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We implemented the superadiabatic population transfer within the nonadiabatic regime in a two-level superconduct-
ing qubit system. To realize the superadiabatic procedure, we added an additional term in the Hamiltonian, introducing
an auxiliary counter-diabatic field to cancel the nonadiabatic contribution in the evolution. Based on the superadiabatic
procedure, we further demonstrated quantum Phase and NOT gates. These operations, which possess both of the fast and
robust features, are promising for quantum information processing.
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1. Introduction

The adiabatic quantum evolution plays an important role
in quantum computation,!'* quantum simulation,>~7! and
precision measurements.!®! During an adiabatic evolution, the
system follows the instantaneous eigenstate of the Hamilto-
nian if the system is prepared in an eigenstate at the initial
time. It is possible to produce high fidelity population trans-
fer, which is insensitive to the evolution parameters as long
as the adiabatic limit is satisfied. Lots of adiabatic techniques
have been studied both theoretically and experimentally, such
as rapid adiabatic passage (RAP)!°! and stimulated Raman adi-
abatic passage (STIRAP).!!%-131 However, the usual adiabatic
transition requires that the process should be sufficiently slow
to fulfill the adiabatic limit, which could introduce unwanted
errors due to the short decoherence time of the qubits. There-
fore, various fast “adiabatic” processes protocols have been
proposed to speed up the adiabatic evolutions.!'"*~!8] Among
them, the superadiabatic quantum control is believed to be not
only remarkably fast but also highly robust against the vari-
ations of control parameters. In the superadiabatic protocol,
the controlled system follows perfectly the instantaneous adi-
abatic state of a given Hamiltonian because of the application
of an additional control term to cancel the nonadiabatic contri-
bution during a fast evolution.!'423] Recently superadiabatic
protocols have been experimentally realized in the cold atomic
ensemble,”*! the NV spin qubit,!*>! and the atomic optical lat-
tice system.[?°!

In this paper, we demonstrated the superadiabatic popula-
tion transfer in a superconducting qubit, which is a promising
two-level solid-state system for scalable quantum information
processing. We found that the superadiabatic population trans-
fers are insensitive to the dynamical evolution times. In our
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experiment, it is not even necessary to design the exact du-
rations of the controlling fields beforehand. We also realize
a quantum NOT gate and a Phase (Z) gate from the supera-
diabatic population transfer. By comparing the Z gate with
that obtained from the generally used Ramsey oscillation, we
confirmed the robustness and fast speed of the superadiabatic
procedures.

2. Theoretical method

When one microwave field with frequency w,, and phase
¢ is applied to a two-level system with energy difference wy;
between the states |0) and |1), the Hamiltonian under rotation
approximation is given as

h n
H() = E(on-x“i’gycy‘i’AGZ) = EBO([) ‘g, (1)

where Q, = Qcos @, Q, = Qsin@,  is the Rabi frequency
that results from resonant driving and A = @y — @, is the de-
tuning. Since Hy is the original Hamiltonian used to control
the qubit, we can define it as a reference Hamiltonian. By(t)
is then the effective reference magnetic field expressed in the
unit of angular frequency. The instantaneous eigenvectors are

0 . 0 .
Ay (1)) = cosze_””/2|0> +sin§e”"/2|1>,
.0 _iop 0 i
M,(t»:fsmie ¢ |O>+cos§e‘p 1)
with the mixing angle 6 = arctan[Q(¢)/A(¢)]. The corre-
sponding eigenvalues are E4 (t) = +h+/Q ()2 + A(1)%/2.

In the adiabatic approximation, the state driven by Hy(t)
is
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W (1)) = exp [ %/0 d'E+ (1) - /Ordt/Mi(t/)w:’xi(t,» (1)) @)

Using the reverse engineering approach,[!>l one can design a superadiabatic process by controlling the actual evolution
Hamiltonian Hy(r). For a superadiabatic Hamiltonian, it is not difficult to find the exact evolving state | ¥ (z)), which satisfies
i70,| W (1)) = Hy(t)|¥e(r)). Any time-dependent unitary operator U (7) is the solution of i76,U () = Hy(t)U (¢), where Hy(t) =
in(8,U (1)U (¢). Therefore, one can find the form of the superadiabatic Hamiltonian to be

Hy(r) = ;W(WEMM(I)\ +ih ;(@zln(t)lln(t)) = (Ma(1)[0,2n (1)) An(2)]) = Ho (1) + Hi (2)- 3)

For a spin-1/2 particle, from Eq. (3) one finds that H; () =
/2B (t) - o could be the counter-diabatic Hamiltonian that
suppresses the nonadiabatic transitions between energy eigen-
states and ensures a perfect adiabatic. The counter-diabatic
magnetic field is then given by

_ Bo(t) x Bo(t)

PO gar @

which is perpendicular to the reference magnetic field. Due
to the high controllability of the superconducting qubit, we
may construct different effective magnetic fields to realize the
superadiabatic transition. Here we have selected two typical
schemes.

2.1. Parameter space in the horizontal plane

For the first scheme, we separate the evolution into four
equal time intervals 7. During the total evolution time T = 47,
the three components of the reference magnetic field By(¢) =
[Q,Q,,A] are given by

.Qo:lfcos(n?t)], 0<r<T,

Q 1+cos(n(t_7))}, T <t <27,
HOT) e (R aearene

Qo_1+cos(n(t73f))], 3t <t <47,

Qy cos(%)Jrl}, 0<r<,

Qo>cos(n(t_7))—l}, T <t <27,
0= QO-COS(M>+1}7 2r<t<3r,(6)

L T

Qy _cos (@) - 1], 3t <t <4,

A(t) =0, (7

where € is a constant Rabi frequency. In Fig. 1(a) we plotted
the vector of the reference magnetic field as a function of time.
The vector evolves along ABCABC. The evolution path sits in
the horizontal plane because A (¢) is always zero.

To fulfill the superadiabatic population transfer process,
we have to calculate H, () = h/2B;(t) - o using Eq. (4). The
counter-diabatic magnetic field B (r) = [Qu1,2,1,41] is per-
pendicular to the reference magnetic field and the components
are written as

Q(1) =0, 3
Qy1(1) =0, 9
210 sin (%t)
T ) 0<r<r,
(@203 f
)
27rQ§sin (y) )
. T<t<21,
a0 T(QF+Q2) 0
1) =
21 Qe sin (@)
21 <1 <31,
@) , 21< T
27rQ§sin (M)
3 t <4r.
oY) R

For this scheme, during the superadiabatic population
transition, the qubit will evolve adiabatically along the lati-
tude of the Bloch sphere if the qubit is initially prepared in the
state (|0) +[1))/+/2 or (|0) —[1))/+/2, both of which are the
instantaneous eigenstate of the reference Hamiltonian Hy(z) at
t=0.

2.2. Parameter space in the vertical plane

In the second scheme, we also separate the evolution
into four equal time intervals 7. During the total evolution
time T = 47, the components of the reference magnetic field
By(t) = [, 8y, A] are given by

Qg{COS(%)—Fl}, 0<r<r,

.Qo[cos(ﬂ:(tr_r))fl}, T <t <21,
0= Qo[cos<7r(t;2T))+l], 2T<t<3’c,(“)

Qo[cos(n(tgn))—l], 3t <t <41,
(1) =0, (12)
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Ao[l—cos(%t)}, 0<r<r,
Al Ao[l—i—cos(n(t;:))}, T <t <27, )
Ao[l—cos(n( T))}, 2t <t < 37,
T

where € is a constant Rabi frequency and Ay is a constant
detuning between the qubit driving frequency and the qubit
resonance frequency. As shown in Fig. 1(a), the vector of the
reference magnetic field evolves along DCEDCE, which is in
the vertical plane since £,(¢) is always zero.

Similar to that of the first scheme, we can calculate
H\(t) = 1/2B)(t) - o using Eq. (4). The three components
of counter-diabatic magnetic field B (t) = [£,1,£,1,A41] are

Q,(t) =0, (14)

24, <

0.4}, oo
Q) - - .
. g ., - . -
. - . ., - 5
. - [ [N . .

0.2

Amplitude
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e ™ e
0
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1
20 Agsin (”7)
_— <r <
)
270 A0 sin (w)
1 <21,
T(Q%—}—Az) s T< T
() = n(t—37) 15
20 Ay sin (f)
2 t < 37,
Q2+ A?) ) LTSESIT
277.7.Q()A0 sin (@)
3 t <4r,
1(Q2 1 A2) ) STSESAT
A1) = 0. (16)

For this scheme, the initial state is the instantaneous
eigenstate |0) or |1) of the reference Hamiltonian Hy(r) at

t=0.
UJ/\/

LO

RF

(b)

o
o
B

0 50 100 150 200

Time/ns

Fig. 1. (color online) (a) Schematic diagram of the reference magnetic field as a function of time. The red line ABC (blue dotted line DCE) represents the
evolution path of the vector of the reference magnetic field for the first (second) scheme. (b) Schematic circuit diagram of the qubit control and measurement.
The microwave modulated pulses are controlled by the IQ mixer, then they are applied to the 3D cavity input for manipulating the qubit. (c) Examples of the
arbitrary waveform signals applied to the I port (the red solid line) and the Q port (the blue dotted line) of the mixer for the first scheme. The output signal
from the RF port is the total magnetic field including the reference parts and the counter-diabatic parts. (d) Examples of the arbitrary waveform signals for

the second scheme.

3. Experimental setup

The sample used in our experiment is a transmon qubit
embedded in a three dimensional aluminium cavity. The main
function of the cavity is to control and readout the qubit.
Shown in Fig. 1(b) is a schematic diagram of the experimen-
tal setup. The sample is cooled in a cryogen-free dilution re-
frigerator to a base temperature of about 20 mK. In order to
measure the qubit, we employed the so-called “high power
readout” scheme by using a high-electron-mobility transis-

tor (HEMT) amplifier in the readout line followed by two
room-temperature amplifiers. The qubit is manipulated by
combining the modulating tones from the Tektronix arbitrary
waveform generators (AWG5014c¢) with a microwave gener-
ator via the internal Inphase/Quadrature (I/Q) mixers. For
data acquisition, we use the AlazarTech two-channel digi-
tizer (ATS9870) to realize ADCs. From the system calibra-
tion experiments, we obtained that the transition frequency be-

tween the lowest two energy levels of the transmon is @y; =
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271 x 7.1572 GHz. The energy relaxation time is 71 =9 ps and
the dephasing time extracted from the Ramsey fringes experi-
ment is Ty = 6.9 ps.

In general, realizing the superadiabatic process requires
applying the off-resonant microwave with frequency wy; —
A(t). The off-resonant microwave tone may change its fre-
quency during the transfer for a time dependent A(r). In
addition, we have to track the qubit state instantaneously
in our experiments. We can do this by using another on-
resonant microwave to project a qubit toward different axes,
completing the qubit state tomography. In order to over-
come the difficulty of synchronizing two microwave gener-
ators in nanosecond accuracy, we have employed a chirp-
ing technique.!*”! We chirp the microwave frequency of one
microwave generator by controlling the voltages applied on
the I/Q mixer.

peradiabatic Hamiltonians applied to the I ports and the Q

Typical chirped waveforms of the two su-
ports are shown in Figs. 1(c) and 1(d). After we mixed
the microwave with the microwave tone of frequency y;
from the LO ports, the final output from the RF ports
are microwaves with frequency ws(t) = @ — (A(¢) + A (¢)),
amplitude (1) = V (2:(1) + 2u (1) + (1) + 21 (1)),
and phase @,(r) =tan™! ((,(¢) + 21 (1)) /(Q2:(t) + 2.1 (2))).
Therefore, we can realize the designed effective magnetic

fields to do superadiabatic transitions. For a chirping mi-

crowave, synchronization is not required when we apply an-

1.0
0.5
SN
—0.5] (a)
—-1.0 s
0 20 40 60 80 100
Time/ns
1.0

0.5

—0.5

0 20 40 60 80 100
Time/ns

-1.0

0.5

(@)

—0.5

—-1.0
0 20 40 60 80 100

Time/ns

other on-resonant microwave wave pulse. At each step of
the evolution, we could extract the qubit state by means of
quantum state tomography. 3311 The z component of the qubit
Bloch vector <GZ> is determined from the measurement of the
ground state population Py = ({c;) + 1)/2. To measure the x
and y components, we apply a resonant 7/2 pulse rotating the
qubit about either the x or y axis and then perform the mea-

surement, obtaining <Gy> and <Gx>, respectively.

4. Results and discussion

For the first scheme, we chose £y = 27w x 10 MHz and
the total evolution time 7 = 100 ns. At the beginning, the
qubit vector is at (1,0,0) on the Bloch sphere, which is where
the position of the instantaneous eigenstate of the reference
Hamiltonian is. Then the qubit evolves a cyclic path along the
equator, shown in Fig. 2(d). In order to track the system evo-
Iution, we measured the qubit in a time interval of 1 ns. In
Figs. 2(a), 2(b), and 2(c), we plot the state tomography results
of the qubit. It is notable that the accumulated dynamic phase
is zero at the end of the sequence. The reason is that the dy-
namic phases during the first and the second ABC parameter
path are opposite hence are canceled out totally. Meanwhile,
only a geometric phase 7y adds to the initial state and the final
qubit state is written as (|0)e /2 |1)e!?/2)/v/2. As a re-
sult, this method can be used to measure the Berry phase?®]
or realize the superadiabatic geometric quantum gates. ")

(e)

°(\0>—\1>)/2‘""

1.0
(\o>+|1>>/21/2°‘</

Fig. 2. (color online) State tomography of the qubit for the first scheme. The x component <Gx>, the y component <0'y>, and the z component <0'z> are plotted
in panels (a), (b), and (c), respectively. (d) Trajectory of the qubit state vector on the Bloch sphere. The red circles are experimental data and the associated
solid blue lines are the results of the theoretical prediction considering the decoherence and the dephasing. (e) A single qubit Z gate (rotation about the z
axis) is realized. The qubit is initially prepared in state (|0) 4-|1))/v/2, and the Z gate is obtained at half of the evolution time.

We now turn to implement the superadiabatic transition with a second scheme. We set Qy = Ag = 27 x 5 MHz and the total
evolution time 7" = 200 ns. As shown in Fig. 3(d), the initial state is at the north pole of the Bloch sphere and the evolution path
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of the qubit is along the longitude on the x plane. The state tomography results of the qubit for every 2 ns are shown in Fig. 3(a),

3(b), and 3(c).

Time/ns

1.0

0.5

(o,

—0.5

—1.0

Time/ns

1.0 e

0.5

(0.)
o

—0.5
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Fig. 3. (color online) State tomography of the qubit for the second scheme. (a) The x projection <0'X>. (b) The y projection <0'y>. (c) The z projection
<0'z>. (d) Trajectory of the qubit state vector on the Bloch sphere. The red circles are experimental data and the associated solid blue lines are the results of
the theoretical prediction considering the decoherence and the dephasing. (¢) A NOT gate is realized so that the initial state |0) becomes |1) at half of the

evolution time.

From the evolution of the qubit state vectors on the Bloch
spheres in Fig. 2 and Fig. 3, we find that the experimental data
and the numerical simulations obtained by solving the master
equations agree with each other in general. There are slight de-
viations which result from the noise of our measurement sys-
tem and the imperfection of the qubit control and readout. The
operation time 7 is close to the quantum speed limit time 1/€,
therefore we have demonstrated the superadiabatic quantum
control within the quantum limit. In order to check the contri-
bution of the counter-diabatic term, we have done experiments
with no counter-diabatic control. As shown in Figs. 4(a) and
4(b), for the same evolution time 100 ns and 200 ns the evo-
lution paths deviate completely from the adiabatic trajectory.
Actually, our simulation results find that when the evolution
times are increased ten times to 1000 ns and 2000 ns, the
evolution paths move toward an adiabatic trajectory, which is
close to the evolution trajectory of the superadibatic process.
Therefore, our superadiabatic control speeds up the adiabatic
process more than ten times.

Furthermore, we can compare the fidelity of superadia-
batic control with the usual quantum control. From Fig. 2(e)
and Fig. 3(e), we obtained that the quantum Z gate and the
NOT gate of our superadiabatic evolutions have the fidelities
of 99.17% and 98.79%, respectively. On the other hand, we
can also realize the quantum Z gate by using the non-linear de-
pendence of the qubit transition frequency on the applied flux.
To realize the flux-based Z gate, we first prepare the qubit in
the (|0) +|1))/+v/2 state. Then we change the flux bias, and
the qubit will rotate around the z axis due to the change of the
eigenenergy. By applying a fast flux bias for a certain time we
obtain the quantum Z gate. Shown in Fig. 5 is the gate fidelity
as a function of the time deviation from the optimum gate time.
The fidelity of the flux bias Z gate exhibits a sharp peak while
that of the superadiabatic keeps unchanged for a wide range.
This demonstrates that the superadiabatic Z gate is more stable

against the time fluctuation than that of the flux-based Z gate.
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Fig. 4. (color online) Trajectory of the qubit state vector on the Bloch sphere.
(a) Evolution trajectory of the qubit in the first scheme with and without
the counter-diabatic magnetic field. With no counter-diabatic control, the
numerical simulations and experimental results with the evolution time of
100 ns are plotted in the red solid line and the green circles respectively.
As a contrast, the blue dotted line is the superadiabatic population transfer
path with the same evolution time, and purple squares are simulation results
of the adiabatic evolution with the evolution time of 1000 ns. (b) Evolu-
tion trajectory of the qubit state vector with and without the counter-diabatic
term H; (¢) for the second scheme. With no counter-diabatic control, the red
solid line and the green circles are the simulations and experimental results
with the evolution time of 200 ns respectively. The superadiabatic process
is plotted in the blue dotted line, and the simulation results of the adiabatic
evolution with the evolution time of 2000 ns are plotted in purple squares.

1.00

0.95

Fidelity

At/ns

Fig. 5. (color online) The fidelity of the Z gate as a function of the time
deviation from the optimum Z gate time. The red circles are the fidelities of
the superadiabatic population transfer and the blue squares are the fidelities
of the flux-based Z gates.

5. Conclusion

In conclusion, we have demonstrated the superadiabatic
population transfer in a two-level superconducting qubit sys-

tem by applying a counter-diabatic field to ensure a perfect
adiabatic evolution. The superadiabatic evolution process has
both fast and robust features, which are significant in quantum
manipulation.>?! In addition, superadiabatic transition may

provide a potential tool for realizing the high-fidelity geomet-

ric phase gates. 282
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