2D
electron gas depends on the relative magnitudes of four rel- 1 1 e
evant energy scales: the thermal enekdy the character- _—~ (10

istic plasmon energytw,= A, the cyclotron energyt o, T8 To JAL+ (Al 7g)
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For A,,=0, this gives the SCBA resultsoc\ w7, While for a: glow discharge tip

many-electron fields onlyg < (Zw./A). In combination, b: tanodlet
.. . . . [ (o] ate
the total conductivityo is approximately given by a: fone wire grid
ezhelium
1 1 0-2 f:electrode connections
— =t — (11) g: 2D electrons
O'2 0'2 0'4 ' h:Corbino electrodes
m s on fused quartz chip
i i i it copper base
An alternative combinatidhcould also be used. i+ sample holder
k: 8 coaxes

I: stycast

E. Ripplon scattering

4.0mm

The magnetoconductivity due to ripplon scattering differs
from the vapor-atom scattering case in that we must allow
for the finite correlation length of the random potential of the
ripplons. In zero field and fof w./kT<1 the dominant scat-
tering comes from ripplons whose wavelength is of the order
of (or greater thanthe thermal de Broglie wavelength, and A. Experimental cell
hence independent & and electron density. tAL K these

FIG. 2. Schematic diagram of the experimental cell.

Ill. EXPERIMENTAL PROCEDURES

The experimental cell is shown in Fig. 2. It is made of

ripplons have a wavelength=0.13um, a frequency OFHC co I : S
pper and mounted on a dilution refrigerator inside a
=80 MHz, and an energs0.004kT. Thus the magnetocon- 9 T superconducting magnet. The measurement electtodes

ductivity behaves in a similar way to short-range scattering(see next sectigrare mounted in a copper base-platout
‘I‘Eqs.(Z),,, ), anq (8). Foriwe/kT<1 gnd forB<B_0, the 100 um below the surface of the superfluid helilmElec-

Drude” model is followed, Eq.(2), with a scattering rate e |eadsf are taken into the cell using stycast lead-
and mobility given by Eq_.(l). For B>B,, ne/po ap- throughs. All the leads to the electrodes were througl)50
proaphes an a".“OSt f|eld.—|ndepe_ndent limit @ssaturates.  qayia| cablek to reduce the interlead capacitance. A top-
Explicit expressions fow in the ripplon scattering regime 0 ¢ s situated 1.6 mm above the electrodes. Free elec-
are given in the Appendix and a fuller account in Ref. 13. .55 are generated using a glow discharge from au&0

In the rangeB=B,, the results for ripplon scattering are tungsten wirea at about—400 V. This operates between

somewhat different from the results for short-range scatter; >5 and 1.6 K when the helium vapor pressure lies between
ing. But the functions*(B) still has a maximum. The rip- 1204 7 mbar. A typical discharge current is 50 nA. The
plon magnetocond_ugtivity has been analyzed in Ref. 13. Inyjactrons are thermalized and pass through a A®0mesh
the range of quantizing fields grid d, set in the top plate, into the experimental space. The

ne 4B2 electrons are controlled by dc potentials on the electrodes,
= 0 75 G(T,B,E)), fw/kT>1, the top plate and the base plate. The maximum, or saturated,
po(B)  (hoc/kT) electron density occurs when the potential on the electron

(12 sheet equals the top-plate voltalye and is given byng
where the factoiG(T,B,E,) allows for the field-dependent =eggVy/ed. In practice, the magnitude of the top-plate po-
interaction from the changing wave vectpof the scattering tential was usually increased after charging so thatas
ripplons. It is rather remarkable that this factor is relativelybelow the saturation density.
close to unity for a wide range of densities and fields. The Ultrapure “He (Ref. 33 was used to fill the cell. The
mobility used in Eq(12) is the zero-field mobility, allowing 3He content was exceptionally low. This was to avoid any
for many-electron effects and should be the mobility as meaeffects due to the formation of 3He-rich surface layer at
sured from the Drude relation, Eq2). The parameter low temperatures, which might alter the mobility as found
ne/uo is again proportional to the internal electric field experimentally by Esel'soet al3*
strengthE; .

In the region from 0.8 to 1.1 K both ripplon and vapor- B. The Corbino-disk electrodes
atom scattering are significant. From E@) the total con- o o )
ductivity is just the sum of the two separate contributions, 1he conductivity of the 2DES on liquid helium was mea-
o=0,+ o,. Allowing for the self-consistent combination of Suréd using the circular Corbino disk geometry. To obtain
many-electron and collision effects, as in Eg0), the con- precisely defined elect_rode strupturgs, we usgd optical lithog-
tributions o, and o, can be estimated by solving two simul- "@Phy and the device fabrication techniques of the
taneous equations, where,,, is the conductivity from the Southampton Unlve_r5|ty _Mlcroglectronlcs Centrerhe ge-
ith scattering mechanisni£1,2) due to many-electron ef- ometry of the Corbino disk, with 6 coplanar electrodes on

fects alone, whiler; is the conductivity from the indepen- polished fused quartz, is shown in_ Fig. 3. A cen(u_rldrive)
dent electron theory, electrodeA was surrounded by a ring electroBewhich also

separated the annular receiving electr@&lénto three seg-

1 1 o? mentsB1, B2, and B3. Round these was a planar guard
U_izz U_ﬁﬂJr U_Asli- 13 electrodeG. Two metallic gold layers were deposited, insu-

lated by an intervening SiQayer. The electrodes were all in
Note that for many-electron effects alone this giwes the upper metal layer. Electrical contact to the inner elec-
=omt om2, While for the SCBA single-particle approxi- trodes was made along strips in the lower metal layer which
mation with no many-electron fields;?= o2, + 02,. ran under the guar@ and electrodé&. These made contact



55 MAGNETOCONDUCTIVITY OF TWO-DIMENSIONAL . .. 16 285

200 r L I I B B B

[ T= 089K ™= ]

= 1.45 —

150 — l =

i [ :

=100 — =

: | —

FIG. 3. The geometry of the Corbino electrodes. 50 N -

to the upper metal electrodes through vias etched in the E -

SiO, dielectric layer. Finally, 25:m gold wires were bonded o U | .Jl T DR
to pads on the outside of the& mn? polished quartz chip, 25 20 -15 -10 -05 00

leading to coaxial cables. V(V)
The electrons were held in place by dc potentials on elec-
trodes A, B, and E (dc ground, the guard electrod&
(_ve) and the top plate.{ve) The dlameter Of the elec_ FlG 4, The Cutoﬁ Of the eleCtron current as the Voltagfﬂs
tron sheet was 4 mm. The gap between neighboring elecaried for_the same de_nsnty at 1.45, 0.89, and 0.57 K. The sharp
trodes was only 1m and so we were able to set the depthdecrease in current defines the cutoff voltage

d of the helium above the electrodes to be as low ag0  |ower metal electrodes. Note that this is the mean electric
(an order of magnitude lower than any previous Corbinofie|d seen by an electron in the equilibrium ground state for
experiment while maintaining a uniform electron density motion perpendicular to the surface and does not include the
across the gaps. This gave several significant advantagéield from the localised polarization charge associated with
(though some disadvantagesThe segmented electrode each electron. This field contributes to the changes in the
structure enabled the helium surface to be leveled to bettarlectron energy from vertical displacement due to the rip-
than 1um. A large ac voltag€0.1 V) was applied to elec- plons and hence to the electron-ripplon interaction. At these
trodeA and the ac currents to the three segments of electrodew helium heights it is also necessary to consider the pres-
B were measured independently as the cryostat was tiltecgure on the helium surface due to the vertical electric holding
These currents could be balanced to better than 1% by levield E, . The total pressurg is reduced because of the
eling the cryostat using three air mourit®rresponding to 1  polarization charge and is given lﬁ/:so(Eﬁ— E2)/2 where
mrad. The tilt of the cryostat was subsequently monitoredg, is the vertical electric field in the helium vapor above the
using three displacement sensors. electrons andk, is the field in the liquid. An electron density
The fractional change in these three signals, on tilting byh=1x 10'2 m~? at saturation ,=0) would produce a de-
a measured amount, also enabled the depth of the helium fsression of the helium surface of 0@m, which is small
be determined, since each current is inversely proportional teompared with the typical helium depth of 1@@n, though
the depth of helium over the electrode. The electron densityhis depression might become significant at higher densities.
profile was calculated numerically, for a given set of elec- This electrode geometry design also enabled the electron
trode potentials, by the method of relaxation, from Poisson’siensity to be accurately determin@mtucial for these experi-
equatior® For d=50 um the electron density was very uni- ments by increasing a-ve dc bias voltageVg, on elec-
form and the width of the edge layer was only 3% of thetrode E until the ac current between electrodesaindB cut
radius. The height decreased, as the temperature dropped, §ff sharply, as shown in Fig. 4. An analysis of the electric
about 15um between 1.3 and 0.3 K, below which it was fields in the cell shows that, fat<W=200um, the width
almost constant. The origin of this effect is not clear, thoughof the E electrode, the cutoff voltag¥, is independent of
it may be due to the increasing surface tension of thehe top-plate voltage. The electron density is given rby
heliun® which pulls more liquid up the walls and hence = xg¢,V,/ed, wherex~0.84 is a factor which allows for
decreases the bulk level. The height was also slightlithe electrons displaced from above electr&dd he data sets
magnetic-field dependentyd~B?, presumably due to re- in Fig. 4 show the cutoff of the capacitative current for the
sidual inhomogeneities in the field profile of the magnetsame electron density at 1.45, 0.89, and 0.57 K. It can be
across the helium surfac@. } seen that the cutoff voltage decreases as the temperature
The vertical electric field, has been discussed by 8@l  drops while the capacitive current increases, both corre-

et al*® However, we use a slightly different expression for sponding to a decrease in the helium height.
our experiments. For a top plate at a voltagea distance The high degree of circular symmetry in these precision
D above grounded electrodes the field is electrodes meant that low frequency edge

magnetoplasmofi$ (EMP) were not generated.

E -V¢ ne 2 (a—d) 14
L a+dle 2sq(e+1) (a+dle)’ (14 C. Measurement of magnetoconductivity

wherea=D —d. The first term is the applied field while the ~ An ac voltageVy between 1 and 200 mV rmsypically
second term comes from the image charges in the upper add mV) at a frequencyf (= w/27) between 2 and 70 kHz
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FIG. 6. The normalized resistive, R&|, and capacitive,

. L Im(1*), components of the ac current as a function of the magnetic
FIG. 5. The normalized resistive component, RE(vs the ca-  fiaid at 1.3 K forn=0.64x 1022 m~2 at a frequency of 70 kHz.
pacitive component Ini), of the ac current for the Corbino elec-

trodes used. The solid line shows the theory, @8d); the circles
are data taken at 1.3 K far=0.64x 10> m 2 at 70 kHz as the
magnetic field increases to 7 T.

B increases, the magnetoconductivity decreases and the am-
plitude and phase of the measuredre field dependent as
shown in Fig. 6, where both the capacitative and resistive
was applied to electroda and the ac currenit to the elec- components of the current are pl_otted. The same data is plot-
ted on the Argand diagram in Fig. 5, and lies very close to

trodesB was measured using a lock-in amplifier. Electrode . .

: the theoretical response curve. Deviations from the theory on
E was kept at ac ground. For a perfectly conducting eIectronh. | It f inh | h
sheet the phase of the capacitively coupled curtast/2 t r']s. Eot_may result r(zjm anin omogleneous € ecftron Sf eet,
with respect toVy. The phase shifep(B) away from m/2 which gives rise to edge magnetoplasmons or from finite

was measured as a function®&8 T for a range of electron values ofw7. In all the experiments reported here, only data
" . which lay on the line of the theoretical response function was
densities, for temperatures 023<1.3 K. The drive volt- y P

ind heavily d 4 volt hich used. The following empirical expression gives an excellent
age induces a heavily damped vollage wave Which propag ;. Eq. (15) for calculating the decay length, and hence the

gates on the 2D transmission line formed by the electron L
and the underlying electrodes, with a propagation consta@ig; erz;ccxjconducnwty from values of the phase ski(®)

ko. The radius of the inner electrodeis r;=1.2 mm. The

outer and inner radii of th®& electrodes are,=2 mm and 1 wC, 192 10°4(B)

rs=1.4 mm, respectively. The current which flows to elec- = — — (16)
trode B when electrodé\ is driven is given bf* 0° 204(B) 1-0.395%(B)
Jy(Kar 1) where the constants in the last expression depend on the
I =iwBm?rr;CeyVy et/ dimensions of the electrodes and were adjusted to allow for

Ji(ker2) the effect of the guard potential in reducing the size of the

X[ J1(KeF 3)Y1(Kel 2) = J1(KeF 2)Y(ker5)],  (15) electron sheet. For small phase shiés; 0.3, the phase shift
is directly proportional to X, .
whereJ; andY; are first-order complex Bessel and Neuman Al the measurements reported here are in the linear or
functions, y=[1+d/ea] %, and 3 is the fraction of the Ohmic region. A small quadratic increase inrlivas ob-

Corbino disk occupied by thB electrodes for >r5. Inthe ~ Served as the drive voltagéy was increased in the fluid
fully screened or local limit and fo7<1 the wave vector Phase. Saitdtt has shown that such an increase can be due to

ke=(1—i)/6, where 8=\20,/wC, and C.=g,(lla a rise in the electron temperature as heat is transferred to the
+¢/d) is the capacitance per unit area between the electroffdPlons. For the 10 mV drive normally used, the effect is
and the electrode® For a given Corbino geometry the mea- VerY small in the fluid phase, though strong nonlinear effects

sured phase shift is then a function only of the decay lengtifccur in the solid phas®.

6, which governs how the phase shift scales with density,

frequency, and conductivity. Allowance for incomplete IV. EXPERIMENTAL RESULTS AND DISCUSSION
screening and for finiteor can be made by modifying the
propagation vectok.. For 6>r3, the purely capacitive cur-
rent is determined by the geometrical capacitance and given The magnetoconductivity was measured at temperatures
by lo=iwBCsyVymr2(r5—r?)/r5. The normalized current below 1.3 K down to the phase transition to the solid phase
I*=1/|l4| is plotted on an Argand diagram in Fig. 5 4s  at T,,=0.225X 10 5nY2K (Ref. 44 for densities from
varied. This plot gives a universal locus and is very useful in0.5 (T,,=0.15 K) to 4.0 ,,=0.43 K)x 10> m 2 in mag-
validating the data obtained. At the relatively low frequen-netic fields up to 8 T. Figure 7 showsoiB) versusB at 1.3

cies used here, the phase shift in zero magnetic field is verlt on a log-log plot, measured at the relatively high fre-
small and the measured current beld K definesl,. As  quency of 70 kHz to obtain the phase shift in small fields. At

A. The Drude region
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FIG. 7. The Drude region for magnetoconductivity, showing - )
1/o(B) vs B at 1.3 K forn=0.64x 10> m~2, Line d shows the fit FIG. 8. The Drude mObI|ItyM vs electron dengty at 0.6, 0.7,
to the Drude model while liné is the full theory including many- 0.8, and 0.9 K. The solid lines show the theoretical zero-field mo-

electron and single-particle scattering effects. bility.

] _ .. simplest interpretation of these results is that this increase in
very low fields 8<0.02T) the reciprocal conductivity gcattering rate is an indication of the quantization of the elec-
1/o is constant but, apB>1, increases rapidly and follows {on motion in the field of the other electrofsince? o, /k
a B2 dependence for over two decades. Liheshows the (3 K for n= 102 m~2). A similar phenomenon, tﬁough

excellent fit to the Drude model, Eq(2a, with u  not so pronounced at the lower densities, is apparent in the
=24nf/Vs. The phase shift in zero magnetic field could resylts of Mehrotraetall® This was interpreted by
only be measured for these relatively low mobilities. Below vehrotrd® as due to extra scattering from viscoelastic modes
1 K, we find 1by<B” at low fields at all temperatures, in the correlated electron fluid. In our experiments, the de-
down to the smallest phase shifts we can resolve at the frgyease inu below 0.5 K is often accompanied by conductiv-
quencies used. Following the discussion given above, thigy fluctuations which disappear at the transition to the solid
Drude behavior implies that the scattering rate is indepenphase. This may be related to the nonlinearity which be-
dent of field and hence we can derive experimental values fafomes particularly strong once the system becomes a

the electron mobility using Eq2a). This method was origi-  crystal*?® Further details will be published elsewhere.
nally used in this system by Iy and more recently for

3He and “He.**“® Above 1.1 K the scattering is primarily
due to gas-atom scattering and the experimental mobility
values are generally within 10% of the theoretical values For a classical or semiclassical system, deviations from
from the expression given by SaitéhFigure 8 shows a plot the Drude model are expected Br>By, the onset field for
of the mobility versus electron density at temperatures of 0.9magnetoresistivity. At 1 KB, varies from 0.40 to 0.68 T as
0.8, 0.7, and 0.6 K. The mobility decreases with increasing1 increases from 0.5 to 210> m~2 This is particularly
density because of the increase in the vertical electric holdinteresting abos 1 K where the scattering from the gas at-
ing field E,, Eq. (14). These values are in close agreementoms is quasielastic and short range and approximate to ideal
with the zero-field measurements of Mehrogtall® This  &function scattering. The interaction is also essentially inde-
agreement confirms the premise that small magnetic fields dpendent of the electron density and the vertical holding field.
not affect the scattering rate. The solid lines show the theoHence this region is ideal for the comparison of experiment
retical expression for the zero-field mobility including gas-and theory. At 1.3 K, the scattering due to the ripplons can
atom scattering and ripplon scattering, Et), as discussed effectively be neglected. The overall field dependence of
above. Fom=1x10' m™2 the fraction of the total scatter- 1/c at 1.3 K is shown in Fig. 9 forn=0.74 and
ing rate due to ripplons increases from 0.31 at 0.9 K to 0.922.32<10? m 2 in fields from 0.1 to 8 T. Below 0.6 T a
at 0.6 K. Below 0.6 K, the scattering due to gas atoms idDrude-like region is observed, as discussed above, with
negligible. The electron mobilities below 0.5 K are ex- 1/o=B?, giving a mobility of 24 ¥V s. The solid linesd
tremely high. For instance, the data at 0.4 K in Fig. 16 cor-anddl shows the fit to the Drude model. Above 0.8 Tg'1/
responds tow=2090 nf/V's. Even higher mobilities have deviates from the line, though it continues to increase with
been reported by Shirahama and K&hfor lower holding ~ field. The dashed line shows the SCBA result, as given by
fields. van der Heijderet al?® for the highest density. Both the field
However, below 0.5 K, the agreement between the experidependence and the absolute magnitude eféaké quite dif-
ments and the theoretical values given by Ef.becomes ferent, particularly in the field range from 0.3 to 6 T. The line
less satisfactory. This is demonstrated in Fig. 8 at 0.6 Km shows the many-electron theory, E), valid for B
where the data lie slightly below the theoretical values. The>By=0.70 T here. However, at this temperature the contri-

B. Magnetoconductivity: Vapor-atom scattering
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FIG. 9. The inverse conductivity &B) vs B at 1.3 K forn
=0.74 (0) and 2.32(0) X102 m 2 The lines show the Drude
model(linesd andd1l), the independent electron modéhe s) for
the lowest density, the many-electron thedige m) for the lowest
density, and the total theoreticalod(linest andtl).

FIG. 10. (a) o(0)/a(B) vs B? at 1.3 K forn=0.67 (O), 1.04
(V), 1.49(0), and 2.78¢) X102 m™2. The lines show the Drude
model (line d), the independent electron theofline s), and the
guantum corrected Drude modéhe c). (b) The full many-electron
theory (linestl to t4, decreasing density
bution to the Landau level width from the collision broaden-
ing is quite significant, particularly above 3 T, and this is  The low-field many-electron theory, E¢(B), is plotted in
combined self-consistently with the many-electron result, usfig. 1Qb) for the same densities as in Fig.(a0 This dem-
ing Eq.(11), to give the total 1 as shown in lines andtl.  onstrates the deviations from the Drude model Bor B,
This is in excellent agreement with the data at the higheand shows how this occurs at lower fields as the density is
fields. Figure 9 shows the general features of all the dataeduced. Above 3 T, the collision width of the Landau levels
First there is a well pronounced Drude region, followed by aincreases rapidly while the energy uncertainty due to the in-
crossover to the many-electron theory above an onset fieltgrnal electric fields decreases, leading to a crossover to the
B,. At the higher fields, the effects of collision broadening SCBA result in higher fields as seen in Fig. 9. It should be

become more apparent and in the high field limit, dominatestressed that there are no adjustable parameters in these cal-
the magnetoconductivity, as in the SCBA theory. culations and hence these experiments constitute a strong

A key prediction of the many-electron theory is that the confirmation of the theory. o
onset fieldB, and the crossover from Drude to the many- Measurements of &(B) at 1.15 K are shown in Fig. 11

_ 2 2 1
electron or SCBA theories should be density dependent. Thi9" N=0-46 and 1.8% 10" m™2 At low fields the Drude
model (lines d and d1) is followed with a mobility u

can be demonstrated by plotting the parametg/o(B) b ; . X
againstB for a range of different electron densities, using the:42 2V 's. The dashed line shows the single-particle
experimental values of(B) and u, as shown in Fig. 10.
This plot normalizes each data set to the Drude-Blede- 10°
pendence at low fields. The behavior which emerges from

Fig. 10 is thatog/o(B) initially follows the universal Drude

model (line d). A quantum corrected Drude model is also

shown in which the scattering rate is field independent but 6:
the diffusion length changes from the classical cyclotron ra- ~
dius to the magnetic length. Above 1 &¢/0(B) saturates Q
and the saturated value increases with electron density, as A
given by Eq.(6). In the gas-atom scattering region the inde- 107
pendent electron theorySCBA) predicts thatog/o(B)

should be independent of electron density, as discussed

above, and is shown as the solid lisén Fig. 10 for a mean

T T TTTHT]

1 ||Ilﬁll(

Lt

mobility of 24 nf/vs. It can be seen that the data lie between 106 Sttt
the SCBA line and the Drude model and are density depen- 0.1 1 10
dent. The SCBA represents the maximum possible scattering B (T)

rate when the only limitation is the collision width of the

Landau levels. The internal electric fields reduce the scatter- £, 11. The inverse conductivity &(B) vs B at 1.15 K for
ing rate and increase &/ Hence the measured,/o(B)  n=0.46(0) and 1.85(0) X102 m~2. The lines show the Drude
should follow the SCBA result only for very low densities model(linesd andd1), the independent electron modghe s) for
(depending on the temperature and zero-field mobiidyile  the lowest density, the many-electron thedige m) for the lowest
for high densities the Drude model holds. density, and the total theoreticalod(linest andtl).
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FIG. 13. The inverse conductivity &(B) vs B at 0.9(0O), 0.8
(0), 0.7(A), 0.6(V), and 0.4(<) K for n=0.54, 0.57, 0.55, 0.51,
and 0.60< 102 m~2 (the mobilities are 284, 540, 980, 1130, and
2090 nf/V s, respectively. The lines show the full many-electron
theory (linestl to t5, increasing temperature

theory for this mobility. The deviation between the data and

FIG. 12. The inverse conductivity @&(B) vs B at 0.7 K forn
=0.55< 102 m2. The lines show the Drude modéine d), the
independent electron modgine s), the many-electron theorjine
m), and the total theoretical &/(line t).

this SCBA result is greater than at 1.3 K, particularly near lhence is independent of random or systematic errors in the
T, though the data approaches the SCBA result at the highesbnversion from phase shift to conductivity. In each case the
fields, as before. The lingsandtl show the many-electron overall behavior is the same as already demonstrated in Fig.

theory, including a significant contribution to the scattering13. The Drude model is initially followedline d), due to
from the ripplons at this temperature. many-electron effects. The parametes/ wo then saturates
above the onset fiel@,. The saturation valuexB3, de-
creases with decreasing temperature, as predicted b{6EQq.

Below 1 K. scattering by rioplons becomes the dom'nantThe linestl to t4 show the many-electron calculations.
W ’ Ing Dy ripp ' The density dependence ofol/at fixed temperature is

mechanism. Figure 12 showsdliersusB at 0.7 K forn D
= . shown in Fig. 15 at 0.9 K fom=0.54, 0.85, 1.39, and
|=0.?hS><é012dm g ?e?l'at B;gtherbterrt\%ega_ﬁugefs, the (t:iatat_fol— 1.88x 102 mgz. The mobility due to ripplon scattering is
z:tV\;boem 1“.} gsmcr)e dicltr:e% b oEa (g;l waev:ro[:)eelsoawu;aléng density-dependent through the effect of the vertical electric
P y EAL0). ' ' pressing fieldE, on the electron-ripplon interaction. The

the quantum limith 0, /kT=1.344/T>1 is soon reached, | ; ;
cep . lines t1 to t4 again show the many-electron calculations,
and the diffusion length becomes the magnetic length with good agreement.

which leads to a decrease inolivith increasing field, as
given in Eq.(12). The independent electron theoftine s)
now lies well below the data foB<5T. The quantum 1.0 |
many-electron theoryline m) is close to the experimental L
result between 1 and 2 T, while at higher fieldsg lih-
creases due to collision broadening and the calculated total
1/ is plotted as lind.

C. Magnetoconductivity: Ripplon scattering

—— —
——

e
o
f

The change in 1(B) with temperature is shown in Fig.
13 at 0.9, 0.8, 0.7, 0.6, and 0.4 K for densities close to
0.55x 10 m~2. In the Drude region the mobility in-
creases as the temperature falls, though the range of fields for
which 1l0<B? decreases. The lindg to t5 show the total
many-electron theory including ripplon and gas-atom scatter-
ing and the contribution for the collision broadening. As the
field increases, the inverse conductivity saturates and even
decreases slightly in the quantum limitw./kT>1. The
overall agreement is excellent, with no adjustable param-
eters.

In order to demonstrate the saturation of-(B) with in-

ne/lo (Tesla?)

e
>
f

o
~

@
o

B (Tesla?)

creasing field as the temperature falls, Fig. 14 shows FkiG. 14. The measurede/ua(B) vs B2 at 0.9(0), 0.8 (0J),
ne/uo(B) vs B2 for n=1.71x 10" m72_ at0.9,0.8,0.7,and 0.7 (V), and 0.6(0) K for n=1.71x 10" m~2 (the mobilities are
0.6 K, using the empirical Drude mobilities of 250, 430, 620,250, 430, 620, and 760%V s, respectively. The lines show the
and 76Q-20 n?/V's. This particular plot normalizes each Drude model(line d) and the full many-electron theorgfines t1
data set to the Drude-likB? dependence at low fields and andt4, increasing temperatuire
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FIG. 15. The inverse conductivity &(B) vs B at 0.9 K forn FIG. 17. Experimental values of the internal electric fiEldvs
=0.54(0), 0.85(0), 1.39(A), and 1.88(V) X 102 m~2 (the mo- the scaling fieldEy. The line shows;=3.1E,.

bilities are 284, 276, 257, and 238/ s, respectively. The lines o1y 3 7. As the field increases above 0.5 T, the experi-
show the full many-electron theoijines tl to t4, increasing den-  anvs crossover from the Drude model to the many-electron
sity). theory, which holds forfw./kT>2. However, at higher
fields, above 5 T, the collision time decreases and the data

To separate the density dependence due to the mangtart to approach the independent-electron or SCBA result.
electron effects from the density dependence of the electron- Conversely, we can use the measured(B) at 2 T, to
ripplon interaction, we again plate/ uo vs B as shown in  obtain experimental values d;. At this magnetic field
Fig. 16 at 0.8 K for a range of electron densities, in magneticl/a(B) lies clearly between the SCBA and Drude regions,
fields up to 8 T. The parametere/ wo follows the Drude and is proportional t®3 and hence the internal electric field
model, saturates above the onset fi@gl and finally de- E;. Each measurement efat 2 T can be used to derive a
creases at higher fields. The parametefuo increases with  value of E;. Figure 17 shows a plot of the experimental
electron density, as given by E@b). The independent elec- internal field E; vs Eq=(n*%kgT/4mee,)Y? as defined in
tron, or SCBA, theors? for ripplons is showr{line s) for the Eq. (5). The points come from over 40 combinations of den-
lowest density. At this temperature where the mobility issity and temperature between 0.6 and 0.9 K, where a com-
very large, the SCBA overestimategB) by at least an or- prehensive set of experiments were performed. Within the
der of magnitude at 1 T. The quantum many-electron theoryerror bars the measured field is indeed proportionakgo
Eq.(12) is plotted(linest1-t4, increasing densijyincluding  with a constant of proportionality3.1+0.1. This can be
the contribution from the Landau level collision widsmall  compared withyF =3.07+0.03 from the Monte Carlo cal-
culations where the uncertainty represents the variation for
the range ofl” from 20 to 70 covered by these experiments.
This good agreement confirms the interpretation of the mag-
7=0.8 K @M%i netoconductivity in terms of the internal electric fields and
- the magnitude oE; from the Monte Carlo simulations.

T 1l||||ll T T T TTTTT

1.00

T T TTTTT

\\\\\ V. CONCLUSIONS

In conclusion, we have measured the magnetoconductiv-
ity o(B) of the nondegenerate two-dimensional electron
fluid on superfluid helium in both the gas-atom and ripplon
scattering regimes. In low fields the Drude model is valid,
due to the smearing of the quantised Landau levels by the
internal fluctuating electric fields. Hence the zero-field mo-
bility can be obtained and is in good agreement with theo-
Ll e retical calculations folf>0.5 K. In the ripplon regime, the

1 10 theory explicitly assumes that the electron-electron correla-
B (T) tion time is less than the relaxation time for the loss of mo-
mentum to the ripplons.

FIG. 16. The measurede/ua(B) vs B at 0.8 K forn=0.57 At higher fields, 14 saturates and is then proportional to
(0), 1.21($), 1.62(0J), and 2.03(A) x 102 m~2 (the mobilities  the fluctuating internal electric fields. The strong influence of
are 540, 403, 343, and 25% s, respectively. The lines show these fields on the magnetoconductivit{B) of electrons on
the Drude modeline d) and the full many-electron theoffinestl  liquid helium belav 1 K has been demonstrated experimen-
to t4, increasing densily The independent electron thedfine d) tally for B<8 T for 0.25<T<1.3 K. The magnitude and
is shown for the lowest density. density dependence of(B) cannot be explained using

ne/iuo (Tesla?)
=
S

Lt

O

0.01

— SPTL T T 1 7T1T]

=)



55 MAGNETOCONDUCTIVITY OF TWO-DIMENSIONAL . .. 16 291

independent-electron theories. The density and temperature e?E? [ B2 2B\ E, Eg
dependence of the internal fields derived from the experi- T8 = (B—> 1?2 In(?) + E—+ 22|
ments are in excellent agreement with Monte Carlo simula- @s |\ Po L L
tions. These results explain the magnetotransport in a nonde- (Ad)
generate 2D electron fluid where the diffusion of the B;>B>B,, Br=mkT#e (B/Br=hw./kT)
cyclotron orbits is dominated by Coulomb interactions. ' ¢ '
where
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We note that the first term in the square brackets in Eq.
(A4) is slightly smaller than the value which follows from

In the important case where the characteristic localizatiorthe theory where the correctionsf w./kT are taken into
length in the direction normal to the surface is small com-account® except in the range of extremely larges./kT
pared to the thermal wavelengiy=7(2mkT) Y2 the co- where these corrections become small. The dependence of
efficients in Eq.(1) for the scattering ratergl take on the this term onB is very smooth for nkT#e)>B=2B,; it has

APPENDIX

form (cap units are used here to match Ref).13 been found numerically in Ref. 10. On the whole, the con-
ductivity as given by Eqg6) and(A4) is nearly independent
4a"KT of B.
I~ (Y—1.018,

In the ultraquantum limit we have

) aio)kT 2 ) 7_712ein B$/281/2 + EE+ % B_Z B>B
E5~12 (1.949-2.703¢ +Y?), (A1) B " 2ha, B2 E, By E’B2| T
(A7)
Y—ll Zﬁzaf A<l A2 where
=2 kT ) st (A2) O
~—= Y-1.018
The parametew, determines the decay of the electron ! e ( ' '

wave function normal to the helium surface, and for a varia-

telct;ﬂgltixa;/oemTri];:tlon of the formy(z)=z exp(—a,7) the 22 3(ai°;):2(kT)2 2= 2.708+ 1949,
a, =a¥s, 53—52—§eElmﬁfz(a(f))*:O, o1 8hat
> =3 In( — (A8)
(O)_mez e—1 [in deriving (A§) we assumed that the magnetic Ieng_th
PSR (A3)  =(#/eB)¥?>>a,*]. For B>B; the magnetoconductivity

o=(he’n/2mkTo.) 75, and it follows from (A7) that it
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