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Singlet±triplet transitions in a few-electron quantum dot
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Abstract
We have measured spin-singlet±spin±triplet (ST) transitions in a vertical quantum dot containing up to four electrons. Current through the dot is measured as a function of gate voltage and magnetic ®eld (0±9 T) at both small
and large source drain voltages. The ST transitions cannot be explained within the framework of single-particle states
in combination with a constant Coulomb interaction. Taking into account exchange interaction and a magnetic ®eld
dependent direct Coulomb interaction is essential for describing the observed ST transitions. Ó 1998 Elsevier Science
B.V. All rights reserved.
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Quantum dots are often referred to as arti®cial
atoms, because of the many similarities with real
atoms [1]. The relatively large dimensions of quantum dots (100 nm) make that accessible magnetic
®eld regimes (up to 20 T) correspond to regimes
of the order 106 T for real atoms. The constant interaction (CI) model has been successful to describe transport through dots [2,3]. The CI model
assumes that the Coulomb interactions between
electrons are independent of, for instance, the
magnetic ®eld, so that changes in the observed
ground state energies are fully asscribed to changes
in the single-particle energies. While the CI model
is very useful at small magnetic ®elds (BK 1 T) [2],
at larger B it is essential to include a varying Coulomb interaction [4]. Here, we discuss this nonconstant interaction regime for dots with one to
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four electrons and B between 0 and 9 T. In particular, we describe the singlet±triplet (ST) transition
induced by a magnetic ®eld for a dot with two electrons.
Our vertical quantum dot is a sub-micrometer
pillar fabricated in an In/Al/GaAs double barrier
heterostructure [5,6]. Source and drain wires are
connected to the doped top and substrate contacts.
Previous measurements have shown that the lateral con®nement potential has the form of a circularsymmetric, harmonic potential [4,5]. The diameter
of the dot can be reduced with a gate voltage, Vg ,
from a few hundred nanometers to zero, thereby
decreasing the electron number, N, from 70 to
0. The measurements are done in a dilution refrigerator at 100 mK.
We ®rst discuss the energy spectrum of a fewelectron 2D quantum dot. The Darwin±Fock
(DF) energy spectrum for non-interacting electrons in a quantum dot with a parabolic con®nement potential V r  12 m x20 r2 is given by [7]
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where m  0.06 m0 is the eective mass in GaAs, x0
the harmonic oscillator frequency, xc  eB=m the
cyclotron frequency, n the radial quantum number,
and l the angular momentum number. For a twoelectron dot, we only consider the two lowest single-electron states, E0;0 and E0;1 , which are relevant

to the discussion here. For any value of B,
E0;0 < E0;1 and hence the two electrons both occupy
the state E0;0 with opposite spin; i.e. a singlet, S  0
state. Including the Zeeman energy, we obtain
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with g the eective Lande factor and lB the Bohr
magneton. We now expect a crossing between E0;0;#
and E0;1;" beyond which the two electrons are spinpolarized; i.e. a triplet, S  1 state. For hx0  5:6
meV and g  ÿ0:44 in GaAs, we obtain a ST
transition driven by the Zeeman energy at B  25
T. Note that this estimate neglects electron±electron interactions. As we now discuss, the Coulomb
interactions between the two electrons drive the ST
transition to much lower B.
The interdependence of Coulomb interactions
and single-particle states becomes important when
a magnetic ®eld changes the size of the electron
states. For instance, the size of the DF-states
shrinks in the radial direction at larger B. To illustrate this, we show the probability functions
2
wn;l r; u for the E0;0 and E0;1 states at B  0
in Fig. 1(a) [3]. Fig. 1(b) shows cross sections of
2
wn;l r; u versus B. Increasing B, the distribution
function shrinks in the radial direction. When two
electrons both occupy the E0;0 state, the average
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Fig. 1. (a) Calculated spatial distribution functions wn;l r; u
for n; l  0; 0 and (0,1). (b) Magnetic ®eld dependence of
the distribution functions of (a) (
hx0  3 meV). The graphs
h=m x. (c) Electro-chemical potential
are normalized by l20  
l 2 of a two-electron dot as function of magnetic ®eld
(
hx0  5:6 meV, Ec B  0  5 meV). The lower solid curve
represents the CI ground-state electro-chemical potential
l"# 2  E0;0 + Ec (spins indicated by arrows), whereas the upper solid curve corresponds to the excited state, l"#;ES 2  E0;1
+ Ec . The dashed lines schematically represent the situation in
which a B-dependent Coulomb interaction is taken into account. Note that the dashed lines grow faster than the solid
ones. The rise of the lower one is larger, due to the larger overlap of states when both electrons are in the groundstate. The
upper dashed curve with subtraction of a constant exchange energy Eex results in the dotted curve l"" 2  E0;1  Ec B ÿ Eex .
l"# 2 and l"" 2 cross at B ' 4.5 T. The ground state before
and after the ST transition is indicated by a dashed-dotted line.

W.G. van der Wiel et al. / Physica B 256±258 (1998) 173±177

distance between them decreases with B and hence
the Coulomb interaction increases. At some magnetic ®eld it is energetically favorable if one of
the two electrons makes a transition to a state with
a larger radius (i.e. from l  0 to l  1), thereby increasing the average distance between the two electrons. This transition occurs when the gain in
Coulomb energy exceeds the costs in single-particle energy. So, beside the Zeeman energy, the
shrinking of wave functions favors a transition in
angular momentum.
Numerical calculations by Wagner et al. [8]
have predicted these ST transitions. In our discussion here, we generalize the CI model in order to
keep track of the physics that gives rise to the ST
transition. The electro-chemical potential of a
dot containing N electrons is de®ned as l N  
U N  ÿ U N ÿ 1 where U N  is the total energy
of the dot. For an N  1 dot, U " 1  E0;0 is the exact ground state energy (spins are indicated by arrows). In the CI model, U "# 2  2E0;0  Ec , so
that the ground-state electro-chemical potential is
l"# 2  E0;0 + Ec . Note that the Coulomb interactions are assumed to be described by a constant
charging energy Ec . The ®rst excited state is
U "#;ES 2  E0;0  E0;1  Ec and l"#;ES 2  E0;1 
Ec . The solid lines in Fig. 1(c) show l"# 2 and
l"#;ES 2, where we neglect the small contribution
of the Zeeman energy.
The next level of approximation is to include
the magnetic ®eld dependence of the charging energy to account for the shrinking wave functions.
The dashed curves in Fig. 1(c) rise somewhat faster than the solid curves, re¯ecting the B-dependence of the charging energy, Ec B. These
dashed lines are schematic curves and do not result
from calculations.
When both electrons occupy the E0;0 state their
spins must be anti-parallel. However, if one electron occupies E0;0 and the other E0;1 , the two electrons can also take on parallel spins; i.e. the total
spin S  1. In this case, the Coulomb interaction
is reduced by an exchange energy Eex and the corresponding electro-chemical potential becomes
l"" 2  E0;1 + Ec B ÿ Eex ; see the dotted line
in Fig. 1(c). (The exchange energy is due to a deformation of the distribution functions of Fig. 1(a)
for electrons with parallel spin, which yields a re-
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duction of the Coulomb repulsion.) Importantly,
l"# 2 and l"" 2 cross at B ' 4.5 T for the parameters chosen in Fig. 1(c). So, while for B < 4:5 T
the ground state energy corresponds to two electrons with anti-parallel spins in the lowest singleparticle state, for B > 4:5 T the ground state has
contributions from two single-particle states and
has total spin S  1 (the two-electron ground state
is indicated by a dashed-dotted line in Fig. 1(c)).
Thus, while the Zeeman-driven transition would
occur at 25 T, the electron±electron interactions
push the ST transition to 4.5 T [9].
Capacitance [10] and tunneling [11,12] spectroscopy have provided evidence for ST transitions in
the two-electron ground state energy. Here, we report the evolution of the ground-state as well as
the ®rst excited state versus B. Fig. 2(a) shows
the linear response Coulomb blockade peaks for
N  0±4. The four curves re¯ect how the ground
state electrochemical potentials l N  for N  1±4
evolve with B. We emphasize that, based on the
DF-spectrum for non-interacting electrons, one
does not expect transitions or kinks in the B-dependence of l N  for N  1±4. The peak for
N  1 indeed has a smooth B-dependence. For
N  2, 3, 4, however, we observe kinks, which are
indicated by arrows. These kinks must arise from
interactions not included in the CI model. The left
arrow in the N  4 trace is due to the destruction
of a Hund's rule state, which has been discussed
previously [4,5]. To blow up the dierent kinks,
we extracted the peak positions and converted
their values from gate voltage to energy [3]. The
plotted curves in Fig. 2(b) are shifted towards each
other and represent the variation of the electrochemical potential with B. The lowest curve for
N  1 shows a smooth [13] increase in energy in accordance with the expected solid curve for E0;0 in
Fig. 1(c). The next curve for N  2 rises faster with
B than the N  1 curve, which re¯ects the magnetic
®eld dependent interaction Ec B (see lower dashed
curve in Fig. 1(c)). At 4.5 T, indicated by ``a'', we
observe a kink in the N  2 curve. This is the expected ST transition. Our choice of shifting the
peak position curves for N  1 and 2 to zero at
B  0 in Fig. 2(b), allows a direct comparison,
and shows a good agreement with the lower solid
curve and the dashed-dotted curve in Fig. 1(c).
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Fig. 3. Gray scale plot of I Vg ; B for Vsd  4 mV. The stripe for
the second electron entering the dot is shown. The ground state
and ®rst excited state are accentuated by dashed curves. The
crossing corresponds to the ST transition.

Fig. 2. (a) Current measurement as function of gate voltage and
magnetic ®eld (0±9 T in steps of 25 mT) for N  1±4 and
Vsd  30 lV. The indicated transitions are discussed in the text.
(b) Peak positions extracted from the data in (a) and shifted towards each other. Gate voltage is converted to electro-chemical
potential.

For larger source-drain voltage, Vsd , the current
peaks become stripes with a width equal to Vsd [4].
In Fig. 3 an I Vg ; B gray scale plot is given of the

N  2 stripe measured for Vsd  4 mV. The edges of
the stripe represent the ground state electro-chemical potential l 2, which clearly contain the ST
transition at 4.5 T. Within the stripe, we clearly
observe the ®rst excited state. The down-going Bdependence of the ®rst excited state is similar to
l"" 2 (dotted curve in Fig. 1(c)). The crossing of
the dashed curves in Fig. 3 is a direct observation
of a crossing between the ®rst excited state and
ground state, which is in close agreement with
Fig. 1(c).
We brie¯y discuss the N  3 and 4 curves in
Fig. 2(a), which both contain two kinks. The left
kink (labeled ``b'') in l 3  U 3 ÿ U 2 is not
due to a transition in the energy U (3) of the three
electron system, but is a remnant of the two electron ST transition in U (2). The right kink (labeled
``c'') corresponds to the transition from
U 3  E0;0 "  E0;0 #  E0;1 "  3Ec to the
spin-polarized case U 3  E0;0 "  E0;1 "
E0;2 "  3Ec . Detailed analysis shows that also
this transition to increasing total angular momentum and total spin is driven largely by interactions.
Similar transitions occur for the N  4 system
where on the right of the last kink (labeled ``e'')
the system is again in a polarized state with sequential ®lling of the angular momentum states:
U 4  E0;0 "  E0;1 "  E0;2 "  E0;3 "  6Ec .

W.G. van der Wiel et al. / Physica B 256±258 (1998) 173±177

Acknowledgements
We thank M. Wegewijs for useful discussions
and Raymond Schouten for experimental help.
The work was supported by the Dutch Foundation
for Fundamental Research on Matter (FOM).
L.P.K. was supported by the Royal Netherlands
Academy of Arts and Sciences (KNAW).
References
[1] R.C. Ashoori, Nature 379 (1996) 413.
[2] L.P. Kouwenhoven, C.M. Marcus, P.L. McEuen, S.
Tarucha, R.M. Westervelt, N.S. Wingreen, in: L.L. Sohn,
L.P. Kouwenhoven, G. Sch
on (Eds.), Proceedings of the
NATO Advanced Study Institute on Mesoscopic Electron
Transport, Kluwer Series E345, 1997, pp. 105±214; See also
http://vortex.tn.tudelft.nl/e leok/papers/.
[3] T.H. Oosterkamp, W.G. van der Wiel, L.P. Kouwenhoven,
D.G. Austing, T. Honda, S. Tarucha, Advances in solid
state physics (to be published).
[4] L.P. Kouwenhoven, T.H. Oosterkamp, M.W.S. Danoesastro, M. Eto, D.G. Austing, T. Honda, S. Tarucha,
Science 278 (1997) 1788.

177

[5] S. Tarucha, D.G. Austing, T. Honda, R.J. van der Hage,
L.P. Kouwenhoven, Phys. Rev. Lett. 77 (1996) 3613.
[6] D.G. Austing, T. Honda, S. Tarucha, Semicond. Sci.
Technol. 11 (1996) 212.
[7] V. Fock, Z. Phys. 47 (1928) 446; C.G. Darwin, Proc.
Cambridge Philos. Soc. 27 (1930) 86.
[8] M. Wagner, U. Merkt, A.V. Chaplik, Phys. Rev. B 45
(1992) 1951.
[9] An analogous singlet±triplet transition is predicted to occur
in He atoms in the vicinity of white dwarfs and pulsars at
B  4  105 T, see G. Thurner, H. Herold, H. Ruder, G.
Schlicht, G. Wunner, Phys. Lett. 89A (1982) 133. Due to
the larger dimensions, the transition is expected to occur
around 4.5 T in our dots.
[10] R.C. Ashoori, H.L. St
ormer, J.S. Weiner, L.N. Pfeier,
K.W. Baldwin, K.W. West, Phys. Rev. Lett. 71 (1993) 613.
[11] B. Su, V.J. Goldman, J.E. Cunningham, Phys. Rev. B 46
(1992) 7644.
[12] T. Schmidt, M. Tewordt, R.H. Blick, R.J. Haug, D.
Pfannkuche, K.v. Klitzing, A. F
orster, H.L. L
uth, Phys.
Rev. B 51 (1995) 5570.
[13] A small irregularity is visible around 3 T. This feature
cannot be ascribed to a crossing of states in the dot, which
is veri®ed at ®nite source-drain voltages where both ground
and excited states can be distinguished.

