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Abstract
The spin eects on the electronic properties are studied for two dierent quantum dots: a quantum dot well isolated from
the leads and that strongly coupled to the leads. For the 4rst quantum dot, we use a magnetic 4eld to adjust the single-particle
state degeneracy, and observe a singlet–triplet transition at zero and non-zero magnetic 4elds, favored by direct Coulomb and
exchange interactions. The spin con4gurations in an arbitrary magnetic 4eld are well explained in terms of two-interacting
electron model. For the second quantum dot we adjust the single-particle state degeneracy as a function of magnetic 4eld and
observe a novel Kondo eect associated with the singlet–triplet degeneracy. This Kondo anomaly appears when the quantum
dot holds an even number of electrons, and the characteristic energy scale is much larger than in the ordinary half-spin case.
c 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Adding electrons to a quantum dot costs extra energy associated with the quantum mechanical eect
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and interaction eect (for review, see Refs. [1–3]).
The resulting electronic con4guration in the dot is
determined to minimize the total energy of the system. The spin state, thus determined, usually takes
a total spin, S = 0 when the number, N , of electrons in the dot is even, and S = 12 for odd N: S
can be greater than 12 when the spin-related interaction is strong. We have previously studied the
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electronic con4gurations in a vertical quantum dot,
and found that the spin state is determined in line
with Hund’s 4rst rule for the shell 4lling [4,5]. This
is the case for the 4lling of degenerate orbital states
con4ned by two-dimensional (2D) harmonic potential, and the high-spin state is favored by exchange
interaction.
In this paper we use a vertical quantum dot to
study the spin eects for the simplest system, i.e.,
a state made out of two electrons. The spin state is
then either a singlet or a triplet. We control over
a transition between a spin singlet and a triplet by
tuning the degeneracy of orbital states as a function
of magnetic 4eld, B. In our vertical quantum dot N
is varied one-by-one, starting from 0, and the electronic states are well described using single-particle
quantum numbers. The electronic states evolve with
B-4eld in a systematic way. When the single-particle
states in the dot are well separated, an antiparallel
spin 4lling is favored. On the other hand, when the
separation is small, parallel spin 4lling is favored in
line with Hund’s 4rst rule. This allows us to alter
the way of spin 4lling. We experimentally determine the contributions from direct Coulomb (DC)
and exchange (EX) to Hund’s 4rst rule [6], using a
quantum dot well isolated from the external leads.
On the other hand, when a dot is strongly coupled
to the external leads, Heisenberg uncertainty makes
more signi4cant the virtual tunneling process between the leads via the dot, i.e., the tunneling of the
(uppermost) electron on the dot to one of the leads
whereupon it is replaced quickly by another electron. This is called a co-tunneling process, and holds
even when the energy level of uppermost electron
is well bellow the Fermi energies of the two leads.
At low temperature, the coherent superposition of all
possible co-tunneling processes involving spin Oip
can result in a time-averaged spin equal to zero. The
whole system forms a singlet, leading to “Kondo
anomaly” [7,8], which is previously observed for
quantum dots holding an odd number of electrons or
a half-integer spin [9 –12]. To study the spin eects
in Kondo anomaly we prepare a vertical quantum
dot having the tunnel resistance comparable to the
quantum resistance. By tuning a singlet–triplet transition for a two-electron state, we 4nd novel Kondo
anomaly associated with degeneracy between a spin
singlet and a triplet [13]. The obtained Kondo temper-

ature is signi4cantly higher than that for conventional
Kondo anomaly.

2. Control over a two-electron spin state
2.1. Model for two interacting electrons
We 4rst discuss a simple model that describes 4lling of two single-particle states with two interacting electrons. Fig. 1(a) shows two, spin-degenerate
single-particle states with energies Ea and Eb crossing each other at B = B0 . The electrochemical potential, (1) (=total energy), of the ground state (GS)
for one electron occupying these states, equals Ea for
B ¡ B0 and Eb for B ¿ B0 (thick line in Fig. 1(a)). For
two electrons we can distinguish four possible con4gurations with either S = 0 (spin-singlet) or S = 1
(spin-triplet). Here, we neglect the Zeeman energy.
The corresponding electrochemical potential, i (2),
which is given by the dierence in the total energy between one- and two-electron system, is schematically
shown in Fig. 1(b). The GS is determined by the minimum in the electrochemical potential (bold line in Fig.
1(b)). The 4ne lines are all excited states (ESs ). The
GS is a singlet, which has two antiparallel electrons
in the state with Ea ( 1 ) for B ¡ B0 and Eb ( 2 ) for
B ¿ B0 . Near B0 , the GS is a triplet ( 3 ) characterized by a downward cusp. This triplet has two parallel
spins in each state of Ea and Eb . Parallel to and above
this triplet there is a singlet ( 4 ) having two electrons
in the same orbitals as for the triplet. The excitation
energy is given by 2|Kab |, where Kab is EX energy.
On both ends of the downward cusp there is a transition between a singlet and a triplet (labeled “S–T” and
“T–S”). The dierence in the electrochemical potential between the one and two electron systems outside
the downward cups is equivalent to the DC energy, Cii
(i = a; b), between two electrons occupying the same
state with Ei . If the states with Ea and Eb have the
same type of orbitals, EX interactions only contribute
to the downward cusp. This is typically the case for
Hund’s 4rst rule in the second shell at B = 0 T, which
is observed in the circular dot [4,5]. However, states
at the crossings at 4nite 4elds usually have dierent
types of orbitals, so both of EX and DC interactions
can signi4cantly contribute to the downward cusp.
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Fig. 1. (a) Schematic diagram of two single-particle states with energies Ea and Eb crossing each other at a magnetic 4eld B = B0 . (b)
Electrochemical potential, i (2) = Ui (2) − U (1), for two interacting electrons. The thick line represents the ground state energy whereas
the thin lines show the excited states. (c) Schematic diagram of a quantum dot in a vertical device. The quantum dot is located inside the
0:54 m-diameter pillar.

2.2. Experimental
Our semiconductor quantum dot is located in a
cylindrical mesa and has the shape of a 2D disk
(see Fig. 1(c)). This quantum dot is coupled to the
leads with the tunnel resistance much greater than the
quantum resistance. We usually set the source–drain
voltage, V , at a small value and observe series of
current peaks (i.e. Coulomb peaks) corresponding to
be a one-by-one change in N [1–3]. The position of
a Coulomb peak for the transition from N − 1 to N
measures the GS electrochemical potential (N ).
The eigenstates for a 2D harmonic potential (characteristic energy, ˜!0 ) in the presence of B-4eld parallel to the current are the Fock–Darwin (FD) states
[14,15]. Fig. 2(a) shows the eigen energy vs. B calculated for ˜!0 = 2 meV. Spin splitting is neglected
so each state is two-fold degenerate. The orbital degeneracy at B = 0 T is lifted on initially increasing B.

As B is increased further, new crossings or new degeneracies can occur. The last crossing occurs along
the bold line in Fig. 2(a). Each oval highlights the single crossing that we concentrate on for discussing the
two-electron 4lling of two degenerate orbitals.
Fig. 2(b) shows the evolution of Coulomb peaks,
i.e. the GS electrochemical potentials, with B-4eld for
N = 7–16. Features associated with a 2D parabolic
con4ning potential are all observed, such as pairing of
neighboring peaks, and a shell structure [4,5]. Large
peak spacings at B = 0 T are observed for N = 2, 6,
12 and 20. The large spacing for N = 12 can be seen
in Fig. 2(b). These large spacings reOect the complete
4lling of the 4rst four shells. The pairing between
neighboring peaks indicates anti-parallel spin 4lling
by two electrons in a single orbital state. The wiggles
or anti-crossings between pairs of peaks correspond
to the crossings of FD states. Modi4cations to the
simple pairing of peaks are observed for the peaks
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Fig. 3. dI=dVg in the plane of Vg and B for N = 7–9 measured
for V = 0:84 mV. dI=dVg ¿ 0 for dark and dI=dVg 6 0 for bright.
The long dashed white lines indicate the evolution of the ground
states with magnetic 4eld whereas the dotted white lines show the
excited states. The two arrows indicate singlet–triplet (S–T) and
triplet–singlet (T–S) transitions in the ground state for N = 8.

Fig. 2. (a) Fock–Darwin states calculated for ˜!0 =2 meV. Dashed
circles indicate the last crossing of the Fock–Darwin states. (b)
B-4eld dependencies of current peak positions from N = 7 to 16.
The bars along the gate voltage axis show 1 meV energy scales
calibrated at −1:26 and −0:85 V. The long dashed curve indicates
the last crossing between single-particle states. Dashed ovals group
pairs of ground states for odd and even electron numbers. Spin
transitions in the ground states are indicated by at B = 0 T and
occur inside the ovals for B = 0 T.

labeled by at 0 T, and in each dashed oval connecting
pairs of peaks along the dashed line at non-zero 4eld.
corresponds to the 4lling of the second electron
in the third and fourth shells, respectively. Each oval
indicates the two-electron 4lling at the crossing of two
FD states marked by the oval in Fig. 2(a). As we
substantiate below, these are all signatures of Hund’s
4rst rule.
More detailed agreement between experiment and
the model for both the GSs and ESs are obtained by
measuring the excitation spectrum [16]. Fig. 3 shows

a derivative plot, dI=dVg , taken for V = 0:84 mV.
This larger voltage opens a suTciently wide transport window between the Fermi levels of the source
and drain such that both GS and ES can be detected.
The GS and ESs for N = 7–9 are assigned from the
dark lines. Long-dashed white lines highlight the GSs
whereas the ESs are indicated by dotted white lines.
The set of GS and ES lines for N = 7 shows a single
crossing similar to Fig. 1(a). The spectrum for N = 8
compares well with Fig. 1(b) and we can clearly distinguish the parallelogram formed by the GS and 4rst
ES. The singlet–triplet transitions in the GS for N = 8
can also be identi4ed and are indicated by arrows.
Parallel to and above the triplet there appears an ES.
This is a singlet having the same orbital con4guration
as the triplet, and the excitation energy is equivalent
to 2|Kab | (=0:25 meV). From the dierence between
the parallel GSs lines for N = 7 and 8 we evaluate
Caa = 1:90 meV and Cbb = 1:46 meV. All of these
values of Caa , Cbb and |Kab | compare well with the
calculation. The downward cusp in the GS for N = 8
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(labeled 4) is at a slightly higher B-4eld than the
upward cusp in the 4rst ES (labeled 5). This asymmetry implies that Caa ¿ Cbb . The same type of
asymmetry is always observed along the dashed line
in Fig. 2(b). 1
3. Kondo eect associated with singlet–triplet
degeneracy
3.1. E>ect of two-electron state degeneracy
Here we investigate Kondo eect in a quantum dot
with even N , where the last two-electrons occupy a
degenerate state consisting of a spin singlet and a
spin triplet. The triplet consists of three degenerate
two-electron states: |S; Sz  = |1; 1; |1; 0 and |1; −1,
where Sz is the z-component of the total spin on the
dot. Suppose a co-tunneling process, starting from
|S; Sz  = |1; 1 in the triplet. Co-tunneling via a virtual
state | 12 ; 12  can lead either to the triplet state |1; 0 or
to the singlet state |0; 0. Via the second co-tunneling
event, the state |1; −1 can be reached. As for the
S =1 case, the local spin can Ouctuate by co-tunneling
events. By coupling to all triplet states, the singlet state
enhances the spin exchange interaction between the
dot and leads, resulting in a strong Kondo eect, which
is characterized by an enhanced TK . Recent scaling
calculations by Eto and Nazarov [25] indeed indicate
a strong enhancement of TK at the singlet–triplet degeneracy.
3.2. Experimental
The quantum dot used for the experiment on Kondo
eect has a rectangular mesa (geometrical size: 0:45×
0:6 m2 ) and an internal con4nement potential close
to a 2D ellipse. The tunnel barriers between the dot
and the external leads are thinner and lower than in the
dot used in 2.2 such that co-tunneling processes are
enhanced. Fig. 4(a) shows the linear response, dI=dV
at V = 0 V vs. Vg and B. Regions shown in dark blue
have low conductance, and correspond to the regimes
1

There are various calculations consistent with our experiment;
exact calculation for N ¡ 7 is given in Refs. [17,18], Hartree–
Fock calculations for N ¿ 8 is given in Refs. [19 –21], and spin
density-functional theory at B = 0 T in Refs. [22,23] and also at
non-zero B in Ref. [24].

Fig. 4. Linear conductance vs. Vg and B measured at 14 mK. Dark
blue regions of low conductance indicate Coulomb blockade. Red
lines denote conductance peaks of height ∼e2 =h. The Vg position of
the peaks reOects the ground state evolution with B, for N = 3–10.

of Coulomb blockade for N = 3–10. In contrast to
previous experiments on the Kondo eect [9 –12], all
performed on lateral quantum dots with unknown electron number, here the number of con4ned electrons is
precisely known. Red lines represent Coulomb peaks
as high as ≈ e2 =h. The pairing of the 4rst two lower
peaks reOects the GS evolution forN = 3 and 4, indicating the antiparallel 4lling of a same orbital for the
third and fourth electrons. We 4nd a modi4cation to
the pairing between the N = 5 and 6 GS lines. The
N = 5 state has S = 12 , and the corresponding peak
shows a smooth evolution with B. However, the N = 6
GS line has a small upward cusp at B ≈ 0:22 T (=B0 ).
From earlier analyses [26] and from measurements
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Fig. 5. Zero-bias resonance and T -dependence of the conductance at the singlet–triplet degeneracy. (a) Kondo resonance at the singlet–triplet
transition. The dI=dV vs. V curves are taken at Vg = −0:72 V, B = 0:21 T and for T = 14, 65, 100, 200, 350, 520 and 810 mK. Insets to
(a): Kondo resonances for N = 5 (left inset) and N = 7 (right inset), measured at Vg = −0:835 V and Vg = −0:625 V, respectively, and
for B = 0:11 T and T = 14 mK. (b) Peak height of zero-bias Kondo resonance vs. T as obtained from (a) (4lled diamonds). The solid
line demonstrates a logarithmic T -dependence, which is characteristic of the Kondo eect. The saturation at low T is probably due to
electronic noise. (c) T -dependence of the linear conductance vs. Vg for B = 0:12 T (spin-triplet ground state), B = 0:22 T (singlet–triplet
degeneracy), and B = 0:32 T (spin–singlet ground state). Each panel shows 7 traces at T = 20 (dot–dashed line), 35, 70, 120, 260, 490
(solid lines) and 1050 (dashed line) mK. The arrows emphasize the temperature dependence in the valley for N = 6.

of the excitation spectrum (see Fig. 3) we can identify this cusp with a transition in the GS from a triplet
to a singlet. At this transition we observe a strong enhancement of the conductance. In fact, over a narrow
range around 0:22 T, the Coulomb gap for N = 6 disappears completely.
To explore this conductance anomaly, we show in
Fig. 5(a) the data of dI=dV vs. V taken at B = B0 and
Vg corresponding to the dotted white line in Fig. 4. At
temperature T = 14 mK, the narrow resonance around
V = 0 V has a full-width at half-maximum, FWHM,
of ≈ 30 V. The height of the dI=dV peak resonance
decreases logarithmically with T (Fig. 5(d)). These
are typical ‘4ngerprints’ of the Kondo eect. From
FWHM (=kB TK ), we estimate TK ≈ 350 mK. We
note that we can safely neglect the Zeeman spin splitting because g B0 = 5 VkB TK , implying that the
spin triplet is in fact threefold degenerate at B = B0 .
This condition is essential to the Kondo eect in the
present study.

For N = 6, we 4nd markedly anomalous T -dependence only at the singlet–triplet. Fig. 5(c) shows the
dI=dV vs. Vg for dierent T . The upper panel shows
data for B = 0:12 T. The two Coulomb peaks correspond to the transition from N =5– 6 and from N =6–7.
The small, short-period modulations superimposed on
the Coulomb peaks are due to a weak charging eect
in the upper part of the GaAs pillar above the dot. We
will ignore this 4ne structure and focus on the general
T -dependence. Upon increasing T , the valley conductance for N = 6 goes up due to thermally activated
transport. A similar behavior is seen in the lower graph
for B = 0:32 T. In contrast, at the single–triplet transition for B = 0:22 T we 4nd an opposite T -dependence,
again indicating the formation of a Kondo resonance.
At the lowest T , the valley conductance is as high as
0:7e2 =h, which is close to the height of the Coulomb
peaks.
The T -dependence for N = 5 and 7 is visibly different from that in the non-Kondo valley for N = 6
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(lower panel of Fig. 5(c)). Such a dierence is a manifestation of the ordinary spin- 12 Kondo eect expected
for odd N . Indeed the corresponding zero-bias resonances are clearly observed (see insets to Fig. 5(a)).
The height, however, is much smaller than for the
singlet–triplet Kondo eect. There is also some indication for a triplet Kondo eect in the T -dependence for
N = 6 at B = 0:12 T, although the associated zero-bias
anomaly is not as apparent.
4. Conclusions
We have used two dierent vertical quantum dots
to study the spin eects on the electronic properties.
The 4rst dot has a very weak coupling to the external leads. We use a magnetic 4eld to adjust the
single-particle state degeneracy, and observe parallel
spin 4lling as favored by the direct Coulomb and exchange interactions at non-zero magnetic 4eld. This
means that electrons tend to have parallel spins in line
with Hund’s 4rst rule when they occupy nearly degenerate single-particle states. The inOuence of the direct
Coulomb and exchange interactions on the spin con4gurations is well explained in terms of two-electron
singlet and triplet states. On the other hand, the tunnel barriers between the dot and the external leads are
thinner and lower in the second dot than in the 4rst
dot such that co-tunneling processes are enhanced.
In the same way as used for the 4rst dot we adjust the single-particle state degeneracy as a function of magnetic 4eld and observe a novel Kondo effect associated with the singlet–triplet degeneracy. In
previous experiments Kondo eect is only observed
when the quantum dot holds an odd number of electrons or a spin-half-state. In contrast our Kondo eect
appears when the quantum dot holds an even number of electrons. The characteristic energy scale for
this Kondo eect is much larger than in the ordinary
spin-half-case.
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