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Abstract

We theoretically exploit the shortcuts to adiabaticity (STA) technique in Hermitian and non-Hermitian quantum
systems to realize the maximum coherence and beam splitting by eliminating the nonadiabatic coupling. Compared
with the conventional adiabatic passage (AP) technique with the Gaussian and Allen-Eberly schemes, the operation
time can be significantly shortened by three order using STA technique. This STA-based fast creation of maximum
coherence or beam splitting are in use ranging from quantum sensing and metrology in a noisy environment to
optical gain/loss coupled waveguides in an analogous fashion.
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Introduction

Preparation and transfer of maximum coherent quantum
states are requisite in the applications of quantum mea-
surements and sensing. Traditionally, adiabatic passage
(AP), in order to transfer the population coherently and
adiabatically in a two-level quantum system, is one of the
most popular protocols used for initializing and manip-
ulating quantum systems [1-4], with many applications
ranging from large-area atom interferometry [5], atomic
frequency standards [6], quantum information processing
[7], nuclear magnetic resonance [8], coherent superposi-
tion of molecular vibration states [9], to quantum dots
[10], etc.

AP approach and its variants including (fractional) stim-
ulated Raman adiabatic passage (STIRAP) depend on
the off-resonant coupling between descrete states and
laser pulse to achieve a steady-state superposition. In
the pseudo polarization representation [11], a two-level
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state superposition is considered as a state vector, and
the phase, intensity, and detuning of the optical field is
defined as a field vector. The state vector precesses about
this adjustable field vector. Provided that this field vector
varies sufficiently slowly, the population can be trans-
ferred from one state to the other with an arbitrary fidelity,
that is, the state can be transferred perfectly. If this adi-
abatic condition is not met, the nonadiabatic coupling
between eigenstates results in decoherence and the tar-
get state can not be reached perfectly. Therefore, in an AP
process, the price to get a perfect target state is at expense
of long time, which is the limitation for the application of
AP technique in the case where a fast state preparation is
demanding under the existence of decoherence.
Subsequently, a technique called shortcuts to adiabatic-
ity (STA) [12—23] was proposed theoretically and demon-
strated experimentally to speed up slow AP, whose con-
cepts, methods, and applications are well reviewed by
Guery et al. [23]. One of STA is counterdiabatic driv-
ing [14, 16, 17], in which an additional counterdiabatic
term is introduced to eliminate the nonadiabatic coupling,
and thus make it possible for quantum state prepara-
tion to be rapidly realized. However, the cost for this

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The

images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s41476-020-00139-2&domain=pdf
http://orcid.org/0000-0003-4221-4288
mailto: zfhu@siom.ac.cn
mailto: xchen@shu.edu.cn
mailto: chpliu@siom.ac.cn
http://creativecommons.org/licenses/by/4.0/

KaiTang et al. Journal of the European Optical Society-Rapid Publications

fast state preparation is the increase of energy consump-
tion due to the introduction of counterdiabatic driv-
ing. The existing studies about STA have focused on a
Hermitian system, but recently, an increasing interest is
blooming in a non-Hermitian system [24—26]. For exam-
ple, as for a parity-time (PT) symmetric non-Hermitian
system [27, 28], it can produce a faster-than-Hermitian
evolution, while keeping the eigenenergy difference fixed
[27, 29]. Some proposals for the realization of PT-
symmetric Hamiltonian have been put forth [24] as
well as some extensions related to the Landau-Zener
(LZ) model [25, 30, 31]. In addition, the approximated
adiabatic condition for a non-Hermitian Hamiltonian
system has also been obtained [32]. And dissipation-
assisted adiabatic passages was applied to prepare
entangled-state [33]. However, as far as we know, no
one consider STA-based creation of maximum coher-
ence or beam splitting in a non-Hermitian system,
even in a Hermitian system. The beam splitting is
very useful in optical waveguides and coherent quan-
tum state preparation, especially in quantum sensing and
metrology.

As shown in the following, by exploiting the fast shortcuts
population transfer in a non-Hermitian Hamiltonian sys-
tem, one can overcome some decoherence processes and
achieve a perfect quantum state preparation. By properly
choosing the driving field the maximum coherence and
beam splitting can be obtained exactly. The creation of
maximum coherence and beam splitting based on coun-
terdiabatic driving or non-Hermitian STA is faster than
that based on AP. But the counterdiabatic driving cost
more coupling to speed up adiabatic evolution, while non-
Hermitian STA modulates non-Hermitian terms with-
out increasing coupling. Therefore, non-Hermitian STA
can work in an arbitrarily small coupling and has more
advantages.

The above STA in quantum systems can be moved
into optical waveguide systems if just substituting time
by spatial coordinates [34, 35], which favors a more
compact device integration. Furthermore, non-Hermitian
terms can be introduced and controlled by ion doping
and laser pumping [36], and thus non-Hermitian STA
can be implemented in non-Hermitian optical waveguides
(36, 37].

In this paper, we firstly present the creation of maxi-
mum coherence and beam splitting of AP in a two-level
Hermitian system. Secondly, the theoretical description of
the counterdiabatic driving creation of maximum coher-
ence and beam splitting in the Hermitian system is given.
Then creation of maximum coherence and beam splitting
of STA in a non-Hermitian system is described in detail
and the physical implementation is considered in optical
waveguides systems. The main conclusion is summarized
in the end.
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Results and discussion

First, for convenience of description, we use a two-level
system to describe a directional coupler of two waveg-
uides, and briefly introduce the conventional AP in a
simple two-level Hermitian system, whose coherent exci-
tation is described by the Schrodinger equation [38],

ihdsc(t) = Hy(£)c(t), (1)

where the vector c(t) =[cg1(t),cg2(t)]T comprises two
probability amplitudes of states |g1) and |g2). The Hamil-
tonian under the rotating wave approximation (RWA) is

written as
_ h(0O Q (1)
Ho() = <Q(t) 255 ) (2)

where €2(¢) is the Rabi frequency, which characterizes the
strength of the field-induced coupling between states |g1)
and |g2), and 5§ (¢) is the detuning between field frequency
() and the transition frequency wo(t), §(¢) = wo(t) —
w(t).

The instantaneous eigenstates of this time-dependent
Hamiltonian Hy(¢) are

|=) = cosO|gl) — sin6|g2),
|[4+) = sinf|gl) + cos 6|g2), (3)

with eigenvalues

hes(t) = g [S(t) +/Q2(0) + 82(t)], 4)

and the mixing angle 0(¢) is defined as tan20(¢f) =
Q(t)/8(¢t). The states |—) and |+) are the adiabatic states.
They are connected with the diabatic vector c(¢) via the

rotation matrix
sin 6
) , (5)

cosf
R®) = (—sin@ cos

as c(t) = R(O(t))a(t), where a(t) =[a_(t),ay(®)]T con-
tains the probability amplitudes of the adiabatic states

|—) and |+) . Similarly, the Schrédinger equation in the
adiabatic basis reads

ihda(t) = Hy(Ha(t), (6)
where
L (e—@) —ib(®)
H,(t) = h(ié(t) £y (0) ) (7)

Here, an overdot means a time derivative.

The adiabatic condition |0(¢)] <« e4(t) — e_(t) =
€(¢) means the nonadiabatic coupling in the Hamiltonian
H,(¢) is negligible compared with the eigenenergy differ-
ence. If the system is initially prepared in | 4+ (0)) = |g1),
then under the adiabatic condition, this system will always
maintain on the instantaneous eigenstate | + (¢)). Then by
controlling the final mixing angle 6 according to Eq. (3),
one can achieve an arbitrary target state. This means that
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the AP makes the initial population in state |g1) be exactly
split into two parts respectively populated in states |g1)
and |g2), with a population radio of tan? 0. It is needed
to be pointed out that the above creation passage of max-
imum coherence and beam splitting is limited by the
adiabatic condition |é(t)| < &(t), which requires a slow
evolution. As an example, we numerically demonstrate
this AP for creation of maximum coherence or beam split-
ting under a Gaussian shape pulse. The mixing angle is
required to satisfy 6(0) — 7/2 and 6(¢s) — 7/4, which
means

Q@ - Q@

s =0, s

8(t) |40 (1)

And as shown in Fig. 1a, the Rabi frequency and detuning
for the field are

— —00. (8)

t=ty

o2

(t_tf/z_f)z]’

Q) = Qoexp [—

o2

2
8(6) = 8o exp |:_(t_tf/2+r):| ) (9)

In Eq. (9), Q¢ and §p are the peak values of Rabi fre-
quency 2 and detuning §, and o is full width at half
maximum. The 7 is separation time between detuning and
Rabi frequency, which guarantees to satisfy the boundary
conditions in Eq. (8), and # is the operation time. In the
creation process of maximum coherence and beam split-
ting, the adiabatic condition is always satisfied, if one can
check the time evolution of £(£)/]0(¢)| (Fig. 1b) where this
ratio is much larger than 1. Thus the state |g1) is equally
split into state |g1) and state |g2) (Fig. 1c).

Although the AP can be used to obtain a precise quan-
tum state preparation, it requires an extremely long oper-
ation time to avoid the influence of nonadiabatic effect
in the evolution process. To speed up the slow evolution
process, researchers have proposed the counterdiabatic
driving [14, 16, 17], which is one of STA methods. The
addition of an additional counterdiabatic term [14] can
effectively suppress the nonadiabatic effect, which is writ-
ten as

0 ié(t)>. (10)

Hea(8) = 1 ( —ib@) 0

And then the total Hamiltonian is constructed as

He HotH = 0 V2 + 462%™
TR \ Va2 a2 28 ’

(11)
where a () = —arctan 26(¢)/ Q (). By using the unitary
transformation,

ei3 0
u = ( o o ) : (12)
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Fig. 1 AP for creation of maximum coherence or beam splitting in a
two-level system. a Gaussin Rabi frequency (solid) and detuning
(dashed) defined by Eq. (9). b Adiabatic condition. ¢ Population of
state |g1) (solid) and state |g2) (dashed). Parameters: Qo = 5 MHz,
8o =—05MHz tr =8ms,t =t/850 =1t;/6

modified Hamiltonian, H,,(¢) = U~YHU — ik 111, can
be calculated as

Hy= 1 ( ¢ (13)

V Q2+ 462
V Q2 + 462 '

26 4+ a
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The modified Rabi frequency 2,,(¢) and detuning 8, (¢)
are obtained as

Qu(t) =/ Q2(1) + 40%(1), (14)
Sm(t) = 8(t) + & (2). (15)

To demonstrate the advantages of counterdiabatic driv-
ing for accelerating quantum evolution, we set the same
Rabi frequency and detuning defined by Eq. (9) with the
same amplitude of Rabi frequency and detuning (20 = 5
MHz and §p = —0.5 MHz) as shown in Fig. 1a, but for a
very short operation time, tr =1 us. According Eq. (15),
one can see that the amplitudes of the modified Rabi fre-
quency and detuning obviously increase (Fig. 2b). This
means that the counterdiabatic driving costs more cou-
pling to achieve an accurate adiabatic evolution (Fig. 2c).
Here, an operation time of 1 pus is an example, in fact,
the theoretically speeding operation time can be arbitrar-
ily short. In addition, it is necessary to point out that there
is a phase difference «(0) between states |g1) and |g2) at
the initial moment.

As for a non-Hermitian system, there is gain or loss of
state population. One can nullify the nonadiabatic cou-
pling by controlling gain or loss instead of the counter-
diabatic term in a Hermitian system. For this goal, two
nonzero terms are added in the Hamiltonian Hy(¢), and
we obtain

Hgﬁ:h(—wuo

A (16)

Q@)
26(t) + il () ) ’
where I'; (t) and I'y(¢) are both real numbers and repre-
sent the loss rate of the state |g1) and the gain rate of the
state |g2) respectively.
As illustrated in AP, the Hamiltonian H 5 (t) in the basis
|£) has the form

Hiw=n(4142), (17)
where
Al =6 — % (F1 cos?6 — Iy sin? 9) s
App = —i(rl + T'y) sin 260 — i6),
A9y = —i'(r1 +Ty) sin 26 + i6,
Ay =¢e4 — % (F1 sin? 9 — T'y cos® 9) . (18)

The ¢4 (¢) are again defined by Eq. (4). We assume that
initially the system only populates in state |g1). According
to the initial condition 6(0) = 7 /2 and Eq. (3), the initial
state coincides completely with the state |+). To nullify the
nonadiabatic coupling, it requires that the nondiagonal
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Fig. 2 STA for creation of maximum coherence or beam splitting. a
Original Rabi frequencies (solid) and detuning (dashed) defined by
Eg. (9). b Modified Rabi frequencies (solid) and detuning (dashed)
defined by Eq. (15). € Population of state |g1) (solid) and state |g2)
(dashed). Parameters: Qo = 5 MHz, 80 = —0.5 MHz, tr = 1 us,
T=1t/12,0 =1¢/6

terms are zero, which means

46(¢)
sin20"

() + Ta(t) = — (19)

During the evolution, the system follows the state |+), and
the state |—) has never received any populations.
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We obtain the evolution of the amplitudes of the adia-
batic state by using Eq. (6)

a— (l:f) =0, (203)

¥ / i /N win2 ’
ai(tf) = exp {—if e (t) — 2 [Fl(t)sm o)—
0

Ty (') cos® 0(¢)] dt'}, (20b)

where £ is the final time of the evolution process. In order
to guarantee the final state |a (¢) |2 = 1, we require that
the real part in Eq. (20b) is zero. It means

t
/ [[1()sin®0(f') — Do (¢) cos® 6()] dt’ = 0. (21)
0

Eq. (21) ensures that the total population at the end of the
process is conserved. In particular, the total population in
the system remains constant throughout the process, if the
I'; and Iy satisfy

I'1(#)sin? 0(¢) — T (2) cos® 6(¢) = 0. (22)
So we obtain
_ 200
h = tan 6(t)’
[a(t) = —260(¢) tan 6(2). (23)

So far, we have obtained the exact analytic solutions to
equations about loss rate I'; (¢) of the state |g1) and gain
rate I'y(¢) of the state |g2). From Eq. (23), it can be seen
that there are I';(¢) and I'y(£), which satisfy Eq. (23), to
ensure that the total population is conservable, regardless
of any set of field parameters (2(¢) and §(¢)) selected.

After obtaining the relation between I'; 2 and mixing
angle, the corresponding field parameters can be selected
according to our purposes. Now, efficiency of creation of
maximum coherence and beam splitting based on non-
Hermitian STA in a Gaussian model described by Eq. (9)
is investigated as well as that of a Hermitian STA. We set
the same parameters (9 = 5 MHz, §o = —0.5 MHz,
tr = 1 us, t = t/10, and 0 = t7/6) as Fig. 2. In our
method, we introduce a non-Hermitian term (Fig. 3b) to
cancel the nonadiabatic coupling, and Rabi frequency and
detuning (Fig. 3a) are neither modified nor increased. And
the accurate and rapid creation of maximum coherence or
beam splitting is obtained in Fig. 3c. Same as Hermitian
STA, non-Hermitian STA is three-order or even arbitrar-
ily faster than AP. Non-Hermitian STA which is better
than Hermitian one can be applied under arbitrarily small
coupling.

In fact, the above creation of maximum coherence or
beam splitting is not limited to a Gaussian model, and
the non-Hermitian STA beam splitting can be realized in
other models, such as the widely used Allen-Eberly (AE)
model [39]. The Rabi frequency and detuning in the AE
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Fig. 3 Non-Hermitian STA for creation of maximum coherence or
beam splitting with Gaussian model. a Rabi frequency (solid) and
detuning (dashed). b Gain rate I'1 (t) (solid) of the state |g1) and loss
rate I'» (t) (dashed) of the state |g2). € Population of state |g1) (solid)
and state |g2) (dashed). Parameters: Qo = 5 MHz, §o = —0.5 MHz,
tr=1ps,t=1t/10,0 =tr/6

model are

Q(t) = Qpsech (t — tf/z) )

(o2

8(t) = [1 — tanh (t _atf/z)} .

Here the detuning is a transformed hyperbolic tangent
function, which is a little different from that used in the

(24)
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traditional AE model, in order to ensure that the boundary
conditions (8) are satisfied. Under the parameters 29 = 5
MHz, §o = —0.5 MHz, ¢y = 1 s, and o0 = tf/12, a per-
fect creation of maximum coherence and beam splitting
are achieved in short time, as shown in Fig. 4c.

With a further discussion, our suggested STA technique
in non-Hermitian systems could be physically realized in
waveguide optics [36, 37]. A PT-symmetric directional
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3
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0 -
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1 | sl 7 \ |
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0 i [ | \ |
0 0.2 0.4 0.6 0.8 1
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Fig. 4 Non-Hermitian STA for creation of maximum coherence or
beam splitting with AE model. a Rabi frequency (solid) and detuning
(dashed). b Gain rate 'y (t) (solid) of the state |g1) and loss rate I'> (t)
(dashed) of the state |g2). € Population of state |g1) (solid) and state
|g2) (dashed). Parameters: Qo = 5 MHz, 8o = —0.5 MHz, tr = 1 us,
o=1/12
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coupler consisting of two waveguides, waveguide |L) and
waveguide |R), placed in proximity with propagation con-
stants S (z) and Br(z) is considered. The refractive index
or geometry of the two waveguides are allowed to vary
along the propagation direction z. Light is coupled into the
device at input plane z = z;(= 0) and out at output plane
z = z7. The waveguides |L) and |R) here substitute for the
above quantum states |g1) and |g2), and time ¢ in Eq. (16)
is replaced by direction z. Light propagation in the coupler
is described by coupled-mode equation [40, 41]

ii <AL> _ <ﬂL(Z) —iy(2) Kk (2) > (AL)
dz \ AR K (2) Br(z) +iyy(z) ) \ Ar )’

(25)

where A; and Ap are mode amplitudes of two waveg-
uides, « is coupling coefficient, y; and y, are respec-
tively the loss of waveguide |L) and the gain of
waveguides |R). The relation between the mismatch
A = (Br — Br)/2 and width difference §W of two
waveguides can be approximated by a linear relation
[35, 42], and the coupling coefficient scales exponen-
tially with the waveguide separation d(z) according
to the law «x(z) = «oexp[—k(d(z) —dp)] [35, 40]
(where kg and k are two constant parameters to be deter-
mined from the fabrication process). A practical con-
sideration of experimental realization of this system can
be Ti in-diffused Fe:LiNbO3 optical waveguides which
have recently been applied to demonstrate PT-symmetric
directional couplers in the visible spectrum [36]. The loss
rate y; is dependent on the number of Fe?* dopants and
can be controlled easily. The laser pumping through the
two-wave mixing process can provid the gain y, [36].
Thus, non-Hermitian STA can be experimentally veri-
fied in optical waveguide systems. Better yet, although we
focus on equal mode splitting of optical waveguides, our
technique can be applied to arbitrary ratio mode splitting
and can be applied in more fields.

Conclusion

In this paper, we have presented the fast creation of
maximum coherence and beam splitting via shortcuts to
adiabaticity technique in Hermitian and non-Hermitian
systems. In a Hermitian system, one achieved a fast adi-
abatic creation of maximum coherence and beam split-
ting by introducing an additional counterdiabatic term to
eliminate the nonadiabatic coupling in evolution. Theo-
retical analysis and numerical results verified that short-
cuts to adiabaticity is three-order or even arbitrarily
faster than conventional adiabatic passage, but this real-
ization is at the cost of increasing coupling. Instead, a
novel non-Hermitian STA scheme proposed here can
be used to achieve perfect creation of maximum coher-
ence and beam splitting without increasing coupling. By
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tuning non-Hermitian terms and field parameters, it is
convenient to control the dynamic evolution of the sys-
tem. Moreover, even for an arbitrarily small coupling
between two states, non-Hermitian STA succeeds in per-
fect creation of maximum coherence and beam splitting,
but counterdiabatic driving fails. The feasibility of non-
Hermitian STA method has demonstrated in Gaussian
and Allen-Eberly models and its experimental realization
in optical waveguide systems is described. The fast quan-
tum state manipulation based on shortcuts to adiabaticity
demonstrated here possesses unique advantages in quan-
tum sensing and metrology in a noisy environment.
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