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ABSTRACT: We fabricated a hybrid device with two distant
graphene double quantum dots (DQDs) and a microwave
resonator. A nonlinear response is observed in the resonator
reflection amplitude when the two DQDs are jointly tuned to
the vicinity of the degeneracy points. This observation can be
well fitted by the Tavis—Cummings (T—C) model which
describes two two-level systems coupling with one photonic
field. Furthermore, the correlation between the DC currents in
the two DQDs is studied. A nonzero cross-current correlation

is observed which has been theoretically predicted to be an important sign of nonlocal coupling between two distant systems.
Our results explore T—C physics in electronic transport and also contribute to the study of nonlocal transport and future

implementations of remote electronic entanglement.
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C oupling distant nanoconductors is an important goal for
nanophysics and for its potential applications. This kind
of coupling needs the study of interaction between atoms and
photons, which has been widely studied in cavity QED," and
circuit QED has extended this idea to on-chip superconducting
qubsits.”~* Recent theoretical’~'* and experimental'*~** studies
have also implemented this architecture with quantum dots by
coupling them to resonators. So far, resonators have been
coupled to quantum dots made of GaAs,'*'® carbon nano-
tubes,"”'”'?** InAs nanowires,"”*”*" and graphene."® Beyond
that, photon-mediated distant coupling between two single
quantum dots (SQDs) has been studied.'” Recently, in
theoretical work on DQDs interacting through resonators, it
has been proposed that this setup can be used to entangle
macroscopically separated electron transport, which has
applications in nanoscale quantum information processing
and Bell inequality tests.” > A first step toward these goals
would be an experimental demonstration of photon-mediated
nonlocal electronic transport effects in separated mesoscopic
quantum systems.11

In general, the energy-level splitting in a DQD is easier to
tune than in a SQD. In a DQD, the energy splitting can be
directly controlled through the gate-induced detuning and can
be tuned to an energy scale that is close to that of the resonator
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photons. Motivated by this, we here use DQDs to investigate
the dispersive DQD-resonator coupling near the charge-
degeneracy points of the two DQDs. We report an
experimental demonstration of coupling, through a microwave
resonator, between two distant DQDs which are separated by
about 60 ym. When sweeping the detuning of each DQD, in
the proximity of the charge-degeneracy points, a dip is observed
in the resonator reflection amplitude due to nonadditive
dispersive contributions from the two DQDs. This phenom-
enon is explained by the Tavis—Cummings model,” and it
demonstrates the simultaneous dispersive coupling between
one photonic mode and two DQDs. Moreover, with finite-bias
voltages, the current through one of the DQDs is affected by
the current through the other. By changing the microwave
power applied to the resonator, this interaction can be
controlled. Moreover, with finite-bias voltages, the cross-current
correlation between the two DQDs is measured, and a positive
correlation is found. This correlation between currents is
studied with one DQD dispersively coupled to the resonator,
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Figure 1. (a) Schematic and micrograph of the hybrid device. The half-wavelength reflection-line resonator is connected to the two DQDs at one
end of its two striplines, while the other end is used for microwave input and output. (b) The two DQDs are separated about 60 um and are each
coupled to one stripline respectively through their source leads. (c) Scanning electron micrograph of a typical etched graphene DQD sample. (d)
Schematic diagram of the hybrid device. The electric potentials of DQD1(2) L1(2) and R1(2) gates. (e) Spectrum of the phase (black) and
amplitude (red) response of the reflection-line resonator with both DQDs in the blockade region, from which we extract the resonance frequency f,
= 6.35086 GHz, internal loss k,,/27 = 0.68 MHz, and external loss k,./27 = 1.32 MHz.
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Figure 2. (a—b) Phase response of the resonator versus gate voltage near the (M + 1, N) < (M, N + 1) charge transition for the two DQDs (a for
DQD1 and b for DQD2), measured at a fixed probe frequency, fz = 6.35200 GHz. The dashed arrows indicate the DQD energy detuning (&, and
€,) axes. (c) Schematic diagram of the coupling process. The DQDs are coupled to the resonator with coupling strengths g, and g, respectively.
Microwave photons are confined between two isolated superconductors, inducing an interaction between the two DQDs without direct tunneling, or
capacitive coupling between them. (d—g) Experimental (d—e) and simulated (f—g) results for the amplitude (d and f) and phase (e and g) response
versus the detuning of each DQD. Parameters used in the simulation are taken from the best fits of the phase response versus detuning of each
DQD, as denoted in a and b.
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Figure 3. (a) DC current through DQD2 and DQD1 versus the two DQDs’ detuning, ¢, and &,. The microwave power resonantly applied to the
resonator is about 0.79 pW. (b) Ingp, versus &,, with different input microwave powers. All curves can be seen as cuts at the horizontal dashed white
line in a, fixing £, = 0. (c) Current peak of DQD1 versus microwave power P, obtained from the vertical dashed white line in a. Red dotted line
shows the best fit of the obtained data. The inset diagram displays Ipqp, versus &, with different microwave powers. (d) Photon number variation
ON due to DQD2 being on and off resonance, versus microwave applied to the resonator, obtained from the current variations shown in b and the

photon number-current relation shown in c.

while the coupling between the other DQD and the resonator
can be tuned from dispersive to resonant.

Results and Discussion. Our sample is mounted in a dry
dilution refrigerator, with a base temperature of about 38 mK.
The resonator has a fundamental frequency £, of about 6.35086
GHz and a quality factor of about 3100. The hybrid device is
shown in Figure 1. Two etched graphene DQDs,”*** made of
separated (about 60 um) few-layer flakes, are coupled to a
superconducting reflection-line resonator' **“*” (RLR) through
their sources (Figure 1b). From the obtained honeycomb and
Coulomb diamond diagrams, we characterize the DQDs by
their charging energies and lever arms (see Supporting
Information). Meanwhile, charge-stability diagrams of both
DQDs can also be obtained via the dispersive readout of the
resonator (Figure 2a,b). Using the method described in ref 18,
we further characterize the device. The DQD-resonator
coupling strength gc;, the tunnel coupling strength 2fc;, and
dephasing rate y,; for the ith DQD are obtained.

Compared to the SQD charging energy,24 E. =~ 2 meV, the
energy scale 2tc is much closer to the resonator photon
energy,” hf, ~ 27 peV. Thus, we expect that the DQDs can
interact via the resonator, when both DQDs have 2t;
comparable to hf, and are operated near their charge-
degeneracy points. First, we tune the two DQDs to the
proximity of interdot charge transition lines that correspond to
near-6-GHz tunnel coupling. Next, we sweep the detunings
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(each along the dashed arrows, shown in Figure 2ab) and
record the resonator signal. Figure 2d,e show the experimental
results under a 0.10 pW (—100 dBm) applied microwave
power. Near the center (corresponding to the charge-
degeneracy points of both DQDs) the reflection amplitude is
distinctly different from other regions, in that the contributions
of the two DQDs are nonadditive.

This observation matches well with the results of the T—C
model*® with the Hamiltonian:

1
H=wyaa+ Z [EQ,-%- +g(oa + a_iaT)]

i=1,2

where g = gci(2tci/Q), Q; = ((2tc;)* + €2)/% Here w, is the
resonance frequency of the resonator, and ¢; denotes the
detuning of DQDi. This model describes two two-level systems
that are coupled to a photonic field. Using this model with the
obtained parameters (see Supporting Information), we can
reproduce the experimental amplitude and phase diagram
(Figure 2f,g). The tunnel coupling strengths for both DQDs are
7.2 GHz, and the DQDs are therefore in the dispersive regime
(Q; — hfo > gi)-

We can understand this phenomenon as follows. Since the
two DQDs are coupled to the resonator, they can both cause
frequency shifts. Particularly, when the DQDs have zero
detuning, they both significantly contribute to the dispersive
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Figure 4. (a) Schematic diagram of the interaction mechanism. The two DQDs are biased at Vgp, =
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interaction. These contributions add linearly, however, the
amplitude and phase shifts of the resonator response are
nonlinear. In other words, as shown in Figure 2d, instead of
reaching a larger amplitude shift (of greater absolute value), the
cross-center region have a far lower one, as if the two shifts
compete with and cancel out each other. This is a natural result
of the T—C model and can be reproduced in simulations.
However, limited by the large dephasing rates in DQD systems,
vacuum Rabi splitting and energy anticrossings””® have not
been observed in our device, restricting us from further
exploring its quantum information applications. However, this
DQD-resonator system described by the T—C model leaves us
with opportunities to study interesting aspects of nonlocal
electronic transport properties, which have been studied by

theoretical works.”™"?
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Inspired by these predictions, we repeated the gate-sweeping
procedures of the joint readout, but with focus on the DC
current signals Inqp;() instead. Unless stated otherwise, the
bias voltage is 60 V for both DQDs throughout this part of the
experiment. The DQDs are tuned to sites where 2t-; > hf,
while 2tc, & 6.1 GHz < hf .. Figure 3a shows Inqp; and Ipgp, as
a function of &; and &,. Inqp; decreases the most when &, = -2
GHz, where DQD2 is in resonance with the resonator photon,
ie, hfy = Q, = (&,> + (2tc,)?)"/2 Fixing &, at zero, we sweep &,
(shown as the horizontal white dashed line in Figure 3a) under
a series of microwave powers. The result indicates that Iqp, is
influenced by DQD2 (Figure 3b). Furthermore, if we view
DQD2 as a switch whose on and off states denote whether
DQD2 is on resonance (Q, ~ hf,) or off resonance (2, > hf )
with the resonator, such a switch is able to control the
resonator photonic field strength. From Figure 3b, one can
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extract the difference in Inqp, 61, for when DQD2 is on and off
resonance. By converting 61 into a difference in the average
photon number ON, we can study DQD2’s effect on the
photonic field strength in the resonator (i.e, the average
photon number N). To this end, we first employ the empirical
law Igaom =32.73/(1 + SP7%) as shown in Figure 3c, with the
current in units of pA and power in pW. One pW (—90 dBm)
of applied power corresponds to about S X 10* photons in the
resonator of our device, when both DQDs are in the Coulomb
blockade regimes. Thus, when DQD?2 is in the blockade regime,
Ingm as a function of N can be approximated as ISS?DI =32.73/
(1 +2 x 107 N72). The microwave response of the current
through quantum dots has been studied previously, theoret-
ically via the quantum photovoltaic effect in DQDs,”
experimentally in the microwave response of a SQD made of
GaAs,” and in the photon-induced current in graphene QDs at
visible wavelengths.”’ The current—power relation we obtained
above can be explained as electron heating by the resonator
microwave field. As Figure 3d indicates, we find that 6N
depends linearly on P and thus on N. A physical consequence
of this linear relation is that, in this power range, the total
photon number in the resonator changes by a constant factor
(~36%) when DQD?2 is on and off resonance.

The above observed phenomenon, caused by thermal effect,
cannot be used to couple quantum information between the
two DQDs. To study the quantum correlations between the
currents in the two DQDs, we measure the zero-frequency
component of the cross-current spectrum through a measure-
ment of §},(0) = (FFT*(Ipqp,)FFT(Ipgp,)) using a dynamic
signal analyzer (DSA). The machine, SR785, has been used to
sensitively measure the charge noise of an undoped GaAs
DQD? and a suspending graphene QD in our lab. A fixed
bias voltage of 500 ;V is applied to each graphene DQD device.
The transport current is then amplified by a current
preamplifier (SR570) with a bandwidth of 100 Hz. Both the
noise of the individual device and the cross-correlation of the
two cavity-connected devices are measured in the frequency
domain by using the dynamic signal analyzer with a sampling
rate of 102.4 kHz and a span of 125 mHz to 100 Hz (see the
Supporting Information). The normalized zero-frequency
cross-current spectrum F,, = 812(0)/((IDQDI)(IDQm))I/Z, in
the absence of the cavity driving field, is shown in Figure 4c.
Here the signal S;,(0) was averaged over ten measurements
before taken out from the DSA. The signal of S,,(0) is in the
order of 107 A?/Hz. The F,, can be converted to the noise
power spectrum density by a factor of 107** A*/Hz (see the
Supporting Information). With the detuning of DQD1 fixed
around &, ~ hf,, (and &, ~ 0), we measured Fy, as a function of
the detuning &, across three different charge transitions of
DQD2 with typical 2t, values. The result is shown in Figure
4c. A single broad peak is observed in Fy, for 2t., > hf,, while
two additional side-peaks appear around Q, = hf, (where the
DQD?2 is in resonance with the resonator) for 2t., < hf,.

Based on previous theoretical work,” we calculate the
normalized cross-current noise spectrum F,, using the method
of full counting statistics®* with QuTiP,*> and with the
parameters obtained from a separate fitting process.'® Figure
4d shows the simulation results corresponding to Figure 4c.
The peak positions in the experimental data are qualitatively
consistent with the simulations (see the black dashed lines in
Figure 4c,d). In addition, for 2t¢, = 4.3 GHz, there is an extra
peak around &, = —1 GHz (see red dashed line in Figure 4c)
compared to the corresponding simulation, which we cannot
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explain with the present model. To be noted, the center peak in
Figure 4c may be caused by 1/f noise®>* or steady current
correlations; however, the side peaks can only be induced by a
novel cross-correlations between the two DQDs.”™'* (See the
Supporting Information for details.)

Moreover, if we apply large microwave power into the
resonator, F;, shows a triple-peak structure (Figure 4e,f), where
the two side peaks are around €, = +hf,, which may be due to a
photon-assisted tunneling (PAT) effect that is activated when
the resonator is driven by a strong driving field.

Our measurements demonstrate a positive cross-current
correlation through the two DQDs. Similar cross-current
correlation measurements have been reported in two
capacitively coupled quantum dots,*® in two-particle Ahar-
onov—Bohm interferometer,”” and in Cooper-pair devices.’® In
these experiments, the correlated electron sources are coupled
directly via Coulomb interaction,”®*” or the correlated
electrons originate from the splitting of Cooper pairs.”® In
contrast, there is no significant direct coupling between the
electron sources in our device, where instead the DQDs only
interact indirectly via the superconducting resonator. One can
understand this nonlocal interaction as follows: DQD1 emits an
excitation (real or virtual photon) into the resonator,”’ which
can be absorbed by DQD2 near its resonance with the
resonator (Q, ~ hf,). The result is that the currents through
two DQDs are correlated (Figure 4a,b), which has been argued
by theoretic works to be important to entan§le distant
nanoconductors and may be used for the Bell test.” "

Though there is still a long way to go before reaching the
strong-coupling” regime (coupling strength larger than the
decoherence rates) in a DQD-resonator hybrid system, the
large coupling strength (tens of MHz) opens up the possibility
to study the interaction between two distant qubits made of
quantum dot circuits. Compared to previous work on SQDs,"”
our DQD-based devices offer tunable two-level systems with
energy scales closer to the resonator resonance, making it easier
to reach the photon-DQD resonance condition.

Due to the Klein tunneling in graphene, it is difficult to
consistently obtain interdot tunnel rates below the resonator
frequency. ®>**’ In our device, only DQD2 can satisfy the
resonance condition under typical gate voltages. DQDI cannot
be tuned into resonance because its tunnel coupling is larger
than the photon energy throughout our investigated area. As a
result, we can only tune the current through DQD1 by DQD2,
but not the other way around. To study two DQDs both in
resonance with the resonator, a resonator with larger resonance
frequency would be needed. In addition, graphene could also be
replaced by GaAs,'*'® carbon nanotube,'”'” or InAs nano-
wire' " systems.

Conclusions. Two graphene double quantum dots
separated by a distance of about 60 ym are coupled to a half-
wavelength reflection-line resonator. Resonator amplitude
readout results show a dip near the DQD charge-degeneracy
point, which can be described by the T—C model. This result
demonstrates that the two distant DQDs simultaneously
interact with one microwave mode, which can be valuable for
the future long-distance interactions between quantum-dot-
based qubits. In addition, the correlation between the currents
of these two DQDs is studied by measuring the cross-current
correlations. The device and the interaction demonstrated here
may provide an avenue for exploring nonlocal electronic
transport and correlation, although achieving a resonator-
mediated coherent interaction between quantum-dot-based

DOI: 10.1021/acs.nanolett.5b02400
Nano Lett. 2015, 15, 6620—6625


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02400/suppl_file/nl5b02400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02400/suppl_file/nl5b02400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02400/suppl_file/nl5b02400_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.5b02400

Nano Letters

qubits would require quantum dots with significantly longer
coherence times.
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