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We study atomiclike properties of artificial atoms by measuring Coulomb oscillations in vertica
quantum dots containing a tunable number of electronsstarting from zero. At zero magnetic field
the energy needed to add electrons to a dot reveals a shell structure for a two-dimensional harmo
potential. As a function of magnetic field the current peaks shift in pairs, due to the filling of electron
into spin-degenerate single-particle states. When the magnetic field is sufficiently small, howev
the pairing is modified, as predicted by Hund’s rule, to favor the filling of parallel spins. [S0031
9007(96)01418-4]

PACS numbers: 73.20.Dx, 72.20.My, 73.40.Gk
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The “addition energy” needed to place an extra ele
tron in a semiconductor quantum dot is analogous to
electron affinity for a real atom [1]. For a fixed number o
electrons, small energy excitations can take these electr
to a higher single-particle state. However, due to Coulom
interactions between the electrons, the addition energy
greater than the energy associated with these excitatio
Both the addition energy spectrum and the excitation e
ergy spectrum are discrete when the Fermi wavelength
the dot size are comparable. Until now a direct mapping
the observed addition energy, and the single-particle ex
tation energy, to a calculated spectrum has been hampe
probably due to sample specific inhomogeneities [2].

The three-dimensional spherically symmetric potent
around atoms gives rise to the shell structure1s, 2s, 2p,
3s, 3p, . . . . The ionization energy has a large maximu
for atomic numbers 2, 10, 18,. . . . Up to atomic number
23 these shells are filled sequentially, and Hund’s ru
determines whether a spin-down or a spin-up electron
added [3]. Vertical quantum dots have the shape o
disk with a diameter roughly 10 times the thickness [2,4
The lateral potential has a cylindrical symmetry with
rather soft boundary profile, which can be approximat
by a harmonic potential. The symmetry of this two
dimensional (2D) harmonic potential leads to a comple
filling of shells for 2, 6, 12,. . . electrons. The numbers
in this sequence can be regarded as “magic numbers”
a 2D harmonic dot. The shell filling in this manner i
previously predicted by self-consistent calculations of
circular dot [5]. In this Letter we report the observatio
of atomiclike properties in the conductance characterist
of a vertical quantum dot. We find an unusually larg
addition energy when the electron number coincides w
a magic number. We can identify the quantum numbe
of the single-particle states by studying the magne
field dependence. At a sufficiently small magnetic fie
sB , 0.4 T) we see that spin filling obeys Hund’s rule
At higher magnetic fieldssB . 0.4 T) we observe the
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consecutive filling of states by spin-up and spin-dow
electrons, which arises from spin degeneracy.

The gated vertical quantum dot shown schematica
in Fig. 1 is made from a double-barrier heterostructu
(DBH). The use of well-defined heterostructure tunn
junctions allows us to vary the number of electrons in t
dot N one by one from 0 to more than 40 by changin

FIG. 1. (a) Coulomb oscillations in the current vs gate vota
at B  0 T observed for aD  0.5 mm dot. (b) Addition
energy vs electron number for two different dots withD  0.5
and 0.44 mm. The inset shows a schematic diagram of th
device. The dot is located between the two heterostruct
barriers.
© 1996 The American Physical Society 3613
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the gate voltageVg [4]. The DBH consists of an undope
12.0-nm In0.05Ga0.95As well and undoped Al0.22Ga0.78As
barriers of thickness 9.0 and 7.5 nm (the thinner one
closest to the substrate). The source and drain cont
are made fromn-GaAs and are lightly doped close to th
DBH. The DBH is processed to form a mesa with t
contact geometrical diameterD by using a combined dry
and wet etch to a point just below the DBH region.
circular Schottky gate is placed on the side of the m
close to the DBH [4]. We point out that the inclusion
In in the well reduces the bottom of the conduction ba
below the Fermi level of the contacts. This allows us
study linear transport through a vertical quantum dot. T
current I flowing vertically through the dot is measure
in response to a small dc voltageV applied between the
contacts. Note that all the results are reproduced in b
polarities forV since the device is in the linear transpo
regime. The samples are cooled in a dilution refrigera
down to 50 mK, although the electron temperature
estimated to be about 0.2 K.

Figure 1(a) shows the current atV  150 mV as a func-
tion of Vg for a dot withD  0.5 mm. Clear Coulomb os-
cillations are observed forVg . 21.6 V with each period
corresponding to a change of exactly one electron in
dot. FromI-V characteristics (not shown) we can una
biguously assign absolute values ofN, i.e.,N  1 between
the first and second peaks,N  2 between the second an
third peaks, etc. We find that whenN becomes smalle
than 20, the oscillation period depends strongly onN. The
increasing “irregularity” for smallN has previously been
reported for dots containing a few electrons [2,4], but
marked contrast we find that the irregularity in our dot
in fact, systematic with respect toN.

Figure 1(b) shows the addition energy as a funct
of N for two different devices. The spacing betwe
the current peaks in Fig. 1(a) reflects the energy to
one more electron to a dot containingN electrons. For
example, the energy to add the third electron to anN  2
dot can be derived from the spacing between the sec
and third peaks. For each value ofN the factora to
convert gate voltage to addition energy can be determi
from the Vg dependence of theI-V characteristics [6].
The differential conductancedIydV plotted in linear grey
scale in theV -Vg plane reveals a series of diamon
shaped regions associated with Coulomb blockade.
boundary of theNth region of the Coulomb blockad
is defined by the conditions that the electrochemi
potential of the collector and emitter, respectively, ali
with the electrochemical potentialmsNd of the dot when
N and N 1 1 electrons are trapped in the dot. Wh
the boundary is located at a vanishingly smallV , the N
and N 1 1 peaks occur in theI-Vg characteristic. The
boundary identifies the linear transport regime, and we
determine the addition energies directly from half-widt
of the Coulomb diamonds. Thea value determined in
this way, for example, in theD  0.5 mm dot, varies
3614
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from 57 to42 meVyV for N  1 to 6, and then gradually
decreases to33 meVyV as N approaches 20. AsN is
decreased, the addition energy generally becomes lar
due to the increase of the Coulomb interaction as th
effective dot size is decreased. We find that the additio
energy is unusually large forN  2, 6, and 12 for these
two devices. In eight devices withD between 0.4 and
0.54 mm the addition energy is unusually large forN  2
and 6. An unusually large addition energy forN  12 is
observed in three devices. We also observe a relative
large addition energy forN  4 in most of the devices.
In the remaining part of this Letter we focus on one
particular D  0.5 mm device. All the main features,
however, have been reproduced in other devices.

The electronic states are expected to be significant
modified by a magnetic fieldB applied parallel to the
tunneling current. We show theB-field dependence of
the position of the current oscillations in Fig. 2. It is
constructed fromI-Vg curves for B increasing from 0
to 3.5 T in steps of 0.05 T. We can see the evolutio
of the first 24 current peaks. The positions of the firs
three peaks depend monotonously onB, whereas the other
peaks oscillate back and forth a number of times. Th
number of “wiggles” increases withN. Close inspection
of the figure reveals thatthe current peaks generally shift
in pairs with B. We see this even-odd effect up to
N  40. Note, for instance, that around 3.5 T the pea
spacing alternates between “large” for evenN and “small”
for odd N. Intriguingly, just before entering the regime
where they evolve smoothly withB, the peaks making
up a pair move out of phase during the last one or tw
wiggles (see also Ashooriet al. in Ref. [2]).

For the simplest explanation of the magic numbe
and theB dependence we ignore, for the moment, th
Coulomb interactions. The energy spectrum in aB field

FIG. 2. Plot of the gate voltage positions of the curren
oscillations vs magnetic field for a dot withD  0.5 mm.
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can be solved analytically for a dot with a 2D radia
harmonic confining potential [7]. The energyEn, of a
state with a radial quantum numbern s 0, 1, 2, . . .d and
angular momentum quantum number, s 0, 61, 62, . . .d
is given by

En,  s2n 1 j,j 1 1dh̄s 1
4 v2

c 1 v
2
0 d1y2 2

1
2 ,h̄vc , (1)

where h̄v0 is the electrostatic confinement energy an
h̄vc is the cyclotron energy. Spin is neglected so ea
state is twofold degenerate. AtB  0, En, has degenerate
sets of states, which are separated byh̄v0 from each
other and are completely filled forN  2, 6, 12, 20,
etc. TheseN values can be regarded as magic numbe
since they signify the complete filling of a shell. Th
unusually large addition energies we observe forN  2,
6, and 12 are consistent with this picture. This she
structure should persist as long as the 2D lateral poten
is radially parabolic to a fairly high degree and̄hv0

is comparable to, or larger than, the interaction energ
We believe that our vertical dot structures meet the
conditions. However, asN is increased, the potentia
can be significantly deformed by the effects of screenin
This could be the reason why we observe the thi
harmonic shell only in some of the devices.

In Fig. 3(a) we plotEn, vs B calculated forh̄v0 
3 meV. A single-particle state with a positive or negativ
, shifts to lower or higher energies, respectively, asB
is initially increased from 0 T. TheB-field dependence
of these states gives rise to an addition energy for ev
N that is strongly dependent onB. On the other hand,
the addition energy for oddN is determined only by
the effect of Coulomb repulsion, which is responsible fo
lifting spin degeneracy. This should lead to the pairin
of the conductance peaks, which is evident in Fig.
In Fig. 3(a) we mark the energy curve for the seven
and eighth electrons with a dashed line to illustra
that these electrons undergo transitions in their quant
numbers:sn, ,d goes from (0, 2) tos0, 21d at 1.3 T and
then to (0, 3) at 2 T. These transitions are also seen
Fig. 2, demonstrating that 3 meV is a reasonable val
for the confinement potential. In a similar fashion, w
can identify the quantum numbers of the other electr
states. A more detailed comparison can be made fr
Fig. 3(b), which shows theB-field dependence of the
fifth, sixth, and seventh peaks measured symmetrica
from B  25 to 5 T. It is clear that the fifth and
sixth peaks form a pair. At 1.3 T the sixth peak ha
a maximum, whereas the seventh peak has a minimu
This corresponds to the crossing of the third and four
energy curves at 1.3 T in Fig. 3(a). Forh̄v0  3 meV,
it follows that the effective dot diameter is about 100 nm
At the B field where the states last cross the single-partic
states merge to form Landau levels. The single-partic
excitation energy calculated, for example, atB  3.5 T,
is, however, still large [between 1 and 1.5 meV, se
Fig. 3(a)] and significantly contributes to the additio
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FIG. 3. (a) Calculated single-particle energy vs magnetic fi
for a parabolic potential withh̄v0  3 meV. Each state is
twofold spin degenerate. The dashed line is discussed in
text. (b) Evolution of the fifth, sixth, and seventh current pea
with B field from 25 to 5 T observed for theD  0.5 mm dot.
The original data consists of current vs gate voltage traces
different magnetic fields, which are offset and rotated by 90±.

energy for evenN. This leads to the alternate pea
spacings observed around 3.5 T in Fig. 2.

We now focus on spin filling in the second shell ne
B  0 T. Fig. 4(a) shows theB-field dependence of the
third, fourth, fifth, and sixth current peaks. The pairing
the third and fourth peaks and the fifth and sixth pea
above 0.4 Tis clearly seen. However, we intriguingl
find thatbelow 0.4 Tthe third and fifth peaks are paired
and the fourth and sixth peaks are paired. The evolut
as a pair of the third and fifth peaks forB , 0.4 T is
continued by the third and fourth peaks forB . 0.4 T.
Similarly, the evolution as a pair of the fourth and six
peaks forB , 0.4 T is continued by the fifth and sixth
peaks forB . 0.4 T. This rearrangement of the pairin
can be understood in terms of Hund’s rule, which is w
known in atom physics [3]. Hund’s rule favors the fillin
of parallel spins up to the point where the shell is h
filled, and we use this to derive theB-field dependence of
the electrochemical potentialmsNd given in Fig. 4(b). In
a constant interaction model we can simply add a cons
energy U to the energy of the single-particle states
derive msNd. To include Hund’s rule in our addition
spectrum we introduce an energyD, which represents the
energy reduction due to exchange interactions betw
3615
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FIG. 4. (a) Evolution of the third, fourth, fifth, and sixth
current peaks withB field from 0 to 2 T observed for the
D  0.5 mm dot shown in a manner described for Fig. 3(b
(b) Calculated electrochemical potential vs magnetic field
the model described in the text and parametersU  3 meV,
D  0.7 meV, andh̄v0  3 meV.

electrons with parallel spins. Specifically forN  4,
the ground state energy can be lowered if the ou
two electrons have parallel spins with different angu
momenta rather than antiparallel spins with the sa
angular momentum.ms4d is reduced by an amountD and
there is a corresponding increase inms5d. This exchange
effect is canceled in the presence of aB field when the
s0, 61d states, which are degenerate atB  0 T, are split
by energyD. This is the simplest way to account fo
exchange effects in a constant interaction model, howe
for smallN we find a remarkable agreement between w
we see in Fig. 4(a) and that predicted in Fig. 4(b) if w
assumeU  3 meV andU  0.7 meV. In Fig. 4(b) we
include quantum numberssn, ,d to identify the angular
momentum transitions and pictorial diagrams to illustra
the spin configurations. In our model, the addition ener
for N  4 at B  0 T is expected to be larger by
2D s 1.4 meVd than that forN  3 and 5, and this is
3616
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indeed observed in Fig. 1(b). Our model for includin
Hund’s rule is very simple. More rigorous Hartree-Foc
calculations, as performed in Ref. [8], are needed for
quantitative comparison. Very recently Tamura [8] an
Eto [9] have actually been able to calculate additio
spectra that closely reproduce our data whenh̄v0 is
comparable to or larger than the interaction energy.

For B , 0.4 T, we also see an intriguing pairing in the
height of the current peaks. The fourth and sixth pea
are higher than the third and fifth peaks. In addition,
the temperature is raised from 50 mK to 1 K atB  0 T,
the fourth and sixth peaks become small, while the th
and fifth peaks gradually grow. We also note that simil
behaviors have been observed forN  9 and 16 [see also
the small maxima in Fig. 1(b)], which correspond to ha
filling of the third and fourth shells. These observation
deserve further investigation.

In conclusion, we use single-electron tunneling spe
troscopy to probe electronic states of a few electr
vertical quantum dot atom.At zero magnetic field the
addition energy reveals a shell structure associated wit
2D harmonic potential. As a function of magnetic field
current peaks evolve in pairs, due to the antiparallel fillin
of spin-degenerate states. Close to zero magnetic fi
however, this pairing behavior is altered to favor the fil
ing of states with parallel spins in line with Hund’s rule.
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