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We investigate charge pumping in carbon nanotube quantum dots driven by the electric field of a
surface acoustic wave. We find that, at small driving amplitudes, the pumped current reverses polarity as
the conductance is tuned through a Coulomb blockade peak using a gate electrode. We study the behavior
as a function of wave amplitude, frequency, and direction and develop a model in which our results can be
understood as resulting from adiabatic charge redistribution between the leads and quantum dots on the

nanotube.
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The dynamics of charge transport in quantum dots is of
considerable fundamental interest and has applications in
fields as diverse as electrical metrology and quantum in-
formation processing. A sensitive probe of the response of
a quantum dot to variation of external parameters (such as a
gate voltage) is the dc charge pumping current generated in
the absence of an applied bias [1]. If this variation is slow
compared with other characteristic energy scales of the
system, the pumping is adiabatic and does not depend on
the detailed time evolution over the pumping cycle. In
other words, it is of a geometric nature. An example is
the situation in which two parameters €; and &, of a
quantum dot are periodically varied such that they follow
a closed path in (g, &,) parameter space. In that case, the
current depends only on the integral of some response
function R(e,, €,) over the area A enclosed by the pumping
trajectory.

For open, noninteracting electron systems, this is ex-
pressed by the Brouwer formula in which the response
function is related to the scattering matrix of the system
[2]. In interacting systems, correlations add complexity
and modify the predictions. Recent theoretical work has
considered pumping in quantum dots with weak interac-
tions [3,4], in the Kondo regime [5], in the Coulomb
blockade regime [6], and for superconducting leads [7,8].
Experimentally, however, the rich variety of predicted
phenomena has remained largely unexplored [9,10]. A
promising model system to test the various theories of
charge pumping is carbon nanotubes, since all of the
transport regimes mentioned above have already been
realized in conventional nanotube devices [11-13].

In this Letter, we pursue the potential of carbon nano-
tube quantum dots and demonstrate charge pumping up to
frequencies of 2.6 GHz. More specifically, we show that, in
the Coulomb blockade regime, the pumping can be de-
scribed geometrically, using a response function that is
based on a simple two-level system to approximate the
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Coulomb blockade behavior of tunnel-coupled quantum
dots.

While charge pumping could, in principle, be realized
by modulating side or top gates that are capacitively
coupled to the nanotubes [14], we adopt a different ap-
proach in which the electric field of a surface acoustic
wave (SAW) pumps charge through the device [15-18].
To this end, an individual nanotube is contacted on a
piezoelectric quartz substrate by palladium source and
drain electrodes that are separated by 5 um. A side gate
electrode is used to vary the electrostatic potential in the
nanotube. Several millimeters beyond each contact are two
SAW transducers having resonant frequencies fgqaw Of
about 2.6 GHz and 544 MHz [see the insets in Fig. 1(c)].
An important feature of the SAW charge pump is that it
avoids direct capacitive coupling between the high-
frequency and device electrodes and enables a clear dis-
tinction between the signal due to the SAW (occurring only
at fgaw) and rectified currents from radiated fields (pos-
sible at all frequencies). Details of sample fabrication and
transducer operation were described in Ref. [16].

Figure 1(a) shows the dc transport properties of the
nanotube at temperature 7 = 5 K. The approximate peri-
odicity and large charging energy Uc ~ 10-15 meV ob-
served indicate that the nanotube is divided into two (or
more) sections such that the conductance is dominated by
Coulomb blockade of a single electron puddle that is much
smaller than the 5 um source-drain separation. This also
follows from the suppression of the linear-response con-
ductance and additional features [arrows in the inset in
Fig. 1(a)] observed in the differential conductance which
are tentatively interpreted as signatures of the charging
energy of a second (larger) electron puddle in series; see,
e.g., Ref. [19]. Figure 1(c) shows the induced current Igaw
in the presence of a SAW field at ~2.6 GHz in the absence
of a source-drain bias voltage. For a SAW velocity vgaw =
3200 m/s on quartz, this corresponds to a SAW wave-
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FIG. 1 (color online). (a) Color scale plot of the current as a
function of Vg and V,. Inset: dI/dVy around a Coulomb peak
(dark = more conductive). (b) Current trace at Vg = —2.5 mV
showing Coulomb blockade oscillations. (c) Igaw as a function
of V,. In red is the current produced by the left-moving SAW at
2602 MHz with Pgaw = —15 dBm. In blue is the current
produced by the right-moving SAW at 2607 MHz with Pgayw =
—10 dBm. Right inset: Simplified schematic of the device. Left
inset: Photograph of the transducers. Top inset: Frequency de-
pendence of the current at V, = —1.65 V and Pgaw = 15 dBm.
A peak is observed at the transducer resonant frequency only,
demonstrating that the observed current features do not result
from directly radiated fields or from photon-assisted tunneling.

length /\SAW = vSAW/fSAW ~1.2 Mm [16] ‘When a low-
power Pgaw is applied to the SAW transducers, a dc
current is induced whose direction alternates as a sensitive
function of gate voltage V,. The peak-and-dip features in
the current are clearly correlated with the Coulomb block-
ade peaks, and the current changes polarity on reversal of
the SAW direction.

These features were studied in more detail as a function
of SAW amplitude and for both available SAW frequen-
cies. Figure 2(a) shows Igaw as a function of Pgaw. The
peak-and-dip features increase in magnitude and move
outwards as Pgaw is increased. When we plot the deriva-
tive of the current with respect to the SAW amplitude
Viaw & Péffw, as in Fig. 2(c), it becomes apparent that
the dominant features move essentially linearly with Vgw.
At the highest applied SAW powers (up to 20 dBm or
100 mW), the features merge into a background of current
in the direction of the SAW across the whole gate voltage
range [15].

All of the observed behavior can be explained by a
model in which disorder in the nanotube causes it to
contain two or more localized electron puddles in series.

(

I (nA) Psaw (dBm) £

-0.2 0.0 0.2

I (ef)

I (ef) Psaw (au) &

€0 (')

FIG. 2 (color online). (a) Color scale representation of the
SAW-induced current as a function of Pgw and V,, showing
sign reversal as V, crosses a Coulomb blockade peak. The line
trace is taken at Pgaw = —8 dBm. (b) Calculated current using
the model explained in the main text. (c) Derivative of the SAW-
induced current with respect to the SAW amplitude as a function
of V, and (normalized) Vgaw. The maximum SAW amplitude is
estimated to be ~150 mV [16]. Inset: dI/dVaw as calculated in
the model, showing the same linear peak splitting.

For small SAW amplitudes (i.e., smaller than the disorder
potential), the SAW modulates the energies of the states in
these puddles, and adiabatic charge redistribution between
the puddles and the leads gives rise to a dc current. We first
discuss a minimal model in which there are two puddles,
each acting as a quantum dot with a single spinless level
[see Fig. 3(a)], before introducing asymmetries in the
tunnel couplings and multiple levels in the dots to better
reflect the likely experimental situation. Such a simple
two-level system provides a useful approximation to the
Coulomb blockade physics of tunnel-coupled double dots;
see e.g., Ref. [20]. The only parameters that enter the
model are the tunnel couplings I'; and I'; of the left and
right dots to left and right leads, respectively, Vgaw, the
phase difference ¢ of the SAW between the two dots, and
the tunnel coupling A between them. The instantaneous
effective Hamiltonian of this double-dot system can be
written as

— — il /2 A/2
Ha= [81 a2t e, S ] M

For any periodic time dependence of the dot energies &,
and &,, the adiabatic current [2,21-23] from left to right
can be calculated as a surface integral [2] [ =
ef [, R(gy, €;)de de, over the area A enclosed parametri-
cally by the pumping trajectory in the (e, £,) plane.

The response function R can be obtained from Eq. (1)
(see, e.g., Ref. [23]) and in the zero-temperature limit takes
a straightforward form:
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R(ey, &) =

—(32/m) AT Tr(e Tk + &,I'))

The response function is shown graphically in Figs. 3(b)
and 3(c) for different parameter values. It exhibits one
pronounced minimum (blue) and one maximum (red).
For the pumping trajectory, we assume the SAW periodi-
cally modulates the levels according to

g1 = —6/2+ ajeV, + eVsaw cos(27f1), 2)

&y = +6/2 + azeVg + EVSAW COS(Z’TTft + ¢) (3)

Here a and «, are the coupling efficiencies of the gate to
the two dots and ¢ is a level offset parameter. The effect of
the SAW on the tunnel barriers is thought to be negligible
for the small SAW amplitudes considered here. For the
case of symmetric coupling I'; = I'y [Fig. 3(b)], the peaks
of negative and positive pumping current correspond to
elliptical trajectories around the two triple points in the
stability diagram of the double dot [20,24]. In obvious
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FIG. 3 (color online). (a) Schematic of a double dot in which
the single-electron states are periodically modulated by the SAW
with phase difference ¢. (b) Color scale representation of the
function R(ej, &,) for symmetric coupling to the leads. The
SAW-induced current is proportional to the integral of this
function over the area traversed in (g, &,) space. For ¢ =
/2, the trajectories are circles with diameters proportional to
Vsaw; for ¢ = /10, they are narrow ellipses. The ordered pairs
(n, m) indicate the electron occupancy of the quantum dots.
(c) Same as panel (b) for asymmetric coupling to the leads.
(d) Calculation of R(g, &,) with 3 levels on the left dot taken to
have spacing equal to 2A and identical couplings to the level in
the other dot.

[ZFLFRAz + 48%”? + 48%F% + (A% — 48182)2 + F%F%e]z.

|

notation we may represent these as the (0,0) — (0, 1) —
(1,0) — (0,0) electron and (1,1)— (1,0)—(0,1) —
(1, 1) hole cycles, respectively.

One property of the pumping current that follows im-
mediately is that it changes polarity when the direction of
the pumping contour reverses, i.e., when the SAW direc-
tion is reversed. Another is that, for small SAW amplitudes,
I o« V2, sing [2], because in this limit R(e}, &,) is ap-
proximately constant within the area A = mwe?V3,, sing
enclosed by the trajectories.

As V, is varied, the center of the pumping trajectory
follows a straight line along the direction g, which, for the
simple case a; = a, and 6 = 0, is the solid diagonal in
Figs. 3(b)-3(d). In this case, the current traces / (Vg) exhibit
symmetric sign-reversing features. If the dots are single-
level and completely symmetric, i.e., I'; = I'r and 6 = 0,
then the current traces for different Pg,w are dependent
only on the ratio A/T". This simple situation already
matches the experimental data quite well, as shown in
Fig. 2(b), taking A/T" = 0.5. Figure 3 also illustrates the
effects of asymmetries. A nonzero level offset § shifts the
diagonal line [see, e.g., the dotted line in Fig. 3(b)], while
asymmetric coupling to the gate «; # @, changes the
slope (dashed line). The result is an asymmetry between
the positive and negative current peaks which is most
pronounced in the weak pumping regime. For larger
SAW powers, such that eVgaw = 0, the difference be-
tween positive and negative peaks begins to average out.
In the limit of strong pumping, the pumping trajectories
encompass both positive and negative parts of R(g, &;)
whose contributions to the pumping tend to cancel. This
explains the experimental observation [Fig. 2(c)] that the
opposite-sign peak pairs in the pumping current versus V,
move apart linearly in Vgaw: The peak current occurs
where the integral of R is maximal as a function of g,
and this happens at |gy| ~ eVgaw.

The qualitative behavior of the model is quite insensitive
to details such as asymmetry in the tunnel couplings or a
multiplicity of levels in the dots. In particular, the experi-
mental situation in which the conductance is dominated by
a single quantum dot can be modeled by taking a single
level on the right dot and multiple levels on the left, as
shown in Fig. 3(d). The sign-reversing nature of the
Isaw-V, traces is still a robust feature although signatures
of extra levels may appear for certain pumping trajectories.

Finally, we examine whether the experimental effects of
changing Agaw are consistent with the model. Figure 4(a)
shows Igaw at fgaw = 2607 MHz in the vicinity of a
Coulomb peak. A slight asymmetry between positive and
negative peaks is seen for small Pg,yw. In the model, this is
reproduced [see Fig. 4(b)] by, for instance, assuming an

126803-3



week ending

PRL 101, 126803 (2008) PHYSICAL REVIEW LETTERS 19 SEPTEMBER 2008
(a) =2l (b)  mEtmii(en maxima of R(g}, g,), irrespective of the precise form of
— - this function. The results in Fig. 4 are therefore consistent
é , ) with the model also when in the experiment R(g,, &,) is
3 57 significantly more complex than the model situations
n_% ___________ shown in Fig. 3. To completely describe the experiment

.15 f=2607gikz (the model actually underestimates the amount of pumped
< 8-8: current and does not account for the fine structure observed
=011, \/ | at 544 MHz) would require a better knowledge of the
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FIG. 4 (color online). (a) Color scale representation of the
SAW-induced current as a function of SAW power and V,, for
fsaw = 2607 MHz. (b) Calculated SAW current for a double
quantum dot model with an asymmetry between the tunnel
couplings I'; and I'y, as discussed in the text. The parameters
are I';:T'g:A:6 = 1.0:0.1:0.5:0.3, and the phase difference ¢ =
/2. (¢) SAW-induced current for the same resonance peak as in
panel (a) for fgaw = 544 MHz. (d) Calculated SAW current as
in panel (b) but for a phase difference ¢ = /10, corresponding
to the fivefold increase of Agaw [25].

asymmetric coupling to the leads and a small offset J,
corresponding to the situation depicted in Fig. 3(c). Other
kinds of asymmetry such as a; # «, have a similar result.
Figure 4(c) shows the current at fqaw = 544 MHz, using
the second pair of transducers. The current is now nearly
always of negative polarity. Figure 4(d) shows the corre-
sponding model prediction, which agrees very well. Here
the effect of decreasing fgaw is just to reduce the phase
difference between the dots (¢ — 0 when Agaw becomes
much larger than the device dimensions). This reduces the
width and area of the elliptical pumping trajectory. The
result can be understood qualitatively from Fig. 3(c) noting
that the level offset & shifts the line followed by the ellipse
center towards the negative (blue) regions of R(g, &,). For
large SAW powers and circular pumping trajectories, the
asymmetry in the pumped current is still relatively small
since the enclosed area includes a domain where R(g, &,)
is positive [illustrated by the circles in Fig. 3(c)]. However,
after decreasing Pgaw (smaller radius) or fgaw (narrower
ellipse), the integral includes only regions of negative
R(ey, €;), enhancing the asymmetry. Note that the en-
hancement of the asymmetry in Ig,w Wwhen decreasing
SAW power or frequency is expected whenever the center
of the pumping trajectory follows a line in [ &, &, ] parame-
ter space that is asymmetric with respect to the minima and
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