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Using dc excitation to spatially tilt Landau levels, we study resonant acoustic phonon scattering in two-
dimensional electron systems. We observe that dc electric field strongly modifies phonon resonances,
transforming resistance maxima into minima and back into maxima. Further, phonon resonances are
enhanced dramatically in the nonlinear dc response and can be detected even at low temperatures. Most of
our observations can be explained in terms of dc-induced (de)tuning of the resonant acoustic phonon
scattering and its interplay with inter–Landau level impurity scattering. Finally, we observe a resistance
maximum when the electron drift velocity approaches the speed of sound and a dc-induced zero-
differential resistance state.
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Magnetophonon resonance in two-dimensional electron
systems (2DES) was studied a long time ago [1,2]. Experi-
ments revealed that resistance oscillates with !LO=!C,
where !LO is the frequency of longitudinal optical phonon
and !C � eB=m� (m� is the effective mass) is the cyclo-
tron frequency. This effect requires high temperatures T �
102 K and high magnetic fields B� 102 kG.

Over the past few years other types of resistance oscil-
lations were discovered at much lower T � 1 K and B�
1 kG. Among these are microwave (ac)-induced resistance
oscillations (MIRO) [3,4], Hall field (dc)-induced resist-
ance oscillations [5–7] (HIRO), and oscillations due to
resonant interaction with acoustic phonons which, for
brevity, will be termed phonon-induced resistance oscilla-
tions (PIRO) [8–10]. Remarkably, ac and dc excitations
can lead to zero-resistance states (ZRS) [11,12] and zero-
differential resistance states (ZDRS) [13,14]. The majority
of the theoretical work [15] targeted ac-induced effects but
unresolved questions remain [16,17].

Stepping from inter–Landau level (LL) transitions, all
classes of magneto-oscillations are governed by the ratio of
some relevant energy to @!C. In MIRO, the relevant energy
is the photon energy @!, and the resistance peaks occur
at �ac � !=!C ’ n�� (n � 1; 2; . . . and � & 1=4)
[18,19]. In HIRO, observed in differential resistance,
the peaks are found at �dc � !H=!C ’ n � 1; 2; 3; . . .
[7,20,21]. Here, @!H ’ eE�2RC� is the energy associated
with the Hall voltage drop across the cyclotron diameter (E
is the Hall field, RC is the cyclotron radius) [5]. Similarly,
PIRO peaks were associated with �ph � !s=!C ’ n �
1; 2; 3; . . . , where !s ’ 2kFs (kF is the Fermi wave num-
ber, s is the sound velocity) [8]. Since all relevant energies
are B independent, all oscillations are periodic in 1=B.
Further, all oscillations extend to magnetic fields an order
of magnitude lower than the onset of Shubnikov–de Haas
oscillations. Finally, MIRO and HIRO are best observed at
T � 1 K, but PIRO rely on thermal excitation of phonons
and typically require T � 2@kFs=kB � 10 K.

It is believed that resonant interaction of electrons with
acoustic phonons is made possible in high LLs by virtue of
a selection rule which favors electron backscattering,
equivalent to a jump of the electron guiding center by a
maximum distance �y ’ 2RC [5,8]. This largest jump is
accompanied by the largest momentum transfer �qx �
�y=�2

B ’ 2RC=�2
B � 2kF (�B �

�����������
@=eB

p
is the magnetic

length), which can be supplied by an acoustic phonon.
The 2kF acoustic phonon has a well-defined energy @!s ’
2@kFs and thus can be resonantly absorbed by an electron
jumping to a higher Landau level. As a result, PIRO relate
to indirect inter–LL transitions [8], an example of which is
shown by the arrow (P) in Fig. 1(a).

PIRO were originally explained in terms of interface
phonons [8,22]. In addition to the dominant mode with s ’
2:9 km=s, Fourier analysis suggested contribution from
another mode with s ’ 4:4 km=s. Detailed temperature
dependence studies [9] confirmed these results. In contrast,
phonon-induced oscillations in magnetothermopower were
explained by a single bulk acoustic mode [23]. More recent
magnetotransport studies [10] have also reported a single
mode, but with s � 5:9 km=s. Obviously, PIRO remain
poorly understood and require further investigation. Of
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FIG. 1 (color online). Solid lines are LLs at �ph � 1 and
(a) �dc � 0, (b) �dc � 1=2, and (c) �dc � 1 as functions of �y.
Dashed lines represent phonon dispersion cone, @!s �
�@s�y=�2

B. Arrows show 2kF transitions due to acoustic phonon
(P) and impurity (I) scattering. At �dc � �ph (c), intra–LL scat-
tering (S) accompanied by phonon emission becomes possible.
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particular interest are the exact resonant condition, relative
contribution of different modes, and the role of tempera-
ture and sample parameters. Because of the relative weak-
ness of PIRO and the lack of systematic theory, these issues
await future studies. Here we concentrate on the effect of
the dc electric field assuming a single phonon mode and
traditionally associating PIRO peaks with �ph ’ n.

Experimentally, introducing additional parameters, e.g.,
second microwave frequency [24,25], in-plane B [17,26],
or dc excitation [13], proved to be powerful in studies of
MIRO and ZRS. Since dc excitation spatially tilts LLs due
to the Hall effect but does not affect phonon dispersion, it
might be used to tune the phonon resonances and to study
the interplay between resonant phonon and impurity scat-
tering. For instance, as illustrated in Fig. 1(b), dc current
corresponding to �dc � 1=2 should take the phonon tran-
sition (P) shown in Fig. 1(a) out of the resonance.
Similarly, further tilting of LLs to �dc ’ 1 should bring
the phonon transition (P) back into the resonance, as
shown in Fig. 1(c).

Another question is related to dc excitations capable to
accelerate electrons to the speed of sound. Such a scenario
was considered theoretically in relation to the ZRS break-
down [27], but experiments have shown that ZRS disap-
pear at much smaller currents [13]. At the crossover to the
supersonic regime, LLs become parallel to one of the
phonon branches [cf. Fig. 1(c)] and intra–LL transitions
(S) accompanied by phonon emission become possible.
Note that this crossover is expected to occur at �dc � �ph

but neither �dc nor �ph has to be integer.
In this Letter we study magnetotransport of 2DES at

elevated temperatures and dc currents I up to 240 �A,
which ensures that the drift velocity vH � I=enew exceeds
the sound velocity. While similar results were obtained
from several different 2DES, all the data presented here
are from a Hall bar sample (width w � 50 �m) fabricated
from a GaAs=Al0:24Ga0:76As quantum well with the low-
temperature electron mobility � ’ 4:4	 106 cm2=V s and
the density ne � 4:8	 1011 cm�2. The differential resis-
tivity r � dV=dI was measured with a lock-in amplifier
supplying an ac (a few Hz) current of 0:1 �A.

In Fig. 2(a) we present r=r0 (r0 is the zero-B value
of r) as a function of B at I (in �A throughout the
Letter) from 0 to 50 in steps of 2 at T ’ 10 K. The data
at I � 0 [cf. bottom trace in Fig. 2(a)] show a series of
PIRO peaks, marked by vertical lines, which roughly cor-
respond to �ph � 1; 2; 3 with s ’ 5:8 km=s. We note that
Shubnikov–de Haas oscillations are not yet observable in
this B range and that the peak at �ph � 1 is strongly sup-
pressed at lower temperatures possibly indicating domi-
nance of slower modes as in earlier studies [8].

We now examine how PIRO are affected by dc excita-
tion. Since HIRO remain below B ’ 1:7 kG [cf. no. 1 at the
top (I � 50) trace in Fig. 2(a)] and PIRO start at higher B,
no direct mixing of the oscillations is possible. Never-
theless, we observe that PIRO undergo dramatic changes.
The third PIRO peak disappears at I ’ 10 (cf. trace A), then

reappears as a minimum (cf. traces B, C), and eventually
reverts back to a peak (cf. top trace). Second and first PIRO
peaks vanish at I ’ 14 (cf. trace B) and I ’ 28 (cf. trace C),
respectively, and become minima at higher I (cf. top trace).
These observations suggest strong coupling of dc excita-
tion and electron-phonon scattering, as otherwise one ex-
pects only overall suppression of resistance without
evolution of maxima into minima and vice versa [7,28].

In Fig. 2(b) we continue with the data at higher I (up to
150, in steps of 5) and lower temperature T ’ 6 K, where
PIRO and HIRO coexist. The results show that while HIRO
appear to dominate in this regime, their waveform is
strongly influenced by phonon scattering. Being a deep
minimum at I � 25, �ph ’ 2 again becomes a peak at I ’
75 (cf. trace A) and then merges with the first HIRO
maximum. This occurs when both �ph and �dc are close
to integers and therefore resonant conditions for both
phonon (P) and impurity (I) scattering are satisfied, similar
to the situation illustrated in Fig. 1(c). It turns out that the
PIRO maxima are converted into the minima when �dc ’
1=2 and then back to the maxima when �dc ’ 1. This is
consistent with the situations depicted in Figs. 1(b) and
1(c). We therefore conclude that at fixed �ph oscillations
are periodic in �dc.

As an alternative way to study the effect of dc excitation,
we perform current sweeps up to I � 240 at fixed B from 1
to 4 kG (in 0.1 kG steps) and at T ’ 5 K. The results are
presented in Fig. 3(a) showing r as a function of �dc. The
most striking feature is the transformation of the �dc ’ 2
peak into a minimum taking place between 2.5 and 3.0 kG.
Similar behavior is also seen between 1.5 and 1.7 kG,
where the minimum emerges near �dc ’ 3. These ranges
of B correspond to 3 * �ph * 2:5 and 5 * �ph * 4:5, re-
spectively. At lower B, �ph and �dc are both integers, and
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FIG. 2 (color online). (a) [(b)] r=r0 vs B at I from 0 to 50 �A
with step of 2 �A (T ’ 10 K) [from 25 �A to 150 �A with step
of 5 �A (T ’ 6 K)]. Traces are vertically offset in increments of
2% [15%]. Vertical lines correspond to the PIRO peaks as
marked at I � 0. Numbers at the top traces mark HIRO peaks.
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both impurity and phonon scattering are resonantly en-
hanced [cf. Fig. 1(c)]. In contrast, at higher B, �ph becomes
half-integer and a minimum is observed. Another interest-
ing observation is the peak in resistance [cf. # ] which
gradually moves toward lower �dc with increasing B. As
we will see, this peak marks the crossover to the supersonic
regime.

We now examine PIRO at fixed integer and half-integer
values of �dc. In Fig. 3(b) we present r as a function of B at
�dc ’ 1 (circles) and at �dc ’ 3=2 (squares). Both data sets
show prominent oscillations with the same period as the
zero-bias trace (dotted line) but with a greatly enhanced
amplitude. However, the �dc ’ 1 data are in phase with the
zero-bias trace, while the �dc ’ 3=2 data are out of phase.
This leads to the conclusion that at fixed �dc, oscillations
are periodic in �ph. The fact that PIRO translate to integer
�dc is not surprising since both phenomena rely on 2kF
momentum transfer. Note that contrary to microwave reso-
nance under applied dc bias [13], phonon resonance re-
mains ‘‘phase-locked’’ to the impurity resonance. This is
illustrated in Fig. 1 where (P) and (I) processes are either
both out of resonance [1(b)] or both in resonance [1(c)].
Remarkably, as a result of these ‘‘double’’ resonances
PIRO are amplified and can be detected at low T ’
1:5 K, even though they are not observed at I � 0.
However, what really distinguishes the T ’ 1:5 K data is
the formation of the dc-induced ZDRS, an example of
which is shown in Fig. 3(c). While quite striking, ZDRS
appear unrelated to phonon scattering and thus fall outside
the scope of this Letter.

We can summarize our observations as follows. If �ph or
�dc are integers or half-integers, then the resistance max-

ima (minima) occur close to integer (half-integer) values of
a parameter � � �ph 
 �dc:

 �
 ’ n; �� ’ n
 1=2; n � 0; 1; 2; . . . : (1)

Note that Eq. (1) implies that the PIRO peaks should
gradually move towards higher B with increasing I, which
is not readily observed in Fig. 2(a). Instead, in this range of
dc currents PIRO peaks appear to evolve into minima
without obvious change in the B position, much the same
as the MIRO peaks at small currents [13]. We recall that the
MIRO peaks under dc excitation roughly conform to �ac 

�dc ’ n but show deviations at �ac or �dc away from integer
and half-integer values. These deviations are important as
they indicate the limitations of the applicability of Eq. (1)
and call for a systematic theoretical treatment.

Using the data such as shown in Fig. 3(a) we construct
gray scale plots of r in the (B; I) plane which are shown in
Fig. 4(a) [4(b)] for T ’ 5 [1.5] K. If one neglects the effect
of phonons, the maxima of r are expected to fall onto a fan
diagram in accordance with �dc � n, which is represented
by dotted lines emanating from the origin. Despite general
agreement, we readily observe periodic modulation along
the fan lines which was illustrated in Fig. 3(b). Alterna-
tively, by moving along vertical direction, one recovers the
oscillations presented in Fig. 3(a). As a result, the overall
view reveals a matrix of peaks due to ‘‘double’’ resonances
close to integer �ph and �dc.

We now extract the peak positions and present the results
in Fig. 4(c) [4(d)] for T ’ 5 [1.5] K, while converting I to
the drift velocity vH. The most striking observation is the
deviation from the fan observed where the peaks roughly
follow the horizontal line near vH ’ 5:8 km=s. Since this is
the value extracted from the zero-bias data in Fig. 2(a),
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these peaks mark a crossover to the supersonic regime at
vH ’ s and can be qualitatively understood as follows.
Once the Hall electric field reaches the critical value, Es �
esB (or, equivalently, when �dc � �ph), Landau levels
become ‘‘parallel’’ to the phonon dispersion. This opens
a scattering channel due to intra–LL transitions accompa-
nied by phonon emission as illustrated in Fig. 1(c). Note
that in such processes the energy and momentum conser-
vation can be satisfied at any B (and at any �qx & 2kF).

On the other hand, the origin of the deviations at lower
vH, e.g., near 3:5 km=s, is not so clear. While these can
arise from the interplay between phonon and impurity
scattering, one cannot rule out the possibility of crossovers
to the supersonic regime corresponding to slower acoustic
modes. Since phonon scattering is enhanced at finite values
of dc excitation, these modes, not evident in linear trans-
port, might become relevant.

In summary, we have studied phonon-induced resistance
oscillations of a high-quality 2DES under dc excitation.
First, we have shown that dc excitation causes evolution of
the PIRO maxima into minima and back. This evolution
can be understood in terms of dc-induced (de)tuning of
phonon resonances as illustrated in Fig. 1. Second, we have
found that PIRO are dramatically enhanced by a strong dc
field and can be detected even at low temperatures where
linear resistivity is not sensitive to phonons. This enhance-
ment can be ascribed to ‘‘double’’ resonances occurring
because phonon and impurity resonances remain phase-
locked under dc bias. Third, we have observed a pro-
nounced resistance maximum which appears when the drift
velocity approaches the speed of sound. We explain this
peak in terms of intra–LL transitions accompanied by
phonon emission. Finally, we have detected zero-
differential resistance states which are induced by dc ex-
citation at low temperatures. On the other hand, detailed
understanding of the PIRO evolution with increasing cur-
rent and the relevance of other phonon modes remains a
subject of further studies.
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