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Extending the coherence of a quantum dot hybrid qubit

Brandur Thorgrimsson', Dohun Kim @7, Yuan-Chi Yang', L. W. Smith™#, C. B. Simmons’, Daniel R. Ward'~®, Ryan H. Foote', J. Corrigan’,

D. E. Savage®, M. G. Lagally®, Mark Friesen

', S. N. Coppersmith' and M. A. Eriksson'

Identifying and ameliorating dominant sources of decoherence are important steps in understanding and improving quantum
systems. Here, we show that the free induction decay time (T;) and the Rabi decay rate (Ir,p;) of the quantum dot hybrid qubit can
be increased by more than an order of magnitude by appropriate tuning of the qubit parameters and operating points. By
operating in the spin-like regime of this qubit, and choosing parameters that increase the qubit’s resilience to charge noise (which
we show is presently the limiting noise source for this qubit), we achieve a Ramsey decay time T of 177 ns and a Rabi decay time
1/Trabi €xceeding 1 ps. We find that the slowest Mgy is limited by fluctuations in the Rabi frequency induced by charge noise and

not by fluctuations in the qubit energy itself.
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INTRODUCTION

There has been much progress in the development of qubits in
semiconductor quantum dots," making use of one,>™"" two,'**°
and three quantum dots?'™?° to host qubits. Charge noise is often
the leading source of decoherence in semiconductor qubits,”” and
an advantage of using two or more quantum dots to host a single
qubit is the ability to work at sweet spots, a technique pioneered
in superconducting qubits,”® that make the qubit more resistant to
charge noise. 3¢

In this work we focus on one such qubit, the quantum dot
hybrid qubit (QDHQ),*”~** which is formed from three electrons in
a double quantum dot, and can be viewed as a hybrid of a spin
qubit and a charge qubit. Fast, full electrical control of the QDHQ
was recently implemented experimentally using ac gating,*®
demonstrating a free induction decay (FID) time of 11 ns through
operation in the spin-like operating region (see Fig. 1). While
QDHQ gating times are fast, substantial further improvements in
QDHQ coherence times are required to achieve the high-fidelity
gating necessary for fault-tolerant operation.” True sweet spots,
which are used to increase resistance to noise and thus increase
coherence, are defined by a zero derivative of the qubit energy
with respect to a parameter subject to noise. Sweet spots are
usually found at specific points of zero extent in parameter space,
so that non-infinitesimal noise amplitude temporarily moves a
qubit off the sweet spot. The spin-like regime of the QDHQ has no
true sweet spot; however, it has a large and extended region of
small dEq/de, where Eq is the qubit energy and € is the detuning
between the two quantum dots.

Here, we show that the spin-like operating regime for the
QDHQ can be made resilient to charge noise by appropriate
tuning of the internal parameters of the qubit. By measuring dEq/
de, we are able to identify dot tuning parameters that increase
resiliency to charge noise. These measurements show that the
three-electron QDHQ can be tuned in-situ in ways that have a
predictable and understandable impact on the qubit coherence:

the qubit dispersion can be tuned smoothly by varying device
gate voltages, and we find that the dephasing rate is proportional
to dEg/dg, consistent with a charge noise dephasing mechanism.
Reducing dEg/de significantly enhances the coherence of the
qubit. We have achieved an increase the coherence times by more
than an order of magnitude over previous work, decreasing the
Rabi decay rate lgap; from 67.1 to 0.98 MHz, and increasing the FID
time T; to as long as 177 ns. These parameters correspond to an
infidelity contribution from pure dephasing of about 1%.

RESULTS

Figure 1 shows the energy levels of the QDHQ as a function of the
detuning €. At negative detuning the energy difference between
the |0) and |1) states is dominated by the Coulomb energy, while
at large positive detunings, where both logical states have the
same electron configuration (one electron on the left and two on
the right), the energy difference is dominated by the single-
particle splitting Eg between the lowest two valley-orbit states in
the right dot. Here, the logical states are described by their spin
configuration: [0) =|1)|S) and [1)=+/1/3|1)|To)—\/2/3|1)|T-),
where |]) and |1) represent the spin configuration of the single
electron in the left quantum dot and |S), |To), and |T_) represent
the singlet (S) and triplet (To, T_) spin configurations of the two
electrons in the right quantum dot. The tunnel coupling A
describes the anticrossings between the right dot ground (first
excited) state and left dot ground state.

Figure 2a-g shows results of FID measurements for four
different values of the measured dEq/de, performed using the
pulse sequence of diagram IV of Fig. 1, in order to determine
r5=1/T;. For short times (panels a, ¢, €), Ramsey fringes are visible
for all dEg/dg; in contrast, for tree=22ns, Ramsey fringes are
attenuated in Fig. 2b (large dEg/de), yet are still clearly visible in
Fig. 2f (small dEg/de). As shown in Fig. 2g, by tuning the qubit
to achieve dEq/de=0.0025, Ramsey fringes are still visible at
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Fig. 1 Energy spectrum and pulse sequences for the QDHQ. Main
panel: Energy vs. detuning of the qubit states |0) and 11) as well as a
leakage state IL). The QDHQ Hamiltonian, described in Supplemen-
tary Section 1, is parameterized using two tunnel couplings A;()
between the ground state of the left dot and the ground (excited)
state of the right dot, and the asymptotic energy splitting Eg
between the ground and excited states of the right dot. In the spin-
like region (green, right), the logical states are differentiated by their
spin configurations. The four pulse sequences used in this work are
shown as functions of the detuning: the non-adiabatic Larmor (I)
and Ramsey (Il) sequences, and the microwave-pulsed Rabi (Ill) and
Ramsey (IV) sequences. See Supplementary Section 4 for details.
Inset, SEM image of a device lithographically identical to the one
used in the experiments; white dashed circles indicate the locations of
the double dot. Voltage pulses are applied to gates L and R, and a
quantum point contact is used to measure the electron occupancy
of the dots
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trree = 120 ns, and at this tuning a Gaussian fit to the Ramsey
fringe amplitude (shown in Fig. 2h) yields T;=177 +9ns. Fits to
the Ramsey fringe amplitude of the other three detunings are
shown in Fig. 2i, demonstrating a strong correlation between
small dEq/de and long T;. Although we have shown Gaussian fits
in Fig. 2, consistent with quasistatic charge noise, we note that the
FID decay also can be fit by an exponential decay, which would be
consistent with noise that is dominated by only a few two-level
fluctuators,*® and therefore we cannot distinguish between these
two limiting cases (see Supplemental Material for fit parameters
extracted from exponential decays).

Figure 2j shows [;=1/T; for a wide range of dEq/de,
demonstrating a significant improvement in coherence for
reduced values of dEq/de. For a Gaussian distribution of quasistatic
fluctuations of the detuning parameter, with a standard deviation
of o,, one expects that'> 2’

I = |dEq/de|o./v/2h. Q)

In Fig. 2j, we observe such a linear relation between I'; and dEq/
de, with a fitting constant o, =4.39 £ 0.32 peV.

We now turn to a discussion of the Rabi decay time, 1/Trap;, and
its dependence on the qubit dispersion dEq/de. Figure 3a shows
both Eq and dEq/de as a function of detuning, calculated using the
measured tuning parameters for Fig. 3b—e (see Supplementary
Section 1 and 4), showing the decrease in the slope dEq/de with
increasing €. Figure 3b-e shows Rabi oscillation measurements,
performed with a microwave burst of duration tgr and acquired at
the detunings labeled b—e in Fig. 3a, showing that with increasing
€ (and therefore decreasing dEg/de) the Rabi decay rate lgrap;
decreases by more than an order of magnitude for the data
reported here.

For quantum gates, the contribution to infidelity arising from
qubit decoherence is minimized when the ratio of the gate
duration to the Rabi decay time is minimized. The data in Fig. 3f,
acquired at a different dot tuning, show that this ratio can be
made small enough that an X, gate can be performed over 100
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Fig. 2 Changing the dot tuning and € to achieve small dEg/de
decreases the FID rate by more than an order of magnitude. a-g
Plots showing the probability P, of being in state I1) after applying
the Ramsey pulse sequence of diagram IV in Fig. 1, for qubit tunings
characterized by different dEg/de values. TWo tgee time windows are
shown for three tunings, corresponding to dEq/de=0.028 (a, b),
dEq/de=0.012 (¢, d), dEq/de=0.0042 (e, f), and a single time
window is shown for dEq/de =0.0025 (g). Comparing b, d, f, and g,
we see that the FID rate decreases as dEq/de decreases. h, i
Oscillation amplitudes as a function of tree, Normalized by their
value at tree =0 are obtained at the & values indicated by black
arrows in g (h) and a-f (i); fits to both exp(—(tree/T;)?) (values
shown) and exp(—trree/T;) are plotted. j I'; vs. dEg/de, obtained from
a fit to exp(—(tpree/Tz*)Z), as in i (values extracted from a fit to
exp(—trree /T ) can be found in Supplementary Section 6), for several
different tunings and a range of €. The data are well fit to Eq. (1) (blue
line, o, =4.39 +0.32 peV), providing evidence that I is limited by
charge noise. All error bars are standard deviations

times within one Rabi decay time. In the absence of any other
nonideality in the experiment, this would limit the fidelity of an
X2 rotation on the Bloch sphere to 99.0% and would represent a
sevenfold improvement over previous results.*®

It is also interesting to consider how long the Rabi decay time,
1/Trabis itself can be. Figure 3g shows Rabi oscillations acquired at
a different dot tuning and a very small dEq/de = 0.005. Here, Mrapi
=0.98 MHz, representing a decrease by more than a factor of 30
from previously reported Rabi decay rates.*®

The decay of Rabi oscillations is caused by at least two different
mechanisms,*® both of which are observed in these experiments.
First, for relatively large values of dEq/dg, fluctuations in Eq from
charge noise dominate the decoherence. This is similar to FID
measurements, with the important difference that the microwave
drive effectively reduces the range of frequencies decohering the
qubit. This results in Rabi decoherence rates g,y that are slower
than the FID rates I'; at the same dEq/de. For this mechanism, the
Rabi decay is expected to be exponential and depend quad-
ratically on dEq/de.*® °° Figure 3h shows Igap; vs. dEg/de and a
quadratic fit to the data; the data are well described by this
functional form, and decreasing dEq/de yields nearly two orders of
magnitude decrease in Mgap;i.

Second, charge noise can also cause fluctuations in the rotation
rate fpa itself,*” and as dEq/de becomes small, these fluctuations
become the dominant source of decoherence. This second decay
process is expected to yield a decay rate proportional to the drive
amplitude A, and as shown in Fig. 3i we observe this
proportionality in the experiment for small dEq/de. Thus, for small
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Fig. 3 Rabi decay rate is limited by charge noise and applied microwave power, A.. a Plots of Eq = hfq (black) and dEq/de (red) vs. € for the
tuning used in b-e. Here, fq is the qubit frequency, and the spectroscopy methods used are described in Supplementary Section 4. b-e Rabi
oscillations of the probability P; of being in state I1), all obtained at the same tuning but at different ¢, ranging from ~210 to 340 peV. I'gap;
clearly decreases as dEq/de decreases. The decrease in frapi between b-e is caused by the decreased coupling to the left dot as € is increased
(see Eqg. (2)). A is nominally the same but changes slightly between b-e due to changes in fq as discussed in Supplementary Section 5. f Rabi
oscillations, taken at a different device tuning, demonstrating over 100 coherent X, rotations within a Rabi decay time. g Rabi oscillations
demonstrating a Rabi decay time longer than 1 ps, taken at a device tuning differing from those in b-f. h T'r,p;, obtained by fitting to an
exponential decay, plotted as a function of dEg/de for measurements at multiple tunings and operating points, with A. within 10% of 25 peV.
Here, the black line has slope 2, indicating that I'r,,; depends quadratically on dEq/de, consistent with I'r,p,; being limited by fluctuations of
fo.* 3% Here, the different tunings are labeled with different colors (red, green, and blue), as specified in Supplementary Section 1. i Rabi
oscillations taken at € =323 peV (dEg/de =0.005), as a function of the microwave amplitude A,, showing that the Rabi decay rate T'rap;  Ag,

consistent with I'rapi being limited by fluctuations of frap; for small values of dEq/de

dEq/de, fluctuations in frap,; dominate the Rabi decay rate. In
contrast to the Rabi decay process discussed above, in which the
applied microwave pulse narrows the frequency range of charge
fluctuations contributing to the decay, charge fluctuations over a
wide bandwidth are expected to contribute to this decay process.
This contribution can be seen by applying the rotating wave
approximation to Eq. (S1) in Supplementary Section 1, which
yields an approximate form for fg,p,; that is valid at large detunings:

MDA,
2he(e — Eg)"
0. can then be related to Ogabi, the standard deviation of
fluctuations in fgap;, by

ORabi=(dfrabi/d€)Ok. 3)

We therefore expect the decay rate from this mechanism to be
proportional to dEg/de rather than to the square of dEg/de,
explaining its dominance at small dEq/de.

)

fRabi =

DISCUSSION

In this work we have shown that the internal parameters of the
QDHQ can alter the qubit dispersion dEq/de over a wide range,
resulting in large tunability in both the decoherence rates and the
Rabi frequencies achievable. The dominant dephasing mechanism
for Rabi oscillations switches from fluctuations in the qubit energy
Eq to fluctuations in the Rabi frequency fz,p; at the smallest values
of dEg/de. By decreasing dEq/de we have reduced both the Rabi
and the Ramsey decoherence rates, important metrics for
achieving high-fidelity quantum gate operations, by more than
an order of magnitude compared with previous work, demon-
strating Irap; @s small as 0.98 MHz and T;=1/T7 as long as 177 ns.
These coherence times exhibit the utility of the extended near-

Published in partnership with The University of New South Wales

sweet spot in the QDHQ for improving qubit performance in the
presence of charge noise.

METHODS

The Si/SiGe device is operated in a region where magnetospectroscopy
measurements> °' have indicated that the valence electron occupation of
the double dot is (1,2) for the qubit states studied here. Manipulation pulse
sequences were generated using Tektronix 70001 A arbitrary waveform
generators and added to DC gate voltages on gates L and R using bias tees
(PSPL5546). Because of the frequency-dependent attenuation of the bias
tees, corrections were made to the applied pulses during the adiabatic
detuning pulses, as described in Supplementary Section 5. The qubit states
were mapped to the (1,1) and (1,2) charge occupation states as described
in ref. 46. A description of the methods used to measure the qubit
dispersion and lever arm can be found in Supplementary Section 4.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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