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We show that electrons on liquid helium display intrinsic bistability of resonant intersubband

absorption. The bistability occurs for comparatively weak microwave power. The underlying giant

nonlinearity of the many-electron response results from the interplay of the strong short-range electron

correlations, the long relaxation time, and the multisubband character of the electron energy spectrum.
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Electrons on liquid helium provide a unique tool for
studying correlation effects in two dimensions (2D). The
ratio of the characteristic Coulomb energy to the in-plane

kinetic energy, the plasma parameter � ¼ e2ð�nsÞ1=2=kBT
(ns is the electron surface density), can vary by orders of
magnitude, from � � 1 where the electron system is a
weakly-interacting gas to �> 130 where it is a Wigner
crystal [1,2]. In the broad range 1< �< 130 the electron
system is a correlated 2D electron liquid, with unusual and
sometimes counterintuitive properties of classical and
quantum 2D magnetotransport [3] and activated and tun-
neling escape from the surface [4].

The effect of correlations in an electron liquid was also
seen in weak-field spectroscopy of transitions to excited
subbands of motion along the helium surface [5]. In a
sense, it is a counterpart, for a strongly correlated system,
of the depolarization effect in intersubband absorption in
semiconductor heterostructures with high electron den-
sities [6]. For semiconductors, of much interest are both
correlation transport effects [7] and nonlinear optical ef-
fects related to radiation-induced population of excited
subbands [8], in particular the long sought optical bista-
bility in intersubband absorption [9].

For electrons on helium, optical nonlinearity should be
strong, since the electron relaxation time is unusually long,
reaching �10�7 s for T * 0:1 K, and saturation of reso-
nant intersubband absorption has been indeed seen [10].
The interplay of the long relaxation time and strong spatial
correlations provides a qualitatively new nonlinearity
mechanism and should lead to new resonant effects. Such
effects are indeed found in this Letter.

Our central result is the first, to the best of our knowl-
edge, direct experimental observation and a theory of the
bistability of resonant intersubband absorption in a cor-
related electron system. The bistability is due to the
correlation-induced strong dependence of the intersubband
transition frequencies of an electron on the state of other
electrons. An additional interest in this dependence comes
from the proposals of quantum computing with electrons

on helium [11], as it provides a mechanism of two-qubit
gate operations.
We study electrons on liquid 3He. The experimental

setup is similar to that previously described [12].
Electrons are confined on a helium surface between two
circular parallel electrodes in an asymmetric potential
formed by the barrier on the surface, the image force,
and an electric field E? normal to the surface from the
voltage on the electrodes [13]. The quantized energies of
1D motion in this potential �l (l ¼ 1; 2; . . . ) give the inter-
subband transition frequencies !l0l ¼ ð�l0 � �lÞ=@ in the
single-electron approximation.We resonantly excite 1 ! 2
intersubband transitions with microwave (MW) radiation
(!=2� ¼ 104:5 GHz) by tuning the frequency !21 with
the field E? through the linear Stark shift.
The resonant MW response is observed by measuring

the low-frequency (100 kHz) in-plane magnetoconductiv-
ity �xx, which depends on the electron temperature Te. We
apply a classically strong magnetic field B� 350 G nor-
mal to the surface and use a Corbino disk that constitutes
the top electrode. In these conditions, because of the strong
electron correlations, �xx � e2ns�=ðm!2

cÞ, where !c ¼
eB=mc and � is the single-electron scattering rate with
no magnetic field [3]. This rate, in turn, is determined by Te

[14]. Thus the variation of �xx reflects the degree of
electron heating caused by resonant MW absorption and
allows us to determine Te from the relative change of the
electron scattering rate � [12].
The underlying physical picture is based on the hier-

archy of relaxation processes in the resonantly modu-
lated correlated electron system [15]. The fastest process
is the exchange of in-plane momentum between the elec-

trons. It occurs over the typical time !�1
p , where !p ¼

ð2�e2n3=2s =mÞ1=2 is the electron plasma frequency. The
associated exchange of in-plane energy leads to establish-
ing an in-plane electron temperature Te, which is the same
for all occupied subbands. Next comes the rate � of quasi-
elastic momentum scattering by helium vapor atoms or by
surface waves on helium, ripplons. This scattering is short
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range, and therefore � characterizes not only the in-plane
momentum relaxation rate, but also the rate of elastic
intersubband transitions. Such transitions lead to thermal
distribution over subbands characterized by the same tem-
perature Te. The slowest process is the electron energy
relaxation, which is due to inelastic processes, including
one- and two-ripplon scattering or scattering by bulk ex-
citations in helium [11].

According to the above picture, when a MW field reso-
nantly excites 1 ! 2 transitions, the energy goes first to
heating up the electron system. As a result electrons popu-
late higher subbands and the lowest subband is depleted,
which leads to the decrease of resonant absorption. Such
absorption bleaching occurs for much smaller radiation
intensity than necessary for absorption saturation in a
two-subband model [12,15].

Figure 1 shows the examples of the measured resonant
response for ns ¼ 4:0� 107 cm�2 at T ¼ 0:4 K, plotted
as ��xx=�xx, where ��xx is the change of the electron
conductivity when MW radiation is applied. Each trace
was obtained by slowly increasing E? to drive electrons
through resonance, while maintaining the input radiation
power P at a fixed level. At T ¼ 0:4 K the scattering rate �
is dominated by collisions with He vapor atoms and mono-
tonically increases with Te [12,14]. Correspondingly, upon
sweeping E?, �xx increases and attains maximum at the
resonance.

It is seen from Fig. 1 that as the power increases, the
resonance shifts towards lower field values. This means
that the transition frequency !21 increases relative to its
value for electrons at Te � T. The frequency shift �!C

obtained from the experiment is plotted in Fig. 2 as a
function of Te. The conversion factor to frequency (the

slope of !21=2� versus E?) was determined experimen-
tally by varying the frequency of the MW source and
recording the corresponding shift of the resonance along
the E? axis. This factor was found to be 0:64� 0:03 GHz �
cm=V for the resonance in Fig. 1.
The major cause of the experimental frequency shift is

the electron-electron interaction. The corresponding part
of the Hamiltonian in a correlated system is

HðzÞ
ee ¼ � 1

4
e2

X

n�m

ðzn � zmÞ2=jrn � rmj3; (1)

where rn and zn are the lateral and normal to the helium
surface electron coordinates, respectively. We have taken
into account that jzn � zmj � jrn � rmj. The distance
jzn � zmj is given by the localization length of the
quantized states jli of motion normal to the surface, which
is �10 nm [13], whereas the interelectron distance is

*1 �m for typical ns and Te; note that hHðzÞ
ee i would di-

verge if there were no spatial electron correlations.
Assuming that the lateral positions of the electrons and

their distribution over the subbands are uncorrelated, to

first order in HðzÞ
ee one obtains for the frequency shift [15]

�!21 ¼ Fe2n3=2s

2@

�
ðz2Þ11 � ðz2Þ22 � 2ðz11 � z22Þ

�X

l

zll�ll þ 2jz12j2ð�11 � �22Þ
�
; (2)

where All0 ¼ hljAjl0i; the matrix element �ll is the
fractional occupation of subband l, and F is related to

the electron pair-correlation function gðrÞ as F ¼
n�1=2
s

R1
r¼0 r

�3gðrÞdr. Equation (2) differs from the corre-

sponding expression in Ref. [5] even for �ll ¼ �l;1, as

assumed there. Evidence of a transition frequency shift
that depends on subband occupations was found by
Glasson et al. [16].

FIG. 1. Conductivity change ��xx=�xx vs the tuning field E?
for the surface density ns ¼ 4:0� 107 cm�2 at T ¼ 0:4 K. Solid
lines are traces obtained in an upward sweep. Corresponding to
their increasing amplitude, the traces were taken at MW power
P ¼ 40, 130, 380 and 1000 �W. The dashed line is the trace
taken in a downward sweep at P ¼ 1000 �W (the sweeping
directions are indicated by arrows).

FIG. 2. Frequency shift �!C=2� vs electron temperature Te

obtained from the measured resonant response (squares). The
solid line is given by Eq. (2) with F ¼ 8:91.
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If the many-electron system is described by the
Boltzmann distribution with temperature Te, the transition
frequency shift, Eq. (2), is a function of Te. The depen-
dence of �!21 on Te comes from the occupations �ll and
the factor F that is determined by the plasma parameter �
calculated for T ¼ Te. For an electron crystal with trian-
gular lattice F � 8:91. The experiment [5] showed that F
remains almost unchanged for 10 & � & 100. This agrees
with the Monte Carlo simulations [17]. For experimental
parameters ns and T of Fig. 1, we have �� 50 for Te � T.
Therefore, to estimate �!21 we used F ¼ 8:91. The result
for the electron-heating induced frequency shift �!C ¼
�!21ðTeÞ � �!21ðTÞ is shown by the solid line in Fig. 2.
The observed shift is larger by about 30% than the theo-
retical estimate.

The electron-electron interaction also affects the line
shape of the resonance as seen in Fig. 1. As the MW power
P increases, the resonance line becomes asymmetric with a
steeper low-field side. At high powers the line shape
changes dramatically, as illustrated in Fig. 1 by experimen-
tal traces taken at P ¼ 1000 �W. In an upward sweep, the
low-field side becomes an abrupt jump that corresponds to
a sudden increase of Te. In a downward sweep, the re-
sponse coincides with the upward-sweep curve on the
high-field side of the resonance. However, it takes on
substantially higher values on the low-field side. This
unusual behavior becomes even more pronounced at lower
temperatures. Figure 3 shows a high power response for
ns ¼ 8:0� 106 cm�2 and T ¼ 0:2 K. At this temperature,
the scattering rate � (therefore �xx) is determined by the
interaction of electrons with ripplons and decreases with Te

[12]. Correspondingly, the response is plotted as
���xx=�xx.

The hysteresis of resonant response indicates the onset
of bistability, i.e., the coexistence of two stable regimes
characterized by different values of Te. This effect can be
explained by considering the balance between the heating

of electrons by the MW radiation and cooling by the
thermal bath (liquid helium). The energy balance equation
can be written as [12,15]

@!rð�11 � �22Þ ¼ �EkBðTe � TÞ: (3)

Here, �E is the electron energy relaxation rate and r is the
rate of MW-induced transitions, r ¼ 0:5�2

R�=½ð�þ
�!21Þ2 þ �2�, where �R ¼ eE0z12=@ is the Rabi fre-
quency (E0 is the MW electric field), � is the half-width
of the absorption line, and � ¼ !21 �! is (minus) the
MW frequency detuning from the single-electron
resonance.
The solution of Eq. (3) gives the stationary temperature

of the electron system. A way of obtaining this solution
graphically is illustrated in Fig. 4. The solution is defined
by the intersection of a solid line and a dashed line, which
represent the cooling rate and the heating rate, respectively.
For the numerical evaluation, we assumed that �E is de-
termined by collisions with He vapor atoms. However, we
note that for 3He at T ¼ 0:4 K the energy relaxation rate
can be affected by the interaction of electrons with short-
wavelength ripplons, cf. [11].
Important for the onset of bistability is that the spectral

peak of resonant absorption rate rð!Þ is narrow and that its
position depends on Te in terms of �!21ðTeÞ. This leads to
multiple solutions of Eq. (3) in a certain frequency range
for sufficiently large MW power, as seen from Fig. 4 [15].
In particular, there exist two stable states (indicated by
circles in Fig. 4): the one with comparatively high Te and

FIG. 3. Resonant response for ns ¼ 8:0� 106 cm�2 at T ¼
0:2 K obtained in an upward (open squares) and downward
(solid squares) sweeps with P ¼ 870 �W. The sweeping direc-
tions are indicated by arrows.

FIG. 4. Graphical solutions of the energy balance Eq. (3) for
ns ¼ 4:0� 107 cm�2 and T ¼ 0:4 K. The solid line shows the
cooling rate �EkBðTe � TÞ. The dashed lines show the heating
rate @!rð�11 � �22Þ calculated for three frequency detunings
!21 �! ¼ �1, �bi and �2 (� 1:15, �0:85 and �0:7 GHz,
respectively). The other parameters are �R=2� ¼ 0:01 GHz,
�=2� ¼ 0:2 GHz and !=2� ¼ 104:5 GHz. The circles mark
two stable solutions of Eq. (3) for detuning �bi. Inset: Te vs E?
and � calculated from Eq. (3) for the same ns, T, �R �, and !.
The high- and low-Te branches are plotted by the solid lines, the
dashed arrows indicate interbranch switching.
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another one with comparatively low Te. The high-Te state
ceases to exist for � < �1, while the low-Te state is not
possible for � > �2. The boundaries �1 and �2 of the
bistability interval depend on radiation power and shift
towards negative values with increasing �R.

This theoretical prediction agrees well with the experi-
mentally observed behavior. The calculated Te as a func-
tion of � is shown in the inset of Fig. 4. Two stable
solutions are plotted by the solid lines. As we increase �
starting from a large negative value, i.e., approach the
resonance by sweeping E? from a low-field side, the
system follows the low-Te branch as long as this solution
exists. At the end of the branch, the system undergoes a
transition to a new equilibrium state with higher Te, as
indicated by the upward arrow. Correspondingly, in the
experiment we expect to observe an abrupt jump of the
resonance response. On the other hand, when we decrease
� starting from a large positive value, i.e., sweep through
the resonance from a high-E? side, the system remains on
the high-Te branch until it ends. Then the system switches
to the small-Te branch, as shown by the downward arrow.
In the experiment, it could be seen as a sudden decrease of
the resonant response.

Our model assumes that the system is spatially uniform
and the absorption linewidth � is independent of Te.
Heating-induced broadening of the absorption line might
account for the difference in the response for T ¼ 0:4 K
and 0.2 K (see Figs. 1 and 3). For T ¼ 0:4 K and for high
Te the linewidth � becomes comparable to the inhomoge-
neous broadening, extending the frequency range where
the system stays on the high-Te branch. At T ¼ 0:2 K this
does not happen, � is much smaller, and the shape of the
observed response in closer to the calculated one. A more
detailed discussion will be provided elsewhere.

In summary, we have directly observed the long-sought
intrinsic optical bistability in resonant intersubband ab-
sorption of a quasi-2D electron liquid. The effect is due
to the electron-electron interaction, which leads to strong
spatial correlations in the electron liquid and as a conse-
quence, to a strong shift of the intersubband absorption line
with varying distribution over the electron states. The
bistability was studied by measuring the electron magneto-
conductivity. The proposed theoretical model is in good
agreement with the experimental results.
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