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Low-frequency magnetoconductivity measurements of two-dimensional surface electrons on“Heguid
under cyclotron resonance conditions are reported here. At relatively low-electron densities, the cyclotron-
resonance-induced conductivity line shape is a phenomenological combination of two resonances, which can
be separated by fitting. The resonance which shows a decrease of the effective scatterimgtiwith
increasing driving field is studied here: the observed shift of the resonance, the resonance linewidth and the
effective scattering frequency. It is found that the extraeigg has a similar electric driving field dependence
as published experimental results from zero-magnetic field, dc time-of-flight measurements.

Two-dimensional electron systeni®DES), localized on  cussed. An improvement with respect to Ref. 7 is the com-
the surface of liquid helium have been studied widely byparison of the results with zero-magnetic field dc time-of-
cyclotron resonancéCR) absorption techniques. The first flight measurements in terms of the normalized scattering
experimental evidence for the 2D localization of surfacefrequency.
charges was obtained by showing the shift in the CR position The experimental setup is given schematically in Fig. 1.
of the CR absorption line when the perpendicular magnetiqrhe used experimental cell consists of a 40 to 60 GHz tun-
field was tilted" Another great merit of this technique was gpje microwave cavity with a Corbino geometry electrode
the observation of hot-electron effects, at temperatures below,qnted on a movable plunger. A dc bias voltage on both

1 K.2 Both the shift of the position of the CR absorption o ;
. ) : >R the wall (Vgr) and top plate Vp) of the cylindrical cavity
resonance line and the change of the linewidth provide inforg e 520 o o -l rTaniaIIy and verticadiyerting

r_natlon on the fundamental trgnsport paramelerg., effec- the pressing fieldE, ). The Corbino geometry electrode con-
tive mass change and scattering tjméthe electron system. . . .
sists of three concentric electrodes, which are all held on dc

A second widely used technique for studying these sys: round potential. Helium can be condensed into the cavity

tems is the measurement of the conductivity of the 2DEY d the heli heiah be d ined b : h
with the use of Corbino geometry electrodes. In the so-callegnd the helium height can be determined by measuring the

Sommer-Tanner measurement scheme, the submerged el&hange in capacitance between the top plate and the Corbino
trodes couple capacitively to the surface electrons. The conf€ctrode. _ _ _
plex impedance between the inner and outer Corbino elec- 1he used microwave system is based on an electron spin
trode can be measured at low frequencies and can be relatéggonant cavity spectrometérand the (quality factor Q

to the conductivityr of the system. When a magnetic field is ~3000) cavity can be almost perfectly coupled to the wave
applied, the longitudinal conductivity tenset, can be ex- guides. For a perfectly coupled cavity, the electric field com-
tracted by using an equivalent circuit modél. ponent parallel to the surfadg of the high frequency elec-

It is especially the combination of both CR absorption andtromagnetic radiation was calculated from thiggy; mode-
conductivity techniques into cyclotron-resonance-inducedattern inside the cavity at the position of the 2DES on the
conductivity (CRIC) measurements that has proven to be diquid “He surface. In this transverse electric resonant cavity
powerful tool for the investigation of nonlinear transport mode, the microwavéMW) electric field has n@ compo-
properties of semiconducto?S. It was previously showh nent and the in-plane MW magnetic field component is al-
that CRIC can also be used for the investigation of 2DES ormost zerd Here, we assume an accuracy of a factor of two
liquid “He. These preliminary results indicated that CRICfor the calculated value df, a big improvement with re-
was due to resonant heating of the 2DES and it was sugspect to the used experimental setup of Ref. 7, where the
gested that two different competing mobility-change mechaexact electro-magnetic mode at the helium level was not pre-
nisms were present at high driving fields. In the present pacisely known, because a nonresonant cavity was used.
per, a CRIC experiment is described in which the Our measurements were performed arouhe 1.4 K
magnetoconductivity «,,) is measured under well defined where the elastic scattering of electrons with the helium gas
Cyclotron Resonance conditions. Thanks to a fitting proceatoms is the dominant scattering mechanism. The used elec-
dure, the CRIC resonance line shape can be separated irtton densities are of order~ 10" m™2. Figure 2a) shows
two different resonances, of which only the low-driving field the change of the measured inverse normalized magnetocon-
CRIC lineshape will be quantitatively analyzed and dis-ductivity as a function of the microwave power Bf. At
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FIG. 1. (left) Tunable 40-60 GHz microwave cavity with Corbino geometry electrodes mounted on a movable plugigeSchematic
of measurement scheme f(@roundedl electrodes and dc bias.

high microwave intensities an increase M(oq/0oyy) is Lorentzian line for the peak, resulting an excellent fitting
found, which isE, dependent and comes up at the resonanguality, from which the amplitudgFig. 2(c)], linewidth and
magnetic field which is expected for CR of free electrons. Atresonant magnetic field position can be extracted.
low intensitiesA(oy/oyy) decreases with increasing driving It stands to reason to treat both resonances as coming
field up to a certain electric threshold driving field where thefrom different physical origins, because of the difference in
positive peak starts to be visible. The broad dip is centeretesonant magnetic field, the fact that the peak arises at a
around a resonant magnetic field that is higher than expectdugher driving field and the linear, respectively exponential
for free electrons. behavior ofA(oq/0oy,) with increasingE for the dip and
The experimental data hence show that except at verpeak at the resonant magnetic field. This paper will be fo-
low-microwave intensities, the CRIC line shape consists of aused on the features of the dip resonance only which can be
combination of a negative change i&(oy/0y,) or “dip” studied up to relatively high-driving fields by the described
and a positive one or “peak.” In Fig.(®), A(oq/oy,) is  fitting procedure.
fitted to a combination of a Gaussian line for the dip and a In Fig. 3@ we have plotted the normalized line shift
6B/B, of the fitted Gaussian for measurements at different
frequencies and pressing field values. From this figure it can
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FIG. 2. (a) A(og/ayy)(B) for different microwave input-power FIG. 3. (a) Normalized line-shift changéB/B as a function of
values: from 0.0uW via 0.3uW (dotted ling and 0.5uW the driving field for three different microwave frequencies. Data
(dashed lingto 0.8 uW (thick solid ling. (b) Fit of A(oq/0oyy) points (V) from (Ref. 7); (M,0), n=0.2x102 m 2, E, =1.9 and
X(B) at 0.8 uW to a combinatior(solid line) of a Gaussian line 4.3 kV/m, respectively; [(0,*), n=0.3x10? m™2, E, =2.9 and
for the dip(dash and a Lorentzian for the ped#ot). (c) Amplitude 8.3 kV/m, respectively(b) AB as a function of the driving-fielé&
at the resonant magnetic fieR}L=1.58 T for saturated density data at 44.2 GHz. Datapointslf,O) are taken from@. On the right
in (a) (M) and (nonsaturated densjtylata at higher pressing field vertical axis the scattering frequeneycalculated according to Eq.
values (O). The lines are a linear and exponentional fit to tlB ( (1) is given. Values for the effective scattering frequengy; (|,
data. All data were taken d8t=1.4 K andvc=44.2 GHz,n=0.2 A) were extracted from Eq2) using the values oé /oy, in the

X102 m~2, minimum of the dip.
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with increasing microwave frequency. For both the low- 0.1 - -

frequency data serigg2.8 and 44.2 GHzthe line shift in- O 29KkV/m42.8GHz

creases significantly Witk . 0.0 | e
There exists no theory for CRIC effects in 2DES on liquid ® O 43KkV/m44.2GHz

helium, but it can be expected that features like the magnetic 01 @ o & BMIL4TK

field position of the resonance and its linewidth, which can &

be obtained from CR absorption measurements will also be “fg a

reflected in the CRIC line form. Based on previous experi- 2 021 @ t |

ments and theory on CR absorption one would therefore ex- °©

pect a negative line shift, inversely proportional to the elec- -0.3 ©

tron energy squarelf, due to the presence of ripplons or a

negative line shift due to the presence of an electron 0.4 . . :

dimple!* However, they both do not coincide with the ob- 0.0 02 04 0.6 08

served positive line shift in Fig.(8), though the frequency E, (Viem)

dependence of the effect is of the same order as in th_e P~ FIG. 4. Obtained normalized scattering time as a function of the
plon case. Our experiments suggest that electron heating iR ing-field for the (zero magnetic fieldBridges and McGill data
creases the effective electron mass and hence increases {i§ 5t 147 K, the 42.8 GHz datd{ and *, respectively at T
coupling between the electrons. Such coupling may decrease; 44 k and a density of 0:8102 m~2 and 44.2 GHz datal
at higher electron energies: a similar microwave frequencng O, respectively at T=1.4K and a density of 0.2
dependence as in the ripplon case. X 10 m™2. The lines are fits according to the hot electron effects
Only one single(not explainedl measurement was re-  in a purely 3DES. The arrows mark the driving-field values where
ported in which a positive CR absorption line shift in the the peak starts to appear.
ripplon scattering temperature regime was observed in 2DES
on liquid helium(at high driving field. CRIC has been fre- overall increase in line width with driving field is in agree-
quently studied in semiconductors and Mordovets andnent with the pioneering CR experiments by Brown and
Kotel'nikov*® observed a positive shift of the CRIC signal in Grimed in the same temperature region, where “power
GaAs/AlLGa _,As heterostructures while the CR absorptionbroadened lines” were observed due to the absorption of
line remained at its original position. They did not provide anmicrowave radiation.
explanation for this effect however, but the similarity with  Bridges and McGift® (BM) performed time-of-flight
their result and ours deserves more investigation, for exmeasurements with low-density electron pulses on liquid he-
ample by extended experiments with tilted magnetic field. |ium in the gas-atom scattering temperature range from 1.17
In Fig. 3(b) the half width at half maximum B of the dip  to 2.7 K. They found that the electron mobility decreased
is plotted versug for two different pressing field values. In with increasing dc electric drift field. It will be illustrative to
analogy with standard analysis of CR absorption data, theompare the BM results with data extracted from the mini-
scattering frequency was extracted With mum in the observed negative change of the inverse normal-
ized conductivity. It is clear from Fig.(B) that at CR7¢¢s
L eA_B 1) =1/vs decreases with increasing driving field. Data taken
m aroundT=1.4 K show a qualitatively similar decrease with
L . ) L increasingg| as the BM data. From the BM data at 1.47 K
as is indicated by the right vertical axis in Figb® For the 5,4 CRIC measurements at 42.8 and 44.1 GHz, the normal-
same CRIC measurements the effective scattering fr_equen(a/ed change in scattering timir/ 7, (zero field for BM data
vesr Was extracted fromrg /oy at the center of the dip by ang 57/7,,; (magnetic field dependenhas been calculated

14
using: according to:
2
o _&MNo  Vert 2 o1 _ To(Ej)— 7o ﬁ: Tetf(E|) — Te1(0) 3
“om W+ V5 To o B NT 7e11(0) '

where vq¢; is generally a function of the magnetic field. In wherer is the towards zero driving field extrapolated value
Fig. 3(b) vet1(E)) is plotted by using the right vertical scale for 7 in Fig. 2 of Ref. 16 at 1.47 K and,(0) is calculated
in v. with Eq. 2 from the experimental value for,, at the reso-
The resultingre¢(E|) is in good quantitative agreement nant magnetic field in the absence of microwave radiation
with the driving field dependent scattering time as was ex{heating. The results are plotted in Fig. 4.
tracted from the width of the dip usingB and Eq.(1), The BM data have been successfully explained by
which is valid for CR absorption lines. Extrapolationmf;;  SaitoH® who calculated the average scattering time of elec-
towards zero driving field as is indicated with the solid line trons occupying various sublevels where both inter and in-
gives an estimated “nonheated” value of order 30 GHz. Thetralevel relaxation times were taken into account. Saitoh
associated linewidtlAB [Eq. (1)] is about 0.15 to 0.2 T, pointed out that in the limit of high driving field the zero-
which is in quantitative agreement with the value of the Lan-field gas-atom scattering time would decrease with
dau level width* T'=efi/m\2B/mus (here, T/ho, «1/\T,, similar to the expected value for a purely 3D elec-
~0.18 T) whereug(~13 n?/Vs atT=1.4 K) is the zero- tron system(3DES.!” From early calculations by Shikin and
field mobility for gas scattering. It should be noted that theMonarkhd? it follows that under CR conditions, the electron
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temperatureTe(EH)ocEﬁ. In analogy with Saitoh’s explana- possible to extract the energy relaxation time directly from

tion, we have fitted the data with CRIC measurements. Therefore, a more complete under-
standing of CRIC and its features will probably contribute to
or \ﬁ_l @ the interesting subject of energy relaxation in 2DES.
Toeff S NT, In summary we have reported CRIC measurements in low

: . density 2DES on liquid helium, in moderate magnetic fields
2
while Te(Ey)<Ef . The fits of 67/ roei(Ey) are denoted by by using a combination of CR absorption and magnetocon-

:Eg Zgl'iﬁﬂgﬁg Ilr:jgtlgltﬁaa:?tdiggt?rzgg\r/]eg% Ogsi?irbe:mgnvtv;vc')tllauctivity measurements. After separation of the two reso-
P ances which build up the CRIC line shape, we have studied

negative change in the normalized inverse magnetocondu%— o : . :
g I . uantitatively the negative resonant changeia,, or dip,
g\gtitzehse:gge\'/gr?gctéﬁsi'eghlf_véoﬂltdféﬂg\?vg ?rgvx]e;/heé;hatwhich occurs at low electric driving fields. The first feature,

. : 19 piedEE=0. : the shift of the minimum to higher resonant magnetic field
retical calculation®*°that the occupation over the sublevels values with respect to the free electron position, cannot be

in the one-dimensional quantum well formed by the surface . : ;
of liquid helium, can be described with a Boltzmann distri- explained. Secondly, the line width of the resonance reflects

bution. At (nonzero low temperatures, there will only be a the scattering frequency in a magnetic field and is consistent
: . mp ' Y'D€ & \yith the effective scattering time that can be found from the
small occupation of the higkquas) 3D sublevels, but this

occupation grows withT,. Therefore, a realistic physical dip's amplitude. Finally, we have found that the effective

. : ; . .scattering time is in good agreement with results from dc
picture should also include the occupation ratio over the vari; g 9 g

ous sublevels including 2D states. in a similar way as Watime-of—ﬂight measurements. Although a fit to the theoretical
done by Saitoh. To a gl 2 com Iéte calculation ofythe Kin cattering time for 3D hot electrons gives an excellent agree-

e Ly y pply pie . ent with the data over the whotg region, it is expected
Saitoh has performed to our case, information on the energy.

relaxation time as a function of the magnetic field is neces; at this is not the right physical picture for the low driving

sary. However, no experimental results on the study of th field region. More extensive investigation of the 2D and 3D

) . . : ! .electron fractions due to electron heating in a magnetic field
energetic relaxation time in the gas-atom scattering regim& - id be neccesary to resolve the present problem
have been reported to date. In the ripplon regime, the energy y P P '

relaxation time has been studied, though not in a large extent One of us(V.B.S. would like to thank the financial sup-
and magnetic field effects have never been included. With @ort by the Russian Federation for Basic Research via Grant
wider understanding of the CRIC phenomena, it might beNo. 98-02-16640.
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