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Hybrid qubits enable the hybridization of charge and spin degrees of freedom, which provides a way to realize both a
relatively long coherence time and rapid qubit manipulation. Here, we use microwave driving to demonstrate the coherent
operation of a tunable hybrid qubit, including X -rotation, Z-rotation, and rotation around an arbitrary axis in the X-Y panel
of the Bloch sphere. Moreover, the coherence properties of the qubit and its tunability are studied. The measured coherence
time of the X-rotation reaches ~ 14.3 ns. While for the Z-rotation, the maximum decoherence time is ~ 5.8 ns due to the
larger sensitivity to noise. By employing the Hahn echo sequence to mitigate the influence of the low-frequency noise, we
have improved the qubit coherence time from ~ 5.8 ns to ~ 15.0 ns. Our results contribute to a further understanding of
the hybrid qubit and a step towards achieving high-fidelity qubit gates in the hybrid qubit.

Keywords: semiconductor quantum dot, hybrid qubit, qubit operation, microwave control

PACS: 73.21.La, 85.35.Be, 03.67.Lx, 42.50.Wk

1. Introduction

Qubit hosted on semiconductor quantum dots is a
promising candidate for quantum computation due to its
scalability and compatibility with industrial manufacturing
technologies.!!%! Over the past decades, different degrees of
freedom of electrons in semiconductors have been explored
to form qubits. Spin qubits encoded on the spin degree of
freedom have long coherence times because they are rela-
tively isolated from the environment. However, such isolation
also makes spin qubits face a challenge in realizing fast qubit
operations.!!>>7-101 Tn contrast, charge qubits utilizing the
spatial distribution of electrons have advantages in manipulat-
ing speed, but they suffer from charge noise and thus dephase
rapidly.l''=17] In this context, hybrid qubit has been proposed
and investigated extensively (see Table Al in Appendix A for
experimental progress), which combines the longevity of spin
qubits and the fast manipulations of charge qubits. [>18-2%]

The hybrid qubit is encoded by the two lowest energy
states of three or five electron spins in a double quantum
dot (DQD), hybridizing the degrees of freedom of charge
and spin.[20-2224291 By virtue of the asymmetry and anhar-
monicity of the confinement potential, a unique tunable hy-
brid qubit has been demonstrated.!?*! The tunability of the hy-
brid qubit has been well modeled by its quasiparallel energy
levels, which enables flexible qubit operations and provides
a path to optimize the operation point.[**! Microwave driving
is beneficial in realizing precise and reliable qubit manipula-
tion. It allows control of the rotation axis by the microwave
phase and operation speed by the microwave amplitude. %3]

fCorresponding author. E-mail: gcao@ustc.edu.cn
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Importantly, it enables the qubit to keep at the optimal work-
ing point.[16-23-301 Recently, the operation fidelity of the typical
hybrid qubit has been improved via microwave control. [>229]

In this work, we study the tunability and realize coher-
ent single-qubit manipulations of a tunable hybrid qubit with
microwave driving. The tunability of energy levels is inves-
tigated by performing microwave spectroscopy. Then we im-
plement X-rotation with the operation speed controlled by the
microwave amplitude. In the Ramsey fringe experiment, we
demonstrate Z-rotation and optimize the qubit decoherence
rate by detuning. Moreover, rotation around an arbitrary axis
in the X-Y plane is achieved by leveraging the controllabil-
ity of the microwave phase. Furthermore, we utilize the Hahn
echo sequence to reduce the influence of the low-frequency
noise on the qubit. The qubit coherence time is improved to
~ 15.0 ns, which is a factor of approximately 2.6 compared to
the maximum coherence time ~ 5.8 ns measured in the Ram-
sey fringe experiment.

2. Experimental setup

The DQD we studied is defined on a GaAs/AlGaAs
heterostructure with metallic electrodes D1-D5 and H1-H2
(Fig. 1(a)). The gate electrodes Q1-Q3 can form a quantum
point contact (QPC). As the QPC is capacitively coupled to the
DQD, B!l we can obtain the charge states of the DQD by mea-
suring the transconductance of the QPC, dI/dVps. Figure 1(b)
shows the charge stability diagram of the DQD obtained by
measuring dI/dVps as a function of gate electrode voltages
Vp1 and Vps. In the figure, (n,m) denotes the electron num-
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bers in the left and right dots. We focus on the (2,3) <> (1,4)
charge transition, which is indicated by the black circle. Since
the two core electrons in the right dot can be neglected when
considering the dynamics of the hybrid qubit,?*>>-3?1 we use

the three-electron model to describe our system.
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Fig. 1. (a) False-color scanning electron micrograph of the device. The
device consists of a DQD (yellow) and a QPC (green). The horizontal
electrodes H1 and H2 (blue) are used to control the interaction between
the two parts. (b) The charge stability diagram obtained by measuring
the QPC’s transconductance d//dVps. We perform the experiment in the
area indicated by the black circle. (c) Schematic diagram of the energy
level structure as a function of €, which is calculated with Eq. (1). The
purple line depicts the applied pulse sequence. The red, orange and blue
lines correspond to the states |0), |1), and |2), respectively. (d) The mea-
sured dI/dVps as a function of detuning € and microwave frequency fiw-
The black dashed line represents the frequency difference between |0) and
[1), which is calculated with Eq. (1) using A; = 13 peV, Ay = 14.3 peV,
6 = —0.1 peV and k = 1.3. The measured spectrum corresponds to the
black rectangle in panel (c).

The hybrid qubit is encoded on the states |0) = | 1)L|S)r
and [1) = /1/3] 1)L|To)r — /2/3] DLIT: ). where the sub-
scripts R and L indicate that electrons are in the right dot
and the left dot, respectively. | 1) and | |) represent the spin
configurations of a single electron, and |S) (|Tp 1)) is the sin-
glet (triplet) state of two electrons. The third relevant state is
|2) = |S)L| T)r, which couples to both |0) and |1) and enables
electrical control. In the basis of {|0),]1),]2)}, the dynamics
of the hybrid qubit system can be described by>*!

—8/2 0 Ay
H=| 0 —ke/2+68 4 |, (1)
A] Az 8/2

where € is the energy detuning between the two dots, which
is adjusted by the gate voltage Vps. A; (Ap) is the tunnel cou-
pling between |0) and |1) (|1) and |2)). Particularly, k de-
rives from the asymmetry and anharmonicity of the potential,
which makes the energy levels of the hybrid qubit at positive €
tunable.>*! This is illustrated by the calculated energy levels
shown in Fig. 1(c), the two lowest energy levels are not strictly
parallel but quasiparallel at large positive €, different from the

original hybrid qubit.[>!?>] This quasiparallelism of the en-
ergy levels makes the qubit properties adjustable and leads to
resistance against noise to a certain extent, >4

In the following experiments, we initialize the qubit in
state |0) using an adiabatic pulse, where € is changed from
negative to positive slowly relative to Ay and A, as illustrated
by the purple line in Fig. 1(c). The qubit states |0) and |1) are
mapped into different charge configurations by adiabatically
pulsing the system back to the negative & region,[”*!1 which
allows for state readout via QPC. More details can be found in
our previous work. >4l

By applying a microwave with a frequency fyw to gate
D5 and scanning over €, we perform microwave spectroscopy
to characterize the transition frequency f; of the hybrid qubit
system. fq is determined by the splitting between the two low-
est energy levels, i.e., fy = (E1 — Eo)/h, where h is Planck
constant and E; is the eigenenergy of state |i). The qubit is
excited from its initial state |0) to |1) when f; = fmw, yield-
ing a resonant peak in the QPC transconductance. The mea-
sured transconductance dI/dVps as a function of € and fiy
is presented in Fig. 1(d), which maps out the energy disper-
sion and suggests that f; can be tuned with €. By choos-
ing appropriate parameters, the black dashed curve calculated
from Eq. (1) agrees well with the resonant peaks. We find
that fy reaches its minimum at € = 41.5 peV, which means
|0fq/d¢€| = 0. Moreover, |dfy/de| keeps small in a wide
range around € = 41.5 peV as a consequence of the quasi-
parallel energy levels, where the qubit is insusceptible to noise
and the coherence time can be prolonged.!'>20-331 Hence, this
area is denoted as an extended sweet spot.

3. Coherent single qubit operation

We have gained a basic understanding of the energy levels
of the qubit in the preceding measurement. Based on this, we
now use microwave driving to demonstrate the coherent oper-
ation of the hybrid qubit and investigate its coherence perfor-
mance around the extended sweet spot.

We apply the same microwave pulse sequence in Fig. 1(c)
but keep the microwave frequency fyw = 2.381 GHz match-
ing the minimum f;. And the microwave burst time #4 is
changed to observe the Rabi oscillation. Figure 2(a) displays
dI/dVps as a function of 7y and € with a fixed output mi-
crowave amplitude Vi, = 40 mV. dI/dVps changes as 14
varies, which indicates a coherent oscillation between states
|0) and [1). At € =41.5 ueV (marked by the green dashed
line), fmw = fq. the relevant oscillation corresponds to the
qubit rotating around the X-axis on the Bloch sphere. The
dI/dVps oscillates at a frequency fr of ~ 160 MHz as shown
in the inset of Fig. 2(a). We fit the data with the function
Aexp[—(tq — to)z/Tsz} cos(27frta + 0), where TR is the co-
herence time of the Rabi oscillation.[3* The fitted red curve
shows good agreement with the experimental data, yielding
T2R ~ 14.3 ns. The extracted T2R is much longer than the
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value obtained in the common charge qubit,!'>!7! which ben-
efits from the quasiparallel energy levels and the different spin
symmetries of the two states.!**! Furthermore, we increase the
microwave amplitude V, and study its influence on the oscil-
lation frequency fr, and the result is displayed in Fig. 2(b). It
is observed that the extracted fr increases linearly with Vi,
which is consistent with the theory.['%2?1 At Vi, = 120 mV,
fr reaches ~ 422 MHz, which means that the qubit only takes
0.59 ns to rotate 77/2 around the X-axis (denoted as X/ ro-
tation). The achieved Rabi frequency is much faster than that
in typical spin qubits, >%~1%) and is the highest for hybrid qubit
(see Table Al in Appendix A for more details).

(EL) dI/dVps (arb. units) 0

40 80 120
td (HS) Vmw (mv)

Fig. 2. (a) The Rabi oscillation obtained by measuring d//dVps as
a function of microwave pulse duration time 74 and detuning € at mi-
crowave amplitude Vi, = 40 mV and frequency fnw = 2.381 GHz.
The inset shows the measured d//dVps (black dots) as a function of
tq at € = 41.5 peV marked by the green dashed line. We fit the data
with a Gaussian damped cosine function (red line) and extract the os-
cillation frequency fr ~ 160 MHz and coherence time 7," ~ 14.3 ns.
(b) The extracted fg as a function of Vj,y with fixed fiw =2.381 GHz
at € = 41.5 peV. At each Vj,,, we measure the Rabi oscillation and
extract fr from the curve fitting as mentioned above. The red line is a
linear fit, [10-22]

The Rabi oscillation frequency and coherence time char-
acterize the property of the driven qubit. Next, we investigate
the free evolution of the qubit (i.e., Z-rotation on the Bloch
sphere) by performing the Ramsey fringe experiment. As il-
lustrated by the pulse sequence in Fig. 3(a), by implementing
the first Xy, rotation after the initialization, the qubit is pre-
pared into a superposition state in the XY plane. Then dur-
ing the evolution time ., the qubit rotates around the Z-axis
at a frequency of f;. Finally, the qubit is measured after a
second Xy, rotation. Figure 3(b) shows the resulting Ramsey
fringe. In the upper panel, the decay rate of the Ramsey fringes
presents a dependence on €. Around € = 41.5 peV (the green
dashed line), the amplitude of the fringe decays slowest. To
quantitatively study the dependence, we need to extract the de-
coherence time of the fringes during the free evolution, which
is termed as inhomogeneous dephasing time T,*. For example,
the lower panel of Fig. 3(b) shows the cut at € = 41.5 peV.
By fitting the data with a Gaussian damped cosine function,
Ty is estimated to be ~ 5.8 ns. This is smaller compared
to the aforementioned TR, since the influence of noise can
be suppressed when the qubit is driven.>3! With the same
processing procedure, we can obtain 7" at various €. Fig-
ure 3(c) shows the inhomogeneous dephasing rate I = 1 /T
as a function of €, which stems from the quasiparallel energy
levels. We overlay the calculated |d fy/d€]| in the figure with

a blue line. The trend of I,* on € shows a positive correlation
with |d fy/de
¢ fluctuates in the presence of noise, if |dfy/de| is small, fy

, which agrees with the above discussion. Since

changes little.!>6-33] Therefore, the qubit is more resilient to
noise. The presented results suggest that I,* can be minimized
via g, that is, we can feasibly optimize 75" with € by utilizing
the quasiparallel energy levels.

By controlling the phase of the applied microwave, we
can achieve rotation around an arbitrary axis in the X-Y plane.
As illustrated in Fig. 3(a), when we vary the relative phase ¢ of
the second microwave, the rotation axis of the qubit changes to
the Q-axis in the X-Y plane. Figure 3(d) shows dI/dVps as a
function of 7, and ¢. At each ¢, the oscillation signals at ¢ =0
and ¢ = 7 are always opposite, which indicates two opposite
rotation axes for two different phases. And when fixing #,
we find that the oscillation phase can be varied consecutively
by adjusting ¢. All these features suggest the controllability
of the rotation axis in the X-Y plane with microwave driving.
Together with the X-rotation and Z-rotation, we have demon-
strated the entire coherent control of the hybrid qubit.

Dynamical decoupling sequences can be employed to
mitigate the influence of dissipation, which helps to improve
the qubit coherence.>3! For example, the Hahn echo refo-
cuses the coherent phase by inserting a X rotation during the
free evolution, 3337381 ag schematically shown in Fig. 4(a).
The low-frequency noise can be averaged out by the Hahn
echo, thereby prolonging the qubit coherence time.**3° Here,
we implement the Hahn echo sequence in our system. We
can change the total evolution time 7 and the position of the
X, rotation in the evolution, the latter is parameterized by ot.
The upper panel of Fig. 4(b) shows the Hahn echo result as
a function of &t and € while 7 is fixed to 5 ns. Moreover,
we show the cut at € = 41.5 peV in the lower panel. The
oscillation frequency is estimated to be 4.81 GHz, which is
approximately twice fq and is consistent with the theoretical

[1622] When we change the position of the X ro-

prediction.
tation, the oscillation decays slightly as 8¢ deviates from zero
where the protective effect of the Hahn echo is optimal. The
amplitude at 67 = 0 directly reflects the influence of noise on
the qubit decay after the total evolution time 7. This ampli-
tude can be obtained by fitting the oscillation with a Gaussian
damped cosine function, as illustrated by the red solid line. We
vary 7T and perform similar measurements followed by data fit-
ting. Figure 4(c) shows the extracted amplitude as a function
of 7. The amplitude decreases monotonically with 7. The red
curve is fit to Bexp[— (7 — 19)2/T5%]!"®! and yields the echo
coherence time 75 ~ 15.0 ns. This result indicates that the co-
herence time of the qubit has been improved to ~ 2.6 times
the maximum 7 ~ 5.8 ns by performing the Hahn echo se-
quence. The good performance of the Hahn echo implies that
our qubit is prone to low-frequency noise. Although some
works have investigated the coherence performance of the
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hybrid qubit, 21222429401 the dominant decoherence mecha-  ing of the hybrid qubit and to design appropriate dynamical
nisms and the noise spectrum have not yet been systematically ~ decoupling sequences for the hybrid qubit to improve the co-

explored. More work is needed to obtain a deeper understand-  herence time.[3%4142]
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Fig. 3. (a) The pulse sequence used to perform the Ramsey fringe experiment and the axis control in the X-Y plane of the Bloch sphere. The
red arrows schematically show the qubit evolution in the Bloch sphere at different pulse stages. We can vary the relative phase ¢ of the second
applied microwave, which changes the rotation axis to £ as shown in the rightmost Bloch sphere. (b) The upper panel displays the Ramsey
fringe as a function of free evolution time 7, and detuning €. The lower panel shows d//dVps (black dots) as a function of 7. at € = 41.5 peV
(indicated by the green dashed line). The red curve is a fit to a Gaussian damped cosine function with qubit’s transition frequency fq ~ 2.38 GHz
and inhomogeneous dephasing time 7, ~ 5.8 ns. (c) The dephasing rate I,* = 1/T" extracted by curve fitting as a function of €. The blue line
is the |0 fy/d€| calculated from Eq. (1) with the same parameters as used in Fig. 1(d). The large I}* and uncertainty at lower € is probably due
to the increased sensitivity to noise. (d) The rotation around an arbitrary axis in the X-Y plane of the Bloch sphere. The measured d/dVps as a

function of 7. and ¢ at € =41.5 peV.
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Fig. 4. (a) Schematic of the pulse sequence for the Hahn echo experiment. Similar to Fig. 3(a), the red arrows display the qubit evolution. 7
is the total free evolution time. The Xz rotation is performed at 7/2 + 8¢ after the beginning of free evolution. (b) The measured echo result.
The upper panel shows d//dVps as a function of 67 and € with fixed T = 5 ns. The cut at € = 41.5 peV is plotted in the lower panel. We can
extract the oscillation amplitude by fitting the data with a Gaussian damped cosine function. For various 7, we extract the oscillation amplitude
ate =415 pu[:lVﬂ and plot the result in panel (c). The red curve represents a fit to a Gaussian damped function with the echo decoherence time
Ty =~ 15.0 ns.
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4. Conclusion

In this paper, we demonstrate the coherent manipulation
of a tunable hybrid qubit in GaAs using microwave control. In
particular, the two lowest energy levels of the presented hy-
brid qubit are quasiparallel due to the asymmetric and anhar-
monic potential, which makes the qubit tunable. By perform-
ing the Rabi oscillation experiment, we observe the X-rotation
with a Rabi coherence time T2R ~ 14.3 ns, which benefits from
the quasiparallelism of energy levels. The maximal Rabi fre-
quency reaches ~ 422 MHz via adjusting the microwave am-
plitude. These features clearly show the virtue of the hybrid
qubit in the coherence compared to the charge qubit and in the
manipulation speed compared to the spin qubit. And the Z-
rotation is demonstrated in the Ramsey fringe experiment. We
find that the quasiparallel energy levels allow the optimization
of the inhomogeneous dephasing time by tuning the detuning.
In addition, the rotation around an arbitrary axis in the X-Y

plane is implemented by controlling the relative phase of the
microwave driving. Furthermore, to reduce the influence of
low-frequency noise, we exploit the Hahn echo sequence and
successfully improve the qubit coherence time 75 ~ 15.0 ns
to a factor of 2.6 compared to the maximum inhomogeneous
dephasing time 7,° ~ 5.8 ns. With the qubit’s tunability as
well as other dynamical decoupling technologies, %4421 we
expect further improvement in the qubit coherence time. Our
results provide more insight into the tunable hybrid qubit and
take a step towards the precise and high-fidelity operation of
hybrid qubits with microwave control.

Appendix A: The experimental demonstration of
the coherent manipulation of the hybrid qubit
In this section, we collect the experiments for implement-

ing the coherent manipulation of the hybrid qubit, and list the
relevant parameters in Table A1.

Table Al. The experimental demonstration of hybrid qubits. For the X-control enabled by microwave, the manipulation frequency is the Rabi
frequency fr and coherence time is TZR. The superscript 1 indicates the value is estimated from the figure shown in the corresponding reference.

The — means this parameter is not measured.

X-rotation Z-rotation

Reference Type Controlling method

Manipulation frequency Coherence time Ty Ty
Ref. [21] typical nonadiabatic pulse ~ 5.2 GHz ~2ns ~ 10 ns -
Ref. [22] typical microwave ~ 100 MHz ~ 33 ns ~ 11 ns ~ 36 ns’
Ref. [26] typical microwave ~ 14.07 MHz ~1.02 ps 177£9 ns -
Ref. [29] typical microwave ~ 175 MHZ" ~ 37 ns ~7ns -
Ref. [24] tunable nonadiabatic pulse ~2.43 GHz ~ 8.1 ns ~ 8.3 ns -
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