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Abstract

We have measured the direct absorption of ballistic phonons by a two-dimensional electron system (2DES) in the
fractional quantum Hall regime. We show experimentally that the electron—phonon interaction in our heterojunction
sample is dominated by coupling to TA phonons. At odd integer denominator fractional filling factors a strong
non-equilibrium heating of the 2DES is observed which can be attributed to excitations across the magneto-roton gap.
Away from fractional minima, in particular at a filling factor, v = %, a much smaller temperature increase is found.
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The interaction of phonons with a two-dimen-
sional electron system (2DES) in the fractional
quantum Hall (FQH) regime has attracted a sub-
stantial interest in recent years as phonons are able
to couple to electron states with finite in-plane
wave vector [1-4]. The coupling of phonons to
fractional quantum Hall states at odd denominator
fractional filling factor has been studied using
time-averaged phonon absorption in electrical
transport [ 1] as well as in phonon emission experi-
ments [4]. The coupling of phonons to composite
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fermions (CFs) at filling factor 3 [5] has also been
investigated and compared to zero-magnetic-field
properties of electrons using the temperature de-
pendence of the resistivity [2] and thermopower
experiments [3]. In the present experiments we
observe, for the first time, the direct absorption of
ballistic phonons by a 2DES in the FQH regime.
The device we have investigated was based on
a high mobility 2DES (u = 150m?V " !s™! n=
1.16 x 10"> m~?) grown on a 2 mm semi-insulating
GaAs substrate. In order to maximize the sensitiv-
ity of resistivity measurements the 2DES was pat-
terned into a 270 um wide meander line on
a 5 x 5 mm? surface with an aspect ratio I/w =~ 300.
On the rear surface, facing the centre of the me-
ander line, a thin-film constantan heater was evap-
orated. The sample was mounted, in vacuo, on the
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tail of a dilution refrigerator. The 2DES meander
line was electrically connected to a room temper-
ature preamplifier with a low-capacitance coaxial
cable.

Applying a short voltage pulse on the heater
creates hot phonons at the interface between the
heater and the GaAs substrate. The non-equilib-
rium temperature, T, of phonons entering the cold
substrate can be calculated from the power, Py,
dissipated in the heater using acoustic mismatch
theory [6] as P, = 6 ATy — T§) (6 = 524 Wm ™2
K™%, A, is the surface area of the heater, T, is the
substrate temperature).

At low enough temperatures the phonons travel
ballistically through the GaAs and are incident on
the 2DES. A small proportion of the incident
phonon flux is absorbed by the 2DES leading to
an increase of its temperature. The increase in
the electron temperature was deduced from the
change of 2DES resistance which had been
calibrated against temperature under equilibrium
conditions.

When passing a DC current through the 2DES
the phonon response was measured by recording
the voltage across the meander as a function of time
and averaging over typically 10°-10° traces. The
repetition rate was kept low enough to minimize
effects of substrate heating. The electric time re-
sponse of the system is limited by its RC-time
constant of 0.15 pus, C ~ 30 pF is the cable capa-
citance between sample and amplifier, R &~ 5 kQ is
defined by the (variable) input impedance of the
preamplifier in parallel with the two-point resist-
ance of the meander.

In Fig. 1, the typical responses of the 2DES at
filling factors of 3 and 1 to a pulse of ballistic
phonons are shown. The ballistic effects are much
more pronounced at fractional filling factors. In the
following discussion we will first concentrate on
v = 4, the behaviour at v = 4 will be analysed later.

Initially the 2DES is at an equilibrium temper-
ature Ty = 130 mK. The heater is pulsed with a
7 = 100 ns voltage pulse at ¢t = 0 when hot phonons
(T, =1.95K) are emitted into the GaAs. After
0.4 us, LA phonons have traversed the 2-mm-thick
GaAs substrate and hit the 2DES. This leads to
a small increase in its temperature T,pgs. Sub-
sequently, after tp4 = 0.6 us, TA phonons which

t (us)

Fig. 1. Phonon response showing the variation of the 2DEG-
temperature at v = 1/3 and v = 1/2 after a 100 ns pulse of 1.95 K
phonons has been emitted by the heater at t = 0.

have directly traversed the substrate couple to the
2DES. T ,pgs strongly increases until ¢t = 1.2 ps, the
time when TA phonons travelling along the [111]
direction hit the corner of the meander structure.
Subsequently, with no hot ballistic phonons pres-
ent in the vicinity of the 2DEG, the system starts to
cool. The ballistic phonons are reflected by the top
surface and the rear surface of the wafer and are
again incident on the 2DES after 374, = 1.8 ps.
A second increase in T ,pgg is observed around this
time along with a third ballistic phonon peak after
Stra = 3 ps. After several us all the hot phonons
have thermalized inside the substrate leading to an
increase in its temperature from Ty to T, which can
be calculated from the total energy E,, =
ATy — Tt dissipated in the heater and the
specific heat of the substrate. The electrons reach
thermal equilibrium with T, after relaxation of the
initial excitations. The substrate heating was deter-
mined by measuring T,pgg at long times and is
shown in Fig. 2 where it is compared to the ex-
pected behaviour.

Finally, the substrate slowly cools to its initial
base temperature T, = 130 mK before the next
ballistic phonon pulse is generated. Both the value
of T, (see Fig. 2) and the time scale of the cooling
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Fig. 2. Dependence of the heating of the 2DES on the heater
temperature (100 ns pulses): ballistic heating at v =1/2 and v =
1/3 and background heating of the lattice. The dashed line
shows the expected heating of the substrate, the solid line models
the ballistic response at v = 1/3 by excitation across a gap
A =5 K. The inset shows the relative proportion of enegy ab-
sorbed at v = 1/2 as a function of T,

are consistent with a heating of the GaAs via ther-
malization of the hot ballistic phonons within the
substrate and a slow cooling via thermal conduc-
tion to the heatsink.

We can understand the general behaviour in
terms of a simple model: When the phonon pulse
reaches the 2DES a small proportion, x, of the
incident phonon energy, E,;,, is absorbed and the
electron temperature will increase from its equilib-
rium value T, to a non-equilibrium temperature
T, given by

JTIAC(T)dT = xE,, (1)

T,

C(T) is the specific heat of the 2DES with a total
surface area A. Kim and Lee [8] have shown that
at v =% the specific heat for quasiparticles with
a Coulomb interaction varies almost linearly with
temperature with only a weak logarithmic diver-
gence. For this reason we assume a simple form for

the specific heat,

2712
B

(1) = 2T D(Ex). @
At T =0, D(Ey) is the integral (i.e. localized and
extended) CF density of states (DOS) at the Fer-
mi-level Ep. Substituting Eq. (2) into Eq. (1) and
neglecting thermal broadening, the change in tem-
perature of the 2DEG due to the absorption of
ballistic phonons can then be calculated as

6XEph
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T:=T5+ y
Here o = 5.13x 10° K~ 25 ! is a constant, 7 is the
pulse length, and d = D(E)/D, is the relative DOS
at the Fermi level with respect to the DOS for free,
spin polarized electrons Do = my/2nh®. For v =3
the CF effective mass is of the order of the free
electron mass, i.e. d is of the order of unity.

At v = 3 the increase of T,ppg due to an absorp-
tion of ballistic phonons is much weaker than at
v =% (see Fig. 1). Moreover, it is only weakly de-
pendent on the heater temperature, see Fig. 2. The
relative amount of energy absorbed by the 2DES
peaks around a heater temperature T, ~ 1.1 K.
There are two possible reasons for this behaviour.
This temperature corresponds to the maximum in
the DOS of ballistic phonons coinciding with the
diameter of the Fermi surface 2kp of the CFs at
v = 4. For higher T}, only low-energy phonons with
q) < 2kg (g is the phonon wave vector parallel to
the 2DES) can couple to the 2DES leading to
a drastic decrease in the relative amount of pho-
non energy absorbed. The finite thickness of the
2DES also provides a momentum restriction which
is estimated to occur for phonons with an energy
greater than approximately 1.4 K for this wafer. So
far it has not proved possible to differentiate be-
tween these two effects.

The phonon-induced ballistic heating of the
2DES at v = 4 is a consequence of excitations in the
2DES across the magneto-roton gap [1,9]. In con-
trast to v =1 no severe cut-off is observed due to
momentum restriction. This clearly shows that the
dominant coupling of the phonons to the 2DES
mainly happens at a single energy, namely the mag-
netoroton minimum. The geometric cut-off for this
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fixed energy is constant for all heater temperatures.
The energy absorbed increases exponentially when
the heater temperature is increased, xE;oc1/
(exp( — 4/kgT) — 1) in the simplest model [1]. It is
probable that the DOS in the energy gap is finite
due to spin excitations, sample inhomogeneity and
edge states. These states contribute to the specific
heat. Over the temperature range of interest this
DOS may also be taken as constant implying that
the specific heat is again linear in temperature.
Using Eq. (3) we compare the experimentally mea-
sured variation of the ballistic heating T, with the
theoretically expected behaviour for an excitation
across a gap 4 = 5K in Fig. 2. This rather crude
analysis which neither takes into account any tem-
perature dependence of the excitations nor the fact
that excitations are possible in a rather broad en-
ergy window around the gap gives only an approx-
imate value for the gap.

Moving slightly away from v = 3 the change of
the 2DES resistance due to absorption of ballistic
phonons increases. This is consistent with the in-
creased temperature dependence of the equilibrium
resistance. Away from the resistance minima
a much weaker change in T ,pgg is observed. Using
Eq. (3) this observation can be explained straight-
forwardly by a decrease of the CF-DOS in the
FQH minima.

The direct absorption of ballistic phonons by
a two-dimensional electron system in the fractional

and non-quantized Hall effect has been measured
for the first time. The absorption is dominated by
TA phonons. At a filling factor of  the coupling of
the phonons to the quasiparticles weakens above
a heater temperature of 1.1 K. This cutoff could be
due to the CF 2kg cutoff or the finite thickness of
the 2DES. At v = § a crude analysis finds an energy
gap that is in approximate agreement with the
expected value. However, more detailed calculat-
ions and further experiments are needed to provide
a more exact value. The magnetic field dependence
of the heating suggests that the specific heat is
greatly reduced at v = 3 compared to v = 3.
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