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Supplementary Figures

x10\3
-0.15 X
&)
-0.2
g .(1’1)
™~ |43 0
20259
-0.3
(0,0) :
W5
035 -03 -0.25 -0.2 d’QPgIdVAs
Vg, (V) (eh)
(a)
x10°
> "y
:3 . ‘.wwa.!mw %-"

1 2 3 4 5 6 7
tp(ns)
(b)
Supplementary Figure S1| Charge stability diagram of the double quantum dot and

coherent oscillations of the charge qubit. (a) The QPC differential transconductance as a
function of the gate voltages V3 and V3. The notation (n,m) represents the effective left and
right dot occupancy. The black ovals and green dashed lines indicate the various charge
configurations. In the remainder of the paper, we focus on the regime denoted by the large oval.
(b) The coherent oscillations of the qubit are exhibited in the QPC differential transconductance
signal when a square-shaped non-adiabatic pulse of width t, is applied. The anti-crossing
energy gap 24 can be determined from the period of the coherent oscillations of the qubit

between two charge states. Figure S1b shows a typical example of a period on the order of

200 ps.
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Supplementary Figure S2| Simulations of the qubit dynamics. Simulation results of the charge
qubit probability Py, using the realistic pulse shape, which displays (a) coherent oscillations as

a function of the detuning €, and the pulse time t,, and (b) the interference pattern as a

function of the energy position €, and the driven pulse amplitude A.
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Supplementary Figure S3| Single qubit operation fidelity. Simulation results of the operation
fidelity as a function of the pulse duration time t, and the dephasing time T5. The operation is a

LZS pulse with an amplitude of 800 peV.



Supplementary Discussion

(1) Charge Qubit and the Driven Pulse
The charge qubit in a double quantum dot is typically described by a Hamiltonian of a

two-level system on the basis of |L) and |R), as follows "*'®:

1
H= ze(t)o"Z + Aoy.

The level detuning is € = Eg — Ey, in which Ej, and ER are the energy levels for an electron in
the left and right dots, respectively. The value 4 is the tunneling between the two dots, and oy
and o, are the Pauli matrices. We denote the eigenstates of the above Hamiltonian as the ground
and excited states |0) and |1) with the corresponding eigenvalues E, and Ej.

In practice, one thinks of 4 as being fixed by the system properties and € as a control
parameter'>'®. Our detuning pulse for the quantum manipulation of the charge qubit is illustrated

in Figure 2a of the main text.

(2) LZS interference asunitary operations

First, we define the single-qubit rotation operators as follows:

e 0
cos— isin—
RO=( 2 2|
isinz cosz
()
RZ(¢) = ld) )
0 exp (?)

on the basis of the ground and excited states |0) and |1).

In many previous experiments, the authors implemented periodic microwave diving field on
the two-level system and observed the LZS interference (for an excellent review, please see Ref.
[13], for a very recent example, please see Ref. [18]). Here we use an alternative method
replacing microwave with a single pulse. The LZS interference process consists of three stages:
(1) The system begins in the |R) state and adiabatically evolves along the ground state |0)
until the first LZ transition occurs at the anti-crossing point. The initial state becomes a coherent

superposition of the ground and excited states, |0) and |1). (2) The two trajectories evolve



independently and accumulate a relative phase. (3) Upon return to the anti-crossing point, the
second LZ transition occurs.

The effects of the passage through an anti-crossing point can be written as an unitary

transformation'***"%’:
0 0
cos%exp(id)LZ) isin%
Uz =
. bz 1z .
isin—= cos —= exp(—igrz)

in which the angle 8;; = 2sin™!,/P,; depends on a Landau-Zener transition probability
Pz = exp(—2mA%/vh), and v is the sweep velocity of the driving pulse through the

anti-crossing point. The angle ¢z = ¢s_§ is related to the Stokes phase ¢ =%+

2 2 2
arg [F (1 - ii—v)] + ;‘—v (ln;‘—v - 1), and ' is the Gamma function. Thus, the transformation can

be presented, using the FEuler angle decomposition, as a product of the form
ULz = Ry (=¢Lz)Ry (OL2)R (—d12).

In the second stage, the qubit undergoes a single rotation about the z-axis (also called a
phase-shift gate operation) R,(¢;), in which ¢; is the phase accumulation.

In summary, the LZS interference can be treated as successive unitary operations as shown

in Figure 2a of the main text:

|Wout? = ULzR, () Upz|Win)
= Rz (—pr2)Rx(OL2) R, (—P12) R, ()R, (= 12) R4 (O12) R, (—d12) [Win)
= R(6, $)|¥in).

The above formula indicates that one can drive a two-level system from the state |0) to any
desired state by controlling the speed of passage and the accumulated phase; essentially, an

arbitrary one-qubit rotation R(6, ¢) can be realized.

(3) Phase accumulation in theLZS interference

Although the realistic pulse profile is Gaussian in this research, it is simply approximated as
a triangular pulse. Using this approximation, one can obtain an analytic expression of the LZS
interference that can be used to extract information from the experimental data. The pulse can be
parameterized by the initial value of the detuning &,, the amplitude A, and the rise time t,.. One

can easily obtain the time-dependent detuning as follows



e(t) =gy — v, 0o<t<t,
et)=¢g —A+v(t—t) t<t<2t.

The accumulated phase can then be calculated as
tr 2tr—to
#i= [ 1© - E@lde+ [ IR© - B©ld
to tI‘
in which E;o(t) = +/e(t)? + (24)? represents the eigenvalues of the Hamiltonian of the
system and t, is the time required to reach the anti-crossing point € = 0. Substituting the

explicit expression for &(t) into the above integral yields

b = 2 ftr 2/(e0 — 0% ¥ (24)2dt
t

0

=2 ftr_to 2\ (wt)? + (24)2dt
0

2 2 _ _ 2
= Zv(tr—to)j(tr—to)2 + (%) +2(2A) In ot~ to) +\/1 + <—v(tr t°)>

% 24 24

Given that t. = g, and t, = 2—0, the following can be written:

A—g\> [24\* _(24)%* |A-¢, A —gp\?
d’i_Z(A_EO)J( v )+(7) T Y 1+( 2 ) '

In our experiment, a short pulse (4/v « 1) is applied; thus the above formula can be
simplified to

A—gy)?
=2( 0) .
v

of

The total phase ¢ = ¢; — 2¢1z = 2N gives rise to the constructive interference fringes.

Neglecting a small contribution from 2¢;,, we obtain the following for each interference node:

A — g,)?
=2( O)t

¢ =t

Rearranging the equation, we find the interference-node locations EéN) as a function of the

interference order N, s(()N) = A — /2mhAN /t., which is the form we have used in Figure 2¢ of

the main text.

(4) Determination of thetotal rotation anglesin the LZS interference



Far from the anti-crossing point, the ground and excited states are roughly the charge
eigenstates |R) and |L). Thus following the LZS interference, the project readout can be
performed to measure the |R) state for |0), and the |L) state for |1), respectively.

Evaluating the successive operations starting from the |0) state,

[Pout) = Rz(=¢12)Rx (OL2) R (= L2) R, (DR, (=PLz) Rk (BL2) R, (= PL2) [Win),
we find that the final probability of reaching the |L) state is as follows:
Py = 2P z(1 — Prz)[1 + cos(; — 2¢12)].
The charge state probability P, is measured using the QPC sensor. To model the experimental
results in Figure 3b, we include the decoherence time and a phenomenological term to account
for pulse-induced damping effects'.

One can easily observe that the measured P exhibits clear oscillations as the total phase
¢ = ¢; — 2¢p17 = 2N, which qualitatively confirms the experimental observations in the
charge-stability diagram (Fig. 2b), the time domain (Fig. 4), and the pulse amplitude space (Fig.
3a) of the driven pulse in the main text.

As shown in Figure 2a of the main text, the total x- rotation is maximized when the z-
rotations bring the Bloch vector back to the starting meridian of the Bloch sphere. Thus, at the
positions under which the constructive interference occurs, we obtain the total rotation angles

around the z- and x-axes as follows:

=2M

¢ A

9 = ZQLZ

= 4sin"*({/P)

= 4sin™? (\/exp(— ZnAZ/hv))
= 4sin™! (\/exp(— 2nA2tr/hA)) :

Using the above two equations, we can fit the experiment data in Figure 3¢ and d of the

tr,

main text to provide insights into the role of the control parameter A.

(5) Numerical simulationsof theLZS interference

The time evolution of the charge qubit is given by solving the time-dependent master

equations of the density matrix as follows:



dp i
—=——[p,H]+1L,
T h[p I+

In which H is the Hamiltonian introduced in Section 3. The standard Lindblad form L
describes the incoherent process, including the appropriate relaxation and dephasing
terms*>>'"’. The solution of p involves a series of differential equations solved numerically
using the Runge-Kutta method. The calculations shown in Figure S2 are in reasonable agreement

with the experimental results (as compared with Figs. 4 and 3a of the main text).

(6) Operation fidelity of theLZS pulse
We can estimate the fidelity of each pulse-induced rotation on the Bloch sphere. The fidelity

of a gate operation is defined as follows™":

F = Tr[\/pwpey/pt].

In which p; is the density matrix of the desired target state and p. is the density matrix of the
real final state. In general, the fidelity is equal to the overlap between the ideal target state and
the real final state after the control’®>*>°. As previously explained, each LZS pulse-induced
manipulation may be modeled as a rotation R(6,¢) of the Bloch vector. From a comparison of
the ideal predicted signal and the measured signal after a LZS-type operation, we can estimate a
fidelity of 80% for a rotation of 8 = 225°, and ¢ = 360° (the second resonance in Fig. 3b in
the main text).

Duration of a gate operation, the interactions of the charge states with their environment
lead to a loss of fidelity’®”®*. Thus the fidelity depends on the specific properties of the
environment and the parameters of the control pulse. As shown in Figure S3, we plot the fidelity
of a specific operation pulse as a function of the pulse duration time and decoherence time.
These results reveal that given an appropriate regime of charge-state decoherence, the value of
the fidelity can be maintained above 90%. Further improvements can be expected from more

advanced pulse-optimization methods'>'®

, and fidelity values higher than 99% can be achieved.
(7) Decoherencetimein a 2D Fourier transform of the amplitude spectroscopy
We use a different approach introduced by Rudner et al.”” to determine the dynamics of a
qubit in terms of two times: the intrinsic dephasing time T, and the ensemble-averaged

dephasing T,.



In an analogy to the interaction picture, we introduce a state vector as follows:

t
[P (), = exp(—ipo,/2) |¥(1)), ¢ = f e(t)dt’.
0

The new state evolves according to the Schrodinger equation ih(ﬂlpd—(tt))' = H;|¥(t)); with the

transformed Hamiltonian

H _1( 0 A* exp(— i(paz/2)>
'™ 2\4" exp(iao,/2) 0 '

2
Next, we introduce the decoherence by including a correlated noise term &(t) + de(t) with

the spectral density as follows:

+00

S(w) = % dt exp(iwt) (6e(t)5€(0))eps -

If the system begins at the state |R) and, the time evolution operator can be calculated in the
first order of Hj

oot
i
Ut)=1- —f Hy(t")dt'.
hJo
Thus, we find the transition probability as follows:
2

i

t
- EJO A exp(i(p(t’)) dt’

P(t) =%

1 t t
= 4_hzf dt’f dt" A%expli(@(t") — @(t")]expli(8e(t") — 8p(t))].
0 0
We define the phases as

o(6) = () + 8p(0), §(2) = j e(t)dt!, 8(t) = f Se(tdt .
0 0

Finally, we average over the noise realizations §&(t) to obtain

1 t t
(POVens = g7 | e’ | e expli(5(¢") = ¢)] expli(B0 (e ~ 80" ens

For the white noise model, we have
(exp[i(8¢(t") — 8p(t"))]ens = exp[-TIt" —t'I].
Thus the decay law of the qubit is characterized by the rate I', which corresponds to the intrinsic
dephasing time T, = 1/T.
In more general situations, the dephasing also occurs for a single two-level system in the

time-ensemble measurement due to the low frequency noise, similar to the NMR averaging over



spin ensembles due to spatial inhomogeneities. We consider a Gaussian-distributed noise which

yields the following:

2 +0o0 1a2 2 1
(exp[i(&ﬂ(t') - S(P(t”))])ens = exp [_%f . dwS(w) %} = exp [_Etzr*z]-

The rate I'* = 1/T, is introduced as the root-mean-square amplitude of the noise. Thus, the

decay law is replaced by a function that contains the ensemble-averaged dephasing time T,

Usually, the ensemble-averaged and intrinsic dephasing processes can be distinguished
using Ramsey and echo experiments, respectively. However, we demonstrate their differences
using the 2D Fourier transform of the LZS interference pattern.

With the Fourier transformation

+00 +00
Ppr(ke, ky) = f f exp(—iAkp — ick,) P(g,A)dedA,

we can conveniently repeat the calculation in Ref. [25] and find that the prefactor
exp[—I'|t" —t'|/2] in the time domain leads to the corresponding prefactor in the amplitude
domain

Per(ke, kp)i < exp(—Tk,).

Similarly, the ensemble-averaged Fourier transformation can yield the following:

1
Per(ke, kp)e o exp (—zf*zkg)-

Obviously, the Fourier intensity with intrinsic dephasing corresponds to a linear relationship,
while that with ensemble-averaged dephasing corresponds to a parabolic relationship. Hence, the
2D Fourier transformation has the great advantage of providing an effective way to distinguish

between the types of dephasing time (as shown in Fig. 5 of the main text).
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