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We report the observation of novel magnetoresistance oscillations induced by the resonant intersubband

absorption in nondegenerate 2D electrons bound to the surface of liquid 3He. The oscillations are periodic

in B�1 and originate from the scattering-mediated transitions of the excited electrons into the Landau

levels of the first subband. The structure of the oscillations is affected by the collision broadening of the

Landau levels and by many-electron effects.
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The dynamical response of a two-dimensional electron
system (2DES) is strongly affected by the magnetic field
applied perpendicular to the 2D plane. In particular, the
Landau quantization of the electron energy for the in-plane
motion alters the transport properties of such systems and
often results in oscillations of the electron magneto-
resistivity. In degenerate 2DESs in semiconductors, the
most well known example of such oscillations is the
Shubnikov–de Haas oscillations arising from the sequen-
tial passing of Landau levels (LLs) through the Fermi
level. Other examples include magnetointersubband os-
cillations in GaAs quantum wells [1] and microwave-
induced resistance oscillations (MIRO) in GaAs=AlGaAs
heterostructures [2,3]. A novel type of resistance oscilla-
tion induced by resonant intersubband absorption in non-
degenerate 2DES is the subject of this Letter.

Low-density classical 2D electrons formed on the sur-
face of liquid helium are the complement of quantum
2DESs in semiconductors [4]. The difference in energy
between subbands is small and intersubband transitions
can be excited with resonant millimeter-wave radiation
[5]. At high temperatures, the electron in-plane transport
is determined by the short-range quasielastic scattering
from helium vapor atoms, which is similar to the scattering
due to disorder in semiconductors. At low temperatures
(below 0.3 K for 3He), the scattering only occurs from
surface capillary waves (ripplons). Unique correlation
properties of 2DES are observed through the Wigner crys-
tallization [6] and intersubband absorption [7].

At high temperatures, the magnetotransport of 2DES
on helium is well described by an independent-electron
theory based on the self-consistent Born approximation
(SCBA) [8]. Below 1 K, the many-electron fluctuating
electric field affects the electron scattering in both classi-
cally strong and quantizing magnetic fields. This was
shown by Dykman et al., who presented a theory for
both ripplon [9] and vapor atom scattering [10]. Many-
electron effects have also been observed in quantum cy-
clotron resonance [11].

Interest in this system also stems from the proposals for
quantum computing using electrons on helium [12,13].

These proposals rely on the robust control of electronic
quantum states using resonant microwaves. For such ap-
plications, microwave-induced intersubband absorption
has been recently studied for electrons on both liquid
4He and liquid 3He [14]. It was shown that the continuous
energy spectrum for the electron in-plane motion provides
conditions for the strong heating of the electron system in
such experiments [15,16]. However, the effects of the in-
plane quantization, which are particularly important for
electronic qubits on helium [12], have never been
investigated.
In this Letter, we present a study of intersubband ab-

sorption in a 2DES on helium in the gas-atom scattering
regime and in quantizing magnetic fields. Our main result
is the observation of oscillations in the magnetotransport of
electrons resonantly excited from the first subband to the
second unoccupied subband. This phenomenon originates
from the scattering-mediated transitions of the excited
electrons into the LLs of the first subband. We show that
intersubband magnetotransport provides an effective
method of studying many-electron kinetics in a 2DES
with a quantized energy spectrum.
Electrons are bound on the free surface of liquid 3He

placed approximately midway between two circular metal
plates, which form a parallel-plate capacitor. A positive
voltage is applied to the bottom plate to create an electric
field E? perpendicular to the surface. In the asymmetric
potential formed by the repulsive surface barrier, the at-
tractive image force and the field E?, the quantized ener-
gies �n (n ¼ 1; 2; . . . ) of the electron motion normal to the
surface define the intersubband transition frequencies
!n0n ¼ ð�n0 � �nÞ=@. The intersubband n ¼ 1 ! 2 transi-
tion is excited using resonant microwave radiation of the
angular frequency ! by tuning !21 with the field E?
through the linear Stark shift [5].
The low-frequency (3 kHz) in-plane magnetoconductiv-

ity �xx [17] is measured in magnetic fields of B< 1 T
applied perpendicular to the liquid surface. For these mea-
surements, we employed the capacitive-coupling technique
[18] using a Corbino disk that constituted one of the
circular plates. Qualitatively, the magnetotransport of
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2DES can be described as a diffusion process with �xx

given by the Einstein relation [10]

�xx ¼ nse
2

kBT

L2

�B
; (1)

where ns is the electron areal density, L is the diffusion
length and ��1

B is the scattering rate in the field. The Drude
model assumes a continuous energy spectrum and a field-
independent scattering rate ��1

B ¼ ��1
0 , where �0 is the

zero-field scattering time. However, in the field B the
electron energy spectrum is a discrete set of LLs, @!cðlþ
1=2Þ (here l ¼ 0; 1; . . . and !c ¼ eB=m is the cyclotron
frequency), which are collision broadened to a width of
�c ¼ @��1

B . As a result, the scattering rate ��1
B is enhanced

by a factor of about @!c=�c as the electron states are
concentrated from the range @!c into �c. Therefore, we
can determine ��1

B self-consistently from ��1
B �

��1
0 ð@!c=�cÞ. For a semielliptical density of states

(DOS), the SCBA theory [19] gives ��1
B ¼

��1
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2!c�0=�
p

. Correspondingly, in the single-electron

approximation, �xx deviates from the Drude model for
fields B * Bc, where Bc is such that !c�0 ¼ 1.

The inverse �xx versus B measured for ns ¼
2:3� 106 cm�2 at T ¼ 0:5 K without radiation is shown
in Fig. 1 (curve a). Under such conditions, electrons oc-
cupy mostly the first subband. For comparison, the Drude
model and the single-electron theory are represented by
lines d (dashed) and e (dash-dotted), respectively. The
Drude conductivity can be obtained from Eq. (1) with
L2 ¼ R2

c=2, where Rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mkBT
p

=eB is the classical cy-

clotron radius, and ��1
B ¼ ��1

0 . At T ¼ 0:5 K, the zero-

field scattering rate is about 1:8� 109 s. Line e is obtained
from Ref. [8]. Note that for @!c � kBT, the single-
electron conductivity can be obtained from Eq. (1) with
L2 ¼ R2

c=2 and ��1
B � ��1

0

ffiffiffiffiffiffiffiffiffiffiffi

!c�0
p

. In the quantum limit

@!c � kBT we should use L2 ¼ l2B=2, where lB ¼ ffiffiffiffiffiffiffiffiffiffiffi

@=eB
p

is the magnetic length.
At low B, the observed ��1

xx deviates significantly from
that predicted by single-electron theory. This is due to the
Coulomb interaction, which produces an in-plane electric
field Ef fluctuating in space and time and acting on each

electron [9]. In the harmonic approximation, the probabil-
ity distribution of Ef is Gaussian with the rms field

hEfi /
ffiffiffiffiffi

Te

p
n3=4s , where Te is the electron temperature.

The field Ef causes an ambiguity in the kinetic energy of

a scattered electron during the collision event. This, in turn,
affects the SCBA argument given earlier and leads to the
reduction of the scattering rate [10]. The many-electron
theory for @!c � kBT is represented in Fig. 1 as line f
(short-dashed). For B< B0, where B0 is such that
ehEfiRc ¼ @!c, the variation of the electron energy across

the diffusion length is larger than @!c, the Landau quan-
tization is not significant and the Drude behavior is re-
stored. At high B, where @!c � kBT, the uncertainty
ehEfilB in the electron energy becomes much less than

@!c, and ��1
xx approaches the value predicted by single-

electron theory. This behavior is in agreement with pre-
vious results [10].
However, the behavior of the conductivity under radia-

tion markedly changes as shown in Fig. 1, where we plot
��1

xx for input powers of�10 dBm (curve b) and�5 dBm
(curve c). A novel feature is the appearance of oscillations
periodic in B�1. The origin of these oscillations can be
understood by taking into account the intersubband scat-
tering of the excited electrons. A schematic diagram of the
single-electron energy levels is shown in Fig. 2. For suffi-
ciently large fields, electrons occupy only low-lying LLs of
the first subband. When radiation is applied, the electrons
are excited to the low-lying LLs of the second subband,
and are subsequently scattered into the LLs of the first
subband as a result of collisions with helium vapor atoms,
as indicated by a dashed arrow in Fig. 2. Because these
collisions are quasielastic, the electrons are scattered into
states that have nearly the same energy as the initial states.
Similar to the case of the intrasubband scattering discussed
earlier, the rate of intersubband scattering is enhanced
because the electron states are concentrated into the broad-
ened LLs. However, the important difference is that the
number of the final states, the DOS of which is periodically
modulated owing to the Landau quantization, depends on
the relation between the intersubband energy difference
�2 � �1 and the cyclotron energy @!c. As a result, we ob-
serve the variation of the scattering rate, and hence that of
electron conductivity, with the ratio !21=!c.
The equilibrium distribution of electrons over LLs is

attained through the interelectron energy exchange. For

FIG. 1 (color online). Inverse magnetoconductivity ��1
xx vs B

for ns ¼ 2:3� 106 cm�2, T ¼ 0:5 K without radiation (curve a)
and for microwave powers of �10 dBm (curve b) and �5 dBm
(curve c) at !=2� ¼ 97 GHz. Lines d (dashed), e (dash-dotted),
and f (short-dashed) represent the Drude model, the single-
electron theory and the many-electron theory for @!c � kBT,
respectively. The characteristic fields Bc, B0 (calculated for Te ¼
T) and Bq (here Bq is such that @!c ¼ kBT) are indicated by

arrows. Inset: magnetoconductivity �xx versus !=!c at ! ¼
!21 for the same ns, T ¼ 0:55 K, !=2� ¼ 97 GHz and a
microwave power of �5 dBm.
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low fields, the rate of this process is given by the electron

plasma frequency !p ¼ ð2�e2n3=2s =mÞ1=2, while in the

quantum limit it was estimated to be !2
p=!c [10]. For

the lowest ns in our experiment, !p exceeds 109 s�1 and

the interelectron energy exchange is much faster than the
microwave-excitation rate. This allows us to introduce
an effective electron temperature Te, which is the same
for all LLs. The fast electron thermolization and the slow
electron energy relaxation provide the conditions for the
microwave-induced heating of the electron system [15,16].
In the Drude regime, the electron temperature can be
estimated from the relative change of the zero-field con-
ductivity [16]. This gives Te � 2 K and 3 K for curves b
and c in Fig. 1, respectively.

The proposed model accounts well for the behavior

observed in Fig. 1. Below the onset field B0 /
ffiffiffiffiffi

Te

p
n3=8s ,

the many-electron effects destroy the modulation of DOS
and oscillations disappear. From the above estimates for
Te, we find B0 � 0:2–0:25 T in good agreement with the
onset of the oscillations for both curves. Note that for curve
c the increase of the oscillation amplitude due to higher
microwave-excitation rate is slightly compensated by
larger smearing of LLs due to higher Te.

The inset of Fig. 1 shows �xx versus !=!c at ! ¼ !21

for a 2DES irradiated with 97 GHz microwaves at
�5 dBm. The period of oscillations reflects the periodic
modulation of the DOS due to the Landau quantization. In
particular, the maximum DOS at !=!c ¼ N, where N is a
positive integer, results in the maximum of �xx due to the
enhancement of intersubband scattering. Likewise, the
minimum DOS at !=!c ¼ N þ 1=2 results in the mini-
mum of �xx. Data obtained using microwaves with differ-

ent ! showed similar scaling with !c. The oscillations do
not occur when ! is tuned away from !21.
The presented experimental method enables the direct

observation of LL broadening due to collisions with helium
vapor atoms. The number of vapor atoms strongly depends
on T and rapid increase in the scattering rate occurs as T is
increased. This leads to level broadening and to the smear-
ing of the Landau spectrum. The effect of smearing can be
clearly seen from the temperature dependence of oscilla-
tions. Figure 3 shows ��1

xx versus B measured using elec-
trons irradiated with resonant 97 GHz microwaves at
T ¼ 0:55, 0.6, 0.7, and 0.75 K, which correspond to the
zero-field scattering rate ��1

0 ¼ 3:3, 5.5, 12.5, and 17:6�
109 s�1, respectively. For clarity, each curve is vertically
shifted by �ðnse2�0=mÞ�1 to have zero ordinate at B ¼ 0.
As T increases, the smearing of the Landau spectrum leads
to the disappearance of oscillations starting from the low-
field side where the interlevel separation is small. Note that
microwaves overheat electrons above 1 K at T ¼ 0:55 K.
However, the heating is negligible at higher T due to the
faster electron energy relaxation rate.
The effects of the many-electron fluctuating field Ef are

observed by varying the electron density ns at low T such
that collision broadening is small. Figure 4 shows the
radiation-induced change in the inverse conductivity
���1

xx versus B measured at T ¼ 0:5 K for four densities:
ns ¼ 2:3� 106, 4:5� 106, 7:9� 106 and 1:6�
107 cm�2. At low B, where electrons remain in the
Drude regime, we observed a slightly negative ���1

xx .
This is due to the overheating of the electron system and
the increase in scattering as the higher excited subbands
become thermally populated [16]. As B increases, ���1

xx

becomes positive. This is explained by the increase in hEfi
due to electron heating and the corresponding decrease in
the scattering rate due to many-electron effects [10]. The
most notable feature of Fig. 4 is the smearing of the

FIG. 3 (color online). ��1
xx vs B for ns ¼ 2:3� 106 cm�2 and

for four different temperatures: T ¼ 0:55 K (red line), 0.6 K
(brown line), 0.7 K (green line), and 0.75 K (blue line). All
curves are for electrons irradiated with resonant 97 GHz micro-
waves at an input power of �5 dBm.

FIG. 2 (color online). Schematic diagram of the single-
electron energy levels. Levels labeled by n ¼ 1 (blue) and n ¼
2 (red) correspond to the first and second energy subbands,
respectively. Equidistant LLs of the first energy subband are
labeled by index l. The broadening of levels is due to collisions
of electrons with helium vapor atoms. The upward arrow in-
dicates a resonant n ¼ 1 ! 2 transition induced by radiation
with angular frequency !. The dashed arrow indicates the
intersubband transition of an excited electron mediated by
quasielastic scattering from a helium vapor atom. The solid
line schematically shows the periodic modulation of the density
of electron states due to the Landau quantization.
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oscillations with increasing ns. This is due to the strong
density dependence of hEfi. The Ef-induced ambiguity in

the kinetic energy of a scattered electron increases with ns.
When this uncertainty in energy becomes comparable to
@!c, an electron can scatter into the LLs of the first
subband, regardless of the relation between !21 and !c.
Therefore, at sufficiently large ns the oscillations disap-
pear. We emphasize that this effect is different from the
smearing of LLs due to collision broadening shown in
Fig. 3. Actually, over a range of densities ns, the many-
electron effects can even lead to level narrowing, as was
observed in cyclotron resonance [11]. The smearing of the
oscillations in Fig. 4 results from the instantaneous tilting
of the single-electron LLs in the in-plane fluctuating field
Ef [10]. Interestingly, for low ns and at high fields, ���1

xx

becomes negative again. This may be due to the enhance-
ment of the scattering rate due to the scattering-mediated
transitions between the tilted LLs. A more detailed dis-
cussion of this result will be given elsewhere.

Finally, we mention the relation between the described
phenomenon and MIRO discovered in the quantum degen-
erate 2DES [2,3]. We have shown that either by increasing
microwave power or by decreasing temperature the ampli-
tude of oscillations grows. Remarkably, below 0.3 K we
observe that the amplitude grows further and, eventually,
�xx reaches zero. This behavior looks very similar to the
observation of zero-resistance states (ZRS) at the MIRO’s
minima, which triggered unprecedented theoretical interest
in the scientific community [20]. Further investigation of
this effect is necessary and the details of ZRS of the 2DES
on helium will be reported in our future publications.

In conclusion, we have observed novel radiation-
induced resistance oscillations in a nondegenerate classical
2DES on liquid helium. The oscillations originate from the
scattering-mediated intersubband transitions of the
microwave-excited electrons and reflect the modulated

structure of the density of electronic states due to the
Landau quantization. The proposed model convincingly
accounts for the dependence of these oscillations on vari-
ous experimental parameters.
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FIG. 4 (color online). Change in the inverse conductivity
���1

xx vs B due to irradiation with 97 GHz microwaves at an
input power of �5 dBm. The curves are taken at T ¼ 0:5 K and
for four different electron surface densities: ns ¼ 2:3�
106 cm�2 (red line), 4:5� 106 cm�2 (brown line), 7:9�
106 cm�2 (green line), and 1:6� 107 cm�2 (blue line).
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