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Abstract

We use a single, InAs self-assembled quantum dot to probe the local density of states of a two-dimensional electron

system (2DES) at all energies from the sub-band edge to the Fermi energy. The dot is incorporated as part of an AlAs

barrier in a single barrier tunnel diode. Variation of the bias across the device changes the energy of the dot ground state

relative to the 2DES. For magnetic ®eld, B, applied parallel to the current, we observe peaks in the current±voltage

characteristic, I(V), corresponding to the formation of Landau levels (LLs) in the 2DES although the lowest energy

levels are not well resolved at low B due to the e�ect of the quasiparticle lifetime. At higher B, at ®lling factor m� 1

and beyond, we observe a number of e�ects. First, we observe directly the exchange enhancement of the Land�e g-factor;

the lower energy spin polarised LL moves to lower energy with increasing B. Second, close to m� 1, the current from the

lowest LL is suppressed although the current is restored as the temperature, T, is increased from 100 mK to 2 K. Fi-

nally, for m6 1, reproducible ®ne structure appears in I(V), which is very sensitive to both B and T. Ó 1998 Elsevier

Science B.V. All rights reserved.
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Conventional magnetotransport measurements
on two-dimensional electron systems (2DES) are
sensitive only to e�ects at the Fermi energy, �F.
In this paper, we demonstrate the use of a single
quantum dot (QD) to probe the local density of
states (LDOS) of a 2DES for all energies between
�F and the subband edge. When a magnetic ®eld,
B, is applied parallel to the current direction, the
current through the dot splits into a series of
peaks, re¯ecting the Landau levels (LLs) in the
2DES. Our technique then allows us to probe the

LLs at all energies as a function of ®lling factor,
m. Although there have been many experiments in-
vestigating tunnelling through quantum dots [1],
most of these have been in the linear regime and
have been concerned with the properties of the
dots themselves. The use of a localised state to
probe continuum states has been investigated in
disordered systems [2,3] but, to our knowledge,
no one has been able to resolve clearly the LLs.
In our experiment, the well-de®ned character of
the QD with a very narrow bandwidth of the
ground state, <10 leV, makes possible sensitive
spectroscopy of the 2DES.

Our devices consist of a 10 nm AlAs tunnel bar-
rier separated from graded n-type top and bottom
contacts by 100 nm undoped GaAs spacer layers.
InAs quantum dots were grown on the centre
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plane of the barrier using the Stranski±Krastonow
growth mode, producing a dot density of
�2 ´ 1015 mÿ2 with a typical size �10 nm. A de-
tailed description of the devices can be found in
Ref. [4]. When a bias is applied across the device,
a 2DES forms in an accumulation layer in front
of the AlAs barrier (see Fig. 1(a)). Increasing the
applied voltage, V, reduces the energy of the QD
states relative to the 2DES. When a particular
dot state is resonant with the 2DES, electrons
may tunnel in and a current will ¯ow. Therefore,
as we adjust the voltage we expect to see a step

change in the current, limited only by the kBT
smearing of the Fermi function, as the dot state be-
comes resonant with the 2DES Fermi level. Since
the emitter electron density varies roughly linearly
with V, by choosing dots with di�erent ground
state energies, we are able to probe 2DES over a
range of electron density.

Typical low-temperature I(V) curves near the
current onset of a 5 lm diameter mesa are shown
in Fig. 2. Measurements were made using stan-
dard DC techniques. We de®ne forward bias as
the direction in which the electrons tunnel through
the 5 nm AlAs barrier before entering the dot. The
barrier on the other side of the dot is much smaller
due to the ®nite height of the dot, so in forward bi-
as the dot remains empty for most of the time and
the current is determined by the rate at which the
electrons tunnel in. The initial current onset of
the curves in Fig. 2 is thermally activated down
to �100 mK, which indicates that the feature is
due to tunnelling through a state associated with
a single dot. Additional evidence is provided by
the existence of Coulomb blockade steps in reverse
bias. This is discussed further in Ref. [4]. Although
there are �40 000 dots in the device, most have

Fig. 1. (a) Schematic conduction band diagram of a device un-

der bias. The leverage factor, f, is de®ned as V/V1. (b) Schematic

illustration of the e�ect of V in shifting the energy of the dot

state relative to the 2DES. The number of ®lled LL is deter-

mined by the applied magnetic ®eld.

Fig. 2. I(V) at various B at a nominal temperature of 100 mK.

N� 0, 1 etc. refer to LL indices. Curves are o�set for clarity.
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their electron ground state energies above the
GaAs conduction band edge and hence above
the Fermi energy of the 2DES. The individual
dot we observe is at the low energy edge of the dis-
tribution of sizes. In the B� 0.38 T curve of Fig. 2,
the QD is resonant with the Fermi energy of the
2DES at 205 mV and the sub-band edge at 260
mV, corresponding to a Fermi energy of 3.8 meV
after taking into account the electrostatic leverage
factor f � 14.4 (see below) which relates the ap-
plied voltage to the energy di�erence between the
dot levels and the 2DES. An important feature
of our experiment is that, because we tunnel
through a single dot, we are able to scan the entire
Fermi energy with a single spectrometer state.

The peak in I(V) at the current onset of the
curves in Fig. 2 is a Fermi edge singularity
(FES), previously observed in tunnelling from a
2DES through an impurity state in a quantum well
[5]. In the device of Fig. 2 it is rather weak and is
much more pronounced in other devices. The be-
haviour of the FES in a magnetic ®eld is discussed
elsewhere in these proceedings [6]; in this paper, we
concentrate on the current at voltages beyond the
FES where we believe the current is principally de-
termined by the density of states in the 2DES [3].
Narihiro et al. [7] have also reported tunnelling
through a single QD but they do not observe a
thermally activated current onset and, consequent-
ly, interpretation is more complicated. For all the
dots in our experiment, the current onset was ther-
mally activated down to �100 mK, indicating the
small energy linewidth of the QD state. In fact, this
saturation of the onset activation is due to the
problem of cooling the 2DES, which is severe in
a device of this type, and does not represent the
true linewidth of the state. The localised character
of the dot state means that the tunnel current is
very insensitive to the electron k-vector and we
may assume that the tunnelling probability is not
dependent on energy [8]. The sharp onset has also
enabled us to measure the spin splitting of the QD
ground state [9] in B applied perpendicular to the
current. We ®nd that the Land�e g-factor appropri-
ate for the electron ground state of the InAs dot
has a value around +1, quite di�erent from the val-
ue of )14.6 appropriate for bulk InAs, re¯ecting
the e�ect of the quantum con®nement.

Fig. 2 shows I(V) at various B applied parallel
to the current. The operation of the spectrometer
in this regime is shown schematically in Fig. 1(b).
The magnetic ®eld determines which LLs are occu-
pied and the voltage shifts the energy of the dot
state relative to the 2DES. For the device of
Fig. 2, above 0.4 T we observe well de®ned LLs
as shown, for example, in the curve for 0.6 T. In-
terestingly, no LLs are resolved at all for B < 0.4
T but at 0.42 T and above, the N� 2, 3 and 4 levels
are clearly resolved. The sudden appearance of
well-resolved, higher order LLs at 0.42 T indicates
a scattering time, s, of 1 ´ 10ÿ12 s and a corre-
sponding 2DES mobility l � 2.5 m2 Vÿ1 sÿ1. Note
that the two lowest LLs, N� 0 and N� 1 are not
resolved in this range of B. A possible reason for
this is that at energies well below �F, the quasipar-
ticle lifetime sqp may become so short that
xcsqp < 1, where xc� eB/m� is the cyclotron fre-
quency with m� the e�ective mass. At 0.4 T this
condition corresponds to sqp� 10ÿ12 s, which is a
reasonable value for a state of energy ��F/2 ac-
cording to a Fermi golden rule calculation [10]
which predicts �h/s�(E ) �F)2/�F. At higher B�0.6
T, the N� 0 and N� 1 LLs are just resolved as
their degeneracy increases and they move to higher
energy. At 2.1 T, the chemical potential of the
2DES lies within the N� 1 LL and the N� 0 spin
degenerate level is fully occupied. In the lowest
curve, at 2.3 T, the chemical potential lies in the
gap between the N� 0 and the N� 1 LLs and only
the N� 0 spin-degenerate LL is occupied. Note
that we cannot resolve any spin splitting within
the LL at this ®eld.

Fig. 3 shows a fan diagram of the main peak
positions corresponding to LLs lying below the
chemical potential in the 2DEG. Where the chem-
ical potential lies in the mth level, we plot only the
peak position of the levels up to (m ) 1). Note that
as each LL increases its energy with increasing B as
EN � (N + 1/2)�hxc, each peak moves to lower volt-
age. The values of (N + 1/2)�hxc for N� 0 to 4 are
drawn as solid lines assuming an e�ective mass m�/
m� 0.07 and that the sub-band edge is at 260 mV.
The leverage factor f� 14.4 is obtained by assum-
ing that the current onset is thermally activated
[11]; e�ectively, kBT is used as an energy calibra-
tion. It is not straightforward to calculate f from
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the electrostatics of the device due to the e�ect of
the charging of the QDs in the barrier. The fan
plot con®rms the identi®cation of the peaks in
I(V) with LLs and shows that the LL splitting is
�hxc over a large range of ®lling factor, in agree-
ment with recent measurements [12] of the chemi-
cal potential discontinuity at integer ®lling factors.
The deviation of the data from linearity above 1.7
T for the N� 0 line is due to structure appearing in
the peak in I(V). The points for B < 0.4 T are not
LL but are due to mesoscopic ¯uctuations in the
LDOS [3] and will be discussed elsewhere. We
may also calculate n from the depopulation ®elds
of the LLs; we ®nd n � 1.2 ´ 1015 mÿ2, corre-
sponding to �F� 4 meV, consistent with the esti-
mate above from the I(V) curve at low B and the
measured value of f. Over a range of B, we are also
able to determine the LL widths [13]. This is prob-
lematic since the LL shapes are not gaussian and
are rarely symmetric. However, a systematic fea-
ture is that, at a given B, the N� 1 LL appears
broader than the N� 0 LL. See, for example, the
1.0 T curve in Fig. 2.

Fig. 4 shows data in the vicinity of m� 1, where
the chemical potential enters the energy gap be-

tween the two spin-split components of the lowest
LL. At 4.92 T, the sharp peak in the current at
205 mV is as FES due to tunnelling through the
higher energy, spin-polarised LL. There is a re-
gion of near-zero current corresponding to a
gap in the density of states, then the current rises
again around 215 mV to form a broad peak as the
dot state probes the states in the lower level. This
gap in the density of states would not be measur-
able in a linear conductance measurement at this
®lling factor but it is roughly analogous to the
mobility gap measured by thermal activation of
the longitudinal resistance at m� 1. Note that it
is very di�cult to assign ®lling factors unambigu-
ously in this region. For all ®elds between 5.06
and 5.4 T, the chemical potential local to the
dot lies between the spin-polarised LLs, presum-
ably pinned in some part of the device remote
from the QD probe. Also, it is very di�cult in
our experiment to measure the magnetically-in-
duced energy gap observed in 2D±2D tunnelling
experiments [14]. Around 5.06 T, the chemical

Fig. 4. I(V) at various B in the vicinity of m� 1 for the device of

Fig. 2. Curves are o�set for clarity.

Fig. 3. Peak positions in I(V) versus magnetic ®eld. The lines

are the expected energies of the LLs.
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potential passes out of the upper level; this has
two striking e�ects on the current. First, the cur-
rent onset shifts rapidly to higher voltage, i.e. the
lower spin state moves to lower energy, with in-
creasing B. This should be contrasted with the
monotonic decrease of onset voltage seen at other
B (see Fig. 3) and is a direct observation of the
enhancement of the spin splitting due to exchange
e�ects [15].

From the decrease in energy of the current on-
set relative to the expected increase as 1

2
�hxc, we

are able to calculate the variation of the e�ective
Land�e g-factor of the 2DES, g�, with B, which is
shown in Fig. 5. The principal source of systematic
uncertainty is in determining the leverage factor,
but there is also a contribution from the diamag-
netic shift of the dot ground state [9]. We estimate
the values of g� are accurate to �1. Dolgopolov et
al. [12] obtained g� � 7 at m� 1 using a capacitance
technique to measure the shift in chemical poten-

tial at m� 1. This value is consistent with our re-
sults, but their technique did not allow them to
see the variation of g� with B. Values of g� ob-
tained from another device, where m� 1 occurs at
around B� 3 T, are also shown in Fig. 5. In this
case, the data are shown as a continuous line rep-
resenting the locus in V of the current onset as B
varies. The similarity of the data indicate that, in
agreement with Dolgopolov et al. [12], the ex-
change-enhanced spin splitting is proportional to
B, i.e. g� is not dependent on B. Note that the mea-
surements were performed on 2DES systems with
di�erent degrees of disorder.

The second phenomenon which occurs around
m� 1 is that the current from the lower spin chan-
nel is suppressed. At 5.4 T and T� 100 mK, the to-
tal integrated current from the lower energy, spin
polarised LL is 40% of its value at 4.7 T when
the chemical potential is in the upper level and
the number of electrons in the lower level is
�14% lower due to the change in degeneracy with
magnetic ®eld. The variation of the integrated cur-
rent from the lowest spin polarised LL is shown in
Fig. 6 for two temperatures. The quenching of the

Fig. 5. E�ective Land�e g-factor of the 2DES versus B for two

devices near m� 1. The lower and upper B axes refer to the dis-

crete points and the continuous curve respectively.

Fig. 6. Total integrated current from the lower energy, spin-po-

larised LL versus magnetic ®eld in the vicinity of m� 1 at two

temperatures.
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current around m� 1 disappears with increasing T
and above 2 K the integrated area is independent
of B and T. The quenching of the current at low
temperatures shows that when the N� 0 spin po-
larised LL is completely ®lled, it is very resistant
to losing a single electron. Around m� 2 there is
no similar e�ect and the current in the N� 0 spin
degenerate LL is approximately independent of B
when the chemical potential lies in the gap between
it and the N� 1 level. In addition, there is a qual-
itative di�erence between the T dependences of
I(V) at the two ®lling factors (m� 1 and m� 2) as
shown in Fig. 7. In Fig. 7(a), the chemical poten-
tial is between the N� 0 and N� 1 LL (this is a
di�erent device to the one shown in Fig. 2). The
onset is not broadened by temperature, exactly
as one would expect for a completely ®lled LL with
�hxc � kBT. There are no states local to the dot
into which the electrons may be thermally excited.

Fig. 7(b) shows I(V) at various T for the same de-
vice as Fig. 7(a) but when the chemical potential is
in the energy gap between the spin polarised levels,
just above the lower energy, spin polarised LL.
Fig. 7(c) shows the same curves for the device of
Fig. 2. For the two devices, this corresponds to
magnetic ®elds of 3.1 and 5.32 T respectively, ap-
proximately equivalent to m� 1. The behaviour is
quite di�erent to that shown in Fig. 7(a); increas-
ing T leads to an additional current at voltages be-
low the low temperature current threshold. This
temperature dependence is unique to m� 1 and is
qualitatively di�erent from that at any other ®lling
factor. It is easy to see that the increase with tem-
perature of the integrated I(V), apparent in Fig. 6,
is a direct result of the behaviour shown in
Fig. 7(b) and (c).

There are no existing theories which provide
an adequate description of either the suppression
of the current at m� 1 or the anomalous temper-
ature dependence. The latter might be interpre-
ted as a temperature dependent spin gap [16]
but this should only be apparent when the polar-
isation of the 2DES is itself temperature depen-
dent, which is most certainly not the case in
our experiment. The suppression of the current
itself may be because the low-lying excitations
of the 2DES are collective modes [17] which pro-
duce a barrier to single carriers tunnelling from
the 2DES when the polarised LL is completely
full. However, it is di�cult to see why the cur-
rent is suppressed over the whole LL, even when
the dot energy is well below the Fermi energy of
the 2DES.

Fig. 4 also shows how I(V) varies when the
chemical potential enters the spin-polarised LL.
Initially (B� 5.4 T) there is a rapid increase in
current at the onset. At slightly higher ®elds,
the LL breaks up into well de®ned peaks. As
B is increased further, the pattern of the peaks
changes rapidly and the voltage range over
which we observe a current increases. Further-
more, the temperature dependence of the extra
structure is unusual. Whereas, in general, the ef-
fect of temperature is usually con®ned to within
a few kBT of the current onset, in this regime,
approximately from m� 1 to m� 0.85, individual
peaks at any voltage are strongly dependent on

Fig. 7. I(V) versus magnetic ®eld at various temperatures near

(a) m� 2, (b) m� 1 in the same device and (c) m� 1 in the device

of Fig. 2.
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T. Also, whereas some of the peaks grow with
decreasing T, others grow with increasing T.
We have no model for the existence of this struc-
ture or its strange temperature dependence. Al-
though Shahbazyan and Ulloa [18] have
recently predicted the existence of sub-LL struc-
ture in the presence of resonant scattering, their
model is not applicable to our system where we
have only one state resonant with the 2DES dur-
ing the measurement.

The sharp structure in I(V) persists to m � 0.85.
At higher B the I(V) curves become only weakly
dependent on B. The limiting high ®eld behaviour
is an initial FES peak at the current onset, fol-
lowed by a single, or occasionally double, peak
has been seen in the I(V) of many individual dots
in several devices. It is reminiscent of the I(V)
curve predicted for tunnelling between two 2DES
in a similar ®eld regime in the presence of skyrm-
ions [19], although, to our knowledge, there has
been no calculation of 2D to 0D tunnelling in this
regime.

In summary, we have used the discrete ground
state of a quantum dot as a spectroscopic probe
of a 2DES in a magnetic ®eld. This allows the
direct observation of the density of states varia-
tion due to the formation of Landau levels and
the exchange enhancement of the spin splitting
when m� 1. We also observe a number of
qualitatively new phenomena which may not
be readily explained within a single-particle
picture.
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