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We investigate the dephasing mechanisms induced by the charge noise and microwave heating effect acting on a
graphene double quantum dot (DQD) capacitively coupled to a microwave resonator. The charge noise is obtained from
DC transport current, and its contribution to dephasing is simultaneously determined by the amplitude response of the
microwave resonator. A lowfrequency 1/f-type noise is demonstrated to be the dominant factor of the dephasing of
graphene DQD. Furthermore, when the applied microwave power is larger than —90 dBm, the dephasing rate of graphene
DQD increases rapidly with the increase of microwave power, and fluctuates slightly with the applied microwave power
smaller than —90 dBm. Our results can be applied to suppress the impeditive influence on the dephasing of graphene-based
devices associated with microwave input in the perspective investigations.

Keywords: quantum dot, microwave resonator, charge noise, graphene

PACS: 61.48.Gh, 68.65.Hb, 03.67.Lx, 85.40.Qx

In recent years, combining the on-chip microwave res-
onators and gate-defined quantum dots (QDs) in circuit quan-
tum electrodynamics (cQED) architectures have attracted con-
siderable attention.!! Such hybrid QD-resonator devices have
QDs are consid-
ered as promising candidates for quantum information pro-

been realized on a variety of materials.

cessing, and microwave resonators are used for sensitive
metrology>8! or mediating multiple QDs for scalability. [*~1?!
Moreover, strong coupling regime is an important milestone
in cQED systems, indicating that the coupling strength ex-
ceeds dephasing rate and photon loss rate.['>!* Very re-
cently, a strong charge-resonator coupling has been realized
on GaAs,[?! Si.Bl and carbon nanotube,*! and strong spin-
resonator coupling has got extraordinary breakthroughs on
Sil>%! and GaAs.!”!

Graphene has also obtained impressive attention due to
its interesting physical properties and promising applications.
However, strong coupling between resonator and charge or
spin has not been achieved in graphene system. One crucial
challenge is to control over the dephasing rate,!!>-1°! which
is the key indicator calibrating whether a physical system can
act as a qubit.[>”) Charge noise and microwave heating effect
are the well-known sources of dephasing of qubits.[?!~26] Tn
GaAs system, the previous experiment has manifested that the
1/ f-type charge noise is the main contributor of dephasing.>”)
So far, numerous studies have focused on the charge noise in
different graphene-based devices.!?*3%1 However, in the hy-
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brid graphene double quantum dot (DQD)-resonator architec-
ture, there has been no reports on charge noise and microwave
heating effect as well as their influences on the dephasing of
graphene DQD up to now.

In this paper, we employ the graphene DQD-resonator hy-
brid device to extract 1/f-type charge noise and white noise
in the environment surrounding the graphene DQD. Further-
more, we evaluate the dephasing mechanisms of graphene
DQD affected by the charge noise and microwave heating
effect.
factor of dephasing in graphene DQD-resonator system, and

It is demonstrated that 1/f noise is the dominant

the dephasing rate of graphene DQD increases rapidly when
the microwave power applied in the resonator is larger than
—90 dBm.

As exhibited in Fig. 1(a), the hybrid device consists of
a superconducting half-wavelength refection line resonator
(RLR)13331 and two graphene DQDs. Figure 1(b) shows the
typical structure of graphene DQD and adjacent quantum point
contact (QPC) channel. Source (Sp) and drain (Dp) are used to
drive the current through DQD, and two depletion gates (G,
G») are applied to tune the chemical potential of the DQD. Sq,
Dq, and Gq are used for the separated QPC. Each graphene
DQD is capacitively coupled to the superconducting differ-
ential stripline of the resonator via its source lead. The two
differential striplines of resonator are respectively coupled to
input and output ports via finger capacitors. The sample is
mounted on the dry dilution refrigerator with the base temper-
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ature of 26 mK in order to isolate from thermal radiation of
higher temperature stages inside the refrigerator. Figure 2(c)
exhibits the circuit schematic and measurement setup. A con-
tinuous microwave signal is split into two differential signals
by 180° hybrid and then applied into striplines, establishing
a steady electromagnetic field. The DQDs are positioned at

to resonator

the antinodes of electromagnetic field. The variations of DQD
states would influence the electromagnetic field and thus lead
to the shifts in amplitude and phase of the reflected microwave
signal. Finally, the reflected signal is measured by the net-
work analyzer after a primary cryogenic amplifier and a series
of secondary room-temperature amplifiers.

(c) attenuators power divider

temperature E3
26 mK
) @

Fig. 1. (a) Circuit schematic of the hybrid device. The cavity (white) consists of two differential strip lines. The AC pads are used for the input
and output of microwave. The two graphene DQDs are coupled to the resonator by source leads. (b) The typical structure of DQD and adjacent
QPC channel, which are made of few-layer graphene flakes. (c) Circuit schematic and measurement setup of the hybrid device.

Firstly, we modulated the chemical potential of graphene
DQD by tuning gates voltage. The DC transport current
through DQD was recorded as a function of V5 and V. A
typical hexagon-shaped charge stability diagram of DQD was
observed, 337371 a5 plotted in Fig. 2(a). In order to calibrate
the lever arm of each gates, the DC signal was measured along
the red dashed arrow indicated in Fig. 2(a). In this process,
the energy level in the right dot was modified but energy level
in left dot remained unchanged. As a consequence, we ob-
tained the Coulomb diamond, from which the charging energy
of the system is determined to be Ec ~ 1.7 meV, as shown in
Fig. 2(b).

Secondly, we characterized the microwave resonator and
then employed the resonator to probe the charge states of the
graphene DQD. The amplitude and phase responses would be
affected by the dispersive and dissipative coupling between
QDs and resonator. The amplitude (A) of the resonator was
extracted from the reflected microwave responses by the net-
work analyzer, as plotted in the inset of Fig. 2(d). The char-
acteristic parameters of the resonator can be determined from
the A /2 open-circuit microstrip resonator model %1532 based
on the input-output theory.[*®! The resonance frequency of
the bare resonator is determined to be @y/2m = 6.35 GHz.
The internal loss is & /27 = 0.68 MHz and external loss is
Ke/27m = 1.32 MHz. The quality factor is ~ 3100.

In the following, we chose DC transport as the detecting
channel to analyze the charge noise. Simultaneously, the de-
phasing rate!!%138] of graphene DQD is determined by the
amplitude response of RLR with —96 dBm microwave power
applied. Sweeping along detuning line (black solid arrow) in
Fig. 2(a), the charge is shifted from the left dot to the right dot,
we obtained the transport current and differential conductance
as functions of g, as plotted in Fig. 2(c).

In the meanwhile, we recorded the amplitude response as
a function of &, as plotted in Fig. 2(d). The dephasing rate
Yp /27 of graphene DQD can be extracted from the reflection
coefficient Sy (), which is the typical model used to de-

scribe DQD resonators in various materialst!%-1316]
-0 L
i @)ty 20
S$1(@)=— 2 1 . (D)
(g — )+ ——2>—— + (K

The amplitude is determined as A =| S»;(®) |, where g is the

DQD-resonator coupling strength, and Q = 4/ (2¢.> 4 £2) and
2t are the tunneling energy. By fitting the experimental am-
plitude to the reflection coefficient, we extracted that the total
dephasing of DQD is y, /27 = 1.59 GHz, g./27 = 21 MHz,
and 2. /2w = 7.3 GHz.
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Fig. 2. (color online) (a) Charge stability diagram of DQD measured by DC transport current. Red dashed line is the sweeping
direction to obtain the Coulomb diamond. Black solid arrow is the direction of sweeping detuning €. (b) Coulomb diamond diagram
obtained by sweeping along red dashed arrow in part (a). (c) Transport current (black line) and differential conductance curve (red line)
of DQD sweeping detuning €. Green and cyan dashed lines respectively indicate the Coulomb resonance (CR) position and Coulomb
blockade (CB) position of charge noise. (d) Amplitude signal of the resonator as a function of €. The blue dots are experimental data
and the red line is a fitting curve with an extracted dephasing rate ¥, /27 = 1.59 GHz. Inset: amplitude response of the resonator as a
function of frequency, from which the characteristic parameters of the resonator can be determined.

To determine the charge noise spectral density of the en-
vironment in which the graphene DQD is surrounded, we mea-
sured the time traces of the transport current at two different
detuning values, indicated as green and cyan dashed lines in
Fig. 2(c).
traces of transport current were acquired for 3704 s with the

During the charge noise measurement, the time

sampling time interval set at 0.1482 s. The recorded noise
data of two detuning values are shown in Fig. 3(a). In order
to get a relatively smooth power spectrum density (PSD), we
use Bartlett method°! and divide each data into five pieces,
thus each piece contains 5000 points of total 25000 points. Af-
ter PSD transform of each piece and then getting the average
value of five pieces, thus we get the current PSD curve, as
shown in Fig. 3(c). The cyan line, at Coulomb blockade (CB)
position, only carries information about the intrinsic noise of
the measurement setup and environment. The green curve,
at Coulomb resonance (CR) position, is sensitive to charge
fluctuations, containing both charge noise as well as intrinsic
noise. Therefore, the difference between the upper green curve
and the lower cyan curve in Fig. 3(c) reveals the influence of
charge noise on transport current of the graphene DQD.

The charge noise PSD can be determined by the following

equation:[*7]

Se(e2/Hz) = (EC) (gf) (-5 @

Esens

The obtained result is shown in Fig. 3(d). Apparently, the
charge noise PSD spectrum of DQD consists of two parts. One
is a white noise floor at a higher frequency with a level of
3.9 x 107> % /Hz, and the other is a standard 1/f noise with
a slope of 62 = 5.0 x 107> €2 /Hz.[*0*4I Correspondingly, we
get the equivalent detuning fluctuation noise Sg 42461

(Ec/e)* Sc = 65.0 (ueV)? /Hz
3.68 (GHz)? /Hz.

Se
3

For comparison, the obtained S¢ in graphene DQD is on the
same order of S¢ = 57.1 (ueV)?/Hz in GaAs-based DQD, 2]
and S¢ = 25.0 (ueV)? /Hz in carbon nanotube-based DQD. 4!

Combining the experimental results with the second order
semi-classical model for dephasing, [*!*>#7! it is able to calcu-
late the dephasing rate of the DQD contributed by detuning
fluctuation noise as follows: 27474

d’Q

Yo /20 = —5—

dzg 8:0S£ == Sg/ztc.

“
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Fig. 3. (color online) (a) Time traces of DC transport current in the CR and CB positions, indicated as the green and cyan lines in Fig. 2(c). (b)
Schematic of the charging diagram of the DQD with CR and CB indicated. The (N, M) means the number of electrons in the left dot and right
dot respectively. (c) Current noise spectrum calculated from the green and cyan curves in panel (a). (d) The whole spectrum of charge noise
PSD consists of a 1/ noise (orange line) and a white noise (yellow line). The microwave power applied in RLR is —96 dBm.

Therefore, with —96 dBm microwave power applied, the de-
phasing rate contributed by 1/f charge noise can be evaluated
to be yg /27 =~ 1.06 GHz, which contributes the main part of
the total dephasing rate ¥, /27 = 1.59 GHz of the graphene
DQD. This result demonstrates that 1/f noise is the dominant
source of dephasing in the graphene DQD-resonator system at
low frequency.

Furthermore, previous studies have demonstrated that the
graphene DQD absorbs microwave power easily, especially at
resonance, leading to the increasing transport current due to
the electron heating by the resonator microwave field.[!! In
the meanwhile, charges inside the DQD are motivated with
enough energy to tunnel through a series of puddles formed
in graphene etched nanostructures, thus leading to the in-
crease of 1/f noise.3%4%-301 In the following, we focus on the
microwave heating effect and its effect on the dephasing of
graphene DQD. With the different microwave power applied,
the charge noise is measured by the DC transport current, and
the amplitude of RLR is simultaneously recorded to extract the
dephasing rate.

Figure 4(a) shows the transport current variation as a
function of the applied microwave power (P). The value of DC
transport current through the DQD with power P = —85 dBm
is nearly twice as large as that with P = —94 dBm. The stan-
dard deviation changes of the DC current with P = —85 dBm
is almost four times as large as that with P = —94 dBm. Fig-

ures 4(b) and 4(c) show the measured charge noise PSD and
extracted dephasing rate ¥, of graphene DQD with three mi-
crowave power (—94 dBm, —91 dBm, and —85 dBm). With
the increase of microwave power, increasing tendencies are
observed in both Sc and ¥y, indicating that graphene DQD
suffers a heavy microwave heating effect.!'%4"] Note that un-
avoidable additional structures occur around 3.5 Hz may result
from either a periodic charge noise in the host material or the
measurement setup fluctuations leading to detuning noise.>’!
Then we repeat the measurements of Sc and ¥, with P which
ranges from —96 dBm to —84 dBm in steps of 1 dBm, as
shown in Fig. 4(d). When microwave power P < —90 dBm
(blue region), ¥, shows a slight fluctuation with increasing P.
However, when P > —90 dBm (yellow region), ¥, increases
rapidly with the increase of microwave power.

Notably, various experimental studies based on graphene
need the applied microwave power much larger than
—90 dBm, such as photon-assisted tunneling (PAT),’>!l With
the large microwave power applied, the expected PAT phe-
nomenon may be submerged in thermal noise or rapidly dis-
appeared due to short dephasing time. We believe our find-
ing is of crucial importance in the design of graphene-based
systems associated with microwave input. The applied mi-
crowave power should be less than —90 dBm in our measure-
ment setup, or the dephasing of the system could be greatly
influenced.
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Fig. 4. (color online) (a) Transport current in sensitive position as a function of microwave power applied to RLR. Current signal as well as
its noise (shown as the error bar) increases with microwave power. (b) Charge noise PSD with different microwave power. Noise exhibits the
increasing tendency with the increase of microwave power. (c) Amplitude signal of the resonator as a function of € with different microwave
power. (d) The related dephasing rate ¥, versus applied microwave power extracted from amplitude signal of the RLR. It shows a slight
fluctuation with microwave power below —90 dBm and a rapid increase with microwave power above —90 dBm.

In conclusion, we investigate the dephasing mechanisms
of graphene DQD affected by the charge noise and microwave
heating effect in the hybrid architecture which consists of a
graphene DQD and a capacitively coupled microwave res-
onator. The charge noise is obtained from DC transport cur-
rent, and its contribution to dephasing is simultaneously deter-
mined by the amplitude response of the microwave resonator.
In the graphene DQD-resonator system, the low-frequency
1/ f-type charge noise is demonstrated to be the dominant fac-
tor of the dephasing of graphene DQD. Furthermore, when
the microwave power applied in the resonator is larger than
—90 dBm, the dephasing rate of graphene DQD increases
rapidly with the increase of microwave power, and fluctuates
slightly with the microwave power smaller than —90 dBm.
We anticipate our work would be important for the design of
graphene-based systems associated with microwave input.
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