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Surface-acoustic-wave absorption by quantum-dot arrays
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We have investigated the absorption of surface acoustic waves~SAW’s! by arrays of quantum dots as a
function of electron concentration, temperature, and magnetic field. With no illumination, the measured trans-
mitted SAW amplitude was largely independent of magnetic field, in all sizes of dots, suggesting that sidewall
depletion had removed most of the free carriers. After additional carriers were introduced via an infrared
light-emitting diode a broad amplitude minimum developed nearB50 in all cases, while the amplitude at high
fields ~;10 T! approaches that of the unilluminated sample. The high-field~>0.1 T! behavior is reasonably
well described using a Fermi’s golden rule model of resonant absorption when the magnetic-field dependence
of the signal is proportional to the density of single-electron level crossings. Surprisingly, our measurements of
transmitted SAW amplitude versus magnetic field were found to be strongly hysteretic upon reversal of the
magnetic-field sweep direction. Experiments in tilted magnetic fields indicated that thetwo-dimensionalquan-
tum confinement of the dot is a key parameter and we propose that there are two components to the magnetic-
field dependence of the SAW amplitude, a genuine field dependence of the attenuation for a dot with fixed-
electron concentration, and a change due to a field-induced reduction in the electron concentration. The linear
temperature dependence of the SAW attenuation coefficient at low temperature and zero magnetic field,
appears to be consistent with recent theoretical predictions by Kna¨bchenet al. @Europhys. Lett.39, 419~1997!#
that, in our measurement regime, absorption will be dominated by Debye relaxation. When we analyze our
results in this light we find the measured absorption to be three orders of magnitude larger than the theoretical
calculation.@S0163-1829~99!07711-5#
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INTRODUCTION

The ability to fabricate semiconductor structures in wh
electrons are fully quantum confined in all three dimensio
holds out the promise of dramatic improvements in dev
performance.1 The discrete electronic level spectrum of su
quantum dots leads, for example, to a strong suppressio
carrier scattering as well as very sharp electron-hole rec
bination lines. With the recent demonstration of se
assembled quantum dots during epitaxial growth, the real
tion of such devices has come an important step closer, a
detailed understanding of their electronic structure is no
key priority. A number of optical techniques such
photoluminescence2 and Raman spectroscopy3 have been
used to probe the electronic structure of quantum dots,
such studies are relatively invasive due to the large pho
excitation energies used. Recent transport studies4 have suc-
ceeded in measuring both the phase and amplitude of
transmission coefficient for tunnelling through a quantu
dot, yet the need for leads to electronic ‘‘reservoirs’’ mea
that such structures are not truly isolated. In contrast, the
of surface acoustic wave~SAW! attenuation is an excellen
contactless technique to probe quantum nanostructures i
ezoelectric materials and is largely noninvasive due to
very small SAW energy quantum (\v;0.3meV, wherev is
the SAW frequency!. Moreover, the long SAW wavelength
PRB 590163-1829/99/59~11!/7649~7!/$15.00
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~;40 mm at 70 MHz! rule out possible diffraction effects
which could arise in samples composed of large perio
arrays of quantum dots. SAW’s have extensively been u
to study the magnetoconductivity of two-dimensional ele
tron gases~2DEG’s!,5,6 most recently in the context of th
fractional quantum Hall effect and composite Fermions7,8

We have also previously studied anisotropic SAW atten
tion in arrays of quantum wires and highlighted the ro
played by momentum conservation rules.9 Since such rules
are completely relaxed in quantum dots and screening of
piezoelectric coupling will be rather weak, one would anti
pate quite strong SAW absorption in large array samples.
describe here a range of studies on arrays of etched qua
dots, of various dimensions, as a function of magnetic fie
temperature, and carrier concentration. Data interpretatio
complicated by the unexpected observation of finite elect
recombination effects following the use of illumination
increase the dot electron densities at low temperatures. N
ertheless, we are able to draw some important conclus
about the SAW attenuation process as well as the mecha
of electron recombination.

THEORY

A surface acoustic wave propagating in a piezoelec
medium like GaAs carries a longitudinal electric field th
7649 ©1999 The American Physical Society



zo
a

la
n
n
u

s-
fu
ea

e
on
s
e
u
o
en
ic
a

ed

er
ys

l

in
th
s
o

er
a
(
in

e

a

A
n

-
y

le
el
k

o-
re-

qui-
to

an-
ua-

to
-
ni-

ly
ow
etic

nce,

st-

um-
-

his

n
eld

lcu-
ter-
for
c-

hat

en
or
the
er
er
, we

7650 PRB 59NASH, BENDING, BOERO, RIEK, AND EBERL
couples into any electronic systems in its path. The pie
electric interaction between SAW’s and two-dimension
electrons is usually described in terms of a classical re
ation model, where the SAW attenuation is a nonmonoto
function of the diagonal component of the conductivity te
sor (sxx) and has a maximum near a characteristic cond
tivity sM ('431027 V21).6 In the case of small quantum
dots (d,1 mm), however, one is dealing with a set of di
crete electronic levels and the problem demands a
quantum-mechanical treatment. Moreover, when the m
energy-level spacing~D! is very much larger than the SAW
energy quantum~\v! this discreteness is of key importanc
and SAW absorption is critically dependent on electr
states lying very close to the Fermi energy. Since the dot
a sample will all be slightly different due to variations in th
electrostatic confinement potential and/or impurity distrib
tion a statistical approach should be used to calculate abs
tion due to the whole array. The statistical properties of
ergy levels in quantum systems that exhibit chaotic class
dynamics have been extensively studied in recent years
it is now well known that their distribution can be describ
by random matrix theory10 ~RMT!. Their properties can be
expressed in terms of a level correlation functionR(«) ~the
probability that two energy states are separated by an en
«! which depends only on the global symmetries of the s
tem

R~«!5
1

D H cbu«/Dub , for u«u!D

1 for u«u@D,
, ~1!

wherecb>1 is a constant andb51 and 2 for the orthogona
(B50) and unitary (BÞ0, broken time-reversal symmetry!
ensembles, respectively. Note that the probability of find
two degenerate levels is zero, which is a statement of
level repulsion characteristic of classically chaotic system

Recently, the problem of SAW absorption by an array
small quantum dots has been addressed directly in a pap
Knäbchenet al.11 using the level correlation function as
starting point. These authors treat the limit of small dotsd
,1 mm) at low temperatures such that the level broaden
due to phase breaking (\/tf) is very much less than th
mean-level spacing~D!, while the SAW energy quantum
~\v! is much smaller still. Three main absorption mech
nisms are considered.

The simplest of these is resonant absorption when a S
excites a transition between two closely spaced electro
levels. The attenuation coefficient per unit length~G! is
therefore proportional both toR(\v) and the screened pi
ezoelectric potential arising from the SAW and is given b

G r5A
v

s
tanhS \v

2kTD\vR~\v!, ~2!

where s is the sound velocity andA5(N/g)(aBgq /\s)2.
Here,N is the areal density of dots,g is the dimensionless
conductance,aB the Bohr radius, andgq is the piezoelectric
interaction vertex.

The second possible mechanism is the excitation of e
trons between the overlapping tails of two broadened lev
In this case, the attenuation depends on the phase-brea
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rate @tf
21(T)#, but not the level correlation function~and is

therefore independent of applied magnetic field! and is given
by

G t5A
v

s S \v

D D 3 1

vtf~kT!
. ~3!

Finally, absorption can occur via Debye relaxation pr
cesses when the periodic motion of the energy levels in
sponse to the SAW electrostatic potential leads to a none
librium occupation. In this case, energy dissipation is due
inelastic relaxation mechanisms, which try to restore inst
taneous equilibrium occupancy of the levels. This atten
tion is a function of both the energy relaxation rate@t«

21(T)#
and the level correlation function and is given by

GD5A
v

s

vt«~kT!

11v2t«
2~kT!

\vR~kT!. ~4!

In our experiments the following inequality is expected
hold D;kT@\tf

21>\t«
21>\v, and we calculate that at

tenuation due to Debye relaxation is many orders of mag
tude larger than the other two mechanisms. AsGD is a func-
tion of the level correlation function it should be strong
sensitive to the global symmetries of the system. At very l
temperatures, therefore, the application of a small magn
field sufficient to break time-reversal symmetry~;0.1 T!
should lead to a dramatic reduction in attenuation, and he
an increase in the measured SAW intensity@I (B)
5I 0e2G(B)L, whereL is the length of the interaction region#.
SinceD;kT in our experiments, however, the most intere
ing limiting case of Eq.~1! does not apply and we would
expect this effect to be almost entirely suppressed. Ass
ing, therefore, thatR(kT) is approximately constant the tem
perature dependence ofGD arises principally from that of
t«(T) and provides a unique opportunity to investigate t
quantity.

The results of Kna¨bchenet al.assume that the distributio
of energy levels is not perturbed by an applied magnetic fi
and are only valid at very low fields~<0.1 T!. As a first
estimate of the attenuation at higher fields we have ca
lated the resonant absorption rate for a system of nonin
acting electrons with parabolic electrostatic confinement
which the following analytic expression for the level spe
trum exists12

El ,m~B!5~2m1u l u11!\Av0
21~vc/2!21 l\vc/2, ~5!

where l, m are azimuthal and radial quantum numbers t
index the levels,vc is the cyclotron frequency, and\v0 is
the characteristic confinement energy. Using Fermi’s gold
rule it is straight forward to write down the scattering rate f
resonant SAW mediated transitions. Moreover, since
SAW energy quantum is very much smaller than all oth
energy scales in the problem it is sufficient to only consid
quasielastic processes at the Fermi energy. In this case
find the scattering rate to be given by
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t r
21}F q2

q21q0
2~B!G

2

(
m,m8,l ,l 8

mÞm8,lÞ l 8

u&cm8 l 8ue
iqxucml^u2

3d~EF2Eml ,EF2Em8 l 8!, ~6!

whereq is the SAW wave vector, andq0(B) the magnetic-
field-dependent inverse Thomas-Fermi screening length.
energy delta function in Eq.~6! restricts absorption to mag
netic fields where two or more energy levels are degener
Hence, neglecting the magnetic-field dependence of scr
ing, a measure of the absorption is given by the density
single-electron level crossings per unit magnetic-field int
val. We have calculated this quantity as a function of m
netic field for a cylindrical dot with parabolic electrostat
confinement (\v051 meV) containing 210 electrons, an
this is plotted in Fig. 1. The calculation reveals a stron
peaked~and highly structured! density of level crossings a
about 1 T, which falls off rapidly to zero with increasin
field. There is also a narrow peak at zero field reflecting
multiple degeneracies of our highly symmetric model d
Surprisingly, the Landau level-like ‘‘fan’’ structure seen
two-dimensional systems is still clearly reflected in this p
for B.1 T. Finally, we note that at fields where the ma
netic length is much smaller than the dot diameter~@0.5 T!
one would expect Eq.~5! to be invalid due to the formation
of compressible and incompressible edge channels at the
rimeter of the dot.13 Understanding this regime will requir
both a reliable self-consistent model of the electronic str
ture of the dot as well as insight into how SAW’s intera
with edge stripes, neither of which currently exist.

EXPERIMENTAL METHOD

Measurements were performed on arrays of quantum
fabricated by holographic lithography and reactive ion et
ing in two different AlxGa12xAs/GaAs molecular-beam ep
taxial heterostructures. The two wafers were nominally id
tical and had unstructured mobilities of;550 000
cm2 V21 s21 and carrier concentrations of;231011cm22 at
4.2 K in the dark. By varying the interference angle the lith
graphic process can be used to produce rather homogen
arrays of almost square nanostructures of varying sizes. D

FIG. 1. The density of single-electron level crossings~negated!
per unit magnetic-field interval for a cylindrical dot with parabo
electrostatic confinement (\v051 meV) containing 210 electrons
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were patterned with geometric widths of approximately 25
375, and 500 nm~separated by approximately equally siz
trenches! and an etch depth less than the distance of
2DEG below the surface~;80 nm to minimize edge deple
tion!. A final mesa etch left a 3 mm33 mm square of nano
structures containing typically 30–150 million dots in th
center of each sample. Four interdigital transducers were
alized at each edge of the chip by thermal evaporation
Cr/Au or Al. The center-to-center spacing of the transdu
fingers was 20mm yielding a broad fundamental SAW reso
nance of about 7064 MHz.

Measurements were achieved by exciting 0.4ms long
SAW pulses with a repetition frequency of 250 kHz at t
transmitter and receiving the time-delayed signal at the
posing transducer. The SAWs propagate either in the@110#
or @ 1̄10# directions, which are known to have the stronge
piezoelectric coupling coefficient and carry a longitudin
electric field. The SAW power at the sample~;0.1mW! was
reduced to well below the level where there was any e
dence of heating of the electrons. Our detection system
phase sensitive detector based on an eight-tap digital d
line and can measure changes in both the amplitude
phase~velocity shift! to better than one part in 104 and to one
part in 105, respectively. Measurements were performed
1.5 K either in liquid He or under a low pressure of H
exchange gas~no qualitative differences were observed! in a
10-Tesla helium cryostat. Unless otherwise stated, the m
netic field was applied perpendicular to the plane of
samples.

RESULTS

Figure 2 presents typical 70 MHz SAW transmissi
measurements on arrays of 500, 375, and 250 nm dots a
applied magnetic field is swept from 0 to 10 T at;0.15
T/min. Persistent photoconductivity at our 1.5 K measu
ment temperature was used to increase the electron con
tration in the dots@100-ms long 50 mA pulses from an in
frared light-emitting diode~LED!, corresponding to;0.5
mW/cm2 incident at the sample surface# yielding the families
of traces shown in each panel. The transmitted SAW sig
was monitored for long periods of time~some tens of min-
utes! after both the initial cool down and illumination even
to establish that any time transients had died away~see inset
of Fig. 4 at B50). In all three cases, a large, fairly fla
transmitted amplitude was recorded without illuminati
suggesting that sidewall depletion has removed most of
free carriers from our dots. After additional carriers are
troduced using the LED a broad amplitude minimum dev
ops nearB50 in all three sizes of sample, while the amp
tude at high fields approaches that of the unilluminated tra
In all samples the amplitude was observed to be a nonmo
tonic function of illumination, with the maximum observe
attenuation of the unilluminated amplitude, calculated aB
50, corresponding to attenuation coefficients of 70, 28, a
40 m21 for the 500, 375, and 250 nm dots, respective
Surprisingly, for our experimental parameters the maxim
theoretical attenuation is predicted to be three orders of m
nitude smaller than this, and additionally, our observed
tenuation is of the same order as, or larger than, the m
mum predicted attenuation~30 m21! for an unstructured
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7652 PRB 59NASH, BENDING, BOERO, RIEK, AND EBERL
2DEG.6 In all three cases the maximum observed chang
amplitude as a function of applied field represents 3–4 %
the unilluminated amplitude. The behavior at very low a
reversed fields was examined carefully to see whether i
cations of the abrupt change in attenuation predicted by
~4! could be observed. In all cases the amplitude was ra
flat throughB50 as one should probably expect at our re
tively high measurement temperature as discussed earlie
saturation illumination levels~2 min continuous operation o
the LED at 50 mA! the traces for the 500 and 375 nm do
lose the low-field minimum and are both very similar
amplitude and field dependence to the unilluminated ones
contrast the smallest 250 nm dots reach a maximum att
ation state at saturation with a strong magnetic-field dep
dence. We tentatively attribute these differences to the
mation of a highly disordered parallel electronic system
the n-Al xGa12xAs layer in the larger dots at high electro
concentrations, and this point will be discussed in more
tail later.

Surprisingly, the measurements of Fig. 2 are strongly h
teretic upon reversal of the magnetic-field sweep direction
typical set of data is shown in Fig. 3, for the same 250
dots, where the magnetic field has been swept up to 10 T
then immediately back down to the origin at;0.3 T/min.
Clearly, although the up and down traces are similar,
final amplitude is considerably higher than the initial one,
effect that cannot be traced to the stability of the electron
or hysteresis in the superconducting solenoid. It appe
moreover, that this hysteresis is related to time transient

FIG. 2. Measured transmitted SAW amplitude as a function
magnetic field at 1.5 K for arrays of~a! 500 nm quantum dots,~b!
375 nm quantum dots and~c! 250 nm dots. Each plot is labeled wit
the illumination time in seconds.
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the signal that are initiated by high applied magnetic fiel
Figure 4 summarizes SAW amplitude data as a function
time for a typical sample~500 nm dots after 8.5 s illumina
tion! undergoing a complex field excursion. Note that a d
ferent 500-nm dot sample, fabricated from a different wa
and having Cr/Au rather than Al SAW transducers, was u
in this experiment. However, the qualitative behavior of th
sample and of the one used to obtain the traces in Fig.~a!
was identical. Along the sections of the graph indicated
arrows the field has been swept up at;0.15 T/min between
the two indicated values, while it has been held fixed
segments in between to reveal any time transients. E
though the signal is extremely stable atB50, the application
of a magnetic field in excess of;1.5 T leads to the onset o
pronounced time transients in the signal. The amplitude
ways drifts upwards with time and the originalB50 SAW
amplitude can be restored by further illumination. Cons
quently, we speculate that the transients to higher amplitu

f

FIG. 3. Measured transmitted SAW amplitude for an array
250 nm dots after saturation levels of illumination during a co
plete magnetic field cycle at 1.5 K. The ‘‘down’’ sweep almo
immediately followed the ‘‘up’’ sweep.

FIG. 4. Measured transmitted SAW amplitude as a function
time for an array of 500 nm dots at 1.5 K after a total of 8.5
illumination. The applied magnetic field was initially swept fro
zero to 2 T, where it was held constant for ten min. This proced
was repeated until the maximum applied field was reached.
inset shows a plot of SAW amplitude as a function of time for t
same sample during illumination (303100 ms pulses! immediately
before the measurement began.
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reflect gradual reductions in the electron concentration of
dot.

In order to establish the extent to which the SAW sign
depends on the orientation of the magnetic field with resp
to the plane of the dots a series of experiments in tilted fie
was performed. Difficulties associated with magnetic hys
esis were overcome by using the 250 nm dots, after sat
tion illumination, since this always allowed us to return
exactlythe same sample state after each measurement.
would have not been possible with the larger dots since t
show very little field dependence at saturation illuminatio
Figure 5 shows measurements of the SAW amplitude a
function of the normal magnetic-field component (B') at
three different tilt angles where successive traces have b
offset by;20.2 units on they axis for clarity ~in all cases
the applied magnetic field was swept upwards!. The similar-
ity of the sections of the different traces indicates that
two-dimensionalquantum confinement of the dot is a ke
parameter in the problem. Small differences are to be
pected due to the different in-plane field components and
slightly different effective sweep rate (dB' /dt) for each
measurement. We propose, therefore, that there are two c
ponents to the field dependence of the SAW amplitude
genuine change in the attenuation for a dot with fixed el
tron concentration and a change due to a field-induced re
tion in the electron concentration. This will be discussed
more detail later.

Finally in Fig. 6 we present a measurement of the z
field-temperature dependence of the SAW amplitude for
nm dots in both the unilluminated state and after a tota
5.5 and 14.5 s illumination. Before illumination, when w
expect the dots to be largely depleted of electrons, we
only very weak temperature dependence of the signal i
cating that all nonelectronic sources of attenuation~e.g., elas-
tic scattering off etched steps! remain rather constant. How
ever, in the illuminated sample we expect the tempera
dependence of the SAW attenuation coefficient$G(T)}
2 ln@Amplitude(T)#% to arise from coupling to the electroni
system. The approximately linear behavior below 2.5 K
pears to be consistent with absorption via Debye relaxa
in the regimekT;D and vt«@1 and will be discussed in
more detail in the next section.

FIG. 5. Measured transmitted SAW amplitude at 1.5 K as
function of magnetic field for an array of 250 nm dots after satu
tion levels of illumination. Each trace corresponds to a different
angle between the applied magnetic field and the normal to
sample surface as shown.
e

l
ct
s

r-
a-

his
y
.
a

en

e

x-
e

m-
a
-
c-

n

o
0
f

ee
i-

re

-
n

DISCUSSION

Magnetic-field hysteresis and field-induced time tra
sients make the detailed analysis of these data extremely
ficult. However, the various complementary measureme
allow us to make some clear statements about SAW atte
ation by quantum dot arrays, as well as speculations ab
the origin of the observed irreversibilities.

Given that the field-induced transients are always
higher amplitudes, the fact that the basic shapes of the
and down sweeps of Fig. 3 are similar is very significant
appears, therefore, that a broad zero-field amplitude m
mum that rises smoothly towards the unilluminated level
high field is rather characteristic of SAW attenuation by ele
trons in arrays of quantum dots of the typical size stud
here. Assuming that the preillumination level represents
unattenuated wave~we assume that dots are initially large
depleted of electrons! we conclude that the SAW only inter
acts weakly with the electron system at high fields. We n
that such a behavior is quite consistent with the reson
absorption picture for our model cylindrical dot~Fig. 1! if
one assumes that theB50 degeneracies are broken~our dots
are closer to squares than circles! and the Landau-fan-like
features are smeared out due to inhomogeneities. The am
tude minima, however, are consistently confined to low
fields than the model prediction and for intermediate illum
nation levels there is still significant attenuation at high fie
suggesting that the agreement is at best qualitative ra
than quantitative. This is not surprising as our analytic mo
is not anticipated to be valid for fields where the magne
length is much smaller than the dot diameter~@0.5 T!, when
screening cannot be ignored, and the formation of compr
ible and incompressible edge channels at the perimeter o
dot becomes important. The low attenuation at the high
applied fields~;10 T! is probably expected since the ma
netic confinement will now dominate the electrostatics of
nanostructures, and the dot approximates to a very sm
quasi-two-dimensional system with effective filling fact
less than 1. At such a low filling factor there will be n
tendency for compressible and incompressible stripes
form and we expect instead to find classical edge sta
~skipping orbits! at the perimeter of the dots. Provided th
interaction between the SAW and these skipping orbits

a
-
t
e

FIG. 6. Temperature dependence of the attenuation coeffic
$G(T)}2 ln@A(T)#% of a SAW incident on an array of 500 nm do
after the indicated illumination times.
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7654 PRB 59NASH, BENDING, BOERO, RIEK, AND EBERL
weak then we expect the overall interaction with the elect
system to be weak as it is in a two-dimensional electron
for noninteger filling factors.

If we accept that we can cautiously assign some sign
cance to the maximum amplitude changes for the three
sizes in Fig. 2, the fact that they areall about 3–4 % of the
unilluminated amplitude tells us something about how
absorption per dot must scale. The total number of dots
the arrays varies as;1/d2 ~where d is the dot diameter!
implying that the attenuation per dot must have appro
mately the inverse dependence. For a dot with parab
electrostatic confinement theB50 spacing of degenerat
levels varies approximately asD;1/d for a fixed Fermi en-
ergy. If we assume that the high-field attenuation is close
zero then the maximum amplitude change is characterize
theB50 value, which must vary roughly as the mean ene
level spacing squared (;1/D2). These arguments are no
rigorous, however, and it is not surprising that this dep
dence does not agree with any of the predictions of the R
model@Eqs.~2!–~4!#. In practice the degeneracy of the leve
of a cylindrical dot increases rapidly with energy and m
be included more carefully. Since less levels are occupie
smaller dots and the Fermi energy will become smaller
to sidewall depletion effects, the mean level spacing w
grow faster than 1/d as the dot size shrinks. Consequently
1/D dependence of the SAW attenuation by a single do
quite plausible in agreement with the expected result for
bye relaxation@Eq. ~4!#. Assuming that in our measuremen
kT;D, so thatR(kT) is approximately constant, the tem
perature dependence of the Debye absorption arises from
temperature dependence oft« @we assumet«(T)}1/T#.
There are then two limiting cases. Whenvt«@1, GD
}1/t«(T)}T, and a plot ofG versus temperature is linea
with a positive slope. However, whenvt«!1, GD}t«(T)
}1/T, and the same plot decreases with increasing temp
ture. The linear behavior of Fig. 6 forT,2.5 K is therefore
more consistent with Debye absorption in the regimevt«

@1, while the tendency to role off at higher temperatu
indicates we are moving into a crossover regime wh
vt«;1. The increase of slope with electron concentration
the linear regime also seems to confirm that the attenua
has an electronic origin.

The observation that the low-magnetic field SAW amp
tude in the 500 and 375 nm dots almost recovers to
preillumination level upon saturation illumination is ce
tainly surprising. The fact that this does not occur in the v
narrowest 250 nm dots, which will suffer more severely fro
sidewall depletion, suggests that there is a minimum elec
concentration for this to occur and it is likely that screeni
effects are involved. We tentatively attribute this effect to t
formation of a rather disordered parallel electronic system
the n-Al xGa12xAs layer ~the equivalent of parallel conduc
tion in a 2DEG! which shields the original quantum dot from
the incident SAW. Since this will require substantial scree
ing of the sidewall depletion layer it is more likely to b
observed in large dots than smaller ones. We note here
we also observe the complete suppression of the charac
tic structures near integer filling factors in unstructur
2DEG’s after very large amounts of illumination,14 consis-
tent with this explanation.

The tilted field data shown in Fig. 5 indicate that th
n
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component of magnetic field normal to the dots and the w
it modifies the two-dimensional confinement potential is
paramount importance in our system. This will act in tw
distinct ways. First, it modifies the electronic structure a
hence the way in which the SAW interacts with the nan
structures. Second, it increases the Fermi energy of the
and modifies the dynamics of any electron generati
recombination processes. The latter point is particularly
evant in view of the apparent magnetic field-induced d
population of our dots during measurements. Since we
the excitation~by illumination! of electrons trapped atDX
centers15 in then-Al xGa12xAs layer of the heterostructure t
increase the electron concentration it is natural to supp
that the reverse process is responsible for our time transie
In the case of the two-dimensional electron gas it can
demonstrated that the kinetics of this process are unmea
ably slow at low temperatures due to the very large acti
tion energies involved. It is surprising, therefore, that w
appear to observe relatively rapid recombination rates in
dots. One concludes that the large amount of etched sur
surrounding a dot must be playing a key role, perhaps
providing intermediate electronic states, which allow the c
riers to overcome the kinetic barrier. It is also puzzling th
the amplitude transients turn on at high fields~.1.5 T! and it
appears that the relative positions of the Fermi energy in
dots and theDX centers in AlxGa12xAs must be important.
Since theDX2 represents an atomiclike defect it will not b
strongly affected by magnetic field while the Fermi energy
the dots will increase by a few millivolts from 0 to 10 T
This would tend to tip the balance of the kinetic equations
favor of recombination, but does not explain why we seeno
transients below 1.5 T. We note that although the majority
the samples we measure show hysteresis, it is not invari
the case. A few rare samples have displayed completely
producible and reversible behavior with no time transie
whatsoever at temperatures in the range 1.5–10 K ove
three day measurement period and these data will be repo
elsewhere.16 It appears that either the precise details of t
reactive ion etching used to define the dots and/or the sam
cool-down cycle play a critical role in establishing the r
combination process, but we have so far failed to iden
any systematic trends.

Finally, future work might lead to more detailed informa
tion regarding the energy relaxation time@t«(T)# and the
phase-breaking time@tf(T)# in quantum dots. An absolute
value for t«(T) could be obtained by measuring the SA
attenuation as a function of frequency~perhaps using har
monics of the transducers!, at a fixed temperature and in zer
magnetic field, as the Debye absorption is predicted to h
a maximum whenvt«;1 @Eq. ~4!#. At very high frequen-
cies, ;2.5 GHz for our experimental parameters, ‘‘tail
rather than Debye absorption is predicted to dominate. In
regime~which we would need new transducers to access! the
temperature dependence oftf(T) could be measured from
the temperature dependence of the SAW attenuation@Eq.
~3!#, and the absolute value oftf(T) could be calculated if
the mean energy level spacing~D! was known. To fully un-
derstand the magnetic field dependence of the SAW abs
tion theB hysteresis would need to be eliminated, perhaps
using surface passivation or dots buried by regrowth.
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CONCLUSIONS

In conclusion, we have studied absorption of SAW’s
arrays of quantum dots, of various sizes, as a function
magnetic field, temperature, and electron concentration.
ter carriers were introduced into the dots, via an infa
LED, a broad amplitude minimum in the transmitted SA
amplitude develops nearB50 in all cases, while the ampli
tude at high fields~10 T! approaches that of the unillum
nated sample. The maximum observed attenuation as a f
tion of illumination, atB50, was three orders of magnitud
larger than the maximum theoretical attenuation predic
for our experimental parameters, and is of the same orde
the maximum attenuation predicted for an unstructu
2DEG. This anomalous SAW attenuation has not been
viously reported. The high-field behavior qualitatively agre
with theoretical predictions for resonant absorption based
the density of single-electron level crossings, whilst at l
fields we find no evidence for indications of the abru
change in attenuation predicted by the calculations of Kn¨b-
t

e

f
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d
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chen et al. At saturation illumination levels in the larges
dots, there is no magnetic-field dependence of the amplitu
which we attribute to the formation of a parallel conductin
system in then1-Al xGa12xAs layer. The surprising hyster-
esis of the measurements upon reversal of the magnetic-fi
sweep direction is thought to be due to field-induced depo
lation of DX centers, which has not been reported previous
However, measurements in tilted magnetic fields demo
strate that there is also a genuine field dependence of
attenuation for a dot with fixed electron concentration. F
nally, the linear temperature dependence of the SAW atte
ation coefficient below 2.5 K is consistent with recent the
retical predictions of attenuation by Debye relaxation.11
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