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We present our approach for a consistent, fully quantum mechanical description of the magnetization reversal process in natural and

artificial atomic systems by means of short magnetic pulses. In terms of the simplest model of a two-level system with a magnetic

moment, we analyze the possibility of a fast magnetization reversal on the picosecond timescale induced by oscillating or short

unipolar magnetic pulses. We demonstrate the possibility of selective magnetization reversal of a superconducting flux qubit using

a single flux quantum-based pulse and suggest a promising, rapid A-scheme for resonant implementation of this process. In addi-

tion, the magnetization reversal treatment is fulfilled within the framework of the macroscopic theory of the magnetic moment,

which allows for the comparison and explanation of the quantum and classical behavior.

Introduction

The study of magnetic moment dynamics in atomic systems
(including Rydberg atoms) is one of the simplest ways to
monitor the evolution of quantum states. Two-level quantum
systems with a well-defined magnetic moment of two magnetic

basis states, ¢1> and \4)2), continue to attract considerable atten-
tion in the context of the development of modern systems
for information processing and storage. The significantly

suppressed transition probability between the magnetic states

(in comparison to electric dipole transitions) makes it difficult
to achieve subnanosecond characteristic times for logical opera-
tions (e.g., initialization processes, i.e., preparation of M)]) and
\4)2) superposition with given amplitudes and “write” opera-
tions in magnetic memory cells). In this article we investigate
ways to control the quantum dynamics of a magnetic system on
an extremely short timescale and suggest promising physical

implementations based on the simple two-level model.
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The superconducting flux qubit, a leading candidate for scal-
able quantum information processing in the field of solid state
devices, demonstrates a macroscopically large value of the
magnetic moment in quantum basis states. To date, mesoscopic
artificial atoms based on a superconducting loop with Josephson
junctions have been successfully created. The control technique
developed for these effectively two-level pseudo-atomic
systems allows for the implementation of single- and multi-
qubit operations. Moreover, the observation of effects referred
to as “quantum optics on a chip” is possible, leading to a probe
on the border between classical and quantum mechanics [1-15].

The possible gate and measurement rates estimated in relation
to the decoherence processes for these qubits are within the
reach of the threshold for fault-tolerant quantum computing. In
order to accomplish the last step, the time requirements for
basic operations and initialization must be reduced. The direc-
tion for integration of a multiqubit quantum processor with
well-known, cold, single flux, quantum-based (SFQ) digital
circuitry for both control and measurement procedures has
already been identified [16-24]. Quasi-solitary current and
voltage waves (called fluxons) are obtained in strongly
nonlinear, one-dimensional Josephson media (Josephson tran-
sition line). Fluxons carry magnetic flux quanta, ®g, in RSFQ
circuits and serve as magnetic field sources for fast qubit
control. However, the important features of the flux qubit
dynamics under an external magnetic field have still not been
studied in detail, especially regarding the initial state prepar-
ation and logical operations performed with the RSFQ-bit
circuits. In this context, the optimization of the magnetization
reversal on the shortest timescale possible is highly relevant.

In this work, we investigate the dynamics of a magnetic system
under an external magnetic field and focus on the achievement
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of a short magnetization reversal duration down to the pico-
second timescale. The typical operation for the supercon-
ducting flux qubits can be described as follows: the qubit is
prepared in one of the magnetic basis eigenstates and then
driven to the degeneracy point by an external flux applied to its
loop. Therefore, the minimum time required to flip the qubit in
this manner is half of the period for coherent oscillations
between qubit states (50 ps if we assume the characteristic qubit
frequency to be equal 10 GHz, for simplicity). We propose the
use of the magnetic field acting on the Josephson energy of the
qubit for magnetization reversal which, in one sense, is equiva-
lent to the precession of the magnetic moment in the Y-Z plane
in the presence of a magnetic field along the OX axis (see
Figure 1). The problem is consistent with the recent experi-
mental works reporting the fast magnetization reversal induced
by picosecond electromagnetic pulses in some specific magnet-
ic media [25-27]. However, in our case, the problem is solved
for a simple two-level system suitable for modeling the behav-
ior of not only the superconducting flux qubits, but the atomic
systems, including promising molecular magnetic memory
cells, atom-like spins in semiconductors, magnetic cluster inclu-

sion in a Josephson junction weak link, etc. [28-36].

This paper is organized as follows. The first subsection of the
Results and Discussion describes the analytical approach for the
analysis of two-level magnetic system dynamics. We provide
this analysis for two-level systems with different magnetic
moments and different energy splitting (superconducting flux
qubit and atomic-based qubit) and two possible influences
(oscillating magnetic field and unipolar field created by, e.g.,
the use of an SFQ pulse) as illustrated in Figure 1. Furthermore,
in the next subsection, we use the expressions obtained for
determining the parameters of external influence, ensuring

optimal magnetic reversal. In the Conclusion, we also discuss

Figure 1: Magnetization reversal of a two-level system is shown as a transition between the states “0” and “1” for certain values of the magnetic
moment (these states correspond to the energy levels of E1 and Ej, respectively) by either a unipolar or oscillating magnetic field. The given tran-
sition is somewhat analogous to the rotation of the Bloch vector or to the precession of the magnetic moment under the influence of a magnetic field

perpendicular to the plane of precession.
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the physical principles of implementation of the above
mentioned operations with atomic-based elements for quantum

information processing and superconducting quantum bits.

Results and Discussion

Model: two types of external impacts

The goal of our investigation is to provide the field-induced
dynamics of a quantum magnetic system on the picosecond
timescale, which is much faster than all decoherence processes
taking place both in atomic-based cells and the supercon-
ducting qubits. Thus, the problem can be solved in the frame-
work of the nonstationary Schroedinger equation (rather than
the density matrix formalism):

oy (r,t ~ R
lh%:(HO—HX(l‘)MX)\V(rJ)a (1)

where I:IO is the Hamiltonian of the unperturbed magnetic
system, [iy is the operator of the X projection of the magnetic
dipole moment of the system and Hx(¢) is the external magnetic
field that is considered in two different forms: as an oscillating
or short but unipolar magnetic pulse. We consider a simple two-
level magnetic quantum system where its state is described by
the nonstationary wavefunction as:

w(r)=a(0)|o)e B 1b(0)],)e 210 @)

Here E;| and E, are the energies of the stationary states \(1)1)
and H)z), respectively, and the time-dependent probability
amplitudes of the eigenstates a(¢) and b(#) obey the condition
la(®) + |b(5)]> = 1. We suppose (see Figure 1) that at ¢ = ;,, an
external magnetic field, H(?), directed along the OX axis, starts
to act on the system and the spin-quantization axis coincides
with the OZ direction and the initial condition is chosen in the
form a(t = ti,) = ag, b(t = tin) = bo.

The general equations for the probability amplitudes can be

written in the form [37]:

) L (ab(r)e

dr h 3)
DO 1y (uale)d

dt 2 X 21

with = ([ |92) = 5y and @ = (B, - £) /.

The system dynamics is strongly determined by the type of
external influence H(¢) and evidently depends on the magnetic

properties of the system, specifically on the value of p;. In this
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work we consider two different limits of the examined quantum
system, the atomic-based system and the macroscopic supercon-
ducting qubit with an extremely large characteristic magnetic
moment. Thus, considering the external influences on the
system, it is reasonable to focus on the two limiting cases.

We begin with the simplest case of interaction with an oscil-
lating magnetic field in order to create a basis for the analysis of

the magnetization reversal process or initialization:
H(r)=Hyf(t)cos(w;1). 4

Under resonance conditions (®; = ®17), and in the framework of
the rotating wave approximation (that assumes in addition for a
characteristic pulse duration, 1, the condition ;T >> 1), the
solution of Equation 3 is well known and can be presented in
the form:

- Shroen(( o

where (ZOJ is the initial condition and
0

t
0(r) =52 [ r(z)ae ©

is proportional to the pulse area that determines the efficiency
of the field-induced transitions. The lower limit in the integral
corresponds to the initial time of the pulse action. Equation 5
allows for the calculation of the parameters of the external
action needed to achieve a requested state of the quantum
system at a certain time. However, we are interested in obtain-
ing simple estimates of the duration of a basic operation: the
magnetization reversal process transferring the system from the
lower to the upper state (from ag = a(f = ;) = 1 to a(trey) = 0).

For the Gaussian envelope, /(1) =exp (—(t -1 )2/(212 )), with

characteristic duration t (and ¢, — —) we obtain the popula-
tion of the lower (initial) state of the system, W,(¢), given by:

W, (t) = cos’ O(I) @)

a

where

|l112|HoT L =1y
S P2L 707 Ty erp| L0
0(r) > 5 +er 7 ®)
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and

erf(x) = %Ee—ézdi

is the well-known error function, where in the general case,
x,& € C. The analysis of this result is given below in the
following subsection. It should be noticed that the obtained
solution has a classical analogy in terms of correspondence
between the trajectories of the introduced “pseudo-spin” vector
and the classical Bloch vector discussed in [37].

We now move to the case of interaction with a short unipolar
magnetic field. The investigation of the influence of a unipolar
pulse (when ®; = 0) became critical in recent years in connec-
tion with the possibility to create magnetic field pulses of
picosecond duration [16]. The time-dependent field is then
given by:

H(r)=H,f (). )

In matrix notation the problem looks quite simple:

o) *(ot)
0 (1)

a
b
(10)
5™
—x (1) 0

where x(7) = %uleOf(t)e_imlzt.

In the general case, this problem cannot be analytically solved
due to the presence of the complex exponential function. We
seek the approximate solution of Equation 10 in the form of the

matrix exponential representation:
[a(f)J _ 4[4
b(t) by
where the matrix exponent can be understood as a sum

n
et = z::o =

n!?

()

where the time-dependent matrix A(¢) obeys the differential
equation dA(t) / dt = B(t). The solution to this equation is given
by:
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(12)

where

Introducing the notation z(¢f) = |G(¢)|, the approximate
Equation 11 can be written in the form:
G ()b

{28]:00420))(2} Sin(z(t))(—G*(r)ao]' 13

Equation 13 gives an exact solution of Equation 10 only if
[4, d4/df] = 0.

2(1)

For the initial condition, ay = 1, by = 0, we have the following

expression for the population of the lower level:

t

W, (6)=eos” (=(0)). (0)=| ] £ o (e)mae ™% 10

fin

For the Gaussian envelope f{7) = exp(—(t—19)*/(2t%)) with char-
acteristic duration t

2
z(t) = %Hotgexp - [%)

l—to + i0)12T2
w2

(15)

x|l +erf

Formally, Equation 14 and Equation 15 seem to look very
similar to Equation 7 and Equation 8. However, in this case, the
repopulation of the qubit states is determined by the integral
G(1) :ﬁwx(&_,)dé, which vanishes if the factor exp(—imq2f)
oscillates much faster than the function f{¢) is changed, which
can be easily seen from the exponentially decreasing term in
Equation 15. However, it should be noted that in the case of
superconducting flux qubits, the energy difference between the
qubit levels corresponds to a ®;, in the GHz frequency range.
For picosecond magnetic field pulses, this results in the condi-
tion T << 1. This condition provides the validity of our ap-
proximate solution and prevents the integral G(¢) to tend
towards zero, leading to the possibility of efficient transitions

between the qubit levels.
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Below the function z(#) that determines the solution for Equa-
tion 13 is found for two specific types of the nonadiabatic
unipolar magnetic influence: the rectangular pulse (¢, = 0) and
the RSFQ pulse (#j, — —). For the case of the rectangular
envelope,

(16)

and

2|uya| HoJsin (o12¢/2))
hoyy

2|ip| H, [sin (@1,7/2)|
hoy,

, 0<t<T

z(t)= (17)

, t>T

where in the limit of ®,T << 1 (here t = 7) gives rise to the
usual Rabi oscillations with characteristic frequency of
w12Hy/h. The reason for this lies in the nonadiabatic tendency
of such a pulse, and therefore, its rather large spectral that
which covers the energy shift between two levels.

The case of the fluxon pulse is of great importance due to the
high possibility of the RSFQ-state management of supercon-
ducting qubits. The envelope is known to be of the following
form [23,24]:

t—t
1 (t)=4exp| —2=
wl-u?
-1 (18)
11
x| | 1+exp| 2 0 1-u? ,
wl-u?

where u is the normalized velocity of the SFQ pulse (and
tin — —©). For 01,1 << 1, the pulse area, which determines the
time-dependent transitions in the system, is given by:

Z(t):4|l,l12|H0T t—to

arctan| exp

(19)

wWl-u

Notice that in this case the coherent control of the field-induced
transitions can be provided by the variation of an additional
parameter, the normalized pulse velocity, u.

Magnetization reversal
We now analyze the results corresponding to the analytical

solutions obtained in the previous section for oscillating quasi-
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resonance and unipolar magnetic pulses and their influence on
the atomic and superconducting qubit systems. A dramatic
difference between the atomic and superconducting qubits
exists in the value of the matrix element of the magnetic dipole
moment, which (for allowed transitions) appears to be 5 (or
even more) orders of magnitude larger for the superconducting
systems. Due to this fact, the magnetic transitions in supercon-
ducting systems can be even much more efficient than the

allowed electric dipole transitions in atomic qubits.

In this work, we are mostly interested in the magnetization
reversal process of two-level systems corresponding to the
change in the probability amplitude of the lower state a(¢), for
example, from 1 to 0 during the influence of the external mag-
netic pulse. For the two cases considered, the oscillating and the
unipolar field, the time for substantial change in the level popu-
lation is determined by the area under the envelope of the mag-
netic field pulse (Equations 7 and 8, and Equations 14 and 15,
respectively). If this area is too small, the magnetization
reversal will not completely occur, and we can only achieve
demagnetization (neither a(#) nor b(¢) tend to zero at  — oo). If
this area is too large, partial magnetization reversal will occur,
and the rest of the area is used for further change of level popu-
lations, also leading to demagnetization as clearly demon-
strated in Figure 2 and Figure 3. These results are obtained for
the atomic qubit under an oscillating pulse and the unipolar
“Gaussian impact” in a superconducting flux qubit, respective-
ly. The dependencies are very similar for both considered cases
except the values of the characteristic magnetic field amplitude
required to provide transitions on a picosecond timescale. This
appears to be even less than 1 Oe in the case of the supercon-

H=3T
H=07T
Iﬂl ',

“l“:""'::llll::l"l,".:":lr/ --
"li'llll,.:'l'
" t [ps]
2
=(f,) =137 T

Figure 2: The dynamics of the ground level population, W, of an
atomic system (12 = 10dg, W12 = 2:1013 Hz, ag = 1, bg = 0) for the
case of an oscillating Gaussian magnetic field pulse (w; = w12,

to = 3 ps, =1 ps). The filled circles are the numerical calculations and
the solid lines are the analytical approaches described using

Equation 7 and Equation 8. The magnetic field acting on the system is
presented in the inset (dashed lines).
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Figure 3: The dynamics of the ground level population, W, of the flux
qubit system (p12 = 108pg, w12 = 1070 Hz, ag = 1, by = 0) for the case
of a unipolar Gaussian magnetic field pulse (Hp = 0.1 Oe, fy = 31). The
filled circles are the numerical calculations and the solid lines are the
analytical approaches described using Equation 14 and Equation 15.
The magnetic field acting on the system is presented in the inset
(dashed lines).

ducting qubit because of the huge matrix element of magnetic

momentum.

The performed numerical calculations based on the 4th order
Runge—Kutta method demonstrate a perfect agreement with the
obtained analytical solution that evidently proves the validity of
the rotating wave and nonadiabatic pulse approximations, which
are used in the cases of the oscillating and unipolar magnetic
fields, respectively.

With regards to an optimum peak value of the magnetic field
needed for the magnetization reversal, it can be easily found
from the condition that the total pulse area (Equations 6, 7 and
14) should be equal to n/2, with the external magnetic pulse
action reversing the system completely without further changes
in its quantum state. In this optimal case, the magnetization
reversal time, 7.y, is equal to the effective duration of the
external action, 7, which in the case of a Gaussian envelope one
can set as 67 (corresponding to more than 99% of the area under
the curve at 7 = 31). The optimal value of the peak magnetic
field can be found from the following relations:

NeT)

t
HE = (20)
|LH2|T
for the resonant oscillating Gaussian pulse,
Jpopt _ N2mh exp [%TT o
w0 =3l ™| V2
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for a unipolar Gaussian pulse, and

opt _ oy,
= el o 2]

(22)

for a unipolar rectangular pulse.

Note that in the case of the unipolar influence (opposite to the
case of the oscillating field), the effective reversal is possible
only in the limit for which analytical expressions have been
obtained: Tt << 1. The performed numerical calculations
confirm that in the case of m,t > 1, the exponentially growing
factor in Equation 21 excludes the possibility of the process of
interest under reasonable magnetic fields. A similar situation
takes place in the case of the SFQ pulse, for which the
optimal magnetic field strength can be achieved in the limit of
®12T << 1 only and is given by:

opt I

flux — w (23)

Equations 21-23 (under the condition @t << 1 for unipolar
pulses) seem to be very similar and represent an expected
inverse proportionality between the optimal magnetic field
strength and the characteristic pulse duration. Figure 4 illus-
trates the dependence of the optimal magnetic field value for
magnetization reversal versus the effective value for the
external impact duration obtained for different pulses and
different qubit types, both numerically and analytically (from
Equations 20-23). The magnetic field strengths needed for
magnetization reversal on a picosecond timescale can be easily

seen from Figure 4.

From Figure 4a it can be seen that in the case of the oscillating
resonant pulse, the magnetization reversal time is limited by the
condition T >> 1 and corresponds to a timescale determined
by the energy splitting between the eigenstates of the system. In
the case of a unipolar impact, magnetization reversal is possible
for times much shorter than 1/®;;; however, such a signifi-
cantly nonadiabatic impact means that the envelope spectrum is
broad enough to cover the eigenfrequencies of the atomic- or
superconducting-qubit and may result in the population of addi-

tional nonresonant levels.

This simple rule — for the effective magnetization reversal a
relatively large pulse duration is required for the oscillating
field impact and a rather small one for the unipolar — is fully
confirmed in the classical solution of the problem, manifesting

the precession of the magnetic moment. The estimates obtained
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Figure 4: Dependence of the optimal magnetic field value versus the
external magnetic pulse duration, T, for (a) the atomic-based qubit in
an oscillating magnetic field (u12 = 10ug, Wy = w12 = 2:10'3 Hz, ty = 31,
T = 67); (b) the superconducting flux qubit (u12 = 108y w1z = 1010 Hz)
under the influence of unipolar impact with a Gaussian (w; = 0, fy = 3T,
T = 671) and rectangular (T = 1) envelope; (c) the superconducting qubit
interacting with the passing fluxon. The filled circles are the numerical
calculations and the solid lines are the analytical approaches
described using Equations 20-23. The squares represent the fluxon
speed providing appropriate duration of impact for the region of
qubit—fluxon interaction of 0.5 ym.

for two-level systems in the cases of unipolar (01,1 << 1)
and oscillating (wjpt >> 1) impacts for the dynamics of
the projection of the magnetic moment on the Z-axis,
My (1 ‘a ‘ —‘b(t)‘z =cos(22(t)) or cos(26(?)), respect-
ively, coincide given the specified conditions with the predic-
tions for the “magnetic management” in magnetic memory
cells on a picosecond timescale based on the use of the
Landau-Lifshitz—Gilbert equation [38-40]. Indeed, in a well-
known classical macro-spin approximation, one can arrive at
the formula for the component of magnetization dynamics, M,
in a form equivalent to that obtained above for a quantum

system. The Landau-Lifshitz—Gilbert equation can be written as

follows:
dM() vy oy
=— M, H-———F|M,|M,H||,
ra——— M(1+a2)[ M) ey
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where v is the gyromagnetic ratio, M(¢ = ,) = {0, 0, M}, and
M(t = trey) = {0, 0, —M}. The magnetic field is given in the
form H(?) = nyH(¢) + nzH,, where H; > 0 is a constant field,;
the presence of which allows for the definition of the so-called
Larmor frequency, Qp = yH. Classical damping can be set as
a = 0 for the simplest case when the decoherence processes in
the quantum model can be neglected.

For H(t) = Hyf(f)cos(w;t), with @; = Qp, QT >> 1 one can arrive
at:

H, 2
Flo)= ] r()ae )
fin

For the Gaussian envelope,

F(t)= yHor\f[H erf[ 5 B (26)

which (for a gyromagnetlc ratio of 'Y Z‘Mlz‘/h) fully agrees
‘ —cos(29( )) (see Equa-
tion 8) and leads to a very simple expression for the magnetiza-

with the expression ‘a ‘ ‘b

tion reversal timescale:

@7

It is now obvious that for the classical problem, Q; is equiva-
lent to @1, for the quantum one.

For a unipolar field, H(¢) = Hyf(¢) with the extra condition that
Q1 << 1 and one can arrive at an analogous expression:

My (t)=M cos((1))

(1) =1 H, j £(&)de=2F(1). @8

fin

2
z)‘ :cos(ZZ(t)) from
Equation 14 and Equation 15 for the quantum case if Q = ®;;

This formula corresponds to ‘a(l) ‘2 - ‘b(

and y= 2‘”12‘/hs and leads to an analogous expression for the
magnetization reversal timescale:

trey = F 7 (11/2). (29)
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Figure 5 illustrates the similarity between the dynamics of the
process of magnetization reversal within the classical and
quantum approaches with the oscillating magnetic field impact
(when ot >> 1, Qp1>> 1, and Qp = yH))), and in the case of
short unipolar pulses (under the condition @yt << 1, Qp 1 << 1).
Note that here in the intermediate case, Qpt = 1, the effective
reversal is also impossible because of the alternating sign in the
My(t)-Hx(t) term in Equation 24. According to the simple
precession equation, this sign defines the sign of dM/d¢: only
divergent impacts on a timescale comparable with the pulse
duration can lead to demagnetization in the system, which is
confirmed by the results of the numerical simulations.

i 1 |
=1 = )
i S
§ §‘“
-05¢
-1 0—(a) \ . X . i‘

6

Figure 5: The ground level population dynamics of both the atomic-
based qubit for an oscillating magnetic field impact (a): p42 = 10y,
W= wqp =0 =2:10"8 Hz, Hy=1.37 T, 1= 1 ps) and the flux qubit
system for a unipolar magnetic field impact (b): p12 = 108ug, w; = 0;
w12 = QL = 10'° Hz, Hy = 0.1 Oe, T = 1 ps) in comparison with the
predictions of the Landau—Lifshitz—Gilbert equation

(y= 2|p12|/h, a = 0) for the Z-projection of the magnetization behavior.
The filled circles are classical calculations and the solid lines are the
results for the quantum model.

It is important to pay attention to this profound analogy between
the quantum and the classical results in order to separate the
macroscopic and quantum modes in mesoscopic systems, which
is often a difficult task [41,42]. Moreover, it seems promising to
simulate the behavior of magnetic metamaterials based on artifi-
cial Josephson atoms in sufficiently strong fields [43] using
standard classic software designed to study the magnetization
reversal processes in large magnetic clusters [44].

The three-level system and the A-scheme

As was previously mentioned, both the resonant and unipolar
pulses either give rise to some limitations on the magnetization
reversal time or populate additional nonresonant levels.
However, it is possible for a superconducting flux qubit to
avoid the main disadvantage of the unipolar influence under
certain conditions, that is, to not excite the system on undesir-

able levels. The typical potential energy and the eigenfunctions
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for the flux-driven, three-junction qubit are presented in
Figure 6. The selective excitation of magnetization reversal is
possible if the parameters of the qubit together with the parame-
ters of the unipolar impact ensure compliance with the condi-
tion @5t << 1. This is respect to transitions between states with
well-defined values of the magnetic moment of the “0” and “1”
states (o3t ~ 1, 03 =(E3 - Ey)/h, etc.).

Potential, wavefunctions

@, generalized coordinate

Figure 6: The potential energy and the wavefunctions for the flux-
driven, three-junction qubit (described in [2]), where the Josephson
energies of the elements are E;, E; and 0.9E;; the Josephson energy
scale, Ey, is 80 times larger than the characteristic Coulomb energy of
the elements.

The theoretical possibility of such selective magnetization
reversal of a superconducting flux qubit using an SFQ pulse is
confirmed by the results of the numerical simulation of the
three-level system dynamics (see Figure 7).

0.4

0.2

0.0
0.0

0.6

Figure 7: The dynamics of the ground level population, W,, and the
populations of the two lowest excited levels, Wy, and W,, of the flux
qubit system (p12 = 108, py3 :<¢]|ﬁx|¢3> ~ lpg ~ 1.5,

w12 = 1010 Hz, w13 = 3wqy, ag = 1, bg = ¢g = 0) for the supercon-
ducting qubit interacting with the passing fluxon (duration of external
impact is about 1 ps).

1953



An alternative, promising procedure is based on the so-called
A-scheme, involving not only the two lowest energy levels, but

also the excited one. For such three-level systems, the third

highly excited state, (1)3), is the superposition of the basis wave-
functions with well-defined values of the magnetic moment (see
Figure 6), so the transitions from each of the two lower states
are allowed. The dynamics of the system under the magnetic

pulse action can be investigated by analogy with Equations 1-3.

y(r,t)=a(t)|¢)e A t/n +b(0)] 0y e E2 t/h

. (30)
+C(t)|¢3>e—lE3t/h

For the simplest case, when Hy(¢t) = Hycos(w;t),
ho, =E3—(E +E,)/2 we have:

dc;(tt)—zl_hHO}*l}C(t)e iopyt/2 31
b j :
dd(tt):zl_hH()u13c(t)elm12[/2, (32)

de(7 i im —i
d(t):EHOHI?’ (a(t)e 12t/2+b(t)e 12t/2). (33)

Here we assume for simplicity that pys :<¢1 ‘ﬁLX ‘4)3)
~ <¢2 ‘ﬁX ‘¢3>, and solving the matrix Equations 31-33 for the
initial condition ag = a(¢ = 0) = 1, one can obtain for the ampli-
tude of the final state with the “inverted” magnetic moment:

b(t) = Boe_iyot + Ble_iylt + Bze_iyzt 5 (34)
Yo =0
(Ei-E)"  (Homs)’ 33)
"{1,2 == 4 + 5 .

Hence, the population of the excited basis level, W}, oscillates
as:

(Ho M13)2
(Hows3)? +(E —E2)2/2

2 2
- H,
xsin* \/(El 4E2) +( 0213) t/2h

(ALE

(36)
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with a characteristic time of about Z\Enh/Ho py3- It should be
emphasized that for the considered A-scheme, the character-
istic time of magnetization reversal is limited by the value (no
shorter than) 1/@13, rather than the value 1/m;; as for the direct
resonant Rabi transitions \(1)1) and \¢2>. Therefore, this charac-
teristic time is much shorter since the resonant frequency ®;3
appears to be several times larger than the energy gap between
closely situated levels H’l) and ‘¢2> For this reason, the
reversal time can be made much shorter than for the two-level

system simply by increasing the field strength.

As one can see, the use of the alternative pathway allows for the
increase in the speed of the transition between the basic magnet-
ic states under the influence of multimode excitation, and
experimental confirmation of this assumption is of particular
interest both for the applications and for the fundamental
studies in the field of quantum optics on a chip.

Conclusion

In summary, one can conclude that for an atomic-based
magnetic qubit, an oscillating magnetic field of about 1 T is
required in order to achieve a magnetization reversal time of
less than 0.01 ns. However, from a technological perspective,
such magnetic field intensities are very difficult to achieve.

The strong coupling regime between a superconducting flux
qubit and a resonator composed of inductances and capaci-
tances was reported. Therefore, it was easy to put the impact of
the oscillating field on artificial atom into practice (similar to
the case studied in detail for usual atomic systems) [45-47]. At
the same time, for a typical flux qubit (with ®;, = 10 GHz) it is
practically impossible to realize the effective magnetization
reversal by the oscillating magnetic field pulse on a picosecond
time scale. In this case, the oscillation period is comparable to
the duration of the pulse and de facto we are dealing with an
ineffective unipolar influence.

However, for the superconducting flux qubit, one needs the
unipolar magnetic field pulse with an amplitude of about 1 Oe
for the solution of the magnetization reversal problem on the
picosecond timescale. Note that in this case the characteristic
decoherence time is up to 10 ps [48].

It is possible to implement such an impact in the experiment
due to the magnetic coupling of the superconducting quantum
bit with a Josephson transmission line. During the propagation
of the fast single flux quantum pulse (fluxon) in the transmis-
sion line, the magnetic field interacting with the qubit can be
represented exactly as a unipolar pulse. The shape of this pulse
can be calculated as a convolution of the according function,

representing the coupling between the qubit and magnetic flux

1954



of the vortex in a Josephson transmission line. The shape can be

governed in situ with the relation between the driving force and

losses in the system [24]. The speed of the fluxons required for

the effective magnetization reversal of superconducting flux

qubits (see Figure 4c) is achievable for Josephson transmission

lines that are designed and built using the latest advances in

superconductor technology.

Moreover, the unusual ability to create the so-called A-type arti-

ficial atom (forbidden by the selection rules for typical atoms)

on the basis of flux-driven three-junction loops with broken

Hamiltonian symmetry allows us to consider magnetization

reversal within the A-scheme (along with the usual magnetiza-

tion reversal) [49-51]. The latter option seems to be currently

the best way for simple operations with the quantum states on a

subnanosecond timescale.
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