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We propose a scheme for establishing the stationary one-way quantum steering in a three-level A-type atomic ensem-
ble. In our system, the cavity modes are generated from two atomic dipole-allowed transitions, which are in turn driven
by two external classical fields. The atomic ensemble can act as an engineered reservoir to put two cavity modes into a
squeezed state by two Bogoliubov dissipation pathways. When the damping rates of the two cavity modes are different,
the steady-state one-way quantum steering of the intracavity and output fields is presented by adjusting the normalized de-
tuning. The physical mechanism is analyzed based on a dressed state representation and Bogoliubov mode transformation.
The achieved optical one-way quantum steering scheme has potential applications in quantum secret information sharing

protocols.
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1. Introduction

Ever since Einstein, Podolsky and Rosen (EPR) demon-
strated that measuring one of a pair of quantum-entangled
particles instantaneously affects the other, regardless of their
physical separation, it has been observed that these particles
can exist in two distinct states simultaneously.!'! In 1935,
Schrodinger introduced the concept of steering to provide a
broader framework for understanding the strange phenomenon
of action at a distance.[”! Wiseman ez al. showed that EPR
steering can be described as a new kind of quantum corre-
lation, which is stronger than entanglement but weaker than
Bell nonlocality.®! This suggests that quantum steering can
transition from being a conceptual idea to a quantifiable the-
oretical and experimental reality. A violation of the Bell
inequality means that a quantum bipartite state can exhibit
steering in both directions. EPR steering is inherently dis-
tinct from entanglement and Bell nonlocality, i.e., one-way
EPR steering.[*8 Asymmetric one-way quantum steering is
demonstrated as a situation in which Alice can steer Bob but
Bob cannot steer Alice, or vice versa.l” %1 This unique feature
has attracted significant attention and is widely used in prac-
tical applications, such as directional recessive conduction,
one-side device-independent quantum cryptography, quantum
teleportation and high-fidelity heralded teleportation.!!!=14]
Many different criteria based on the uncertainty principle have
been proposed to decide whether a quantum state is steer-
able. Reid put forward the criterion of a continuous vari-
able Gaussian state.!'>) Wiseman et al. raised a criterion ap-
plicable to discrete and continuous variables.[?! Walborn et
al. presented a generalized entropy criterion for the continu-
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ous variable non-Gaussian state.!'-'8) Toannis Kogias et al.

introduced a computable measure of steering for arbitrary bi-

[19

partite Gaussian states.[!° In addition to the relevant theoret-

s,[15-211 quantum steering experiments have also

5,22-29

ical advance
made great progress.! I For example, Handchen et al. ob-
served one-way EPR steering of two-mode Gaussian squeezed
states for the first time.!?’”l Armstrong et al. showed multi-
partite EPR steering and genuine tripartite entanglement with

(221 Xiao et al. experimentally demonstrated

optical networks.
one-way EPR steering with multimeasurement settings for a
class of two-qubit states, which are still one-way steerable
even with infinite settings,*”! and so on.

One-way EPR steering plays an important role in quan-
tum information and fundamental physics. Over the past
decades, much work has been devoted to finding effective
ways to test the quantum effect in atomic systems,3%-3]
such as quantum jumps in atomic systems,*’} strong cou-
pling of optical nanoantennas and atomic systems,*?] and
weak-interaction effects in heavy atomic systems.!**! Many
schemes for quantum steering based on atomic systems have
been proposed.*®#?] For instance, Xu et al. employed a two-
level atomic ensemble driven by a strong laser field inside
a two-mode cavity and showed a significant enhancement of
the output steady-state quantum correlations via a dissipative
atomic reservoir. On the condition of an unbalanced coupling
strength, asymmetrical output one-way EPR steering has been
achieved.3”! Tan et al. proposed a scheme for realizing hybrid
atom-mechanical quantum steering in the steady-state regime.
An optomechanical two-mode cavity was coupled to a distant

ensemble of double-A atoms in a cascade setup, leading to a
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dissipative interaction between the mechanics and the internal
atomic states. 38 He et al. studied multipartite entanglement,
the generation of EPR states and quantum steering in a three-
mode optomechanical system composed of an atomic ensem-
ble located inside a single-mode cavity with a movable mirror.
Two-way EPR steering was found between the mirror and the
atomic ensemble despite the fact that they were not directly
coupled to each other.?"!

Here, we present a scheme for generating tunable asym-
metric quantum steering in a three-level A-type atomic sys-
tem. The cavity modes are generated from two atomic dipole-
allowed transitions, which are driven by two external classical
fields, respectively. When two cavity modes are tuned to be
resonant with Rabi sidebands of the dressed atom, two collec-
tive Bogoliubov modes formed by the original cavity modes
interact effectively with the dressed atom. The atomic en-
semble, which serves as an engineered reservoir, can cool
At this mo-
ment, the original cavity modes reach a squeezing state. It

two Bogoliubov modes into a vacuum state.

is because of the two Bogoliubov dissipation pathways that
entanglement is greatly enhanced. The best obtained state
tends to be the original EPR entangled state. By adjusting
the normalized detuning and the cavity damping rates, steady-
state one-way quantum steering of the intracavity and out-
put fields can be achieved. To describe the physical process
more clearly, the dressed state representation(*%! and Bogoli-
ubov transformation!*’! have been used. Compared with other
schemes, our scheme has the following features: (i) A four-
wave mixing process in the three-level atomic system is used
to generate the entangled light.[*3*3] This is very easy to im-
plement experimentally. (ii) The obtained asymmetric quan-
tum steering by two Bogoliubov dissipation pathways is ro-
bust against environmental noise and does not require the ini-
tial preparation of nonclassical states. (iii) The direction of the
one-way quantum steering can be easily controlled by adjust-
ing the normalized detuning and the cavity damping rates.

The rest of this article is organized as follows. In Sec-
tion 2, we describe the system model and present the interac-
tion equations. In Section 3, we discuss one-way EPR steering
and entanglement of intracavity fields, and then analyze the
physical mechanism. The output steering and entanglement
are given in Section 4. The article ends with a conclusion in
Section 5.

2. Model and equations

As sketched in Fig. 1(a), an ensemble of three-level A
atoms placed at the intersection of two cavities is driven by
two external pumping fields with Rabi frequencies €21 and €2;.
This atomic ensemble has a ground state |1), a metastable state
|2) and an excited state |3), as shown in Fig. 1(b). A large
number of atomic structures can be used as candidates, for ex-
ample, the rubidium 87 D, transition, |1) = |5281/2,F =1),

2) =[5%S2,F =2) and |3) = [5%P, ), F = 1). The pumping
field with Q; drives atoms from the ground state |1) to the vir-
tual energy level below the excited state |3). Since the virtual
level is an unstable state, it will emit a photon of a, back to
the virtual energy level above the ground state |2). Then it ab-
sorbs a pumping photon of €2, and emits a photon of a;. This
is commonly known as the four-wave mixing process. In this
case, energy and momentum conservation conditions must be
satisfied, i.e., @) + @y = Vi + V2 and ko, + kg, = ky, +ky,.
wy; is the corresponding driving field frequency, Vv; is the cavity
field frequency and kg, v, is the corresponding wave vector.

(a)
0.
2 out
agut a
ay a,
Atoms
. 2 :
allll a12n

Iy

Fig. 1. (a) An ensemble of A-type atoms are placed at the intersection
of two cavities driven by two external coherent fields with half Rabi fre-
quencies £2; > (b) The bare atomic states and transitions in A configura-
tion. £  are applied to the atomic transitions |1,2) — |3), and separately
tuned from the atomic transitions by A = —A, = A. Two cavity fields
ay 5 are detuned from the driving field frequencies by Q, where € is the
spacing between adjacent dressed states.

In the dipole approximation and an appropriate rotating

frame, the master equation for the atom-field density operator
p is written as

. 2
1
5P = 7 [H:Pl+ Y (nLosp +KLa;p) 1
! h =1
with H = Hy + Hj, where
2
Hy = Zh[—Aldu + (031 +013)] @

=1
describes the interaction of the three-level atoms with the driv-

ing fields and

2
Hy =Y n[&a]a;+g1(o3a1+a) o13)] 3)
i=1
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represents the interaction between the atoms and the cavity
fields. Gun = Yjy—1 Omn (Gpun = |[m#) (nH']; m,n = 1,2,3) de-
notes collective projection operator of N independent atoms

for m = n and collective spin-flip operator for m # n. a; and
alT represent annihilation and creation operators of the /th cav-
ity field, and g; denotes the coupling strength of the atoms
with the Ilth cavity field. A; = @3 — w; and 6 = v; —
are the detunings of the atomic resonance frequency @s; and
the /th cavity field frequency v; with respect to the corre-
sponding driving field frequencies @;. The second and the
third terms in Eq. (1) describe atomic spontaneous emission
decays with rates 9, and cavity damping rates kj, in which
Lop = (1/2)(20po" — pofo—oTop).

Next, we transform the atomic variables into a dressed-
state representation. For simplicity, we take the antisymmet-
rical tuning A; = —A, = A and the same Rabi sidebands
Q) =, = Q. We assume that the Rabi frequency is real
and much stronger than the atomic decays and cavity losses
Q> gi{a;), 71, ;. By diagonalizing the Hamiltonian Hy, the
dressed states are expressed as

1+sin6 1—sin6 cos O
) = = )+ )+ 223,

cos O cos O sin 0
0) = =21+ Z2202) + 223),

1—sin6 1+sin6 cos O
==+ ) - 22 ), @

where sinf = A/Q, cos® = /2Q/Q, and Q = VA2 +2Q2
denotes energy splitting of the dressed states. The dressed
states |0), |[+) and |—) have eigenvalues A9 + = 0,8, respec-
tively. The free Hamiltonian Hy becomes H) = h.Q(G++ -
o__), where o = Zﬁlzl [j*) (K], (j,k = 0,=%) are the pro-
jection operators (j = k) and the flip operators (j # k) of the

ensemble in terms of the dressed states. The damping rates
in terms of the dressed states are given in Appendix A. The

steady-state populations (N; = (0j;)) of the dressed states in

4
Ncos™ 0 and

the absence of cavity fields are calculated as Ny = {1352 6

Ni = (N—Np)/2.

The cavity fields are tuned to be resonant with dressed
atomic Rabi sidebands, ie., 8§ = —& = Q. Making a
unitary transformation with U’ = exp(—iHjt/h) and ne-
glecting rapidly oscillating terms such as exp+(iQf) and
exp=+(2iQ1), the master equation p’ = U’ pU’ has the same
form as that in Eq. (1) by taking the following Hamiltonian:

HII =nh(gna +g22a;)6+0 +h(grian +g12ai)c,o +H.c. (5

with g1 = —g1c0s?>0/2, g1p = g1sinB(1 —sinB)/2, g2 =
—g2¢08>0/2, g2 = g2sinB(1—sin @) /2. Physically, it is easy
to find that the transition |0) — |+) is accompanied by the ab-
sorption of an a; photon and the emission of an a, photon.
Correspondingly, the transition |0) — |—) is accompanied by
the emission of an a; photon and the absorption of an a, pho-
ton.

Quantum correlations can be calculated by following the
standard technique.!*8! From the master equation, we derive
the set of linearized Langevin equations for the operators
00 = 0 — (o) as follows:

. K1 . . i

ar=——>d1= ig1100+ —ig2o—o +Vxiay (1),

. K> . : i

a = 7702 — g0 — ig2100- +VKdy (1),

. . - i

00+ = =~ 00+ —1gnNo+ar —1822No+a; + %200
+F00+(t>a

, I; , T

6o = —3007 —ig12No—a; —ig21No—az + Y1040
+F007 (t)7 (6)

where No+ = Ny — Ny represents the dressed population dif-
ference. I ; are the collective damping rates between |+) and
|0), which can be found in Appendix A. Note that the symbol
0 is omitted from now on because the expected values of these
operators are (o) = 0 in our schemes. The noise operators ab-n
satisfy the nonzero correlations (a' (t)aij‘,IT (1) =08;0(t—1").
The F’s are the atomic noise terms with zero means and cor-
relations (F,(¢)F,(t')) = 2D,,6(t — '), where the nonzero
diffusion coefficients 2Dg, 5., = I1No, 2Ds, 0, = 1N+,
ZDGO,O',O =I7No, ZDG,OGO, =DIN_, 2Dc70+oo, = 2D0',06+0 =
—Y1No — Ye2N—, 2Dg yo_y = 2Dgy_ oy, = —Ye1 Nt — Ye2No.

Utilizing the standard method proposed in Ref. [49] and
arranging the operators as a column vector ¥ = (a, aJ{, a, a;,
00+, G0, 0o, 0_0) ", we can simplify Eq. (6) as

V0 = Ry ()~ VQum(0), )

where Q = diag(ki, k1, K2, K, 1, 1,1, 1), Yo = (aP, )", al,
alznT,F(;(H,FC;H),FGOJF(LO)T and R is an 8 x 8 drift matrix.

The formal solutions of Eq. (7) are
t !
WD) = e y(0)~VQ [ yult)eRar,
0

T t T4
v = FT0) = v/Q [ i) ar
To study the quantum correlations, the second-order mo-
ments @ = (y(t)yT(¢)) take the following form:

d

E¢:R¢+¢RT+Q-D, (®)

where D is an 8 x 8 correlation matrix, which can be written

as
0100 0 0 0 0
0000 0 0 0 0
0001 0 0 0 0
0000 0 0 0 0
P=loo000 o nivn -y, o |© @
0000LN, 0 0 -,
0000 -7, 0 0 DN
0000 0 —% BN_ 0
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where ¥/, = %1No + YeoN— and ¥, = %N+ + Y%2No. The
steady-state solution of the second-order moments can be ob-
tained from Eq. (9).

In order to calculate the quantum correlations between the
two modes, it is desirable that the system should be stable.
According to the Routh-Hurwitz criterion,>-3?! the stability
conditions of the system can be calculated to be

Sy =Tk +T'x* — 4Ky —2No G (T +K) >0,

Sy =T +4r%k +4I K> — 402 + 2
—2No+G(I' +x) >0,

5182 > —%(r+ K)2[16N3, G2 — 2No G 'k

+(I* —47)x%, (10)

where we have defined G| = g%l - g%z + g%l — g%z, Gy =

(211821 — g12822)%, and have assumed J, = = 7, k| = k» =
K, and I'1 = I; = I for simplification.

3. Quantum steering and entanglement of intra-
cavity fields

In this section, we investigate the properties of stationary
quantum steering for the intracavity fields and analyze how to
obtain one-way quantum steering by controlling the normal-
ized detuning and choosing an appropriate ratio of two cav-
ity losses. For the present mixed system, assuming that the
cavity modes are initially in vacuum, the cavity-field states
should be in a two-mode Gaussian state. The operators X;
and Y; (j = 1,2) are a pair of quadrature operators defined
as Xj = (a; +aj)/ﬁ and ¥; = —i(a; — a];)/\/i Defin-
ing & = (X1,Y1,X,Y»), the quantum statistical properties of
a two-mode Gaussian state are determined by its correlation
matrix CM;; = (§€;+ ;&) /2. This matrix can be written

_ T T _(m 0 [ m 0
o (A
c 0 .
5= 0 —¢ ) Here, nj; = <a;aj>ss + 1, ¢ = (a1a2)ss, Which

are determined by the steady-state solution of Eq. (9).

As usual, the entanglement degree of the two-mode cavity
field can be quantified with logarithmic negativity Ey. For the
two-mode Gaussian state, the logarithmic negativity Ex can be

calculated by defining[>3-5]

Ex = max[0, —In21 7], (11)

where 1= = 2"1/2\/X — /2 —4detCM and X = detT} +
detT, — 2detT3. According to Ref. [19], the proposed mea-
surement of the Gaussian quantum steerability in the a; — a

direction is given as

1T
Ga = Gay 50, (CM) = max {0 ~In—-

2 4CM}7 (12)

and the steering measurement in the direction a, — a; can be
obtained by swapping a; and ay,

i
4CM

OB = Gay—a, (C M) = max [0, %ln } . (13)
Here we introduce the steering asymmetry defined as |Ga —
Gg| in order to check the asymmetric steerability of the two-
mode Gaussian states.

Figure 2 shows the intracavity entanglement Ey (black
solid line), the intracavity steering Ga (red dashed line), Gg
(blue dot-dashed line) and the steering asymmetry |Ga — Gg|
(green dotted line) versus the normalized detuning A /Q for
different cavity loss rate ratios kj/k2: (a) k1/k2 = 1, (b)
Ki/k» =3, (c) K1 /K =4, (d) k1 /K = 16. The other parame-
ters are chosen as yy = =1, kp = 0.1, glx/JV: gZ\/N =5.
When the absolute value |A|/Q of the normalized detuning
decreases, there will be two competing effects. On the one

hand, it can increase the effective coupling 71,/ g2 — gﬁ. On the
other hand, it will decrease the squeezing parameter r. The
effective coupling and squeezing parameters are given at the
end of this section. Therefore, entanglement and steering are
nonmonotonic functions of A/Q and take a maximum close
to the infinite squeezing parameter r, i.e., A/Q — —0.8164. Tt
can be found that the optimal values of both steering and en-
tanglement gradually decrease with the increase of the cavity
loss rate k. Specifically, when the cavity loss rate k) is large
enough, e.g., ki /Ky = 4, the a; — a, steering Ga disappears
completely, while there is still @y — a; steering Gg. As the
cavity loss rate k; continues to increase, the a, — a; steering
Gp also vanishes while the entanglement still exists, as shown
in Figs. 2(d). It proves again that steering is a nonclassical
correlation that is stronger than entanglement. As shown in
Figs. 2(b) and 2(c), one-way a, — a; steering can be achieved
under appropriate parameter conditions. Its most promising
potential application is that it provides security in one-sided

[59-62] where the

device-independent quantum key distribution,
measurement apparatus of only one party is untrusted.

Figure 3 shows the intracavity entanglement Ey (black
solid line), the intracavity steering G (red dashed line), Gp
(blue dot-dashed line) and the steering asymmetry |Ga — Gp|
(green dotted line) versus cavity loss rate ratio xj/xp for
different normalized detunings A/Q: (a) A/Q = —0.7, (b)
A/Q=-05,(0)A/Q=-04,(d) A/Q = —0.1. The other
parameters are the same as in Fig. 2. The cavity loss rate ra-
tio k7 /x, determines the asymmetry of the system. It can be
seen that the entanglement and the steering all drop rapidly
with the increase of kj/k> and the a; — ay steering Ga usu-
ally vanishes earlier than the ay — a; steering Gg. Therefore
there is a situation where there is only one-way a, — a; steer-
ing. Taking Fig. 3(a) as an example (A/Q = —0.7), both Ga
and G are greater than zero in the region of 0 < k7 /% < 3.2.
This means that two-way EPR steering can be obtained. When

120305-4
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32 < k1/kK <7, Go =0 and Gg > 0 and it means one-way
ay — ay steering. For ki /k» > 7, Ga = 0 and Gg = 0, which
indicates that there is no-way quantum steering between two
cavity modes. When A/Q = —0.1, as shown in Fig. 3(d),
Ga = 0 and Gg = 0 while the entanglement still exists. This

A/

illustrates that the quantum steering is more fragile than the
entanglement against the cavity loss rate ratio. We can control
the normalized detuning A /Q and cavity loss rate ratio /x>
to obtain large one-way steering while retaining a relatively
high amount of entanglement.

208 —06 —04 —
A/

Fig. 2. The intracavity entanglement Ex (black solid line), the intracavity steering Ga (red dashed line), Gg (blue dot-dashed line) and the
steering asymmetry |G — Gp| (green dotted line) versus the normalized detuning A /Q for different cavity loss rate ratios k7 /Kk: (a) k1 /Ky = 1,
(b) k1 /%2 =3, (c) k1 /K2 =4, (d) k1 / k2 = 16. The other parameters are y; =1 = 1, k» =0.1, g VN = g2v/N = 5. In order to show the steering
directivity clearly, we use the pink area to represent the presence of no-way steering, the green area to the presence of one-way a, — a; steering

and the purple area to the presence of two-way steering.

(b) 0.12 ()
— Ey 0.10 — By
= Ga 0.08 ==
= 95 -- Gp 0.06 oo @y
02 0.04
|Ga—0gl |Ga—Gsl : |Ga— sl
0.1f 0.02
o’ i 0 “-, o — e 0 . .-"‘\_-__-_”__-__”_'_______MA S — O S ———
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 1 0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
K1/ 1/ Ky K1/ K1/

Fig. 3. The intracavity entanglement Ex (black solid line), the intracavity steering Ga (red dashed line), Gg (blue dot-dashed line) and the steering
asymmetry |Ga — Gg| (green dotted line) versus cavity loss rate ratio kj /k; for different normalized detunings A/Q: (a) A/Q = —0.7,(b) A/Q =
—0.5,(c) A/ =—0.4, (d) A/Q = —0.1. The other parameters are the same as in Fig. 2. The area colors have the same meaning as in Fig. 2.

To understand the internal mechanisms more clearly, we
introduce a pair of Bogoliubov modes b; and b;, which are
unitary transformations of the cavity modes a; and a with a
two-mode squeezed operator, respectively,

by = S(r)a;S'(r) = a coshr+ a; sinhr,
by = S(r)axST(r) = azcoshr+ a}L sinhr,
where S(r) = exp(rajaz — ra'll'a;) with the squeezing param-

—1 |sin® . . .
eter r = tanh 1‘ e l,. The Hamiltonian in Eq. (7) can be

(14)

rewritten as

Hy =hy/g2 —gl(b1619+b20 ) +H.c.,

with g, = —gcos?0/2, g, = gsin@(1 —sin@)/2 by assum-
ing g1 = g» = g. Physically, this Hamiltonian implies that the

5)

absorption of Bogoliubov modes b; > is accompanied by the
transitions |0) — |4). There are two dissipation channels to
generate nonclassical states. If the steady-state population of
state |0) is larger than that of states |+), i.e., No > N, the dis-
sipation processes are dominant over the amplification, giving
rise to the suppression of quantum fluctuations. That is to say
that the dressed atoms can be exploited to cool the Bogoliubov
modes b; and b, to near ground states in a long enough time.
The joint ground state of by and b; is a two-mode squeezed
vacuum state of the cavity modes a; and a;, which can be
checked by

b;[S(r)[00),,4,] = S(r)ajS%(r)S(r) 100),,4, =0.  (16)

4. Output steering and entanglement spectra

Here we analyze the quantum correlations outside the
two-mode cavity. The quantum Langevin equations can
be solved in Fourier space. We
transformed operators by a;(®) = [*=a;(t)e® dt, a}(a)) =
ffza;(t)ei“”dt = (a;)(w), (j=1,2). The input noise corre-
aj.,’in(a)’)} =2n6;76(w+ o) in the fre-
quency domain. We find that the linear relation between out-
put and input fields Wout (@) = B(®) Wiy (@) can be found by
the input-output relations>% a; oy (1) = a;jin(r) + /Kja;(),
in a scattering matrix, B(®) = VQ(R+ ioI) '\/Q + I.
The input noise correlations @iy (@, ®') = (Yin(0) ® Yl (0'))
are scattered into @ou(@, @) = (Your(@) ® Yl (@) =
B(0)®y(0,0')BT(@'). Then we can obtain>7-38!

define the Fourier-

lation reads (a;in(®)

—o0

mi(@) = [ e (010u(0),
nl)= [ 7 9 (G ()20 (0)),

—oo

a7

where n; (@) and ny(®) represent the output spectra for the a;
and ap modes, respectively, and n,(®) represents the correla-
tion between the @ component in the aj oy () mode and the
— component in the a3 oyt (t) mode. Next we analyze the en-
tanglement spectra between a; o (@) and az oy (—®). The en-
tanglement of the system can be easily computed numerically
using the covariance matrix and the definition of logarithmic
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negativity. In order to analyze the output quantum correla-
tion more clearly, we map the output state into a two-mode
squeezed thermal state. Then, combining with Egs. (11)—(13),
we can plot the entanglement and quantum steering of the out-
put fields.

Figure 4 shows the output entanglement En(0) (black
solid line), the output steering Ga (0) (red dashed line), G (0)
(blue dot-dashed line) and the steering asymmetry |Ga (0) —
G (0)| (green dotted line) at zero frequency versus the nor-
malized detuning A/Q for different cavity loss rate ratios
ki/k: (@) Ki/k =1, (b) kKi/ko = 3, (c) ki/Kk2 = 8, (d)
Ki/Kk> = 15. The other parameters are 3 = = 1, k» = 0.1,
g1V'N = g>/N = 1. With the increase of the normalized de-
tuning A/Q, the output entanglement and steering first in-
crease and then decrease. When increasing the cavity loss rate
K1, the maximal values of entanglement and steering decrease
gradually. These features are similar to the intracavity fields.
However, unlike the intracavity steering, the direction of the
output steering can be changed by adjusting the normalized
detuning. Taking Fig. 4(b) as an example, in the region of
—0.76 < A/Q < —0.68, there is one-way a, — a; EPR steer-
ing. For —0.68 < A/Q < —0.5, two-way EPR steering oc-
curs. In the region of —0.5 < A/Q < —0.3, one-way a; — a»

EPR steering arises. When xj /x» = 8, as shown in Fig. 4(c),
two-way EPR steering disappears and the range of one-way
quantum steering becomes larger. Therefore, the output fields
have more abundant quantum steering phenomena than the in-
tracavity fields.

Figure 5 shows the output entanglement Ex(0) (black
solid line), the output steering Ga (0) (red dashed line), Gg (0)
(blue dot-dashed line) and the steering asymmetry |Ga (0) —
Gg(0)| (green dotted line) at zero frequency versus cavity
loss rate ratio k) /x; for different normalized detunings A/Q:
(a) A/Q =—-0.77, (b) A/Q = —0.6, (c) A/Q = —0.48,
(d) A/Q = —0.1. The other parameters are the same as in
Fig. 4. Tt can be seen that the entanglement and the steering
first increase and then decrease with the increase of xj/K».
The variation trend is different from that of intracavity fields.
As shown in Fig. 5(b), one-way a, — a; EPR steering can
be obtained in the region of 0 < kj/k» < 0.43 and 5.38 <
Ki/ky < 15. For 0.43 < k1 /K, < 5.38, there is two-way EPR
steering. When A/Q = —0.48, as shown in Fig. 5(c), one-
way a; — ar EPR steering can be achieved in the region of
1.12 < K1 /% < 9.24. Therefore, the direction of the output
steering can be controlled by adjusting the normalized detun-
ing A/Q and cavity loss rate ratio kj /K.

1.2
1.0
0.8
0.6
0.4
0.2

e —

obd
—08 -—06 -04
A/0

0.6

0.5

0.4

0.3

0.2

01} / ,
0L . e ( 2 ———————
-08 —-0.6 —-04 —0.2 0 -08 —-0.6 —-04 —0.2 0

A/ A/

Fig. 4. The output entanglement En(0) (black solid line), the output steering Ga (0) (red dashed line), Gg (0) (blue dot-dashed line) and the steering asym-
metry [Ga (0) — Gg(0)]| (green dotted line) at zero frequency versus the normalized detuning A /€ for different cavity loss rate ratios k1 /k»: (a) ki /K2 =1,
(b) x1/% =3, (c) kK1/%2 = 8, (d) k1 /Kk» = 15. The other parameters are J; = % = 1, k» = 0.1, g;v/N = g23/N = 1. The yellow area represents the
presence of one-way a; — ay steering. The other colors have the same meanings as in Fig. 2.

1.0 0.08
0.8 0.8 0.5 (c)
0.6 0.4 —Jen 0.06 —Ex
06 -2 “=Ga
0.4l 03 0.04
[ ’ :'. 04 02 7 gB T g]’;
g Ga—G .02 |Ga—Gsl
0.2 0.2y 01 |Ga—Gsl 0.0 B
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Fig. 5. The output entanglement Ex(0) (black solid line), the output steering G4 (0) (red dashed line), Gg(0) (blue dot-dashed line) and the steering
asymmetry |Ga (0) — Gg(0)] (green dotted line) at zero frequency versus cavity loss rate ratio ki /k» for different normalized detunings A/Q: (a) A/Q =
—0.77, (b)) A/Q = —0.6, (c) A/ = —0.48, (d) A/Q = —0.1. The other parameters are the same as in Fig. 4. The colors have the same meaning as in

Fig. 4.

5. Conclusion

In conclusion, we have used a four-wave mixing process
to generate asymmetric EPR steering in a three-level A-type
atomic ensemble. One-way quantum steering of both the in-
tracavity fields and the output fields is achieved. Furthermore,
we find that the output fields have more abundant quantum
steering phenomena than the intracavity fields. The direction

of the output steering can be switched by adjusting the nor-
malized detuning and the cavity damping rates. However, the
intracavity fields only have one-way a, — a; steering. The
asymmetric quantum steering based on reservoir dissipation is
robust against environmental noise. This is an experimentally
feasible scheme, which has potential applications in quantum

information tasks for quantum secret sharing protocols.
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Appendix A

The damping rates in terms of the dressed states are given
as

1
Yo+ =W- =AM +n), o= E>(CPn+F*p),
2

Vo= %EZ(FZ% +C), v =C(APn+Ep),
Yo+ = A (BN +Cp), Yol =24°E(Cn —Fp),
T = 2AE(Fn —Cp), v =A*(n+n),

Yo = —A’E(Fy —Ch), Yo =AE(CYi—Fn),

Lo
B =29+ 5 (i + %0 )+ 0+ +Tr0+ Y0+ 7+,

o1 -
=27 + 5 (i + %0 )+ 70+ 20—+ 10+ 7,

__cosB __ 1+4sin@ o __ 1-sin@
where A = ﬁ,C— 5 ,E_sme,F_iz .
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