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We have measured electron transport through a vertical quantum dot containing a tunable number
(between 0 and 40) of electrons. Over a region of the magnetic field the electrons are spin polarized
and occupy successive angular momentum states. This is the maximum-density-droplet ( MDD) state.
The stability region where the MDD is the ground state decreases for increasing electron number. The
instability of the MDD and other transitions in this high B region are accompanied by a redistribution
of charge which abruptly changes the area of the electron droplet. [S0031-9007(99)08873-0]
PACS numbers: 73.20.Dx, 71.45.Gm, 73.40.Hm

In this Letter we study quantum dots [1,2] in the
quantum Hall regime and exploit the fact that dots contain
a tunable and well-defined number of electrons. In
particular, we consider the spin-polarized, maximumdensity-droplet (MDD) state at high magnetic fields that
corresponds to filling factor n  1 in a large two dimensional electron gas. The stability of this state is set by
a balance of forces [3–6] acting on this finite electron
system, namely, the inward force of the confining potential, the repulsive force of the direct Coulomb interaction
between electrons, and a binding force due to the exchange
interaction. In addition, Zeeman energy and correlation effects are important. As the magnetic field and the electron
number are changed, the relative strengths of these forces
are tuned, which induces transitions between the MDD
and other states. Earlier these transitions were measured
in the linear response regime [1,7]. We report detailed
measurements in linear and nonlinear transport showing
that the transitions are accompanied by a significant
redistribution of charge in this many-body system.
Our vertical quantum dot is made from a double barrier
resonant tunneling structure with an InGaAs well, AlGaAs
barriers, and n-doped GaAs source and drain contacts [8].
The device is processed in the shape of a submicron circular pillar with a diameter of 0.54 mm, and a self-aligned
gate surrounds it. We discuss data taken on one particular device, but comparable results have been obtained on
several devices. A magnetic field, B, is applied perpendicular to the plane in which the electrons are confined.
The energy spectrum of the quantum dot is derived from
transport experiments at a temperature of 100 mK in the
Coulomb blockade regime. A dc source-drain voltage,
VSD , is applied and the current, I, is measured versus gate
voltage, Vg . The electron number, N, varies from about 40
at Vg  0 to N  0 at the pinch-off voltage, Vg ø 22 V.
Figure 1 shows the Coulomb current peaks versus B
for N  0 to 18. On increasing Vg , current peaks are
measured for every extra electron that enters the dot.
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Figure 1 consists of many such current traces that have
been offset horizontally by a value corresponding to B.
The peaks are seen to evolve in pairs for B , 2 T,
implying that each single-particle state is filled with two
electrons of opposite spin [9]. Kinks indicate crossings
between single-particle states. The dotted line marks
the evolution of the B value at which all electrons
occupy spin-degenerate states belonging to the lowest
orbital Landau level (i.e., this corresponds to n  2 in a
2DEG). As B is increased further it becomes energetically
favorable for an electron to flip its spin and move to
the edge of the dot (see left diagram above Fig. 1).
These spin-flip processes have been studied in detail both
experimentally [7,10] and theoretically [3,4].
After the last spin flip (filled circles in Fig. 1) all
electrons are spin polarized (i.e., the total spin S  Ny2
and the filling factor n  1). Here, the N electrons occupy
successive angular momentum states and the total angular
1
momentum M  2 NsN 2 1d. This is the densest, spinpolarized electron configuration allowed by the available
quantum states and is therefore referred to as the maximum
density droplet [5]. Its observation was reviewed in
Ref. [1]. For N  2 the spin flip corresponds to a singlet
sS  0d to triplet sS  1d transition where simultaneously
M changes from 0 to 1 [11]. Also, the transitions in the
N  3 to 6 traces have been identified as increases in S
and M until the MDD is reached at the solid circle in Fig. 1
[12]. For larger N the beginning of the MDD first moves
to larger B and then becomes roughly independent of N.
When B is increased further, the angular momentum
states shrink in size such that the density of the MDD increases. We have pictured this in the right diagram above
Fig. 1 as an electron droplet that does not spread out over
the full available area of the confining potential. At some
threshold B value (open circles) the direct Coulomb interaction has become so large that the MDD breaks apart
into a larger, lower density droplet (LDD). Assuming
that the droplet remains spin polarized sS  Ny2d, this
© 1999 The American Physical Society
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FIG. 1. Magnetic field evolution of the Coulomb blockade
peaks for the first 18 electrons sVSD  100 mV d. The figure
is built up of many current traces versus Vg (from 22.1 to
20.8 V ) that have been offset by a value proportional to B.
The solid (open) dots mark the beginning (end) of the MDD,
which for N  2 is the singlet-triplet transition. The dotted
line indicates filling factor n  2. Top: Schematic diagrams
of the spin-flip processes (left) and of the MDD at two B fields
(middle and right). Inset: Schematic diagrams of three possible
lower density droplet ( LDD) states, with a hole in the center of
the dot, at the edge, or a spin texture.

implies that no longer are all successive angular momen1
tum states occupied and that M . 2 NsN 2 1d. Whether
the unoccupied angular momentum states are located in the
center [5] or at the edge [13] (see inset of Fig. 1) depends
on the relative strengths of the confinement, exchange, and
direct Coulomb interactions, as well as the Zeeman energy
and correlation effects. It has been suggested, especially
when the Zeeman energy is small, that the MDD may become unstable towards the formation of a spin texture [14].
The stability conditions for the MDD state (i.e., the B range
between solid and open circles) have been calculated in
several different theoretical approaches [4–6]. It is difficult to make a quantitative comparison with our data, since
the calculated phase diagrams are very sensitive to the finite thickness of the quantum dot and to screening effects
from electrons in the source and drain contacts.
Figure 2(a) shows the peak positions versus B for larger
N. Within the boundaries of solid and open circles a new
2932
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FIG. 2. (a) Peak positions versus B for N  12 to 39
extracted from a data set as in Fig. 1 (Vg is swept from 20.9
to 20.1 V ). Open and closed circles mark the same transitions
as in Fig. 1. Dotted lines indicate additional transitions. ( b)
and (c): Grey scale plots of the current versus Vg for B values
in a small interval around the step marked by the open circles.
VSD  100 mV in ( b) and 300 mV in (c). The arrows in (c)
highlight that the peak width after the step is larger than before
the step.

transition seems to develop for N . 15. This indicates
a new electronic configuration that develops inside the
region between the solid and open circles (see dotted
line). We believe the MDD continues on the right of this
transition but, since we cannot identify the new state on
the left of it, this is not indisputable. At this moment no
calculations exist for our specific sample parameters.
Note that the kinks in the peak evolution that mark the
boundaries of the MDD for small N turn into abrupt steps
for N * 10. Also the new transition between the solid and
open circles becomes a step as N is increased, and at higher
B (marked with the dotted oval) additional steps can be discerned in Fig. 2(a). We now argue that at all these steps,
the charge distribution of the droplet changes abruptly.
Figures 2(b) and 2(c) show the current versus Vg (N 
27 to 31) in grey scale for B values around the steps at the
open dots. The step width is about 50 mT. For VSD 
100 mV the peaks are much narrower than their spacings. An increased source-drain voltage VSD  300 mV
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broadens the peaks. The important point is that the peak
width, DVg , increases by about 10% after crossing the
step as indicated by the arrows. At low temperature
aDVg  eVSD , where the a factor is roughly proportional to the inverse of the area of the droplet [15]. The
change in peak width implies that the dot area changes
abruptly by about 10%.
It is clearly seen in Fig. 2(c) that the peak width during
the step is about twice the width outside the step region.
All steps show this behavior. To study the nature of these
unusual steps we have measured the excitation spectra.
Figure 3 presents detailed dIydVSD traces in the VSD -Vg
plane for ten B values [16] around a particular step
that separates two different LDD states in the magnetic
field regime marked by the dotted oval in Fig. 2(a).
We stress that the same behavior is found at all steps.
At the lowest and highest magnetic fields the Coulomb
blockade regions have the expected diamond shape. The
diamonds at B  7.48 T are about 10% smaller in the
VSD direction, indicating that the necessary energy to
overcome Coulomb blockade has decreased by ,10%.
This is again consistent with a ,10% larger dot area
after the charge redistribution. A striking observation is
that the shapes of the diamonds measured for B values
inside the step region are severely distorted. The size
of the Coulomb blockade region collapses here to as
little as ,40% of its value outside the step region. This
agrees with the peak broadening by about a factor of 2
during the steps in Fig. 2(c). We are not aware of such a
collapse of the Coulomb gap in any study of metallic or
semiconducting Coulomb blockade systems.
Distorted and collapsing Coulomb blockade regions can
be obtained within a simple phenomenological model [17].
In the standard model for Coulomb blockade the total eng
ergy UN sVg d for a charge configuration g is described by
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a set of parabolas [solid parabolas in Fig. 4(a)]. A tunnel event from N to N 1 1 is possible above a threshold voltage that depends linearly on Vg [solid lines and
hatched regions in Fig. 4(b)]. At crossings between adjacent parabolas this threshold voltage vanishes. The precise value of Vg where the crossing between the Nth and
sN 1 1dth parabolas occurs depends on the “offset charge”
of the charge state g [15]. The total energy UNd sVg d
for a charge configuration d is also described by parabolas [dashed parabolas in Fig. 4(a)]. However, the offset
charge for state d can differ from that of state g when
they have different charge distributions; i.e., the two sets
of parabolas are shifted horizontally. We note that usually the offset charges of different states are assumed to
be equal. When B is changed, the two sets of parabolas become comparable in energy [Fig. 4(c)], such that at
a particular Vg value (open dots) the ground state of the
N-electron system changes from g to d. This, and the fact
that tunnel events can occur between different charge disg
tributions, e.g., from UNd to UN11 , leads to more complex
shapes of the Coulomb blockade regions [see Figs. 4(c)
and 4(d)]. To make a detailed comparison with this model
we have replotted one data set from Fig. 3 in Fig. 4(f),
together with a schematic representation of its main features [Fig. 4(e)]. Three types of features can be distinguished in Fig. 4(e), which correspond to tunnel events
g
g
between two solid parabolas (from UN to UN11 ), between
d
two dashed parabolas (from UNd to UN11
), or between a
g
d
dashed and a solid parabola (from UN to UN11 ). The first
two types of tunnel events lead to features having the same
slopes as the regular diamonds at the lowest and highest B
fields in Fig. 3 and are marked by solid and dashed lines
in Fig. 4(e). The third feature [marked by thin lines in
Fig. 4(e)] has a slope that is much smaller since here the
centers of the parabolas corresponding to N and N 1 1

FIG. 3. Grey scale plots of dIydVSD in the Vg -VSD plane for ten B values before, during, and after a particular step corresponding
to different charge distributions (21 , VSD , 11 mV and 20.42 , Vg , 20.32 V ). N  31 is marked by a solid diamond.
The Coulomb blockade regions at the lowest and highest B field have the familiar diamond shapes. In between, the Coulomb
blockade regions are severely distorted. Excited state transitions are visible as dark lines [18]. As B is changed these evolve into
the edges of the regular Coulomb blockade diamonds at the lowest and highest B field.
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UN sVg d and the effect of screening from the leads has to
be taken into account microscopically.
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FIG. 4. (a) Total energy UsVg d for two different charge
distributions (solid and dashed curves, respectively). The three
parabolas correspond to N 2 1, N, and N 1 1 electrons.
Current flows when transitions can occur between parabolas
of consecutive electron numbers. At low VSD such transitions
occur at the solid dots. In between two solid dots, the minimum
VSD for current is proportional to the difference in energy
between the two parabolas ( grey regions). ( b) Transition
diagram in terms of Vg and VSD (i.e., half Coulomb diamonds)
corresponding to the situation in (a). (c) Same as in (a) but at
larger B. Now the dashed parabolas are comparable in energy
to the solid parabolas which gives a transition of the N-electron
system from one charge distribution to another as Vg is varied
(open dots). This leads to a different shape of the Coulomb
blockade region shown in (d). The transition diagram in (e)
shows transitions between two solid (dashed) parabolas as solid
(dashed) lines, and those between solid and dashed parabolas
as thin lines. In Fig. 3 the solid (dashed) lines become clearer
as B is decreased (increased) and finally become the boundaries
of the ordinary diamond-shaped Coulomb blockade regions at
7.33 T (7.48 T). (f ) dIydVSD -data around N  31 taken from
Fig. 3 at 7.38 T. The edge of the Coulomb blockade regions
have been emphasized with a white line.

electrons are much closer together. Note that in this case
[and also during the steps in Figs. 2(b) and 2(c)] the current is 2 to 3 times smaller than when tunneling occurs between two states with the same charge distribution. This
implies that tunneling between two different charge distributions has a reduced probability. A detailed comparison
of the data in Fig. 3 with this phenomenological model
shows that the development of the Coulomb blockade regions as well as the excited state resonances observed in
Fig. 3 is consistent with a gradual change in the relative
displacement of the two sets of parabolas. From this we
again conclude that the instability of the MDD and of other
states in this magnetic field regime is accompanied by a redistribution of charge. It remains a challenge, however, to
calculate the microscopic origin of the difference in offset
charge between two states with a different charge distribution. Then the effect of the gate voltage on the total energy
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