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We report an experimental study of surface electrons on liquid helium-4 under cyclotron resonant excitation.
Significant resonance-induced redistribution of electron density due to overheating was observed. Analysis of
redistributed charges indicates an unusually large expansion of the electron system in a lateral direction, which
cannot be understood in the framework of the generally accepted effective electron temperature approximation.
To interpret the data we suggest that under resonant cyclotron pumping, a fraction of nonthermalized electrons
is formed, in which the average energy associated with electron in-plane motion can significantly exceed the

average energy associated with motion perpendicular to the helium surface.
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I. INTRODUCTION

Surface electrons on helium (SEs) form a nondegenerate,
two-dimensional electron system [1,2]. Due to confinement in
apotential well, which is the sum of an attractive helium image-
charge potential and a short-range repulsive potential on the
surface, SE motion perpendicular to the surface is quantized,
while along the surface SEs can move essentially freely. The
subband energy structure of a SE system can be written as
E = —A/n* + h’k*/2m., where A ~ 7.6 K for helium-4,
n=1,2,..., is the subband index, k is a two-dimensional
wave vector, and m. is the electron mass. If a magnetic field
B is applied perpendicular to the surface, the spectrum of
in-plane motion becomes quantized as well, forming a set
of equidistant Landau levels: E = —A/n? + ho(I + 1/2),
where . = |e|B/mecc is the cyclotron frequency.

Resonant interaction of SEs with electromagnetic radiation
that excites quantum transitions between energy levels has
long been of interest from the point of view of both funda-
mental physics [3—6] and potential applications for quantum
computing [7-9]. It has been found that SEs show a resonant
conductivity response to intersubband excitation, which was
attributed to electron heating, as the electron system absorbs
energy from the electromagnetic field [10]. In the literature,
this phenomenon is known as the “bolometric photoresponse.”
It has been observed in a variety of systems, includ-
ing semiconductor-based, two-dimensional electron systems
(2DESs) [11-15], carbon nanotube films [16], and graphene
[17-20], promising potential bolometric [18] and solar energy
[17] applications. Usually, hot electrons are characterized
by some effective electron temperature 7. > T, where T is
the ambient temperature. This approximation assumes that
energy exchange between electrons is much faster than energy
relaxation into the environment. However, deviations from 7
approximation were recently demonstrated for 2DES in high-
mobility heterostructures [21], and explained by emergence of
anonequilibrium electron distribution over the discrete energy
spectrum [22]. This nonequilibrium distribution has been
also shown to constitute one of the mechanisms responsible
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for microwave-induced magnetoconductivity oscillations and
zero-resistance states associated with them [23-25].

Here we demonstrate that in a SE system under cyclotron
resonant (CR) excitation, bolometric photoresponse is ac-
companied by a significant spatial redistribution of SEs. We
observe transient processes in the SE system induced by
turning the excitation on and off, and reveal that under the
CR condition, the distribution of SE charge differs from that
in equilibrium. Two components of CR-induced redistribution
are observed, corresponding to charge displacement both in
the helium surface plane and perpendicular to the surface.
Numerical analysis of both redistribution components in terms
of the effective electron temperature 7 fails to describe the
experimental data with a uniform 7;.. Comparison of numerical
and experimental results leads to an assumption that a fraction
of nonthermalized electrons is present in the SE system under
CR excitation.

II. EXPERIMENT

SEs are formed in a cylindrical, vacuum-tight cell, mounted
on a dilution refrigerator, and filled with liquid helium-4. The
surface of the liquid is located roughly equidistant between two
parallel sets of concentric electrodes, separated by a vertical
gap d = 2.6 mm [Fig. 1(a)]. The outer radii of electrodes
in each set are 0.7, 1, and 1.3 cm, with the radial gap
between them about 0.2 mm. Positive dc voltage Vg, applied
to the bottom electrodes, B1 and B2, is used to control the
confinement potential, thus defining the boundaries of the
electron pool. Electrons are produced by briefly heating up
a tungsten filament located nearby, while a certain value of
Vg = VB0 is applied to the B1 and B2 electrodes, and other
electrodes are grounded. The surface density of electrons #n,
can be determined as n, = EV§/2n|e|d, where € ~ 1.057
is a dielectric constant of liquid helium-4. During the mea-
surements, electrons were first produced at V) = 9.65 V,
resulting in the electron density n, &~ 4.3 x 107 cm™2. Then
Vg was varied in the range 13-19 V, with corresponding
variation of 7. in the range 4.5-5.0 x 107 cm~2, while the
total number of SEs remained constant. In addition, an external
magnetic field B was applied perpendicular to the helium
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FIG. 1. (Color online) (a) Schematic view of the experimental
cell and the measurement circuit used to study SE-motion-induced
image-charge currents. (b) Longitudinal conductivity o,, (left axis)
and normalized, demodulated image-charge current response from the
T1 electrode I,om (right axis) of the SE system under CR excitation
atT =0.2K.

surface. All measurements were done at 7 = 0.2 K, where
both elastic and inelastic scattering of electrons is due to their
interaction with surface capillary waves (ripplons).

CR was detected by measuring SE conductivity oy, as a
function of B and observing the resonant photoconductivity
change [26]. Conductivity was measured by means of the
capacitive coupling method, using a Corbino disk formed by
electrodes T1 and T2 [Fig. 1(a)]. Electron in-plane motion
was driven by applying ac voltage of 10 mV amplitude and
334 Hz frequency to the T1 electrode, and the capacitively
induced response was recorded from the T2 electrode using
a lock-in amplifier. In order to excite CR, continuous ac
excitation of 19 GHz frequency was applied to the B1 electrode
together with a constant dc voltage Vg through a dc-ac
mixer.

The resonant photoconductivity response shows a complex
structure consisting of a broad minimum and a narrow dip
[Fig. 1(b)]. In the ripplon scattering regime, heating of
SEs must decrease their conductivity as electrons populate
higher subbands and move away from the liquid surface,
thus decreasing their coupling to the ripplons [2]. Therefore,
we attribute the observed photoconductivity response to the
resonant heating of the SE system. As the strongest heating
appears at the resonance, we identify the resonant field By
as the center of the narrow dip. The observed value of about
6750 G coincides with By = m.w.c/|e| within the error of our
magnet calibration constant. The appearance of a narrow dip
indicates much stronger overheating of the electron system at
resonance comparing with overheating within the rest of the
broad minimum of o,,. One might expect that SE states are
quite different in these two regimes.

To observe the dynamic response of SEs to CR excitation,
the magnetic field was set to the resonant value By, and an
experimental circuit was assembled as shown in Fig. 1(a)
(see also Ref. [27]). Pulse-modulated (100 percent modulation
depth) 19 GHz excitation was applied to the B1 electrode,
effectively turning the CR condition on and off. CR-induced
electron dynamics has been probed by synchronous (with pulse
modulation) detection of capacitively induced image-charge
currents from the T1, T2, and T3 electrodes, which were
amplified and then recorded using an oscilloscope. As one
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FIG. 2. (Color online) (a) Image-charge currents, induced on
electrodes T1, T2, and T3, by SE motion in the sample cell due
to switching CR excitation on and off, measured at Vg = 15 V. Inset:
Same data on a different time scale. Note: the image-charge current
response may have a certain instrumental delay; thus, it may not
reflect short-time dynamics precisely. (b) Corresponding changes of
total image charge on electrodes A Q®, obtained by integration of
image-charge currents over time.

can see, switching between CR-on and CR-off conditions
induces nearly symmetric image-charge currents on all three
T electrodes [Fig. 2(a)], indicating that electron charge
distribution in the cell under CR conditions significantly differs
from that at equilibrium. The range of B around its resonant
value, where the redistribution appears, coincides with the
width of the narrow conductivity dip. This was verified by
recording demodulated, induced image-charge current as a
function of B and comparing it with the photoconductivity
response [Fig. 1(b)].

Careful examination of the redistribution onset [Fig. 2(a),
inset] reveals the complexity of image-charge current re-
sponses. Specifically, before the dynamics visible on the main
plot of Fig. 2(a) develop, image-charge currents from the T1
and T2 electrodes, upon turning CR excitation on, go negative
on a much shorter time scale. At the same time, no short-term
dynamics are visible in the image-charge current of the T3
electrode. Taking into account that in equilibrium all electrons
are confined underneath the T1 and T2 electrodes, a qualitative
picture emerges that turning on CR excitation first causes SEs
to elevate from the helium surface and then a radial charge
redistribution towards circumference of the SE pool occurs.
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Integration of image-charge currents over time allows us to
determine the total change of the image charge AQ on each
of the electrodes [Fig. 2(b)]. It is relatively straightforward
to separate contributions to AQ from lateral and vertical
displacements of SEs. For each of the three T electrodes,

we write AQ® = AQ" + AQY_ Then, because of SE

in—plane perp*

charge conservation, we can write AQi(Illlplane + A erzllplane +

AQi(i)_plane = 0. Finally, AQ{) = AQW), since the surface
areas of the T1 and T2 electrodes are nearly equal, and
A Ql(fe)rp = 0, since initially there are no electrons under the T3
electrode. From these six equations, we obtain six unknown
values of AQ() and A Qg;lplane.

We explored SE redistribution signals at several values of
Vg in the range 13-19 V, and for each value of Vy estimated
AQG) and A oY slane- Apparently, decreasing Vp leads to the
increase of the amount of redistributed charge, in both in-plane
and perpendicular directions [Figs. 3(a) and 3(b)].

III. NUMERICAL SIMULATION

The observed charge redistributions may originate from
resonant heating of SEs: for SEs confined in a 3D potential
trap and characterized by some effective electron temperature
T., spatial distribution of charge would depend on both
T. and the confinement potential (V). Below we present
numerical calculations, which, assuming the heating-induced
redistribution scenario, allowed us to obtain the induced image
charges and to compare them to the experimental data for
different V. We define nonequilibrium 3D electron density
fie(p,z) in the cylindrical coordinate system, where p is
counted from the center of the cell, z is counted from the
helium surface, and there is an azimuthal symmetry. For a
given T, SE distribution is governed by Boltzmann statistics

e[so(p,zk) —Tw(O,O)]]. )
Ble

fie(p,z) = 7ic(0,0)exp |:—

The potential ¢(p,z) satisfies the Poisson equation

Agp(p,z) = —4meiie(p,z)/€ (2

with boundary conditions defined by V. Equations (1) and (2)
together form a Poisson-Boltzmann equation, which must be
solved to obtain 7i.(p,z) and ¢(p,z). Then the CR-induced
change of the image charge at the top electrodes can be
calculated as AQY = (1/4m) [, (E — E*“))ds, where E,
E*1 are electric fields at the top electrodes in excited and
equilibrium states respectively, and S® is the surface area
of the corresponding top electrode. For the equilibrium state,
where T, = T = 0.2 K, variations of the potential within the
SE layer can be neglected. The problem reduces to solution of
the Poisson equation with boundary conditions, assuming an
equipotential SE layer with 2D density n.(p) independent on
z, which is done using the Green’s function method [28].

We solved the Poisson-Boltzmann equation numerically
using the relaxation method. This is known to be challenging
in the limit of low T.: since small variations of ¢(p,z) can
cause large variations of 7i.(p,z), the solution tends to diverge
on a relatively rough grid, while introducing a fine enough
grid is too computationally demanding [29]. This complication
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FIG. 3. (Color online) (a) Left axis: Total image charge induced
on the T1 electrode by SE redistribution perpendicular to the helium
surface, AQSC)TP, as a function of V. Right axis: 7, as a function
of Vg obtained numerically by fitting each experimental point in the
framework of a model described in the text. The lines are visual
guides. We note that at Vg = 13 V, AQ](J'e)rp and, consequently, T,
may be underestimated, since the charge conservation condition
> AQgi)_plane =0 may not hold precisely due to the change of
induced charge on cell walls. Inset: Corresponding electron density
7l as a function of z, calculated for different values of V. Units for 7,
are chosen to demonstrate how surface density in cm™2 changes on a
pm scale with z. (b) Total image charge, induced on the T3 electrode
by SE redistribution parallel to the helium surface, AQgg)_plane, as
a function of Vj. Solid symbols represent experimental data. Open
symbols are the results of numerical calculations with 7, equal to
3000 K and 1500 K. The lines are visual guides. Inset: Radial electron
density profiles calculated for cold SEs and for SEs overheated to
3000K, at Vg = 13 V.

was overcome, in part, by simplifying the problem for the
case of the out-of-plane redistribution. In our experimental cell
geometry, in equilibrium the SE density is nearly independent
of p everywhere other than in the vicinity of the boundary [inset
of Fig. 3(b)]. This holds for the excited state as well, since the
amount of charge redistributed in plane (~10°-10° electrons)
is much less than the total charge of the SE system (~1.3 x
10% electrons). Thus, to model the redistribution of SEs in
the z direction, perpendicular to the helium surface, a good
approximation is to consider 7i.(p,z) and ¢(p,z) independent
of p, and solve a 1D Poisson-Boltzmann equation in the z
direction using the parallel plate capacitor model. This makes
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the model much simpler computationally, so we solve it on
a fine grid Az = 0.1 um and have a nice convergence even
in the limit of low 7¢. In the model we also presume that
T. is high enough to neglect quantization of perpendicular
motion. As a result, we obtain a dependence of 7. on Vp
[Fig. 3(a)]: here each data point is obtained by fitting the
numerical value of A Q]g?rp induced on the T1 electrode to the
corresponding experimental value. The obtained values of T,
are indeed much larger than the value of ~7 K associated
with quantum confinement in the z direction, justifying our
assumption. The inset of Fig. 3(a) shows the estimated 7i.(z)
at different values of V. Note that while the majority of SEs
remains within a few microns of the surface, a small fraction
of SEs raises appreciably.

In the case of the in-plane redistribution, we have to
solve a problem in (p,z) space. We introduce a grid spacing
Ap = Az =50 pum; under these conditions the solution
converges only for 7, 2 1000 K. However it turns out that
the results obtained in the limit of high 7, are sufficient to
make a meaningful comparison with the experiment, as will
be demonstrated shortly. We note that the estimated change
of ¢(p,z) with z across the z profile of 7i.(z) is small (about
few percent) compared to the change of ¢(p,z) with p across
the boundary of the SE pool. Also, the displacement of the
majority of electrons along z is much smaller than the grid
spacing of this problem. Thus, it is a good approximation
to disregard the out-of-plane redistribution in this problem
and consider SEs to be a 2D layer, with n.(p) independent
of z. An example of the estimated heating-induced change
of n.(p) is shown in the inset of [Fig. 3(b)]. Experimental
data for A Qi(z)_plane are compared to numerical data obtained
at T, equal to 3000 K and 1500 K, at different values of
Vg [Fig. 3(b)]. Apparently, to account for the in-plane
redistribution, values of 7, much higher than those relevant
to the out-of-plane redistribution case are required. Also,
since interpolated numerical curves cross the interpolated
experimental curve at different values of Vg, strong T,
dependence on Vg is implied.

IV. DISCUSSION

To summarize, the heating-induced model with a uniform 7,
fails to explain the experimental observations altogether. There
is, however, a good agreement in the case of the out-of-plane
redistribution. In particular, the estimate of 7 is consistent with
expectations based on previous work [30]. The dependence of
T. on Vp is also expected: as the pressing field increases,
interaction with ripplons becomes stronger; hence, energy
relaxation becomes faster. On the other hand, the estimate
of T, in the case of in-plane redistribution is unusually high
and implies strong dependence on Vp.

To explain the inconsistency, we propose the following
phenomenological scenario. Thermalization within the SE
system is governed by interaction with ripplons, as well as
by short-range electron-electron collisions [31]. The ripplon
scattering rate decreases as SEs elevate from the helium
surface. The electron-electron collision rate is a function
of the SE density. In case of significantly overheated
SEs, having the density profile in the z direction [inset
of Fig. 3(a)], both rates, and therefore the thermalization
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efficiency, decrease as a function of z. Thus, sparse electrons
on the edge of the z profile might not be thermalized to the
rest of the system. As a result, the 7, approach fails to describe
their dynamics. Since the CR excitation pumps energy into
the in-plane motion of electrons, the nonthermalized fraction
of electrons should have an excessive energy associated with
in-plane motion, while the average energy of out-of-plane
motion should be about the same as that of the thermalized
rest of the system. As a result, from the nonthermalized
fraction we observe significant in-plane redistribution signals,
while the out-of-plane redistribution signal is not affected
much by its presence. The observed Vg dependence of the
in-plane redistribution can be qualitatively explained by the
evolution of the density profile in the z direction with Vg: as Vg
decreases, more electrons can elevate well above the surface to
form the nonthermalized fraction. This scenario is supported
by the fact that the in-plane redistribution signal appears after
the out-of-plane redistribution signal [Fig. 2(a), inset]: a certain
z profile is essential for the nonthermalized fraction to appear.
It is also consistent with previous discussions in the literature
of so-called 3D-electron formation [30,32], based on the
observation of an additional narrow line in CR absorption
experiments.

Itis relevant to the discussion that in our experimental setup
the cyclotron excitation is not homogeneous along the SE layer.
In fact, the parallel component of the ac electric field (E,.)
peaks around the boundary between the T1 and T2 electrodes,
which might cause inhomogeneous SE heating. To evaluate
the extent of the possible effect, we estimate the resonant
absorption rate (£2), and compare it to the rate of electron-
electron collisions, which govern SE thermalization. The value
of Qs on the order of |e| E,.Ig /i, where Iy = «/h/mcw, is the
magnetic length. While itis not so straightforward to determine
the actual value of E,. for our experimental setup, we can infer
its upper limit ~37 mV /cm from the value of the microwave
power at the cell input (4 uW). The obtained estimate of
Q is ~10% s, Electron-electron collisions occur with a
characteristic rate wg /o, where wp, = (2 ezng/ 2 /me)'/? is the
plasma frequency [33]. The estimate is ~5 x 10° s~!. One can
see that normally redistribution of energy within the SE system
is much faster than energy absorption, and the system is well
thermalized. However, as described in the previous paragraph,
for the significantly overheated system with the density profile
in the z direction, this condition may be violated for a fraction
of SE, while the rest of the system still remains thermalized.

We also note that our account of other possible mechanisms
that can drive electrons toward the perimeter of the pool, such
as optical force [34], ponderomotive force [35], and instability
due to absolute negative photoconductivity [36,37], indicates
that those are not relevant for the charge redistributions we
observe.

V. CONCLUSION

We observed that cyclotron resonance drives SEs on helium
into a strongly overheated nonequilibrium state. Numerical
simulations of the system indicate that this state cannot
be described by a uniform effective electron temperature.
Consistent explanation is possible within the heating-induced
redistribution scenario, if we assume that there might be a
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fraction of electrons not thermalized to the rest of the system.
While a simple phenomenological model is proposed, more
rigorous theoretical investigations of this unusual state of the
SE system are highly desirable.
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