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Absence of Odd-Even Parity Behavior for Kondo Resonancesin Quantum Dots
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Zero-bias anomalies in the conductance through quantum dots have recently been identified as Kondo
resonances and explained in terms of the Anderson impurity model. The effect requires a degeneracy and
it has been proposed that this should occur for odd electron numbers on the dot. In this paper we present
data, obtained on a split-gate quantum dot with a small number of electrons, which are in disagreement
with this expectation. The mapping of the Anderson model on the quantum dot is discussed in terms of
an interacting N electron system demonstrating why this expectation can fail.

PACS numbers: 73.23.Hk, 72.15.0m, 73.20.Dx, 75.20.Hr

In 1961, Anderson [1] introduced a simple model to de-
scribe the interaction of magnetic impurities with conduc-
tion band electrons of ametal, leading to the Kondo effect.
In 1988, it was recognized [2,3] that this Anderson impu-
rity model could be applied to aquantum dot (QD) coupled
to two electron reservoirs. Theories have been developed to
describe this system even in the nonequilibrium situation of
an applied bias voltage between the reservoirs [4—6]. Ex-
perimentally, signatures of Kondo resonances in quantum
dots have recently been found [7-9]. It was claimed that
the effect should be present for any odd number of elec-
trons on the dot (see, for instance, [10,11]). This expecta-
tion was confirmed by some experimental results[7,8]. In
this Letter, we report on experimental results showing the
absence of odd-even behavior in our quantum dots.

Our sample is based on a GaAs/Al33Gay¢7AS hetero-
structure with a two-dimensional electron system (2DES)
at the GaAs-AlGaAs heterojunction 50 nm below the sur-
face [12]. A Hall bar is defined by wet etching and the
2DES is contacted by aloying AuGeNi pads. Metal gates
consisting of a5 nm thick NiCr and a 20 nm Au layer are
deposited acrossthe Hall bar using e-beam evaporation and
a lift-off process on a pattern defined by electron beam
lithography. Figure 1(a) shows a scanning €electron micro-
scope (SEM) image of the central gate region. The open
area between the gate fingersis about 180 nm in diameter.
By applying appropriate negative voltages to these gates, a
nearly isolated region (QD) formsin the 2DES between the
gate fingers. In the experiments presented here, the outer
pairs of gatefingers arekept at fixed voltages of —0.65 and
—0.54 V, respectively, alowing tunnel coupling between
the dot and the 2DES regions on “left” and “right” [see
Fig. 1(a)]. These 2DES regions act as the source and drain
leads to the dot, where the drain-source voltage Vps is ap-
plied viathe alloyed Ohmic AuGeNi contacts. The voltage
Vs applied to the middle gate fingers is used to vary the
electrostatic potential and, therefore, the number of elec-
trons on the dot. The differential conductance through
the QD is measured in a four-terminal arrangement using
lock-in amplifiers, an ac excitation of 0.95 uV rms am-
plitude, and a frequency of 37 Hz which is superimposed
to the dc bias Vps. The measurements presented here are
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done in a *He-*He dilution refigerator—when not stated
differently—at the base temperature of 15 mK [13].
Without tunnel coupling to the leads, N electrons con-
fined in the QD have atotal energy spectrum E(N, k;{V;})
which can be labeled by the parameter k, where k = 0 de-
notes the ground state of the N electron system. The total
energy spectrum depends, aside from other parameters, on
the voltages V; applied to the source, the drain, and the
gate electrodes surrounding the QD [14]. To describe elec-
tron transport through the QD in the regime of weak tunnel
coupling to the leads, the energies required for adding the
(N + 1)th electron into the N €electron system (“€electron-
like" process) and for taking off the Nth electron from the
QD (“holelike” process) haveto be considered. Figure 1(b)
shows an energy scheme where the ground state en-
ergy differences u(N + 1;{V;}) = E(N + 1,0;{V;}) —
E(N,0;{V;}) between the N + 1 and the N electron
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FIG. 1. (a) SEM image of the split-gate electrodes used to
define the quantum dot. (b) Energy scheme to describe transport
through a QD. (c) Sketch of the regions of SET (dark) and
CB (light) in the Vg vs Vpg plane. (d) Energy scheme of the
Anderson impurity model.

© 2000 The American Physical Society



VOLUME 84, NUMBER 25

PHYSICAL REVIEW LETTERS

19 JunE 2000

system are plotted for different N, but fixed {V;} relative
to the Fermi levels, i.e., the electrochemical potentials
u3" and u$i" of the source and the drain leads. By
changing one of the gate voltages, these energies (N +
1;{V;}) are—in first approximation—linearly shifted
relative to the Fermi levels while the distances u(N +
1;{V:}) — u(N;{V;}) remain constant [15]. In the case
of w(N + 1;{Vih) > {u&" up"} > w(N;{v:}), energy
barriers for adding and for taking off an electron exist.
Therefore, at low temperature the electron transport is
blocked and we are in the regime of Coulomb blockade
(CB) where the number of electrons on the QD isfixed to
N [15]. Whenever (N + 1;{V;}) lies between the Fermi
levels of source and drain leads, the number of electrons on
the QD is fluctuating between N and N + 1, and single-
electron tunneling (SET) through the QD between source
and drain contact can occur [15]. In Fig. 1(c), the CB
and SET regimes are sketched as a function of the source-
drain voltage Vps and a gate voltage V. The boundaries
between the regimes are determined by the condition that
the energies u(N + 1;{V;}), u(N;{V:}), etc. are either
aigned with u§" or u$". Within the SET regimes at
finite drain-source voltage eVps = ua" — u&", addi-
tional channels in the transport through the QD become
available, which have been related to excited states of the
confined N and N + 1 electron systems. Such transport
spectroscopy of excited energy states given by E(N +
1,k;{V;}) — E(N,1;{V;}) has been described [15] and
used in the past. Applied to our QD, this shows that a
well-developed discrete energy spectrum existsin our QD.

Figure 2(a) presents experimental data of the differen-
tial conductance through our QD as a function of Vpg
and Vg around two adjacent regions of Coulomb block-
ade, but aready for the case of stronger tunnel coupling
to the leads. The boundary lines between CB and SET are
smeared out due to thefinite lifetime of the electronson the
dot, but still clearly visible. Remarkable is the appearance
of a strong differential conductance peak dIps/dVps >
e*/h around Vpg = 0 where—in the weak tunnel cou-
pling regime—single-electron transport is blocked (CB
regime). With increasing temperature, this peak disappears
as shown in Figs. 2(b) and 2(c) [16]. Such a zero-bias
anomaly has been predicted and calculated [4—6] by using
the so-called Anderson impurity model [1]: The Hamilto-
nian of the extended Anderson impurity model [sketched
in Fig. 1(d)] describes one spin degenerate energy level
coupled by tunneling to two electron reservoirs containing
electrons of both spin orientations. On the impurity site,
an electron has the energy ¢ which lies below the Fermi
level eg. Occupation of the impurity site by two electrons
at the same time is suppressed due to the electron-electron
interaction energy U on this site. The prediction for this
simple model is that correlated virtual tunneling processes
between dot and reservoir(s) lead to a sharp peak in the ef-
fective density of states (spectral function) [4,6] at the im-
purity site pinned to the Fermi energy of the reservoir(s), if
the temperature of the system isbelow the so-called Kondo
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FIG. 2. (a) Differential conductance dI/dVps as afunction of
Vg and Vpg; Kondo resonances are observed in two consecutive
CB regions. (b) Curvestaken at different temperatures and fixed
Vi in the middle of the upper CB valley and (c) of the lower
CB valley [the Vi values are marked by whitelinesin (a)]. The
curvesin (b) and (c) are offset, the ticks next to the temperature
value mark zero dI/dVps.

temperature. This critical temperature depends on the tun-
nel coupling strength and the position of € below eg. This
effective density of states, at the Fermi level on the im-
purity site, leads to a peak in the differential conductance
through the impurity at Vps = 0, denoted as a Kondo reso-
nance, even though ¢ < gpand e + U > ek.

The mapping of the Anderson model to the QD will
work under the following conditions: (i) The energies ¢
and ¢ + U of the Anderson model are identified with
the energies w(N;{V;}) and w(N + 1;{V;}), respectively.
The degeneracy within the Anderson model corresponds
to a degeneracy of the N electron system; i.e., there are
two states |[V,0) and |N, 1) at the ground state energy
with E(N, 1;{V;}) — E(N,0;{V;}) = 0, for instance, due
to spin degeneracy. Since this is expected to occur only
for certain N, the mapping will work only for certain CB
regions. (ii) Although in our QD the electron number
N is not equa to one, the fluctuations in the electron
number are restricted. In the energetical situation de-
picted in Fig. 1(b), N is the most likely value, N = 2
(which do not occur in the Anderson impurity model)
are strongly suppressed if the energies |u(N + 2;{V;}) —
w(N + 1:{v;h| and [u(N:{Vi}) — w(N — 1;{V;})| are
large compared to the thermal energy kg7 and the level
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broadening I' due to the tunnel coupling. These conditions
are well fulfilled in our experiment. (iii) Corrections due
to excited states of the N' electron system can be neglected
under the condition that their energetical separation from
the ground state is large compared to kg7 and I'. Thislast
condition is not fulfilled in our QD; there exist low lying
excitations [18]. In such a case, the Kondo resonance can
aso be expected if the N electron system is not degener-
ate at its ground state energy, but at alow lying excitation
energy.

In the experiment, the degeneracy can belifted by apply-
ing a magnetic field, i.e., E(N,1;{V;}) — E(N,0;{V;}) =
Aeg, and split Kondo resonances are observed [7-9]. In
Fig. 1(c), which schematically shows the SET and CB re-
gions in the Vg vs Vps plane, the split Kondo resonances
are expected along the vertical lines through the CB re-
gion a Vps = *Ae/e [4,21]. Both zero-bias anomalies
shown in Fig. 2(a) split with the parallel magnetic field
as expected for lifting a spin degeneracy by Zeeman split-
ting—in agreement with recent measurements [22] where
the magnetic field orientation is tilted from parallel to per-
pendicular to the plane of the 2DES.

In several papers[7,8], an odd-even parity behavior with
the number of electronsin the QD has been reported for the
occurrence of Kondo resonances. Obvioudly, thisis not the
case for our QD where we observe the zero-bias anomaly
in two adjacent CB regimes[see Fig. 2(a)], i.e., for Ny and
Ny + 1. This experimental result demonstrates that the
expectation of an odd-even behavior in the occurrence of
Kondo resonances is based on assumptions which are not
fulfilled in our experiments—in none of five quantum dots
studied, al of which showed at least one Kondo resonance.
One critical assumption is the so-called constant interac-
tion (Cl) model [19,23] where the electron-electron inter-
action on the dot is taken to be constant—described by
a capacitance—and where a single-particle energy spec-
trum is assumed which does not depend on the electron
number. When filling up single-particle levels which are
spin degenerate, the highest electron level is half-filled for
odd electron numbers. In this case, the Anderson impu-
rity model is applicable in its original form and a Kondo
resonance is expected. A possible orbital degeneracy is
explicitly ignored based on the argument that quantum
dots lack symmetry.

The invalidity of the CI model is clearly visible in a
number of experiments on small QDs: (i) Transport ex-
periments on QDs defined in 111-V semiconductor hetero-
structure pillars have shown that Hund's rule is necessary
to explain the experimental results [20,24]. Instead of fill-
ing up the levelswith spin-up and spin-down electrons con-
secutively, parallel spin configurations are favorable due to
exchange interaction. The odd-even behavior in N for the
occurrence of Kondo resonances should be broken in such
acase. (ii) In QDs of few €electrons where the electron-
electron interaction is dominating over the confinement en-
ergy, correlation effects due to electron-electron interaction
have to be taken into account [25,26]: The degeneracy of
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the ground state energy of the N-electron system is not ex-
pected to change in an obvious odd-even manner with N.

To learn more about the energy spectrum of our QD,
magnetic field dependent measurements have been per-
formed. In Fig. 3, the conductance around Vps = 0—
measured by the lock-in techniqgue—is presented as a
function of the gate voltage Vs and of the magneticfield B,
applied perpendicular to the plane of the 2DES. Along the
gatevoltage axis, the electron number in the QD ischanged
by one whenever crossing a SET conductance peak. This
happens at Vg, for which u$" =~ w(X; Vg, B) = u§"
withX=....N—-—1,N,N +1,.... AtVg>—-05V
and low magnetic fields, such SET conductance peaks are
not resolvable due to the strong tunnel coupling to the
leads. They are, however, observable in this gate voltage
regime at higher magnetic fields where the tunnel cou-
pling has diminished with increasing the magnetic field.
Following the SET peak of, for instance, up" ~ w(N +
1; Vg, B) = ui" along the magnetic field axis, wiggles
in the gate voltage position of the SET peak are visible,
which indicate a change in the ground state of either the
N orthe N + 1 electron system on the QD [15]. Visible
isalso avariation of the conductance in the valley between
the SET conductance peaks—the regimes which are de-
noted in the weak tunnel coupling regime as CB regions.
The variations in the valleys are clearly related to the
wigglesobserved for the SET peaks; i.e., they arerelated to
changes in the electronic states of the QD. The Coulomb
blockade regimes, where the Kondo resonances presented
in Fig. 2 are observed, are marked by Ny and Ny + 1 in
Fig. 3. Counting the spin flips observed at higher fields
resultsin the estimate Npo = 7and Ny + 1 = 8.

In Fig. 3, it isimmediately evident that there is an odd-
even effect in the valey conductance along the dotted
line. Thisis also observable in other regions in this plot.
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FIG. 3. Differentia conductance dI/dVps as a function of
the magnetic field B perpendicular to the 2DES and the gate
voltage V.
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FIG. 4. (@) Differential conductance in gray scale as afunction

of Vps and Vs (B) following the line given in Fig. 3. Maximain
the high conductance valleys at the position of the spin splitting
(dashed lines) are visible. (b), (c) Traces of the differentia
conductance in a high (b) and a low (c) conductance valley.
The gate voltages are marked by the horizontd linesin (). The
dots mark the value of the spin splitting for the respective curves.

Furthermore, this is not an effect in the total electron
number N: By shifting the line in Fig. 3 to the left, high
and low conductance valleys are interchanged. Since a
finite magnetic field is applied, a suspected spin degen-
eracy is lifted due to Zeeman splitting. Therefore, two
Kondo peaksat finite Vps = *ggaasusB/e are expected,
symmetric with respect to Vps = 0. To check this expec-
tation, differential conductance measurements have been
performed along the dotted line shown in Fig. 3. The re-
sults are presented in Fig. 4 as a function of Vpg and V.
Indeed, the splitting fits to the Zeeman energy at these B
values and is observed for the valley of high conductance,
but also for the valley of low conductance: Split Kondo
resonances are seen in each of these valleys, athough N
is increased one by one.

Let us suppose that there is an odd-even effect in Fig. 4
with the increasing of the electron number in the occur-
rence of the spin degeneracy at the ground state energy.
This would explain the well-developed split resonances in
the high conductance valleys, but not the observation in

the low conductance valleys. Whether a degeneracy of an
excited state is responsible for this has still to be clarified.

In conclusion, we have experimentally observed devia-
tions from an odd-even behavior in the electron number
for the occurrence of Kondo resonances in a split-gate
QD at zero magnetic field. The magnetic field dependent
measurement shows a nice energy spectrum indicating a
low number of electrons in the QD. By discussing the
mapping of the Anderson impurity model and a QD with
an interacting N electron system, the expectation of an
odd-even effect expressed in recent papers is corrected.
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