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We propose a scheme for creating atomic coherent superposition states via the technique of stimulated
Raman adiabatic passage in aL-type system where the final state has twofold levels. With the application of
a control field, it is found that the presence of double dark states leads to two arbitrary coherent superposition
states with equal amplitude but inverse relative phases, even though the condition of multiphoton resonance is
not met. In particular, two orthogonal maximal coherent superposition states are created when the control field
is resonant with the transition of the twofold levels. This scheme can also be extended to manifoldL-type
systems.
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Coherent superpositions of atomic or molecular states
play a crucial role in contemporary quantum physics. Phe-
nomena associated with coherent superpositions have at-
tracted considerable attention and offer a variety of interest-
ing potential applications, such as electromagnetically
induced transparency and coherent population trapping[1,2],
chemical reaction dynamics[3], quantum information and
computing[4–6], quantum entanglement[7], and so on. At-
oms or molecules prepared in specified quantum state can be
realized by thep-pulse technique, stimulated Raman adia-
batic passage[8,9], the chirped pulse method[10,11], etc.
Although thep-pulse technique can prepare atoms in a par-
ticular state, this method is not robust because it is very
sensitive to small variations of pulse areas. In contrast, the
technique of stimulated Raman adiabatic passage(STIRAP)
robustly allows a complete population transfer from an initial
single state to the target single state. In addition to straight-
forward population transfer to a single quantum state, the
STIRAP technique has been widely applied to create coher-
ent superposition states. For instance, fractional STIRAP
[12] has been introduced to construct coherent superposition
states whose composition is determined by the intensity ratio
of the pump and Stokes pulses. Moreover, a tripod linkage
has been used for realization of superposition states and mea-
surement of a coherent superposition state with equal ampli-
tudes in metastable neon[13,14]. Nevertheless, in all the
above schemes, the pump and Stokes fields must remain in
two-photon resonance so as to eliminate the excited state
from the transfer process and keep high transfer efficiency.
On the other hand, in manifold level schemes, chirped adia-
batic passage has been used to prepare a population in a
superposition state of the final manifold levels[15]. Because
of using chirped pulses, however, careful control of the chirp
rate is required, and analytic solutions are difficult to
achieve.

The existence of a dark state is the basis of electromag-
netically induced transparency, coherent population trapping,
adiabatic population transfer, etc. In manifold level systems
[15,16], double dark states are present and their interaction
has been studied by Lukinet al. [16]. Motivated by Refs.

[15,16], in this paper we introduce aL-type system, where
the final state has the structure of twofold closely spaced
levels, to create atomic coherent superposition states. The
application of a control field makes the condition of multi-
photon resonance unnecessary. Because of the existence of
double dark states, two arbitrary coherent superposition
states with equal amplitude but inverse relative phases are
constructed analytically. In the case of where the control field
is resonant with the transition between the two closely
spaced levels, two orthogonal maximally coherent superpo-
sition states are created simply.

Consider a four-levelL-type system as shown in Fig. 1.
The twofold levels, labeled 3 and 4, are coupled by a con-
stant control fieldVc, which can be a microwave or quasi-
static field. Levels 1 and 2 and 2 and 3 are coupled by the
pump laser pulseVpstd and the Stokes laser pulseVsstd,
respectively. The wave functions of the bare states are de-
noted byu1l, u2l, u3l, andu4l. Then the time evolution of the
probability amplitudesCstd=fC1std ,C2std ,C3std ,C4stdgT of
the four states is described by the Schrödinger equation

i"
d

dt
Cstd = HstdCstd, s1d

where the Hamiltonian of this system in the rotating-wave
approximation is

H = "3
0 Vpstd 0 0

Vpstd − D1 Vsstd 0

0 Vsstd − D Vc

0 0 Vc − sD − D3d
4 . s2d

Here, D1=v2−v1−vp, D2=v2−v3−vs, and D3=v3−v4
−vc denote single-photon detunings.D=D1−D2 means two-
photon detuning."vi si =1–4d describes the energy of level
uil, andv j s j =p,s,cd is the carrier frequency of laserj . For
simplicity, the above detunings are assumed time indepen-
dent. Simple calculations show that one of the eigenvalues of
Eq. (2) will be equal to zero if
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D =
D3 ± ÎD3

2 + 4Vc
2

2
s3d

is satisfied. Then the corresponding eigenvector can be intro-
duced as

uc0l = cosqu1l − sin qscosfu3l ± sin fu4ld, s4d

with the mixing anglesq andf defined to be

tan qstd =
Vpstd
Vsstd

Î1 +
D

D − D3
, tan =f

Vc

uD − D3u
. s5d

Here, the mixing angleq is similar to the conventional one
defined in the usualL-type system but is modified by a fac-
tor a=Î1+D / sD−D3d. Certainly, sincea is time indepen-
dent, it will not alter the time evolution of the mixing angle
q. Meanwhile,f defined here is an additional mixing angle
related to detunings and the control field. It is obvious that, if
the control field is removed, the adiabatic state will be re-
written as uc0l=cosqu1l−sin qu3l, and thus our system
evolves into the normalL-type case.

From Eq. (4), one can see that the adiabatic stateuc0l
associated with the null eigenvalue has no component of the
excited stateu2l and hence is immune to the specific proper-
ties of stateu2l the main source of possible spontaneous
emission to other states. So it is a dark state. Moreover, be-
cause the coupling of the stateuc0l to the other eigenstates is
negligible in the adiabatic limit, we do not show the other
three eigenstates here.

From Eqs.(3) and (4), we can see clearly that, corre-
sponding toD+ andD−, there exist two dark statesuc0l+ and
uc0l−. [Here the subscripts correspond to the signs + and − in
Eqs.(3) and (4), respectively.]. For delayed counterintuitive
pump and Stokes pulses(the Stokes pulse precedes the pump

pulse), the relations 0←
t→−`

Vpstd /Vsstd →
t→`

` apply. As time
progresses from −̀ to `, the mixing angleq rises from 0 to
p /2. Consequently, the adiabatic stateuc0l± starting in the
bare stateu1l will end in the coherent superposition state
uFl+=cosfu3l+sin fu4l or uFl−=cosfu3l−sin fu4l. These
two superposition states have equal amplitude but inverse
relative phases. Suitable manipulation of the detunings and
control field permits any value off we desire. Therefore, at
the end of the pump pulse, either a single state or an arbitrary
superposition ofu3l andu4l can be realized. It is important to
note that this process needs neither two-photon nor three-
photon resonance. Apparently, it is the control field that com-

pensates the multiphoton detunings, and therefore the abso-
lute transfer efficiency is kept without the condition of
multiphoton resonance.

It is noteworthy that when the control field is on reso-
nance, i.e.,D3=0, the ultimate superposition stateuFl± has
the form of uFl+=su3l+ u4ld /Î2 for D+=Vc and uFl−=su3l
− u4ld /Î2 for D−=−Vc. A special feature here is that the tar-
get state is now a maximally coherent superposition of the
twofold levels, anduFl+ is orthogonal touFl−. They are pos-
sible states of the quantum bits and hence have essential
applications in quantum phase gates[5,17].

To illustrate the preceding analytic solutions, we present
numerical simulations in the case of Gaussian pulses with the
same durationT for the pump and Stokes lasers,Vpstd
=Vp expf−st−td2/T2g and Vsstd=Vs expf−st+td2/T2g. The
Stokes pulse precedes the pump pulse, and the delay time
between them is 2t. Vs and Vp are the peak values of the
two pulses. During our numerical simulations, Eq.(3) and
the conditionVssVpdT@1 (adiabatic criterion) are satisfied.
Without loss of generality, the system is assumed to be ini-
tially in stateu1l, i.e., C1s−`d=1, C2,3,4s−`d=0.

By solving the Schrödinger equation(1), we show the
time evolutions of the populations. HereT=5T0 and t
=2.5T0. We scale all parameters in terms ofT0. As Fig. 2(a)
reveals, whenD3=0, the twofold levelsu3l and u4l obtain
equal population at the end of the pump pulse while levels
u1l and u2l are empty. Figures 2(b) and 2(c) show the time
evolutions of probability amplitudesC3 andC4. After all the
interactions are over,C3=C4 when D=Vc while C3=−C4
when D=−Vc. As discussed above, these two cases corre-
spond to two orthogonal coherent superposition statesuFl+
and uFl−. We find that under the condition of adiabatic evo-
lution the resonant control fieldsD3=0d guarantees the cre-
ation of two precisely orthogonal maximal coherent superpo-
sition statesuFl+ and uFl−.

FIG. 1. Schematic diagram of aL-type system where the final
state is a set of two of closely spaced levels.

FIG. 2. The time evolutions of(a) populationsPi = uCiu2 si
=1–4d, and (b) and (c) amplitudesC3 and C4. Parameters areVp

=Vs=4.0, Vc=2.5, D1=3.5, andD3=0. (a) D2=1.0 or 6.0.(b) D2

=1.0. (c) D2=6.0. All the parameters are scaled byT0.
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From Eq.(4) one can derive the final population probabil-
ity ratio of level u3l to u4l: R=scosf /sin fd2. Figure 3 illus-
trates some examples. As is well known, the STIRAP tech-
nique applied in normalL-type systems can transfer
population from the initial state to the final one completely,
but it is essential that the condition of two-photon resonance
be met. Otherwise, the excited level will be populated during
the transfer process and thus its decay will sharply deterio-
rate the transfer efficiency. However, in the present case, an
efficient population transfer without any population in the
excited level can be realized although the two-photon detun-
ing D is not equal to zero. Therefore, we can say that a
preselected atomic single or superposition quantum state can
be realized through a proper choice of parameters according
to the analytic expression of the dark stateuc0l± without any
resonance conditions being satisfied. These parameters, i.e.,
the strength of the constant control field and the detuningsD3
andD, require precise control according to the expression of
the additional mixing anglef. Nevertheless, it is well known
that the frequency fluctuations are negligible, and the con-
stant control field, which can be a microwave field, has a
power stability of better than 1%. Therefore, the desired su-
perposition state in the present case should be influenced
only slightly by the fluctuations.

As for the adiabatic criterion, we display the other three
nonzero eigenvalues(solid line) and the rate of change in the

mixing angleq̇ (dotted line) numerically in Fig. 4. One can

see thatq̇ is very small compared with the separations of the
eigenvalues. Hence, nonadiabatic coupling between the
eigenstates is negligible and the adiabatic condition can be
satisfied.

Additionally, this L-type system with twofold levels can
be extended to manifoldL-type systems, just as shown in

Fig. 5(a). Here we put forward the threefold system depicted
in Fig. 5(b). Two resonant control fieldsVc and Vd are ap-
plied, and the other parameters have the same meaning as in
the above twofold system. Provided thatD= ±ÎVc

2+Vd
2, two

dark states will come into existence. Setw to be
tan−1sVsVc/Î2DVpd; then the adiabatic state

FIG. 3. The time evolutions of populationsPi = uCiu2 si =1–4d.
Parameters are(a) Vp=Vs=4.0, Vc=1.5, D1=2.0, andD2=1.0; (b)
Vp=Vs=4.0, Vc=3.0, D1=0.0, andD2=0.2; (c) Vp=2.0, Vs=9.0,
Vc=1.7, D1=11, andD2=1.0. All the parameters are scaled byT0.

FIG. 4. The three nonzero eigenvalues(solid line) and the rate

of change in the mixing angleq̇ (dotted line). Parameters areVp

=Vs=4.0, Vc=2.5, D1=3.5, D2=6.0, andD3=0.0. All the param-
eters are scaled byT0.

FIG. 5. (a), (b) The extended manifold level system.(c) The
time evolutions of populations corresponding to the threefold level
system as shown in(b). Parameters areVp=Vs=4.0, Vc=3.0, Vd

=4.0,D1=4.0,D2=5.0, andD3=−1.0. All the parameters are scaled
by T0.
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ucl± = sin wu1l − coswsVcu3l ± uDuu4l

+ Vdu5ld/ÎD2 + Vc
2 + Vd

2

can be realized. By adjusting the field parameters and the
detunings, the desired single quantum state or superposition
state can be constructed. Figure 5(c) presents an example of
a numerical simulation. In a similar manner,N-component
coherent superposition states can be created in the manifold
system with a proper choice of parameters.

In summary, we have explored both analytically and nu-
merically the creation of superpositions in aL-type system
where the final state has two closely spaced levels. As long
as Eq.(3) is satisfied, two arbitrary coherent superposition
states with equal amplitude but inverse relative phases can be
prepared without multiphoton resonance. Special attention
has been paid to the case of the control field resonant with

the corresponding transition frequency. It can be seen that
under this conditionuFl+ anduFl− are orthogonal maximally
coherent superposition states. A proper choice of parameters
provides more freedom in manipulating the atomic coherent
superposition states. Our scheme is usually feasible in a re-
alistic experimental situation[18]. For example, one can
place the sample cell in a microwave cavity to allow the
interaction with a microwave control field. As for the adia-
batic condition, it requires the strong coupling regime, that
is, VcT@1, which is not too difficult to reach in the micro-
wave domain[19]. In brief, our scheme demonstrates the
possibility of creating preselected atomic coherent superpo-
sition states.
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