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Excitation Spectrum of Two Correlated Electrons in a Lateral Quantum Dot
with Negligible Zeeman Splitting
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The excitation spectrum of a two-electron quantum dot is investigated by tunneling spectroscopy in
conjunction with theoretical calculations. The dot made from a material with negligible Zeeman splitting
has a moderate spatial anisotropy leading to a splitting of the two lowest triplet states at zero magnetic
field. In addition to the well-known triplet excitation at zero magnetic field, two additional excited states
are found at finite magnetic field. The lower one is identified as the second excited singlet state on the
basis of an avoided crossing with the first excited singlet state at finite fields. The measured spectra are in
remarkable agreement with exact-diagonalization calculations. The results prove the significance of
electron correlations and suggest the formation of a state with Wigner-molecular properties at low

magnetic fields.
DOI: 10.1103/PhysRevLett.96.126806

Two-electron (2¢) systems (e.g., the He atom [1] and the
H, molecule [2]) have played an important role in the de-
velopment of the theory of many-body effects in quantum
mechanics and the understanding of the chemical bond.
Recently, two-dimensional (2D) man-made quantum dots
(QDs), fabricated in semiconductor materials, have at-
tracted attention as a laboratory for investigations of few-
body systems with highly controlled parameters [3—10]
such as the electron number, confinement strength, inter-
electron repulsion, and the influence of an applied mag-
netic field (B). Furthermore, 2e QDs may be used for im-
plementing logic gates in quantum computing [11], or, as
suggested recently [12], by using 2e singlet and triplet
states as the two states of a qubit; here the 2¢ populate a
single QD.

Earlier experiments on vertical QDs led to the observa-
tion of a singlet-triplet (ST) transition in the 2e ground
state as a function of the magnetic field [4,5,7] and for
N = 2 to an energy level shell structure reminiscent of the
periodic table of natural atoms [6]. The spin-triplet excited
state of the 2e system was investigated in Ref. [7] in finite
bias tunneling experiments. Laterally defined few-electron
dots [8] added investigations of the magnetic-field depen-
dent ST gap for two electrons [9,10].

At low magnetic fields, the importance of electron cor-
relations in 2D QDs (under appropriate conditions; see
below), with different behavior compared to natural atoms,
has been anticipated theoretically [13—19]. Clear experi-
mental evidence for such strong correlation effects is still
lacking (see, however, the very recent Ref. [10]). Insights
can be gained through investigations of the excitation
spectrum of 2e QDs in a perpendicular magnetic field.
Here we report on joined experimental and theoretical
endeavors that establish the correlated nature of the two
electrons in our lateral QD, purposely fabricated to exhibit
a negligible Zeeman splitting. We find that the explanation
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of the measured spectra requires a high level treatment of
electron correlations in the dot, and cannot be accounted
for by perturbative schemes starting from the independent-
particle picture, or by spin-density functional theory (see
footnote on p. 705 of Ref. [19]). The exact-diagonalization
(EXD) calculations are in remarkable agreement with in-
tricate measured features of the spectra, indicating the for-
mation of an H,-type Wigner molecule (WM) at low mag-
netic field, lifting of degeneracies, and the appearance of
avoided crossings between excited singlet states associated
with a shape anisotropy of our dot—as well as excitations
resulting from relative and center-of-mass (c.m.) motion.

The sample is based on a 55 nm wide Ga[Al]As para-
bolic quantum well [20] with the center located 75 nm
below the surface. The parabola ranges from 6% Al-
concentration in the center to 23% at the edges. It was de-
signed for having a g factor for electrons |g| = 0 following
from the average material composition [21,22]. The effec-
tive mass of the electrons is higher than that of pure GaAs
due to the larger band gap. We use the estimated value
m* = 0.07m,, leading to an effective Rydberg energy
Rl’;y =6meV. The two-dimensional electron gas (2DEG)
has a density n, = 4.5 X 10" m~2 and a mobility u =
2.5 m?/Vs at a temperature of 4.2 K. A highly Si-doped
layer 1.76 pum below the surface acting as a backgate was
not used during the experiments described below. The
quantum dot (geometric diameter 220 nm) with integrated
charge readout depicted in Fig. 1 (inset) was defined using
electron beam lithography patterned split gates. All mea-
surements were performed at an electronic temperature
below 300 mK as estimated from the width of conductance
resonances in the Coulomb-blockade regime.

Figure 1 shows the differential conductance of the QD in
the plane of bias and plunger-gate voltages. It was mea-
sured by applying half of the dc bias voltage, V,;,./2, to the
source and —V},;,./2 to the drain contact. The recorded
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FIG. 1 (color online). Differential conductance dI/dVy;, at
zero magnetic field. Electron numbers N are indicated in the
diamonds. The arrows mark the transitions between the one-
electron ground state and the 2e spin-singlet (S) and spin-triplet
states (7). Inset: scanning electron micrograph of the sample.
The quantum dot is marked with a dotted circle and PG labels the
plunger gate. The vertical dashed line marks the bias voltage for
which the data in Fig. 2 is taken.

current / was numerically differentiated in order to obtain
the differential conductance dI/dV,;,. The resulting dia-
mond pattern of suppressed conductance corresponds to
fixed electron numbers N in the dot as indicated in the
figure.

The values for the electron numbers were found by
depleting the dot down to zero electrons with more nega-
tive gate voltages (not shown) and by using the quantum
point contact near the quantum dot as a charge detector. For
these modified gate voltage settings we observed the first
single-particle excited state of the N = 1 quantum dot at an
energy A, = 5 meV above the ground state and found an
addition energy Au, = 6.9 meV (both A, and Au, are
outside the range shown in Fig. 1). These numbers show
that in this dot, confinement effects (A;) and interaction
effects (A w,) are comparable in magnitude. Furthermore,
the electronic size estimated via v/4>/mA | is much smaller
than the electronic mean free path.

Returning to Fig. 1, we determine from the extent of the
N =2 diamond in bias direction the addition energy
Aps = 5.1 meV for adding the third electron to the dot.
The strong lines labeled S, in the figure correspond to
tunneling transitions between the one-electron ground state
and the 2e spin-singlet ground state.

Strong lines parallel to the diamond boundaries outside
the diamonds correspond to excited states of the level spec-
trum. In Fig. 1, we see the transition 7, between the one-
electron ground state and the first excited 2e triplet state.
The energy separation between the singlet and this triplet
state is J = 1.7 meV. For negative bias voltage we see an
additional excited state 7_ which we attribute to the sec-
ond triplet state split from 7. by 1.5 meV due to the
deviation of the dot potential from circular shape (see
also Fig. 4 below). Negative differential conductance can
arise due to asymmetric coupling of states to source and
drain. Inside the diamonds, higher order (cotunneling)
processes can be seen for N = 2 [23].

In order to investigate the evolution of the excited state
spectrum with magnetic field, we have measured the cur-
rent at fixed Vy,;,s = 2.5 mV. In Fig. 2 we plot the deriva-
tive dI/dV,,. Resonances in dI/dV,, correspond to
resonances in the differential conductance dI/dV;,s. The
resonances indicated by symbols in the plot are labeled
consistently with Fig. 1. It can be seen that the ST separa-
tion J(B) = Ey, — Es, between the S, and the T, states
decreases with magnetic field and becomes zero at Byt =
4 T. Beyond this field, the energy of the S state continues
to increase and exhibits an avoided crossing with another
excited state S, which appears above 2.7 T. The avoided
crossing suggests that S, is an excited spin-singlet state and
that the deviation of the dot potential from axial symmetry
causes level repulsion. A third excited state (T4 ., ) ap-
pears at even higher plunger-gate voltage. This state is
shown below (see Fig. 4) to be a triplet excited state
associated with the c.m. motion of the 2e molecule.

A qualitative indication of the importance of correlation
effects can be obtained via the Wigner parameter Ry =
(€*/kly)/hwy, i.e., the ratio of the Coulomb interaction for
two electrons at distance /y = \/h/m*w, and the single-
particle level spacing in a circular harmonic confinement,
hwg [15]. Correlation effects are of increasing importance
when the interaction energy becomes dominant over the
single-particle spacing, i.e., when Ry > 1. Using a con-
servative estimate for the confinement energy of 5 meV (as
quoted above for the dot with zero or one electrons), we
find Ry =~ 1.55 indicating that correlations may indeed
have a certain significance.

Quantitative understanding of the measured excitation
spectrum and of the underlying strong correlations in the
2e QD were obtained through exact diagonalization of the
Hamiltonian for two 2D interacting electrons

H =H(r)) + H(xry) + ye?/(kryy), (D
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FIG. 2 (color online). Differentiated current dI/ dV,, at
Viias = 2.5 mV. Gray striped regions (red online) marked by
symbols correspond to positive (peaks) dI/dV,,. The dark black
region (also black online) corresponds to negative dI/dV,,.
Electron numbers N are indicated. Transitions between the
one-electron ground state and the 2e spin-singlet ground state
(Sp), spin-triplet excited state (7T',.) and spin-singlet excited state
(S,) are labeled.
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where the last term is the Coulomb repulsion, « (12.5 for
GaAs) is the dielectric constant, and ry, = |r; — r,|. The
prefactor y accounts for the reduction of the Coulomb
strength due to the finite thickness of the electron layer
in the z direction and for any additional screening effects
due to the gate electrons. H(r) is the single-particle
Hamiltonian, which for an anisotropic, harmonically con-
fined QD, is written as

1
H(r)=T+ Em*(a))%)c2 + wly?), 2

where T = (p — eA/c)?/2m*, with A = 0.5(—By, Bx, 0)
being the vector potential in the symmetric gauge. The
effective mass is m* = 0.07my, and p is the linear momen-
tum of the electron. The second term is the external con-
fining potential. In the Hamiltonian (2), we neglect the
Zeeman contribution due to the negligible value (g* = 0)
of the effective Landé factor in our sample.

In the EXD method, the many-body wave function is
written as a linear superposition over the basis of non-
interacting 2e determinants, i.e.,

2K
Wrxp(ry, 12) = > QF (15 )p(2; ), 3)
i<
where (1;i) = ¢;(r|)a(l) if 1 =i=<K and (1;i) =
o,_xpB1) if K+1=i=2K [and similarly for
¥(2, /)], with a(B) denoting up (down) spins; the index i
(or j) = (k1) and ¢;(r) = X, (x)Y,(y), with X;(Y;) being
the eigenfunctions of the one-dimensional oscillator in the
x (y) direction with frequency w, (w,). In the calculations
we use K =79, yielding convergent results. The total
energies Epy, and the coefficients ()} are obtained
through a “‘brute force” diagonalization of the matrix
eigenvalue equation corresponding to the Hamiltonian in
Eq. (1).

Figure 3 shows the experimentally extracted energy
splitting J(B) between the states S, and T, together with
results of the EXD calculations with Aiw,=4.23meV,
hw,=5.84meV [ie., hwy=h/(0:+ ©3)/2=5.1meV],
and y = 0.862. With this value of -y, the Wigner parameter
Ry, = 1.34. The anisotropy used in the calculations is
w,/w, = 1.38 indicating that the quantum dot considered
here is closer to being circular than in other experimental
systems [9,10].

To assess the dot parameters determined from the com-
parison between the measured and calculated J(B), we
checked that varying the value of w, (while keeping
a)y/ w, = 1.38) and the parameter y does not influence
substantially the quality of the fit to the experimental
J(B)—as long as hw, does not deviate greatly (i.e., more
than 20%) from the N = 1 single-particle excitation A;.
Such a range of variations in the dot parameters is reason-
able for the given sample and its measured N = 1 excita-
tion and charging energies and is due to changes in the
confinement with changing V.
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FIG. 3 (color online). The ST splitting J(B) extracted from
the experiment (open squares) together with the calculated
EXD results (solid line). For the dot parameters, see text.
Inset: Conditional probability distributions for the second elec-
tron when the first is held fixed at the point indicated by the solid
dot. For the 2¢ QD that we studied, the Wigner molecule
character is gradually enhanced with increasing magnetic field.
Lengths are in nm, and CPDs in arbitrary units.

The inset of Fig. 3 shows the EXD calculated singlet
conditional probability distributions (CPDs) [17,18,24,25]
for the second electron, given that the first electron is kept
fixed at a given location (indicated by a solid dot). The
electrons clearly tend to avoid each other reflecting their
strongly correlated motion, in contrast to the two electrons
in the natural Helium atom that occupy the same single-
particle orbital. Comparison of the CPDs for B = 0 and
B = 3.8 T shows that the magnetic field leads to an en-
hancement of the correlation between the two electrons
resulting in a sharpening of the Wigner-molecular state.
Larger values of B result in an effective dissociation [19] of
the WM in analogy to the dissociation of the natural H, [2],
leading eventually to a vanishing of J(B), in agreement
with the trend seen in Fig. 2. We emphasize that the
negligible Zeeman splitting in our sample is crucial for
the observation of this trend which should even lead to ST
oscillations of the ground state spins at higher magnetic
fields [13]. Experimentally, however, the accessible
magnetic-field range is limited, because conductance reso-
nances disappear with increasing field due to wave func-
tion shrinkage, and counterbalancing this effect by
changing gate voltages would seriously change the con-
finement potential.

The EXD calculated spectrum of the elliptic 2¢ QD is
displayed in Fig. 4. The thick curves (colored online)
correspond to features highlighted in the experimental
spectrum (see Fig. 2) in the region between N = 1 and
N = 2. The good overall agreement between the measured
and calculated spectra allows for a full interpretation of the
observed features and their physical origins rooted in
strong electronic correlations. The energy difference be-
tween the 7, and S, states and its variation with B were
discussed above [see J(B) in Fig. 3].

Further interpretation is facilitated by consideration of
the EXD calculated spectrum of the corresponding circular
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FIG. 4 (color online).

erenced to 2h1/w% + w% /4, in a magnetic field of a 2e dot with
anisotropic harmonic confinement (for the dot parameters, see
text). We have adopted the notation (N,, Ny, n, m), where
(N,, Ny) refer to the c.m. motion along the x and y axes and
(n, m) refer to the number of radial nodes and angular momen-
tum of the relative motion in the corresponding circular dot.
Inset: The EXD spectrum of the corresponding circular dot. Only
the (n, m) indices are shown, since N, = N, = 0 for all the
plotted curves. Solid lines denote singlets. Dashed lines denote
triplets.

Calculated EXD energy spectrum, ref-

dot (Fig. 4, inset) where all the many-body energy levels
(0, m) with zero nodes and angular momentum index m >
0 decrease in energy with increasing magnetic field, con-
verging at much higher B to the lowest Landau level of the
interacting electrons. Since the deformation of the elliptic
QD discussed here is moderate, we adopt in Fig. 4 the same
notation as for the circular dot (see caption of Fig. 4). The
second excited singlet state seen in the experiment (Fig. 2)
and its avoided crossing with the first excited singlet state
at B = 5.8 T is well reproduced by the theory [see curves
marked as S, (red online) and S, (magenta online) in
Fig. 4; the avoided crossing is marked by a double arrow]
[26]. The third excited state, T, ..,, is identified as a
(1,0,0,1) triplet excited state (green online) that is related
to the 7', state (blue online) through a c.m. excitation along
the x direction. We note here that the aforementioned
avoided crossing between the S, and the S, excited states
developed as a result of the shape deformation of the dot
and out of the crossing between the (0,0) and (0,2) singlets
of the circular dot (marked by a circle in the inset). Another
correspondence between the measured and calculated
spectra is the splitting at B = 0 between the 7, and 7_
states (measured as 1.5 meV and calculated to be 1.9 meV);
these triplet states are degenerate for the circular dot (see
inset).

In conclusion, we have presented measurements of the
excitation spectra of a lateral 2e¢ QD—with negligible
Zeeman splitting, moderate anisotropy, and parabolic z
confinement being the main differences to systems inves-
tigated earlier. Exact-diagonalization calculations, includ-
ing a rather small (14%) decrease in the effective
interelectron Coulomb repulsion, explain in detail the ob-

served features of the spectra under the influence of a
variable magnetic field, including the variation of the ST
splitting, J. Theoretical analysis of the salient excitation-
spectra patterns (e.g., avoided level crossings, the line
shape of J(B), and the lifting of level degeneracies in
comparison to the circular case) indicates significant elec-
tronic correlations associated with formation of a Wigner
molecule. The behavior of J(B) for larger fields suggests an
analogy between the dissociation process of the WM and
that of the natural H, molecule. These results will assist the
design of quantum-dot based devices and our understand-
ing of other recent measurements on few-electron quantum
dots [7,9,10].
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