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Tunable Nonadiabatic Excitation in a Single-Electron Quantum Dot
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We report the observation of nonadiabatic excitations of single electrons in a quantum dot. Using a
tunable-barrier single-electron pump, we have developed a way of reading out the excitation spectrum and
level population of the dot by using the pump current as a probe. When the potential well is deformed at
subnanosecond time scales, electrons are excited to higher levels. In the presence of a perpendicular
magnetic field, the excited states follow a Fock-Darwin spectrum. Our experiments provide a simple
model system to study nonadiabatic processes of quantum particles.
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Just as the surface of water ripples when a glass is moved,
motion of quantum particles can be induced by a sudden
change in their environment. A simple example is a particle
confined in a potential well whose shape varies in time [1].
If the change is slow compared to the motion of the particle,
the particle adiabatically follows the same quantum state. If
the change is too fast, the particle can be found in a super-
position of states. This concept of nonadiabaticity is at the
heart of quantum dynamic processes [2], and understanding
it is of great importance in developing quantum technolo-
gies, e.g., controlling chemical reactions between mole-
cules [3,4] or manipulating coherent single-particle states
[5-11]. There are, however, few experimental systems that
demonstrate nonadiabatic transitions in a tunable way.

In this Letter, we report the observation of nonadiabatic
excitations in a very simple model system—a single elec-
tron trapped in a quantum dot [12,13]. Rapid modulation
of the confinement potential causes transitions to excited
orbital states. The resulting occupation probabilities are
measured by selectively letting the electrons in each state
escape to a reservoir. We investigate the effect of the rate of
potential modulation on the transition probabilities and
confirm that the excitations are due to the potential defor-
mation rather than thermal or resonant effects. Our results
show the crossover from the adiabatic to the nonadiabatic
regime, demonstrating the fragility of quantum states sub-
ject to rapid perturbation of their environment.

We realize a dynamic single-electron system based on a
tunable-barrier quantum-dot pump [14,15] [Fig. 1(a)].
Negative voltages V1 and Vi, applied to the two finger
gates (G1 and G2) define a quantum dot in the region
between them. An ac voltage V; added to G1 captures
electrons from the source reservoir into the dot and pumps
them out into the drain reservoir, generating a dc current
between the two reservoirs. The relation between the cycle
in V; and the changes in the electrostatic confinement
potential is shown in Figs. 1(b) and 1(c). As the barrier
potential defined by G1 progressively rises, (i) electrons
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are trapped into the dot, (ii) excess electrons tunnel back to
the original reservoir (source) as they are lifted above the
Fermi energy Ef, and (iii) the remaining electrons are
trapped in the dot and (iv) are ejected into the drain
electrode, generating an electric current. The critical part
of the pump operation is phase (ii) when the last excess
electron tunnels back to the source [16]. If this escape
probability is unity, and if the escape probability is zero
for the rest of the electrons in the dot, then the current is
quantized at I = Nef, where N is the number of electrons
pumped per cycle, e is the elementary charge, and f is the
frequency of V;. N can be tuned by adjusting V,, which
changes the size of the dot (and hence the electron
energy levels). For N =1 and f =1 GHz, I = 160 pA
[17]. Although one complete pump cycle lasts ~1 ns (for
f ~ 1 GHz), the measured current is determined by the
tunneling processes during a small fraction of the cycle in
phase (ii). It is this sensitivity which enables the pump
current to probe nonadiabatic processes taking place on
picosecond time scales, providing information about the
excitation spectrum and level population of the dot.
During a pump cycle, if the rate of confinement potential
modulation is sufficiently slow, the electron is likely to stay
in the ground state of the dot, as shown in Fig. 1(d). For fast
enough modulation, nonadiabatic transitions to excited
states occur [1]. When the excited state has a large enough
tunnel rate I'pg to the reservoir (the tunnel rate of the
ground state I'gg is in general weaker than that of excited
states, i.e., I'gg > I'gg), the electron will tunnel back to the
source reservoir [Fig. 1(e)]. As aresult, in this nonadiabatic
case, the pump current becomes lower than ef. This way
we detect the nonadiabatic excitation, and its transition
probability is estimated from the reduction in current.
The samples were fabricated on a GaAs/AlGaAs heter-
ostructure with a two-dimensional electron gas 70 nm
below the surface. The two-dimensional electron gas
density measured at 1.5 K was 2.7 X 10" m™2, and the
electron mobility was 70 m?/V's. A 2 um wide channel
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FIG. 1 (color online). (a) Schematic of the single-electron
pump device and experimental circuit. (b),(c) The relation be-
tween the applied rf signal (V,;) and the electrostatic confine-
ment potential at different parts of the cycle. (d),(e) Close-up of
the confinement potential for step (ii) in (c) for cases of adiabatic
(d) and nonadiabatic (e) changes in the potential. (f),(g) Pump
current I and dI/dV, as a function of V;,, taken with B =6 T
and f = 100 MHz (f) and 1 GHz (g). (h),(i) dI/dV, as V5, and
Vg, are varied, taken with f = 100 MHz and 1 GHz, respec-
tively, at B =6 T.

was defined by etching the surface by ~40 nm. This is in
contrast to previous studies [14,15], where narrower
(500 nm-1 pm) channels were used. While in the samples
of Refs. [14,15] the confinement potential transverse to
the transport direction is given by channel etching, in ours
the confinement potential is defined by the gate shape
[Fig. 1(a)]. Two gates were patterned by using electron-
beam lithography, depositing 10/40 nm Ti/Au. The mea-
surements were performed at 300 mK. The rf signal was
added onto Vg, through a 6 dB attenuator [18], and the
current was measured by an ammeter.

Figure 1(f) shows the pump current / and its derivative
dl/dV s, (which highlights the transitions between regions
of constant current) taken at f = 100 MHz in a perpen-
dicular magnetic field B = 6 T. Here, a current plateau
appears at the quantized value of ef (~ 16 pA), showing
that one electron is pumped per cycle. When the frequency
is increased to 1 GHz [Fig. 1(g)], the plateau becomes
sloped, as well as showing a series of miniature plateaux,
separated by the peaks in the derivative marked as L0, L1,
L2, and L3. The L0 peak represents the first rising edge of
the current and corresponds to the N =0 to N = 1 tran-
sition observed at 100 MHz [Fig. 1(f)]. We argue that
peaks L1, L2, and L3 appear because the electron is
excited nonadiabatically into the first, second, and third
excited states, respectively. In the miniature plateau region
between L0 and L1, all the excited states are strongly
coupled to the source reservoir, and hence electrons excited
into one of these states escape from the dot. Only the
electrons that stay in the ground state are pumped from
source to drain, and hence the current is reduced to a
fraction of ef. As V, is made more positive, crossing the
L1 peak means that the tunnel rate of the first excited state
becomes small enough that the electron in this state stays in
the dot and is pumped, contributing to the overall current.
The miniature plateau appears because the probability of
keeping the electrons in the first excited state becomes unity
and does not change within a small change in V,. The
same argument applies to the L2 and L3 peaks. In Figs. 1(h)
and 1(i), we show the derivative of pumped current as Vs,
and V;, are varied, taken with f = 100 MHz and 1 GHz,
respectively, at B = 6 T. Here, dI/dV, is plotted in a
color scale. For the f = 100 MHz case [Fig. 1(h)], quanti-
zed current plateaux appear in the regions marked
N =1,2,3,.... However, for f = 1 GHz, vertical stripes
appear in the N = 1 region, again marked L1, L2, and L3,
which correspond to peaks in dI/dV, [Fig. 1(i)]. We now
study in detail the magnetic-field and frequency depen-
dences of these lines and conclude that these features are
indeed due to nonadiabatic excitations.

Figures 2(a) and 2(b) show dI/dV, for f = 100 MHz
and 1 GHz, respectively, taken at a fixed V5 in a range
of B. The 100 MHz data show no signature of excitation
lines, while the 1 GHz data show how the excitation
spectrum evolves as a function of B. In Fig. 2(c), the data
in Fig. 2(b) are replotted so that the positions of the
excitation lines are referenced to the position of the L0
line. The distance to the LO line is indicative of the exci-
tation energy of each state. These match well to the Fock-
Darwin spectrum observed in few-electron quantum dots
[12,13]. The energy states of a two-dimensional circular

dot in a perpendicular magnetic field are E(n, ) = 2n +

7] + Diyw} + w2/4 — lho /2, where n =0,1,2,... is

the radial quantum number, /=0, £1, =2,... is the
angular momentum quantum number, fiw,, is the harmonic
potential confinement energy, and hw. is the cyclotron
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FIG. 2 (color online). (a) Behavior of the pump current in
perpendicular magnetic fields B taken with f = 100 MHz.
dl/dV, is plotted in a color scale. The regions of Nef plateaux
are marked by N. (b) dI/dVs as in (a) but taken with
f = 1 GHz. A series of additional lines (L1, L2, and L3) appear
in the plateau regions. (c¢) Data in (b) replotted to show the
positions of the lines L1, L2, and L3 on the Vi, axis relative to
the LO line. The dotted lines for L1, L2, and L3 show fits to
Fock-Darwin states of a circular dot.

energy ( = heB/m* ~ 1.7 meV/T, where m" is the effec-
tive mass of conduction-band electrons in GaAs).
The excitation lines (L1, L2, and L3) shown in Fig. 2(c)

were fitted to a function F(B) = o[E(0,[) — E(0,0)] =

al(hyfw} + w2/4 — hw./2) with [ = 1, 2, and 3, respec-

tively. These quantum numbers are chosen because the
lowest energy Fock-Darwin states at high B are those
with n = 0 and positive /. We used a scaling factor « to
convert the energy scale to the AV;, scale. For the best fit,
we used different o and w, as fitting parameters for each
excitation line. The B dependence of E(0,[) — E(0,0)
gives a unique curvature for a given w,. Therefore, even
when we do not know the experimental value of a, we can
estimate hw, from the fit. The fits are shown as dotted lines
in Fig. 2(c). Although our quantum dot is not expected to
be perfectly circular, and the confinement potential is not

necessarily parabolic, the observed excitation lines fit well
to the Fock-Darwin spectrum. The fitting parameters used
were hwy = 7.7 £ 0.3, 9.0 = 0.4, and 8.4 = 0.6 meV and
a=41%02,29=*0.2, and 3.0 = 0.3 for L1, L2, and
L3 lines, respectively. In our fits, & varied ~30%, but hiw,,
was consistent at 8-9 meV, although nontrivial corrections
due to nonparabolicity and asymmetry in the potential
must be taken into account for a more accurate estimate.
We note that similar spectra were observed in the reverse
field direction and in all three samples (with slightly differ-
ent designs) that we have measured, although the strength
of the spectrum varied from sample to sample.

The time-dependent nature of the observed excitations
becomes clearer when the pumping frequency, and hence
the rate of confinement potential modulation, is varied.
Figures 3(a) and 3(b) plot dI/dVs, as a function of
frequency taken at B =0 and 6 T, respectively. At
B =0T, no signature of excitation is observed even at
f=16GHz. AtB=06T,Ll1, L2, and L3 lines gradually
appear as f is increased. The occupation probabilities of
each state can be deduced from the current values at the
miniature plateaux that appear between the excitation
lines. Figure 3(c) shows the probabilities deduced from
the data in Fig. 3(b). The occupation probabilities of the
excited states increase almost linearly until they reach a
saturation value. The ground-state occupation decreases
accordingly. We believe that the saturation of excitations
into a particular state is caused by further excitations into
higher excited states (i.e., the electron excited into the L1
state is again excited into L2, L3, and so on). At the higher
end of the frequency range, a population inversion occurs;
the excited states become more populated than the ground
state. This suggests that excitation processes such as ther-
mal excitations, that favor ground-state occupation, are
unlikely to be the origin.

The magnetic-field and frequency dependences suggest
that the observed spectrum is indeed due to nonadiabatic
transitions by the time-dependent potential [19]. The tran-
sition probabilities and the number of excited states in-
volved can be tuned by the pump frequency and the
external magnetic field. One noteworthy feature in our
experimental data is how the excitation spectrum persists
to lower frequency [as low as 100 MHz in Fig. 3(c)] at
B = 6 T, while no signature of excitations appears at zero
field. To observe the excitation lines, the excitation energy
gap needs to be smaller than the energy required to retain
the second electron (i.e., charging energy), so that they
appear in the N = 1 plateau region. If this is not the case,
the lines will be masked by the N = 1 to N = 2 transition
[see the region B ~ 2 T in Figs. 2(b) and 2(c)]. However,
nonadiabatic excitations may still occur in the N =1
region and would result in a reduction in the plateau value.
We have not observed such behavior in our experiments at
B = 0. Nonadiabatic transition probabilities in general
depend on the size of energy gap between the states, but
also the nature of the wave functions is important [1].
From Fig. 2(c), the energy gap was found to differ only
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FIG. 3 (color online). (a) Frequency dependence of the pump
current at zero magnetic field. dI/dV,, rescaled to take into
account the effect of a frequency change on the ef value, is
plotted in a color scale. (b) Frequency dependence at B =6 T,
showing the excitation lines L1, L2, and L3 gradually appearing
as f increases. (c) Occupation probabilities of the ground state
(L0) and excited states (L1, L2, and L3) deduced from the data
in (b). The data for L0 are plotted against the left axis, while the
rest are on the right axis.

by ~50% between 0 and 6 T. The change is not large
enough to account for the enhancement of the excitation in
the magnetic field. We speculate that this behavior is
related to qualitative changes in the wave function in a
perpendicular magnetic field. We also note that excitation
lines also appear in the N =2 and N = 3 regions [see
Fig. 1(i) and Figs. 2(b) and 3(b), respectively]. These
excitation lines are often stronger than the lines in the N =
I region, suggesting that multiple-electron systems are
more easily perturbed to cause nonadiabatic transitions.
In summary, we report the observation of a Fock-Darwin
excitation spectrum in a single-electron system due to
nonadiabatic modulation of the confinement potential. By
observing loss of current quantization in an electron pump,
we have probed for the first time the structure of electronic
states in a dynamic quantum dot. We demonstrate that the
transition probability can be tuned by varying the operation

frequency, showing the crossover from the adiabatic to the
nonadiabatic regime. This may be a mechanism that limits
the high-frequency operation of the electron pumps for
current standard applications [15]. Our method provides
a model system to study the nature of nonadiabatic pro-
cesses and may be useful in the state manipulation of
single-electron dots.
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To confirm that single-electron dots are formed, the ob-
servation of ef quantization is not enough. This is because
there may be some electrons left in the dot that are not
pumped out at the end of the cycle (4) in Fig. 1(c) and
hence do not contribute to the pump current. If this is the
case, further increasing the amplitude of barrier modula-
tion would pump out more electrons and produce a larger
current. If there is no electron left at the end of the cycle,
no current increase would be observed. This test was
carried out to confirm that a single-electron dot was
formed during each cycle.

The rf output power used was 0 dBm for the data shown in
Figs. 1(f) and 1(h) and in Fig. 2(a) and 5 dBm for the data
shown in Figs. 1(g) and 1(i), in Fig. 2(b) [and 2(c)], and in
Fig. 3. The 0 dBm output corresponds to the ~600 mV
peak to peak amplitude of gate voltage oscillations.

The ~1 GHz pump frequency may seem too small to
excite nonadiabatic transitions across an energy gap of
the order of meV. However, it is not the overall frequency
that determines the nonadiabatic transition probability
but the rate of parameter change. We estimate the rate
of barrier change to be at least a few mV per 10 ps, which
may be large enough to cause nonadiabatic excitations.
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