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A conventional realization of quantum logic gates and control is based on resonant Rabi oscillations
of the occupation probability of the system. This approach has certain limitations and complications, like
counter-rotating terms. We study an alternative paradigm for implementing quantum logic gates based on
Landau-Zener-Stiickelberg-Majorana (LZSM) interferometry with nonresonant driving and the alternation of
adiabatic evolution and nonadiabatic transitions. Compared to Rabi oscillations, the main differences are a
nonresonant driving frequency and a small number of periods in the external driving. We explore the dynamics
of a multilevel quantum system under LZSM drives and optimize the parameters for increasing the gate speed.
We define the parameters of the external driving required for implementing a specific quantum logic gate using
the adiabatic-impulse model. In particular, we demonstrate the implementations of single-qubit X, Y, Hadamard
gates, and two-qubit iSWAP and CNOT gates using the LZSM transitions. The considered LZSM approach for
implementing arbitrary quantum logic gates can be applied to a large variety of multilevel quantum systems and

external driving.
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I. INTRODUCTION

The conventional way of qubit state control is realized
with resonant driving, resulting in Rabi oscillations (see, e.g.,
Refs. [1-4]). There, the Rabi frequency is determined by
the driving amplitude; thus increasing the driving amplitude
increases the speed of operation. This presents several chal-
lenges [5,6], including leakage to levels that lie outside the
qubit subspace, breakdown of the rotating-wave approxima-
tion, and increased environmental noise. Instead of discussing
the technological complications of the Rabi approach, let us
consider here an alternative approach, based on a different
paradigm of driving quantum systems.

When a quantum system exhibits an avoided-level crossing
and is strongly driven, it can be described by the model origi-
nally developped in several publications in 1932 and known as
Landau-Zener-Stiikelbeg-Majorana (LZSM) transitions (see,
e.g., Refs. [7-12] and references therein). Effectively, the
model can be split into two evolution stages: nonadiabatic
transitions between the energy levels in the vicinity of the
anticrossing and adiabatic evolution far from the anticrossing.

The energy-level occupation probabilities, as well as the
relative phase between them, can be chosen by varying the
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driving parameters (the driving frequency and amplitude),
providing a different paradigm for qubit state control [8,13].

LZSM transitions provide an alternative to conventional
gates based on resonant driving [14,15]. The avoided energy
level crossing of a single qubit or two coupled qubits al-
lows to controllably change states of such systems [16-19]
and to realize single- and two-qubit logic operations [6]. Re-
cently, it was studied theoretically [20-23] and demonstrated
experimentally [6,24-30] that the LZSM model has several
advantages over conventional gates based on Rabi oscilla-
tions. These advantages include ultrafast speed of operation
[24,31], robustness [21], using baseband pulses (alleviating
the need for pulsed-microwave control signals) [6], and re-
ducing the effect of environmental noise [26].

In this work, we further develop the paradigm of LZSM-
based quantum logic gates. We investigate the single- and
two-qubit systems’ dynamics under an external drive by nu-
merically solving the Liouville-von Neumann equation using
the QuTiP [32,33]. We explore ways of finding the parameters
for any arbitrary quantum logic gate with LZSM transitions
and optimize the composition of the speed and fidelity of the
quantum logic gates. We demonstrate the implementation of
single-qubit X, Y, Hadamard gates, and two-qubit iSWAP and
CNOT gates using LZSM transitions.

This paper is organized as follows. In Sec. II, we describe
the qubit Hamiltonian and its two main bases. In Sec. III, we
demonstrate the X, Y, Hadamard, and phase gates implemen-
tations using both Rabi oscillations and LZSM transitions.
We compare the speed and fidelities achieved with both

Published by the American Physical Society


https://orcid.org/0009-0009-8635-7871
https://orcid.org/0000-0002-6887-9504
https://orcid.org/0000-0003-3655-0365
https://orcid.org/0000-0001-6964-3758
https://orcid.org/0000-0003-3682-7432
https://ror.org/02nk5bh05
https://ror.org/01sjwvz98
https://ror.org/00jvxk918
https://ror.org/02tt21044
https://ror.org/01sjwvz98
https://ror.org/00jmfr291
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.033340&domain=pdf&date_stamp=2024-09-26
https://doi.org/10.1103/PhysRevResearch.6.033340
https://creativecommons.org/licenses/by/4.0/

A. 1. RYZHOV et al.

PHYSICAL REVIEW RESEARCH 6, 033340 (2024)

paradigms. We explore the way of increasing the gate speed
and fidelity of the LZSM gates by using multiple transitions.
In Sec. IV, we generalize the considered paradigm of using
the adiabatic-impulse model to realize quantum logic gates for
multilevel quantum systems, and describe the realization of a
two-qubit iISWAP gate with two LZSM transitions. The details
for implementing other two-qubit gates, in particular a CNOT
gate, are provided in Appendices A and B. Section V presents
the conclusions.

II. HAMILTONIAN AND BASES

Consider the typical Hamiltonian for a driven quantum
two-level system

A 1
H(t) = So,+ o, = —(“A” _f(t)), ()

2 2 2
where &(¢) is the driving signal and A is the minimal energy
gap between the two levels. Here we consider the harmonic
driving signal

&(t) = Asinot. 2

The wave function is a superposition of two states of a quan-
tum two-level system:

a(r)
1Y) = a(®)I0) + B(OI1) = (ﬂ(z))' 3)
The two main bases are: the diabatic one, with diabatic energy
levels {|0), 1)}, where the Hamiltonian becomes diagonalized
when A = 0, and the adiabatic basis |E.L), representing the
eigenvalues of the total Hamiltonian, see Fig. 1. The relation
between these bases is given by

[Ex (1)) = v£10) F yl1), (4a)
where
_ L e(t)
Yy = 7 1+ AED) (4b)

Hereafter, all the matrices of quantum logic gates, rotations
R, ., matrices of adiabatic evolution U, and diabatic tran-
sition N are represented in the adiabatic basis; while the
Hamiltonians are represented in the diabatic one. Specifi-
cally, in Secs. II and III, the Hamiltonian of a single qubit
is defined in the diabatic basis {|1), |0}}, and the matrices
are represented in the adiabatic basis {|Ey), |E_)} with the
energies in descending order. In Sec. IV, Appendices A and
B, the Hamiltonian of two qubits is defined in the diabatic
basis {|00), |01), |10), |[11)}, and the matrices are represented
in the adiabatic basis {|Ey), |E1), |E>2), |E3)} with the energies
in ascending order. The order of the basis vectors is important,
as it determines the matrix representation of a given operator
in this basis.

The dynamics of the quantum system with relaxation and
dephasing can be described by the Lindblad equation. For
simplicity, we consider the dynamics without relaxation and
dephasing, described by the Liouville-von Neumann equation

., .
P —%[H(n, ol. ©)

dt

1.5
\\
\\
\\
N
1.0 N
\\
\\\
[URN |Ey) 1)
0.5 AN
\\
\\ — F
Y A —
m . \\\\ E,
AN == Ey
0.5 ™
—U.0 N
1) E-) . ]0)
\\
\\\
—10 \\
\\
N
\\\
—1.5
-3 —2 -1 0 1 2 3
e(t)/A
1 e
-— .
! —
t g

FIG. 1. Energy diagram of a quantum two-level system under a
periodic drive &(¢). Energy levels structure with two crossed diabatic
levels |0), |1) and two adiabatic levels |EL) with the an avoided
crossing as a function of an energy detuning &(z).

which coincides with the Bloch equations in the case of a two-
level system.

II1. SINGLE-QUBIT GATES

We will describe a basic set of single-qubit gates
(Sec. I A) and then explain how these can be performed
using both the Rabi approach (Sec. IIIB) and the LZSM
approach (Sec. III C).

A. Basic set of single-qubit gates. Phase gate R, (¢)

We consider different gates [34]: X, Y, Z gates, phase gate
R.(¢), and the Hadamard gate H; which we write down here:

X =0, = Ru(n) = (?

Y=0,=R/(7) = (O

Z=0.=R(r)= (3

1 0
P(¢) = R.(¢) = (O o

H=R,(/2)R, (1) =YZ =
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where R, ,, . describes the rotations around the respective axes:

Rx,y,z(¢) = eXp <_i0-x,y,z§>

= cos <§>I + isin <%>X, Y, Z (11)

Since the global phase of the density matrix p is irrelevant and
the dynamics is invariant to the multiplication of the density
matrix p by any complex number from the unit circle ¢, the
gate operator ¢ G is equivalent to the gate operator G, which
we denote as

G & G. (12)

The first gate we consider is the phase gate R.(¢) in Eq. (9),
which corresponds to a rotation around the z axis by an angle
¢. Similarly to a spin rotating in a magnetic field (the Larmor
precession with frequency €2 ), there is a free natural rotation
of the Bloch vector around the z axis. The frequency of this
free rotation is proportional to the distance between the energy
levels

hQL = AE = e(1)? + A2 (13)
After a period of time
¢
t = —. 14
r(®) oL (14)

the Bloch vector rotates by an angle ¢, and effectively the
qubit performs the phase gate R,(¢). There is no need of a
drive to perform this gate: & = const.

In the Rabi-based approach, the energy detuning of the
qubit during the phase gate is at the level anticrossing & =
0. While in the LZSM-based approach, it can be far away
from the anticrossing. Therefore the time of the phase gate
in the LZSM-based approach can be reduced. This difference
in duration of the phase gates is demonstrated in Figs. 2(a)
and 3(a).

B. Rabi-based single-qubit gates
1. Rectagnular-shaped pulses

To perform any quantum logic gate with changing level
occupation probability, the qubit should be excited by a
time-dependent energy detuning £(¢). A conventional way to
achieve this is via Rabi oscillations with small amplitude A <
A and with the qubit resonant frequency (iw = A), which
we will compare to LZSM transitions with large amplitude
A > A and nonresonant driving frequency .

Here we describe how the single-qubit operations are
implemented with Rabi oscillations and demonstrate the dy-
namics of the Bloch sphere coordinates for several logic gates
in Fig. 2. Rabi oscillations occur during the resonant driving
atdw = w — wq K w (where wg = AE /i ~ A/l is the qubit
resonant frequency) with small amplitude A < A, and har-
monic driving signal, Eq. (2).

The Rabi oscillations lead to a periodic change of the level
occupation with Rabi frequency

AA A

Q= ——— ~ 15
R=2RAE ~ 2n as)

Note that this differs from the common value for the Rabi
frequency Qr ~ A/h (see Refs. [7,35]). During the oscilla-
tions, the z component of the Bloch vector changes as z(¢) =
cos Qrt, when the initial state is the ground state |E_). While
the state probability is evolving, a phase change also occurs
with frequency

hQ ~ A. (16)

We define the Rabi oscillations evolution as a combination of
two rotations

Uravi (1) = R (S2.1)R(2R7). a7

Using Eq. (15), we can rewrite it as

A S
Urapi (1) = Rz(QLI)Rx<ﬁt> = Rz(QLl)Rx(ﬁ) (18)

which shows that the angle of rotation around the x-axis is
proportional to the area S = Az under the envelope of the Rabi
pulse.

When there is no phase difference between rotations,
Qrt = Qrt + 27, we obtain

Uravi(1) = R (QL1)R(S2r?) = Ry(Qr1), 19)

and the Rabi evolution results in a rotation around the y axis.
To perform an X operation, we drive the system by Rabi
pulses during a time Tg, so that the area under the envelope is

S = ATy = 27h. (20)

In order for the driving to end at zero amplitude, we take an
integer number of periods of the sine.

After that, we need to change the phase to obtain an X
operation from a Y rotation, so we perform the R, rotation
by idling the drive for a time 77 with the condition

QL(Tt + Tr) = 27n, 21
then finally the X gate is realized as
R (QUT1)Uravi(Tr) = R (QLTDR,(QLTR )R (QrTR)
=R, (7)) =X, (22)

see Fig. 2(c). To perform the Hadamard gate, we need to apply
the Rabi pulse with its duration twice shorter than for the X
gate, Tr = 7 /QR, with the condition on the idling time 7;:

QUi+ TR) =7 + 27n. (23)
As a result, we obtain the Hadamard gate as
R (QLTD)Uravi(TR) = R(QLTDR (QLTR)R(QRTR)
= R, (m)R,(7/2) = H, (24)

which is shown in Fig. 2(b).

2. Gaussian-shaped optimized pulses

Since the Rabi-oscillations model assumes small ampli-
tudes of the driving signal, to increase the gate fidelity, a
small amplitude at the start and end points should be used. To
achieve a high gate speed, a large driving amplitude A between
these points should be used. Hence, to increase the gate speed,
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FIG. 2. Rabi-based single-qubit operations. Dynamics of the
Bloch vector components in the adiabatic basis, obtained by solving
the Liouville-von Neumann Eq. (5). (a) Phase operation R,(37 /4)
with the superposition initial state ¥ (r =0) = (|E_) + |EL))/ V2.
(b) Hadamard operation H with the same superposition initial state.
(c) X operation with the ground-state initial conditions. (d) ¥ op-
eration with the superposition initial state. For (b)—(d), the driving
frequency is resonant /iw = A, the amplitude is small A = 0.1A. For
(b), the number of periods of the resonant drive is N, = 5, for (c) and
(d) N, = 10. Here, the amplitude is defined by the number of periods
of the external drive, for (b) A = A/2N.,, for (c) and (d) A = A/N..

now we use a Gaussian-shaped envelope A(t) for the driving
signal
e(t) = A(t)sinwt. (25)

We now consider a Rabi pulse with duration 7 and envelope
in the form

A exp [—%], t <Tr

0, t>1r

Alt) = (26)

with the tails of the Gaussian distribution truncated at
some distance G from the peak, normalized to the standard
deviation og,

Tr

G=— 27
200 27)

and the peak of the distribution at time

r= (28)

(m
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FIG. 3. LZSM-based single-qubit operations. Dynamics of the
Bloch vector components in the adiabatic basis, obtained by solving
the Liouville-von Neumann Eq. (5). (a) Phase operation R,(37 /4)
with the superposition initial state ¥ (r = 0) = (JE_) + |E+))/\/§
and the energy detuning ¢ = 3.8872A. (b) Hadamard operation H
with superposition initial state. (¢) X operation with ground-state
initial conditions. (d) Y operation with the superposition initial state.
For (b)—(d), the parameters are chosen so that P = 0.5. For (b), the
amplitude A = 4.31A, for (c) and (d) A = 3.8872A. Compared with
the respective gates based on Rabi oscillations, Fig. 2, the LZSM-
based gates are much faster.

The angle of rotation around the x axis in Eq. (18) is
determined by the area under the envelope of the Rabi pulse.
For the X operation it is given by Eq. (20). So the area under
the truncated Gaussian distribution should be the same as for
the original signal with constant amplitude and rectangular
shape of the pulse. This condition determines the amplitude

of the distribution as
2
A= | (29)
063G

where Sg is the normalized area of the truncated Gaussian

distribution
S ! / Y (30)
= —— e 2dx.
¢ V21 J-c

C. Single-qubit gates based on LZSM transitions

Here we describe how to implement single-qubit opera-
tions based on LZSM transitions using the adiabatic-impulse
model (AIM), also known as the transfer-matrix method. We
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demonstrate the dynamics of the Bloch sphere coordinates for
several logic gates in Fig. 3, that can be compared with the
dynamics of the same gates realized with Rabi oscillations
in Fig. 2. For the diabatic LZSM transitions, we need the
following approximations: A > A and 27 /@ < fiyans, Where
twans 1S the transition time. After that time, the result of
the adiabatic-impulse model will asymptotically coincide with
the exact dynamics [8,36].

1. Adiabatic-impulse model. Single-passage drive

In the adiabatic-impulse model, the time evolution is con-
sidered as a combination of adiabatic (nontransition) and
diabatic (transition) evolutions. The adiabatic evolution is
described by the adiabatic time-evolution operator, which in
the adiabatic basis {|E.), |[E_)} is represented by the matrix

e~ i@ L) 0
U@, tj) =

_ ,—ito,
0 eic(z,-,m) =e "% =R(20), (D)

where £ (#;, t;) is the phase accumulated during the adiabatic
evolution

1 g 1 7
() = ﬁf AE(t)dt = ﬁ/ e(t)? + A2dt,
4 4

(32)
and AE(t) = E,(t) — E_(t). Then, the diabatic evolution
(transition) operator for a passage in the direction of the en-
ergy detuning &(¢) increase is represented by the matrix

B (ReT% R;i) = R($s)R(OR-(¢s),  (33)
where
T=vP, R=vVI-P (34)
are the transition and reflection coefficients,
P =exp(—278) (35)

is the LZSM probability of excitation of the qubit with a single
transition from the ground state |[E_), § = A?/4v is the adia-
baticity parameter, v = £’(0) is the speed of the anticrossing
passage and

¢s = %—FS(ln(S— 1) 4+ Arg[T"(1 — i5)] (36)
is the Stokes phase [8]. The 6 angle can be found from the
equation

sin?(6/2) = P. 37)

The transition matrix for a passage when the energy detun-
ing ¢(¢) decreases, which we denote as the inverse transition
matrix, can be written as

v T (Re7s T Re~1(#s—m) -T
NT=N =< -7 R )\ T Rei@s—) |-
(38)

The single transition evolution matrix in the general case with
adiabatic evolution matrix before the transition U; and after

the transition U, is given by
i U{z> )

Uizsm = UpN Uy = " .
<_U12 Ui

where

Uy, = Riexp[—i(¢s1 + &1 + &),
Ul = —Tiexpli(¢1 — &),

&1 =¢(0,tn1),

$2 = ¢ (N, thinal)-

Here, v is the time of the level anticrossing passage, #fina1 1S
the end time of the drive.

Then, we consider the same adiabatic evolution before and
after the transition { = 2¢; = 2¢,. In that case, a single LZSM
transition gate can be represented [37,38] as a combination of
rotations

ULZSM (P P ¢total) - Rz (¢t0tal )Rx (9 )Rz (¢t0tal ) 5
U%snt (P drota) = Urzsm (P, Groal — 70), (40)

where ¢ = ¢s + ¢, and ULi“Z"SM corresponds to the inverse
transition. Using this LZSM gate, we can define a basic set of
gates.

For an X gate, the two-level system needs to perform a tran-
sition with probability P = exp (—27§) = 1; which means
that the adiabaticity parameter § = A%/4v — 0, requiring an
infinite speed of the anticrossing passage v = ¢’(0) — oo or
a zero energy splitting A. Hence, it is difficult to implement
the X operation with high fidelity using only a single passage.
Therefore at least two transitions are needed for implementing
the X gate with sufficient fidelity.

For the LZSM transition, we need to start and finish
the evolution far from the anticrossing region. So we now

consider the harmonic driving signal e(t) = —Acoswt, t €
[0, 7 /w]. This signal is linear in the anticrossing region
de
— ~ Aw = const. “41)
dt e~

We obtain a relation between the amplitude A and the fre-
quency o for certain LZSM probability P

A? — A?
- 0= —, 42)
4Awh 2ARIn P

P:exp|:—2n

Then, we find an amplitude which satisfies some values of
d’lotal and 7)’

Y
o = 7+ 808 — 1) + Arg[I'(1 —id)]

1 %
+5; Ve(t)? + A%dt, (43)
0

InP
8= o (44)
where we used that the harmonic driving satisfies the initial
conditions far from the anticrossing region.

A single LZSM transition is convenient for implementing
rotations to any angle 6 < m, for example 8 = /2, which
is needed for the Hadamard gate. Following Eq. (37), the
angle & = 7 /2 corresponds to the target probability of a single
LZSM transition

P = sin® (f) _— (45)
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This LZSM transition is noninstantaneous: the probability
oscillates for some time after the transition, and the value of
the upper-level occupation obtained from the formulas cannot
be exactly reached until the end of the oscillations [36]. The
parameters for the Hadamard gate implementation can be
found from Eq. (39) by equating U zsm to the matrix of the
gate (10), and solving the system of equations

1 1
P = 3 — T =R= ,

V2

&1 42—2 mny,

b4
¢s+§1+§2=5+7m2- (46)
From this system, we obtain the total phase

Dot = 7N, 47)
so the Hadamard gate can be presented as
H = Ry(7 /2)R () = Urzsm(1/2, 27 n)R; (1)
= R, (m)Urzsm(1/2, w + 27 n), (48)

where n is an integer. The dynamics of the Hadamard gate is
shown in Fig. 3(b).

How to find the driving amplitude A and frequency w re-
quired for certain P and ¢y is described in Sec. 111 C 3. After
the transition is completed, to perform some rotation around
the z axis (phase gate), we need to apply a constant signal
with the same energy detuning ¢ as we had after completing
the previous operation.

Alternatively, LZSM gates can also be realized with the
position of the energy detuning before and after the gate at the
level anticrossing ¢ = 0 [6].

2. Double-passage drive

Consider now an arbitrary external drive e(t) with two
passages through the energy-level anticrossing, linear in the
anticrossing region. The adiabatic energy levels as a function
of time are illustrated in Fig. 4(a).

We obtain the double transition evolution matrix in the
general case:

= inv __ grinv _ Ell E]2
& = UsN U Ny UL = Uy zsmayUrzsme) = ( N
—gp

where
Bl = (RyRye ' @s1195:420) 4 T 1))l e2=81-85)
Bl = (R T> — T Rye 195119521200 ildsi+01+0—03)
&1 =¢(0,t51),
$2 = §(tn1, tn2),
&3 = ¢ (tn2, thnal)-

Here, ty; and ty, are the times of the first and second
passages of the level anticrossing respectively, fn, is the end
time of the drive, see Fig. 4.

By equating this evolution matrix to the matrix of the
required quantum gate, one can find the parameters of the

At/h

FIG. 4. Energy levels dynamics for a drive with two passages
of the level anticrossing. (a) Adiabatic energy levels versus time.
(b) The energy detuning ¢ versus time. Here, P; is the value of the
LZSM probability of the diabatic transition N; during the passage of
the level anticrossing at time fy;. Here, ¢; is the phase accumulation
gained during the corresponding adiabatic evolution interval.

driving signal that implements this gate. For example, for an
X gate, the driving signal should satisfy the conditions

Pi+Pr=1->T =Ry,
¢s1 + ds2 + 20 =7 + 2mny,
o — 81+ o+ =nm/242nn. (50

To simplify the result, we consider a periodic driving with the
same slope in the anticrossing region during each transition
€(0) ~ vt, which means P, =P, =1/2, T =T, =R, =
Ry=1/ «/5, and with the same adiabatic evolution between
transitions ¢ = ¢} = {»/2 = 3. After this simplification, we
obtain a matrix of the double transitions with only two param-
eters [8]: adiabatic phase gain ¢ and excitation probability P,
with

g = VLN™UNVT, = ( =1 fi2>, (5la)
|
where
B = _R2€72i‘bst _ TZ’ (51b)
Eip = —8}, = —2iRT sin(Ps,), (51c)
g = s + ¢, (1d)

and &g is a Stiickelberg phase. For the symmetric drive
with Py =P, and ¢ = &1 = /2 = &3, Psy = Prorar. For the
X operation, shown in Fig. 3(c), we used the drive e(t) =
—Acoswt, t € [0,27/w] with two LZSM transitions with
LZSM probability P =1/2, and total phase for each
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transition

T
Drotal = 5 + n, (52)

which is the condition for a constructive interference (see,
e.g., Ref. [8]). Indeed, using Eq. (40),

U (T/2 4 0, 1/2)Uzsm(w /2 + 0, 1/2) = Ry(r) = X.
(53)

In principle, a double LZSM transition drive, in conjunction
with a rotation around the z axis, can implement any single-
qubit gate.

For the Hadamard gate implemented by two LZSM tran-
sitions with the same slope in the anticrossing region during
each transition (P; = P,), the driving signal should satisfy the
conditions

2+42

P==="

Pis
¢s + & = E+27Tn1,

O+ 8+ =%+27Tn2,
{1 — &3 = 2mn;. (54)

3. Optimization to speed up gates: multiple passage drive

To speed up the gate, multiple LZSM transitions can be
used. We consider the simplest drive

—A, 0 <1 <tpe,
e(t)y = —Acoswt, tye <t <tye+ %,
2k 2k
—A, tpre + % <t < tpre + % + fafter,

(35)

with an even number 2k of successive LZSM transitions with
the same probability of LZSM transition P, and Stiickelberg
phase &g, and the idling periods with phase accumulation
at the start and end of the drive with durations #,. and Zfer,
respectively. Here, k = 1,2, ... is the number of periods of

the cosine.
For the case of four LZSM transitions, the evolution ma-
trix of the harmonic part of the drive, €(t) = —A cos wt, can

be found as the multiplication of two evolution matrices for

double passage (51):
) ( Eqn Ele)
“\_z = )’
Sz SQu
where

EQII — R4e—4i<l>sl + T4 + 2R2T2[€_2i®s‘ _

[x]
]

Q= (563)

2sin*(Pg)],
(56b)
(56¢)

Since T = +/P and R = +/1 — P, the evolution matrix
depends on two parameters of the drive: the probability of a
single LZSM transitions P, and the Stiickelberg phase ®g;.
The idling periods before and after the main part of the drive
result in the phase-shift gates R;(¢pre) and R;(afier), TESPEC-
tively [see Eq. (9)].

Eqiz2 = 4iRT sin(®Ps)[R* cos(2ds,) + T71.

{®si/m}

0 0.2 0.4 0.6 0.8 1
1
0.8
0.6
Tg
" °
a
0.4
max [anml(P)]
Reup,ct =0.5
0.2 I H"uml(q)SL) for P = P*
® P=P"
[ ] (I)S‘r — (I)tsz;rp,cf
05 0.2 04 0.6 0.8 1
P

FIG. 5. Graphical demonstration of finding the values of a single
LZSM transition probability P and Stiickelberg phase ®g;, for the
implementation of the Hadamard gate H with four LZSM transitions.
Red curve: maximum possible final occupation probability after four
transitions Py,, depending on P. Blue curve: dependence of the final
occupation probability after four transitions Py, on the Stiickelberg
phase gain during single-transition ®g,. The orange horizontal line
shows Prina = Ptargel-

The parameters of the drive are found by equating the
total evolution matrix of the driven qubit to the matrix of
the required operation, multiplied by the factor ¢ with an
arbitrary ¢, as it does not affect the dynamics of the system
[see Eq. (12)]:

R, (¢pre) EQRZ (Patrer) = ¢H. (57)

Here we describe an algorithm for finding the optimal
parameters (P, ®s, A, , tye, lifier) Of the drive with four
LZSM transitions that implements the Hadamard gate H.

The occupation probability of the excited state of the qubit
|EL) after applying the drive with four LZSM transitions to
the qubit in the ground state |E_) is given by

Pina = |Eqi2l* (58)

(1) First, we find the possible values of a single LZSM
transition probability P that provide the target final up-
per energy-level occupation probability after four transitions
Prinal = Pareer. These can be found as the crossings of the red
curve and orange horizontal line in Fig. 5. The red curve
shows the maximum possible final upper energy-level occu-
pation after four LZSM transitions Pjp,, after varying through
all possible values of &g, € [0, 7] using Egs. (56¢) and (58).
The orange horizontal line shows Ppny = Parger. For the H
operation, the target final upper energy-level occupation of
the qubit Py = 1/2. Larger values of P provide shorter
transition durations and shorter gate durations, so the largest
possible value of P is selected. For the H operation real-
ized with four LZSM transitions, the largest possible value
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FIG. 6. Graphical procedure of finding possible values of the
amplitude A of the drive with four LZSM transitions for the imple-
mentation of the Hadamard gate H. The dependence of 2{®g /2m}
on the amplitude A of the drive for P = P*. Here, Py, is the Stiick-
elberg phase for the given value of the amplitude A; while ®g*
is the required value of the Stiickelberg phase of the drive, found
in the previous step, and {} is the fractional part. Red dots represent
the possible values of the amplitude A of the drive with four LZSM

transitions that implement the Hadamard operation H.

P* ~ 0.962. For the X operation with four LZSM transi-
tions, P* = (2 + \/i) /4 coincides with the LZSM transition
probability for the H operation, realized with two LZSM
transitions, see Eq. (54).

(2) At the second step, we find the Stiickelberg phase ®g;
that provides the target final transition probability Pppa =
Parger given the obtained value of P using the blue curve in
Fig. 5. For the H operation, the solution is given by

T
D = E + mn, (59)

where 7 is an integer. This is also a condition for the construc-
tive interference between the LZSM transitions.

(3) After finding P and ®g;, at the third step, we find the
amplitude A and frequency w of the signal (55). Equation (42)
defines the relation between the frequency w and the ampli-
tude A for a certain P. Using Egs. (42), , (36), (44), and
(32), we produce Fig. 6 and find the possible values of the
amplitude A of the signal that provides the required value of
the Stiickelberg phase ®¢*", found in the previous step for
the previously found P = P*.

(4) Finally, at the fourth step we determine the required
idling durations before and after the main part of the drive
with LZSM transitions, fy and fer. Substitution of the ob-
tained evolution matrix of the main part of the drive Eq to
Eq. (57) allows to find the required accumulated phases ¢pre
and @,per- Then using Eqs. (13) and (14) we determine the
durations fy. and fer. In the example considered here, the
accumulated phases ¢pre = @afier = 7 /2, and the durations 7,
and f.¢e; depend on the choice of the amplitude A in the
previous step of the algorithm.

This algorithm of finding the parameters of the drive (55)
with an even number of LZSM transitions for the implemen-
tation of any single-qubit operation can be summarized as
follows.

(1) Find the probability of a single LZSM transition
P which provides the desired final upper-level occupation
probability Pinay = Parger- See the red curve crossing the or-
ange horizontal line in Fig. 5.

(2) Find the required Stiickelberg phase ®g;. See the blue
curve in Fig. 5.

(3) Find the combination of the amplitude A and the fre-
quency o that provides the required values of P and ®g,. See
Fig. 6.

(4) Determine the idling times, fpre and Zuger, before and
after the main part of the drive with LZSM transitions.

This algorithm allows to find the optimal parameters of
the drive with an arbitrary even number of LZSM transitions.
Here we consider only a two-level quantum system, but real
quantum systems are usually multilevel. The LZSM transi-
tions during the passage of nearest level anticrossings with
different energy levels will influence the dynamics, so it is
important to limit the amplitude of the drive, so that the next
nearest anticrossings are not reached.

D. Fidelity

The relaxation and dephasing are not considered in this pa-
per. Thus the infidelities of the gates arise because the theories
of RWA and AIM that are used to obtain the parameters of
the driving signals are approximate. The infidelities due to
numerical solution errors are negligible in comparison with
infidelities due to approximations in the theories.

The fidelities are found using quantum tomography [39],
which consists in applying the gate for many different initial
states, which span the Hilbert space, and then calculating the
average fidelity between the obtained states and the target state
using [40]

2
F(p, p) = (tr ﬁm/ﬁ) . (60)

Here, p is the density matrix obtained by numerical sim-
ulation of the qubit dynamics by solving the Liouville-von
Neumann equation Eq. (5), and p, = Up;i,UT is the target
state, obtained by applying the gate operator U to the initial
density matrix pj,. Then we calculate the averaged fidelity
for different equidistant initial conditions on the Bloch sphere
F = Zi:]:l F(py, pi,)/N. To better compare the difference be-
tween Rabi and LZSM approaches we will use the error rate
D=1-F.

The LZSM probability formula P = exp (—2n§) is de-
rived for a linear drive with an infinite time, &(¢t) = vt,
t € (—00, 00), leading to an infinite amplitude of the driv-
ing signal. Thus, for the considered nonlinear drive &(¢) =
—A cos wt with finite amplitude A, the fidelity of the LZSM
gate increases with the amplitude of the drive A. Considering
Eq. (42), the amplitude of the drive is proportional to the du-
ration of the gate, A ~ 1/w ~ T. So the fidelity of the LZSM
gate increases with its duration, the gate error D decreases,
and a satisfactory balance between the fidelity and speed of
the gate should be found. Figure 7 illustrates that the gate error
rate D using the LZSM implementation decreases much faster
with time than using the usual Rabi approach.

For an arbitrary nonlinear drive, the accuracy of the LZSM
formula (35), and thus the fidelity of the gate, increases
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FIG. 7. Comparison of error rates for Rabi and LZSM ap-
proaches for single-qubit gate implementations. The error rates
(1 — F) for Rabi and LZSM approaches for single-qubit ¥ gate
implementation calculated for different gate durations ¢t A /h. For the
Rabi implementation, the gate duration equals an integer number of
periods of a resonant driving (from 1 to 14). The Gaussian envelope
is cut at G = 2.7, see Eq. (27). For the LZSM implementation, the
gate durations are built for different workpoints using Fig. 6 and
the analogous figures built for higher number of LZSM transitions.
Increasing the gate duration, the error for the LZSM approach de-
creases much faster than for the Rabi approach.

with the linearity of the drive in the anticrossing region, and
increases with the distance between the anticrossing region
and the starting and final energy detunings ¢ of the drive.

An alternative method to determine the gates fidelity is
Randomized benchmarking [4], which considers how the
fidelity decreases with increasing the number of applied oper-
ations. Here we only used the quantum tomography method,
as a simpler one for numerical calculations.

In experiments, there are methods of improving the gate
fidelity based on the back-response loop, also known as quan-
tum control or robust control, for example gradient ascent or
Krotov’s method [41-44].

IV. TWO-QUBIT GATES

A. Hamiltonian and bases

Now we consider a Hamiltonian of two coupled qubits [1]

! j ' g/ ) _ D_@
M= =35 (bl a0n) - ol o)

J
-0l ®, 61)
with the external drive of the second qubit which results in the
driving &,(¢). The energy levels of this Hamiltonian normal-
ized to the coupling strength g are shown in Fig. 8(a).

()

10) 11)

—20 |01)

FIG. 8. (a) Adiabatic energy levels of a two-qubit system with
Hamiltonian (61) as a function of the driving parameter &,. In
the regions far from the level anticrossings, the energies of the
adiabatic levels |E;) asymptotically coincide with the energies of
the diabatic levels |mn). The parameters of the Hamiltonian used
here are: A,/g=03, Ay/Jg=1, &/g=16.6, and J/g= 10.
(b) Time dependence of the driving parameter &,(f) for the iSWAP
gate implementation.

Although other choices for the interaction part of the
Hamiltonian are possible, we will now consider a transverse
coupling with XY interaction

HXY —

8/ () D@
m =—5(0 0 +ole?), (62)
resulting in a splitting between the E; and E, adiabatic energy
levels versus g at the crossing of the [01) and |10) diabatic
energy levels, and longitudial couplings with ZZ-interaction
term

int z

J
H? = _Za;”o@, (63)

resulting in a shift between the (Ey — E;) and (E; — E3)
adiabatic energy-level anticrossings on the value of J [see
Fig. 8(a)]. The JJ or Heisenberg interaction is the particular
case when both terms are present and J = g.

The difficulty of generating a particular operation depends
on the available coupling terms. On the other hand, for each
type of coupling there are two-qubit gates which can be im-
plemented in a straightforward manner [45].

The transfer matrix S between the diabatic ba-
sis  {]00), |01), |10}, |11)} and the adiabatic one
{|Eo), |E1), |E2), |[E5)} for the four-level quantum system
is constructed as a composition of the eigenvectors of the

033340-9



A. 1. RYZHOV et al.

PHYSICAL REVIEW RESEARCH 6, 033340 (2024)

0 0.5 th

to 1.0
gt/h

1.5 t3

FIG. 9. Dependence of the adiabatic energy levels E;, (a), and
the driving energy detuning &,, (b), versus time for the drive (66)
for implementing the iSWAP gate. For each diabatic transition N;
during the level anticrossing at time #y;, the value of the LZSM
probability P; is introduced. For each adiabatic evolution interval,
the phase gains {k(ij ) between various adiabatic levels E; and E ; can
be represented as areas between the levels.

Hamiltonian in the diabatic basis (61), so that the Hamiltonian
in the adiabatic basis H“ is diagonal with the adiabatic
energy levels (the eigenvalues of the Hamiltonian in the
diabatic basis) in the ascending order:

STHS = H“) = diag{E,, E|, E, E3). (64)
In this section, the transfer matrix S and the adiabatic energy

levels E; are calculated numerically.

B. iSWAP gate

One of the simplest natural two-qubit operations when the
XY -type of coupling is present, is an iSWAP gate

1 0 0 O

. 0 0 i O

e N (65)
0 0 0 1

Its LZSM implementation should involve passages of the
anticrossing between the adiabatic levels E; and E,, located
at & = &. For simplicity, here we demonstrate an LZSM
realization of the iSWAP gate for the Hamiltonian (61) with
only an XY -interaction term, when J = 0 and the (Ey — E/)
and (E, — E3) anticrossings are both located at ¢, = 0 [see
Fig. 8(a)].

As in the case of the X gate, it is impossible to implement
an LZSM transition with an arbitrary P with high fidelity
by only one passage, so at least two passages are required.
Thus, we consider a drive &,(¢) with the following form [see

Figs. 8(b) and 9(b)]:

g1 —Acoswt, 0<t<t,
&)= 1¢e +A, h <t <hb, (66)
g1 t+Acosw(t — 1), b <t <t
where
t1=£, I2=E+T1, =T +T.
2 2

It consists of two half-periods of cosine with period 7, =
27 /w and amplitude A, separated in the middle by an idling
period with time 7;. For the simpler form of a signal without
the idling, we would obtain a system of three equations on the
signal parameters with only two parameters present, A and 7T;.
So an additional degree of freedom, like an idling time 7;,
would be needed.

As in the case of a single qubit, we build the dependence of
the adiabatic energy levels on time in Fig. 9(a), introduce all
values of the transition probabilities ; for each diabatic tran-
sition N;, and define the phase gains g“k(” ) between adiabatic
levels E; and E; for various periods of the adiabatic evolution
as

1

IN(k)
() _ — . _F.
o = 5 / MCOREO ©7)

where tyg = 0, and ty3 = 3.

Generally, for a multilevel quantum system, the operator of
the diabatic (LZSM) transition between the adiabatic energy
levels |E;) and |E;) (j = i + 1) with the LZSM probability P
in the adiabatic basis is defined as

N =Re'"|E;)(E;| + Re™ "% |E;)(E||

+aT|E)(E;| —aT|E;)(Ei| + Z |Ex)(Exl,  (68)
ki, j

where the transition and reflection coefficients, 7 and R,
and the Stokes phase ¢s are determined by the LZSM
probability P, see Egs. (34) and (36). The sign o = %1
depends on the direction of the passage of the adiabatic en-
ergy levels anticrossing. Far from the anticrossing region,
the energies of the adiabatic states |E;) and |E;) asymptoti-
cally approach the energies of some diabatic states |D,,) and
|D,), where m < n. Here, we assume that the diabatic basis
{...,|Dw), ..., |Dy), ...}isthe one in which the Hamiltonian
is defined. If before the passage of the adiabatic energy levels
anticrossing the energy of the lower adiabatic level |E;) is
asymptotically close to the energy of the diabatic level with
the lower sequence number |D,,), then o = 1; if before the
passage |E;) is asymptotically close to |D,), then « = —1.

For the considered Hamiltonian (61), defined in the di-
abatic basis {|00), |01), |10}, |11)}, and the drive (66), the
operators of the diabatic transitions in the adiabatic basis
{|Eo), |E1), |E2), |E3)} are represented by the matrices

1 0 0 0
0 Rk€i¢s(k’ o Ty 0

Me=1lo o R0 of (©9)
0 0 0 1
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where k = 1,2, oy =1, ap = —1. Here, T;, R;, ¢s(;) are the
transition, reflection coefficients, and the Stokes phase for the
diabatic transition N;, all determined by the corresponding
transition probability P; [see Egs. (34), (35), and (36)].

For an N-level quantum system, the operator of the adiab-
atic evolution in the adiabatic basis is diagonal and given by

N-1 N-2
U= Zexp iZﬁjkCU’Hl) |Ex) (Exl,
k=0 Jj=0

Bk =20(j —k) -1, (70)

where k =0, 1,..., N — 1, and 0 is the Heaviside step func-
tion. The rule of the sign Bj; = &1 determination can be
summarized as the following: if the area of the phase ac-
cumulation, corresponding to the ¢“/*1D term is below the
adiabatic energy level Ej, then 8;; = —1; if above it, then
Bix = 1.

For the four-level quantum system, the operator of the
adiabatic evolution U,, for the interval of evolutionn =1, 2, 3
in the adiabatic basis {|Ey), |E1), |E2), |E3)} is represented by
a diagonal matrix with the components

Uoo = exp [i(£," + 5 + V)],

U = exp[i( = ¢ + ¢ + )],

Ugnyzz = exp [i( — ;O — (12 4 {,523))],

Uos = exp [=i(6" + 6P + 6] @

Considering the different order of the basis vectors for the
two-level quantum system with |Dy) = |1) and |D;) = |0)
(see Sec. II), the operators of the diabatic transition (68) and
adiabatic evolution (70) are also consistent with the matrices
of the diabatic transitions (33), (38) and adiabatic evolution

(31) for a single qubit.
The evolution matrix for the whole drive becomes
E = UsN,U,NUj. (72)
After simplifying by

01)

01 01 01 23 23 23 23
00 = 0D 4 O 4 (0D ¢ @3 — 2D 4 p 2D 4 (2

(73)

taking the common phase ¢ out of the matrix and neglecting
it [see Eq. (12)], we obtain the evolution matrix

1 0 0 0

[

= , (74)
0 0 0 e

that depends on the values Py, P», ¢ on, ¢ i(lz), e @3, Equating
it to the matrix of a required two-qubit iSWAP gate allows to
determine the parameters of the external drive which imple-
ment this gate:

Pr+P=1,
ds1 + ds2 + 282 = 1 + 27my,
T
g1 +2(¢O0 + ¢ + 1) = 5 +2rm,

T
s +2(¢"+ 67 +57) =S 42w (79)

P, —— P, AIM
____'i—Po Py, AIM I
0.6 I

0.4

0.2

| ——

0 t;\fl 0.5 1.0 tn2
gt/h

FIG. 10. The dynamics of the iSWAP gate implemented with two
LZSM transitions. The occupation probabilities P; of each adiabatic
level E; as function of time are obtained by two methods: the numer-
ical solution of the Liouville-von Neumann equation, shown by solid
lines, and by the adiabatic-impulse model, indicated by dashed lines.
The final occupation probabilities, found by the adiabatic-impulse
model, represent the expected occupation probabilities of the gate.
The iSWAP gate results in the swap of occupation probabilities be-
tween the E; and E, adiabatic energy levels.

=
ot

For the considered signal (66) with P; =P, =P, re-
sulting in ;1(12) = 4“3(12), and in the case when only the
XY -interaction is present (J = 0), resulting in {©V = @3,

the conditions simplify to

P =

¢s + &P == +mn,

(ST

T
s +2(c + 5 +5") =2 +2mm. (76)

The first equation results in a linear dependence between A
and T.:
= i T.. )
4h1n2
Then we numerically solve two other equations on two param-
eters of the signal 7; and 7;. In Fig. 10, we show the dynamics
of the iSWAP gate for a particular solution with g7./h = 1.517,
gTi/h =0.125, and A/g = 3.438 for the Hamiltonian (61),
with the parameters A /g = 0.3, A,/g=1,¢1/g=16.6,J =
0; and compare the approximate solution obtained by the
adiabatic-impulse model with the numerical solution of the
Schrodinger equation. The same parameters of the Hamilto-
nian and drive were used for Fig. 9, with the exception of the
larger amplitude A/g = 9.
The fidelity criteria for a single-qubit gate, described in
Sec. III D can be extended on the multilevel quantum systems
with several energy level anticrossings. Firstly, the fidelity
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of the gate increases with the linearity of the external drive
g;(t) of the ith qubit in all regions of the adiabatic level
anticrossings, which are passed during the driving. Secondly,
it increases with distance increase between both starting and
final energy detunings &; to the nearest passed energy level
anticrossing region, given that the starting and final energy
detunings are still far from the other nonpassed anticrossings.
The detailed conditions depend on the exact time dependence
&;(t) of the drive. For the considered signal (66), the fidelity
of the iISWAP gate increases with the amplitude of the signal A,
as long as the starting and final detunings &, are not close to
the region of the E, and Fj3 levels anticrossing (see Fig. 8).

Considering Eq. (77), the duration of the gate also in-
creases with the increase of amplitude of the drive A, so as in
the single-qubit case, the fidelity of the iSWAP gate increases
with its duration, and a satisfactory balance between the fi-
delity and speed of the gate should be found.

Note that the system of equations for implementing a re-
quired single- or two-qubit gate [e.g., Eqs. (46), (50), (54),
(75), and (76), the systems of equations for other two-qubit
gates in Appendices A and B] does not depend on the specific
analytical definition of the external drive &,(¢) [e.g., Eq. (60)]
and is valid for any drive with a similar shape, which has the
identical combination of passages of the adiabatic level anti-
crossings, providing a topologically similar time dependence
of the adiabatic energy levels (see, e.g., Fig. 9).

Generally, for an N-level quantum system, if the quantum
logic gates are considered in the adiabatic basis, the drive with
the passages of the anticrossing of the adiabatic energy levels
E; and E; (where j =i+ 1) allows to implement the gates
with the generalized matrix

E =uilED(E| + uij |EDE;| + uji|[Ej)(E;|

+ Ui EE 4+ ) e E) (Eil

keti,j
e 0 0
0
=] i I L)
: Uji Ujj :
: . 0
0 ... ... ... 0 e

which represents the evolution operator for this drive in the
adiabatic basis.

V. CONCLUSIONS

We further developed the paradigm of alternative quantum
logic gates, based on LZSM transitions. We demonstrated how
the adiabatic-impulse model can be used for implementing
single- and two-qubit quantum logic gates, in particular X,
Y, Hadamard, iSWAP and CNOT gates, demonstrated how to
increase the gate speed, and the technique of finding the trade-
off and balance between speed and fidelity of the gates. We
also demonstrated the comparison of the theoretical error rate
for conventional Rabi-based gates and alternative LZSM gates
for various logic gate durations.

The adiabatic-impulse model is applicable for any quan-
tum multilevel systems with two conditions. Firstly, it works
well for a large drive amplitude, A > A. In terms of the
requirements for a quantum system, this means that for the
considered level anticrossing, its minimal energy splitting A
should be much less than the distance to the nearest level
anticrossings. Secondly, the time between the LZSM transi-
tions should be larger than the time needed for the transition
process. This condition limits the maximal frequency of the
driving signal in the multipassage implementation, and the
minimal gate duration, respectively.

An arbitrary single-qubit quantum logic gate can be
performed with only two LZSM transitions. However,
the considered option of gate implementation with multi-
ple LZSM transitions provide a better combination of gate
duration and fidelity. We demonstrated the technique of im-
plementing an arbitrary single-qubit quantum logic gate with
an arbitrary number of LZSM transitions.

The considered general method of implementing quantum
logic gates with LZSM transitions using the adiabatic-impulse
model is applicable to a large variety of multilevel quantum
systems. This method is the following: choose the shape of
the driving signal so that it passes the required level anticross-
ings for a given gate. For the considered signal compute the
dependence of the adiabatic energy levels of the system on
time. Introduce the transition probabilities P; for each diabatic
transition and phase gains g“k(” ) between all pairs of succes-
sive adiabatic levels E; and E; for each period of adiabatic
evolution. Using them, compose all matrices of the diabatic
transition &; and adiabatic evolution U;, multiply them, and
obtain the total evolution matrix. Equating it to the matrix
of the required quantum logic gate multiplied by an arbitrary
phase term ' allows to determine the required parameters of
the driving signal, that implements this logic gate.
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APPENDIX A: GENERALIZED swArP GATES

The passages of the anticrossing between the adiabatic
energy levels E| and E, at &, = ¢ [see Fig. 8(a)] allow to
implement generalized two-qubit swap gates with the matrix
(74), including the SWAP, \/SWAP, ~/iSWAP, SWAP*, fermionic
simulation Ugsin (6, @) gates, etc. In this Appendix, the vari-
ables P;, ¢s), {,c(ij) refer to Sec. IV B and Fig. 9(a).
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1. SWAP and iSWAP gates

The system of equations (75) written for the SWAP gate is
not compatible. Thus, the SWAP gate cannot be implemented
by only two passages of the (E; — E;) adiabatic energy-level
anticrossing for the Hamiltonian (61) with only XY coupling.
It can, however, be implemented when ;(01) #+ 5(23), in case
both XY and ZZ interactions are present, as in Fig. 8(a). The
corresponding conditions are written as

Pr+P =1,

(12)

¢ds1+ o2 +28, 7 =m + 2mny,

T
ps1 +2(0 OV + P+ ) =1+ N7 +2mn,

T
ps2 +2(0 OV + " ) = (1 + V)5 +2mns,

(12)

R R s R (AD)

where A = 1 for the SWAP gate and A = O for the iSWAP gate.

2. /SWAP and +/iSWAP gates

The +/SWAP and /iSWAP gates do not provide a full swap of
the occupation probabilities between the adiabatic energy lev-
els E; and E, when P = 1; so they could be also implemented
by a single passage of the (E| — E) level anticrossing. For the
simplest drive &,(¢#) with only one passage of the (E; — E,)
level anticrossing at &, = & [see Fig. 8(a)] in the direction of
the energy detuning &, increase, the evolution matrix is given
by

E =UN U, (A2)
where the diabatic transition N; and adiabatic evolution Uy
matrices are defined by (69) and (71). After the simplification
(73), taking the common phase ¢ out of the matrix and
neglecting it [see Eq. (12)], equating the evolution matrix to
the matrix of the required quantum logic gate provide the
conditions for the drive, which implement this gate:

-

R
02 ,\% _ % + 7y,
o = —A% - % + mns,

23) Ps1

a7+ =S s, (A3)

where A = 1 for the «/SWAP gate and .. = —1 for the ~/iSWAP
gate.

APPENDIX B: GENERALIZED CONTROLLED-U GATES

When the ZZ coupling is present, the passages of the
anticrossing between adiabatic energy levels E, and E; at
&y = J/2 [see Fig. 8(a)] allow to implement two-qubit gates

(a) 10 (23) (23) (23)
M
. P P
0 i i
1 (12) 1
12 ! 2 ! 12
5 oof 7 G
< i i
~ ¥ (01) i
5 | 2 i
1 1
(o1) ! —_— F ' (01)
¢ 1 1 ¢
~10 ' : —_ b p
| |
—15 ' '
[l
o i
q i
~ 11
o 11
W (N}
[}
0 11
0ty tots tyts
Aot/h

FIG. 11. Dependence of the adiabatic energy levels E;, (a), and
the driving parameter, energy detuning &,, (b), versus time for the
drive (B2) for implementing the CNOT gate. For each diabatic tran-
sition &V; during the level anticrossing at time #y(;, the value of the
LZSM probability P; is introduced. For each adiabatic evolution
interval, the phase gains {,iij ) between various adiabatic levels E; and

E;, represented as areas between the levels.

with the matrix

1 0 0 0
_ 0 e 0 0
STl 0 un o uxn| (B1)
0 0 uszp uss3
in particular the controlled-U gates when u;; = %' = 1.

These include the CNOT, CPhase(¢), CZ, CS gates, etc.

1. CNOT gate

Here we demonstrate an LZSM realization of the CNOT
gate for the Hamiltonian (61) with both XY and ZZ couplings,
although only ZZ is required. As for the X gate, it is impossi-
ble to implement an LZSM transition with an arbitrary P with
high fidelity by only one passage; so at least two passages are
required. We now consider a drive ¢;(¢) in the following form
[see Fig. 11(b)]:

J/2 —A, 0<t<t,
J/2 —Acosw(t —t), t <t <,
et)=4{J/2+A, h <t <t (B2)
J/24+Acosw(t —13), B3 <t <ly,
J/Z—A, <t <lts,
where
I. I
h="T, h=T+— B=T+—-—+T1,

2 2

=T +T.+T, ts=2T1+T.+T1.
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FIG. 12. The dynamics of the CNOT gate implemented with two
LZSM transitions. The occupation probabilities P; of each adiabatic
level E; as function of time are obtained by two methods: the numer-
ical solution of the Liouville-von Neumann equation, shown by solid
lines, and by the adiabatic-impulse model, shown by dashed lines.
The final occupation probabilities, found by the adiabtic-impulse
model, represent the expected occupation probabilities of the gate.
The CNOT gate results in the swap of occupation probabilities be-
tween the E, and E; adiabatic energy levels.

As in the case of the single-qubit and iSWAP gates, we com-
pute the time dependence of the adiabatic energy levels [see
Fig. 11(a)], introduce the values of the transition probabilities
‘P; for each diabatic transition &;, and define all phase gains
g“k(ij ) (67) between adiabatic levels E; and E; for the various
periods of the adiabatic evolution.

The operators of the diabatic transitions (68) are repre-
sented b y the matrices

1 0 0 0
N — 0 1 0 0 (B3)
k= 0 O Rk€i¢Sk —Olk’n( ’
0 O o Ty Rke_id)Sk
wherek = 1,2, a1 = 1, oy = —1. The matrix of the adiabatic

evolution is given by Eq. (71). The evolution matrix for the
whole drive can be found as (72). After simplifying by

12 12 12 12
¢ =P P g

(B4)

01 01 01 01
¢ =" " 5

taking the common phase ¢ out of the matrix and ne-
glecting it [see Eq. (12)], we obtain the evolution matrix in
the form (B1), which depends on the values P;, P,, ¢V,
£©, ¢ Equating it to the matrix of a required two-qubit

CNOT gate

CNOT = (BS)

S O O =
S O = O
- o O O
S = O O

allows to determine the parameters of the external drive which
implement this gate:

Pi+Pr=1,
¢ =mny,
¢s1 + ¢s2 + 252(23) =7+ 27n,,
51 +2012 +20(7) 207 = 27n5,
sz + 2012 + 207 + 20 = 2mny. (B6)

For the considered signal (B2) with P, = P, = P and §1(23 ) =
43(23), the conditions simplify to

1
P=

57
¢ =gmny,
b/
¢s+ 00 = 7 + 7ny,
s + 20" + 202 + 20 = 27ms. (B7)

In Fig. 12, we illustrate the dynamics of the CNOT gate for a
particular solution with A,7./h = 2.0394, A,Ty/h = 0.0109,
ArT>/h = 0.0288, A/ A, = 4.6217 for the Hamiltonian (61)
with the parameters A;/g=0.3, Ay/g=1, /g =16.6,
J/g = 10, and compare the approximate solution obtained by
the adiabatic-impulse model with the numerical solution of
the Liouville-von Neumann equation. The same parameters
of the Hamiltonian and drive were used for Fig. 11.

2. CPhase(¢), CZ, CS gates

Equating the evolution matrix (B1) for the external drive
&,(t) with the shape (B2) to the matrix of the CPhase(¢) gate

1 0 0 O
0O 1 0 O

CPhase@)= |7 o | o (B3)
0 0 0 €

provides the conditions for the external drive which imple-
ments this gate:

Pr=P=P,
¢ =mn,
¢s + 5, = s,
12 4 ¢ = 7y
C(m 4 é_1(23) + {3(23) _ _g + 7ng. (B9)

Here, the variables P;, ¢s, gk(ij ) refer to Appendix Bl and
Fig. 11(a). The particular cases of the CPhase(¢) gate are the
CZ (¢ = m) and CS (¢ = 7 /2) gates.
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