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It is newly proposed that the presence of the near dipole-dipole (NDD) interaction effect in an optically 
dense atomic ensemble may be very useful for controlling high-precision atom localization. In the 
present work based on observing the NDD effect-induced space-dependent-absorption of a weak probe 
field operating in a partially closed four-level Y-type atomic system, we have shown the NDD parameter 
being an efficient control knob along with the other system parameters for easier optimization of the 
localization pattern with enhanced detection probability in three-dimensional (3D) space. Controlling 
localization patterns at lower and larger values of NDD parameter is discussed at different physical 
conditions. In the present model, we mention that the maximum detection probability of the atom is 
found with the spatial resolution limit having localization volume nearly of the order of (λ/100)3. The 
efficacy of the present model is in finding its application in atom nanolithography and atom imaging, 
which are important for quantum information processing and technology.

The study on high-precision atom localization is beneficial for its potential applications in laser cooling and 
trapping of neutral atoms1,2, Bose–Einstein condensation3,4, measurement of center-of-mass wave function5, 
and atom nanolithography6,7. In contrast to the previous mechanism8–11 of measurement-induced localization 
procedure based on measuring the phase shift of off-resonant standing waves interacting with the atom, many 
authors have subsequently employed different techniques using coherent control of opto-atomic properties at 
resonant atom-field coupling within the standing-wave regime to demonstrate one-dimensional (1D) atom 
localization in the subwavelength domain12–21. Such as, the properties of 1D atom localization were explained 
by observing atomic state-population by Paspalakis and Knight12 in a three-level atomic model controlled by 
quantum interference, and then the process followed by Agarwal and Kapale18 in a similar model at the condition 
of coherent population trapping (CPT). In different atomic configurations, the method of probing spatially 
modulated fluorescence, linear absorption and Raman-gain were put forward by Zubairy and his group14,15 
and Qamar et al.17, respectively, to investigate 1D atom localization. The influence of double dark resonances 
on the localization behaviour was shown by Liu et al.16. Qamar et al.13 introduced the process of visualizing 
1D atom localization via steady-state resonance fluorescence. Proite et al.19 provided experimental evidence of 
1D localization patterns as a result of electromagnetically induced transparency (EIT). Wang and Jiang20 and 
Dutta et al.21 have analyzed the manipulation of localization peaks in the sub-half-wavelength domain through 
probe absorption in different atomic systems. In addition to 1D atom localization, two-dimensional (2D) atom 
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localization resulting from the simultaneous interaction of an atom with two orthogonal standing-wave fields was 
predicted by Evers et al.22. Gong and his team23 elaborated the study on 2D localization to exhibit its importance 
in atom nanolithography. After that, several techniques24–43 have been utilized to obtain 2D atom localization, 
which are briefly mentioned as follows: analyzing conditional position probability of excited-state atomic 
population in the case of EIT by Ivanov and Rozhdestvensky24 and Wang et al.38; using position-dependent 
Autler–Townes microscopy by Shui et al.37; investigating spatially modulated probe absorption by Ding et al.25,30, 
Rahmatullah and Qamar34, Wu et al.35 and Idrees et al.40, and analogously studying space-dependent probe-
transmission spectrum by Idrees et al.41,42; probing position-dependent spontaneous emission spectra by Gao 
and his colleagues26,27, Ding et al.29,32, Li et al.31 and Wang et al.33; observing position-dependent resonance 
fluorescence spectrum by Dutta et al.39. The role of double dark resonances and spontaneously generated 
coherence (SGC) in manipulating 2D localization patterns have been reported by Wan et al.28 and Shui et al.36, 
respectively. An attempt has been made to exhibit 2D atom localization theoretically by observing position-
dependent absorption of surface plasmon polariton (SPP) generated at the interface between metal (Ag) and 
dielectric medium (87Rb vapour)43.

Besides 2D atom localization, the coherent interaction of an atom with three orthogonal standing wave 
fields makes it possible to achieve three-dimensional (3D) atom localization. Similar techniques used to obtain 
2D localization patterns were exploited by different authors44–61 to demonstrate theoretically the 3D atom 
localization. As the study of 3D atom localization is the primal objective of the present work, we specify the basics 
of the earlier works on 3D localization in the following. Qi et al.44 explored subwavelength 3D atom localization 
by measuring space-dependent probe absorption guided by EIT in a five-level M-type atomic system. Ivanov 
et al.45 reported various 3D localization patterns in a four-level Tripod-type scheme by observing the upper-
state population. However, these two studies44,45 did not show any improvement in the maximum detection 
probability of an atom in 3D space. Wang and Yu46 proposed a scheme for 3D localization based on probe 
absorption in a three-level scheme to predict 100% detection probability of atom. Subsequent works47,49–61 
reflected similar features in the 3D localization patterns. Zhu et al.49 employed a three-wave mixing technique 
in a V-type three-level atom to achieve 3D localization. Yang et al.52 illustrated 3D atom localization in the sub-
half-wavelength domain through interacting double dark resonances. By measuring phase-dependent spatially 
modulated absorption with a variety of atom-field configurations, control of precise position information of 
atom in 3D space is noted in the works performed by Hamedi and Mehmannavaz48, Wang et al.54, Mao and 
Wu55, Zhang et al.57,60, and Song et al.61. The study of 3D atom localization by analyzing the atomic population 
in the excited states was carried out by Zhu et al.51 in a double two-level atomic system and Wang and Yu53 in a 
closed four-level double-Λ system. Panchadhyayee et al.58 proposed a model based on resonance fluorescence 
microscopy to obtain 3D atom localization with 100% detection probability in the sub-half-wavelength domain. 
3D localization patterns based on probing position-dependent spontaneous emission spectra in different 
multilevel atomic systems were discussed by Wang and Yu50, Chen et al.56, and Song et al.59. The limit of spatial 
resolution of the localized atom is predicted as 0.04λ in Ref.59.

We summarize the techniques behind 1D, 2D, and 3D atom localizations as raised in the above paragraphs. 
It will be noticeable that most of the authors have undertaken the measurement of spatially modulated probe 
absorption because of its straightforward implementation in experiments. In this article, we are also interested in 
the study of 3D atom localization based on the method of observing position-dependent probe absorption in a 
partially closed four-level Y-type atomic system (Fig. 1a). But, in contrast to the previous works54,55,57,60,61 on 3D 
localization, the NDD effect62,63 induced modified-susceptibility of probe transition has been taken into account 
in the present model. The reason behind such a study is stated as follows. Under the condition of considerable 

Fig. 1.  (a) Field-coupled energy level diagram of a partially closed four-level Y-type atomic model. The probe 
field (Rp) is applied to the |1⟩ - |2⟩ transition. R1(x, y, z), and R2(x, y, z) represent the Rabi frequencies of 
two space-dependent control fields, which are applied to the respective transitions, |2⟩ - |3⟩ and |2⟩ - |4⟩. A 
radio-frequency field of Rabi frequency R3 is applied to the |3⟩ - |4⟩ transition. (b) and (c) are presented for 
the schematic diagrams corresponding to the Schemes I, and II (see text), respectively. The orange circle in the 
plots (b) and (c) denotes the atom.
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atomic density (≈ 1012-1015 atoms/cm3), there may be many atoms within a cubic resonance wavelength of 
the probe field, because of which one cannot ignore the significant role of NDD effect in modulating the probe 
response strongly, as has been manifested in the earlier works to exhibit the formation of modified coherence 
effect like inversionless gain accompanied by the enhancement of refractive index63,64 and the manipulation of 
band-gap65 in optically dense atomic systems. Motivated by the interesting outcomes of these works, we set our 
objectives to examine the generation of 3D localization patterns by including the NDD effect in our theoretical 
model. After a short while, it will be shown that the NDD effect causes a dramatic change in the 3D localization 
patterns obtained without invoking this effect. More specifically, the localization pattern obtained by a particular 
setting of system parameters, like Rabi frequency, detuning, and collective phase, can be altered into a new 
one for a specific value of the NDD parameter. Thus, the NDD effect makes it possible to modify significantly 
the detection efficiency of high-precision atom localization in 3D space with small adjustments of values of 
other system parameters. Herein lies the uniqueness of the methodology considered for the present work when 
compared to the earlier ones.

In the given model (Fig. 1a), for the space-dependent control fields of Rabi frequencies Rj(x, y, z) (j = 1, 2) 
along with the radio-frequency field of Rabi frequency R3, position information of the atom is obtained via probe 
absorption in two different schemes (Fig. 1b,c) owing to the variation of standing-wave field configurations. In 
one scheme, we set R1(z) and R2(x, y) i.e. the consideration of standing wave along z-direction is for the 
control field of Rabi frequency R1 and the other standing waves along the x- and y- directions are for the control 
field of Rabi frequency R2. A travelling wave is accompanied by the z-directional standing wave. In another 
scheme, two standing waves along the x- and y- directions are taken into consideration for the control field of 
Rabi frequency R1. Here, R1(x, y) is applied to the system with the association of a travelling wave field. We 
consider R2(z) as the z-directional standing wave. In the following, salient features of the present work are 
discussed briefly.

In both the schemes, at lower values of the NDD parameter, 100% detection probability of atom is shown to 
be easily achievable at specific values of Rabi frequency of the travelling-wave field when all the fields operating 
in the system are at exact resonance. The spatial resolution of a single 3D structure is optimized by varying 
the value of the collective phase parameter. While at larger values of the NDD parameter, the value of probe 
detuning needs to be adjusted to display the regular shapes of 3D structures before setting the value of the Rabi 
frequency of the travelling-wave field. Then, by varying the value of the phase parameter, the 50% detection 
probability of the atom can be found with ultra-high spatial resolution. After that, by making proper tuning of 
the value of Rabi frequency of the travelling-wave field, 100% detection probability of atom is obtained with 
satisfactory spatial resolution. This behaviour is specific to the given model. In the present model, our results 
highlight that the maximum detection probability of the atom is attainable with a spatial resolution-limit having 
the minimum localization volume of the order of λ3

13.6×106 , where the reference volume is considered as a cube 
with a side of one wavelength. To our knowledge, no work has been found in the literature on controlling atom 
localization using the NDD effect. This type of localization control mechanism is specific to the present work.

Theoretical model
The field-coupled energy-level configuration of our four-level scheme is shown in Fig.  1a, where the dipole 
allowed transitions |1⟩-|2⟩, |2⟩-|3⟩ and |2⟩-|4⟩ are guided by three coherent fields. The transition from |1⟩ to 
|2⟩ is governed by a weak probe field of Rabi frequency Rp. A radio-frequency field of Rabi-frequency R3 is 
applied in the system to couple the energy levels |3⟩ and |4⟩. Each of the two control fields driving the transitions 
|2⟩-|3⟩ and |2⟩-|4⟩ is comprised of one or more orthogonal standing waves with a variety of combinations. So, 
their Rabi frequencies are generally designated as R1(x, y, z) and R2(x, y, z) in Fig. 1a. It should be mentioned 
here that R1(x, y, z) is always accompanied by a constant Rabi frequency R10 of a travelling-wave field applied 
in the transition |2⟩-|3⟩. For various combinations of different standing wave field configurations in different 
transitions, we have considered two different schemes I and II as shown in Fig.  1b,c, respectively. The field 
configuration is expressed for the scheme—I as

	

R1(z) =R10 + R1sin(k1cos(θ1)z + φ1),
R2(x, y) =R2(sin(k2cos(θ2)x + φ2) + sin(k2cos(θ2)y + φ2))

� (1)

and for the scheme -II as

	

R1(x, y) =R10 + R1(sin(k1cos(θ1)x + φ1) + sin(k1cos(θ1)y + φ1)),
R2(z) =R2sin(k2cos(θ2)z + φ2)

� (2)

Here, φ1 and φ2 are the phase shifts of the corresponding standing-wave fields. Without loss of generality, we 
represent k1cos(θ1) = kη1cos(θ1) and k2cos(θ2) = kη2cos(θ2), where the factor ηj  (j = 1, 2) appears due to 
a small difference in magnitude of k1 and k2. We mention that the term defined as kηjcos(θj) is more explicit 
when compared to the similar term considered in Ref.40–42 on the exclusion of ’cosine’-term in presenting the 
mathematical form of standing wave. For the sake of simplicity of the model, we need to point out that, by 
adjusting the values of θ1 and θ2, it is possible to make the product-terms η1cos(θ1) and η2cos(θ2) to be almost 
equal. This enables us to consider k1cos(θ1) ≈ k2cos(θ2) = k for the purpose of numerical computation.

It is assumed that the center of mass of the atom is at rest during the resonant interaction of the atom with the 
standing wave fields. Then, we neglect the transverse kinetic energy of the atom as it becomes very much smaller 
than the atom-field interaction energy in the standing wave regime. Thus, the expression of the Hamiltonian 

Scientific Reports |        (2025) 15:30579 3| https://doi.org/10.1038/s41598-025-94788-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


will not contain any kinetic energy term under the Raman-Nath approximation66. The coherent part of the 
interaction Hamiltonian of the system can be written as (Appendix - See Supplementary Information)

	

H = −ℏ[−∆p|2⟩⟨2| − (∆p + ∆1)|3⟩⟨3| − (∆p + ∆2)|4⟩⟨4| + (|Rp||2⟩⟨1| + |R1(x, y, z)||3⟩⟨2| + |R2(x, y, z)||4⟩⟨2|
+|R3|eiϕ|4⟩⟨3| + H.c.)]

� (3)

In the following part of the present section and the other sections, the magnitudes of the Rabi frequencies will 
be denoted as simply Rj .

The system dynamics can be explained by the semiclassical density matrix equation as given by

	
∂ρ

∂t
= − i

ℏ
[H, ρ] + Λρ� (4)

where the term Λρ includes the effect of incoherent decay-mechanism inherent to the present model. In the 
following, Λρ is explicitly expressed as

	

Λρ =γ21

2 [2|1⟩⟨2|ρ|2⟩⟨1| − |2⟩⟨2|ρ − ρ|2⟩⟨2|]

+
∑

j=3,4

γj2

2 [2|2⟩⟨j|ρ|j⟩⟨2| − |j⟩⟨j|ρ − ρ|j⟩⟨j|]� (5)

Now, the required off-diagonal density matrix equations are presented as follows

	 ρ̇21 = − Z2ρ21 + iRp(ρ11 − ρ22) + iR1(x, y, z)ρ31 + iR2(x, y, z)ρ41, � (6)

	 ρ̇31 = − Z3ρ31 − iRpρ32 + iR1(x, y, z)ρ21 + iR3e−iϕρ41, � (7)

	 ρ̇41 = − Z4ρ41 − iRpρ42 + iR2(x, y, z)ρ21 + iR3eiϕρ31 � (8)

where Z2 = γ21
2 + i∆p, Z3 = γ32

2 + i(∆p + ∆1) and Z4 = γ42
2 + i(∆p + ∆2). γjk  (jk = 21, 32, 42) 

denotes the natural decay rate.
Under the weak-probe-field approximation, we treat the Rabi frequency Rp to the first order, and other Rabi 

frequencies to all orders to solve the given set of density matrix equations to obtain the expression of ρ21. For 
ρ11 ≈ 1, ρ21 can be presented as

	
ρ21 = iRp(Z3Z4 + R2

3)
A + R2

1(x, y, z)Z4 + R2
2(x, y, z)Z3 + 2iR1(x, y, z)R2(x, y, z)R3cos(ϕ) ,� (9)

where A = Z2Z3Z4 + R2
3Z2. In the denominator of the expression (9), the fourth term relating to the product 

of the Rabi frequencies represents the interference effect appearing in the given model.
The polarization induced in the probe transition is given by performing the quantum average over the 

corresponding transition moment66 as follows

	 P = ϵ0χϵp = 2Nµ12ρ21,� (10)

where ϵ0 being the free-space permittivity and N the atomic density. The macroscopic susceptibility χ(x, y, z) 
is expressed as

	 χ(x, y, z) = Cχo(x, y, z)� (11)

with C = N|µ12|2

ϵ0ℏγ21
 as the dimensionless constant63 and the microscopic susceptibility

	
χo(x, y, z) = γ21ρ21(x, y, z)

Rp
� (12)

C is equivalent to the weight factor of the optical density of the medium related to the susceptibility of probe 
response. For the sake of simplicity of the calculation, C is chosen to be unity. We mention that Im(χo) and 
Re(χo) correspond to probe absorption and dispersion evolved in the system, respectively67.

Modified macroscopic-susceptibility under NDD effect: In general, in a linear, homogeneous, and isotropic 
dielectric substance with uniformly arranged tiny dipoles under the influence of external electric field, as a 
consequence of the phenomenon of NDD interaction the effective (termed as ’Local’) microscopic field ĒL 
experienced by any of the dipoles is expressed by the Lorentz relation68 as

	
ĒL = Ē + P̄

3ϵ0
,� (13)

where Ē stands for the macroscopic field and P̄  denotes the volume-polarization of the dipoles. In an optically 
dense atomic medium, such consideration of Local field is equally applicable to any atom taken as point-dipole in 
the atomic ensemble. Keeping in mind such physical situation, it is imperative to mention here that, for a multi-
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level atomic system interacting with the coherent fields, the appearance of the NDD effect leads us to consider 
the Local field correction in defining the macroscopic susceptibility relating to probe-transition. To this aim, we 
have followed the generalized approach as described in Ref.62 for incorporating Local field correction in a two-
level atomic model and the direct way of implementing it to represent the macroscopic polarization induced 
by a probe field in a three-level atomic model63. Without repeating further the detailed process of the required 
derivation, we briefly outline the following points. Firstly, if we define the field components in time-varying case 
as Ē(t) = Ē2  eiωt + c.c. and P̄ (t) = P̄2  eiωt + c.c., then it is plausible to introduce ĒL(t) = ĒL

2  eiωt + c.c.. Now, 
by employing the condition of slowly varying amplitudes Ē, P̄ and ĒL, it is possible to rewrite the Eq. (13) as62

	
ĒL = Ē + P̄

3ϵ0
� (14)

The above equation shows the validity of Lorentz relation in the case of time-varying fields. Secondly, in order 
to include the contribution of Local field in the probe transition, it is customary to replace the Rabi frequency 

term |Rp| appearing in the expression (3) of the Hamiltonian H by |RL| = 
∣∣∣ µ̄21.ĒL

2ℏ

∣∣∣ with the consideration of Ē 

as ϵ̄p as similarly noted in Ref.63. Accordingly, in the expression (9) of ρ21, RL (basically |RL|) appears instead 
of Rp (basically |Rp|). Now, it is straightforward to represent the expression of the magnitude of macroscopic 
polarization as63

	
P = N |µ12|2|EL|

ℏγ21
χo(x, y, z) =

N |µ12|2(ϵp + P
3ϵ0

)
ℏγ21

χo(x, y, z)� (15)

with χo(x, y, z) = γ21ρ21(x,y,z)
RL

. Using the definition of P = ϵ0χϵp, we recast the relation (15) in the following 
form

	
χ(x, y, z) = Cχ0(x, y, z) + Cχ(x, y, z)χo(x, y, z)

3 ,� (16)

where C is already defined after the expression (11). Simplifying the relation (16), we represent the macroscopic 
susceptibility in the presence of the NDD effect as

	
[χ]NDD(x, y, z) = Cχo(x, y, z)

1 − 1
3 Cχo(x, y, z)

,� (17)

where C plays a vital role as the NDD parameter. We note that the expression of [χ]NDD(x, y, z) is in conformity 
with the expression of macroscopic susceptibility in probe transition, as found in Ref.65,67.

Significance of NDD effect in 3D localization: We note that, for the purpose of showing 3D atom localization in 
the absence of the NDD effect, the position information of the atom in 3D space will be obtained by measuring 
probe absorption proportional to Im[χo(x,y,z)]. While in the presence of the NDD effect, we need to observe 
the probe absorption, which is proportional to Im[[χ]NDD(x,y,z)]. To exhibit qualitatively the effectiveness of 
introducing the NDD effect in forming the 3D localization structure in a simple way, we redefine the physical 
entities γ21 = 2Γ1, γ32 = γ42 = 2Γ2 and ∆p = ∆. With respect to the given expressions (1) and (2), we present in 
a general way R1(x,y,z) = R ξ1(x,y,z) and R2(x,y,z) = R ξ2(x,y,z) with ξ1(x,y,z) = (R10/R + ξ′

1(x,y,z)). By setting 
the detuning condition ∆1 = ∆2 = 0, the expressions of the imaginary parts of the susceptibilities are given in 
reduced forms as follows

	
Im[χo(x, y, z)] = 2Γ1(a1 − ∆2)U(x, y, z, ∆) + 4Γ1Γ2V (x, y, z, ∆)∆

U(x, y, z, ∆)2 + V (x, y, z, ∆)2 � (18)

with

	

U(x, y, z, ∆) =a2(x, y, z) − a3∆2,

V (x, y, z, ∆) =(a4(x, y, z) − ∆2)∆ + a5(x, y, z),

and

	

Im[[χ]NDD(x, y, z)] = 2CΓ1(a1 − ∆2)U ′(x, y, z, ∆)
U ′2(x, y, z, ∆) + V ′2(x, y, z, ∆)

+ 4CΓ1Γ2V ′(x, y, z, ∆)∆
U ′2(x, y, z, ∆) + V ′2(x, y, z, ∆)

,

� (19)

with
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U ′(x, y, z, ∆) =U(x, y, z, ∆) + 4C

3 Γ1Γ2∆,

V ′(x, y, z, ∆) =V (x, y, z, ∆) − 2C

3 Γ1(a1 − ∆2),

where a1 = Γ2
2 + R2

3, a2(x, y, z) = Γ1a1 + Γ2R2(ξ1(x, y, z) + ξ2(x, y, z)), a3 = Γ1 + 2Γ2, a4(x, y, z) = 
a1 + 2Γ1Γ2 + R2(ξ1(x, y, z) + ξ2(x, y, z)) and a5 = 2R3R2ξ1(x, y, z)ξ2(x, y, z)cos(ϕ). We see that the 
expressions (18) and (19) look similar. Comparing U ′ and V ′ with U and V, respectively, it is worth mentioning 
that the incorporation of the NDD effect in the system introduces the extra terms leading to the resonant-
shifting effect of atom-field interaction in the susceptibility of probe transition. This phenomenon occurs not 
only with the association of probe detuning, but also in the absence of detuned probe field, which is clearly 
evident from the appearance of the term 2C

3 Γ1a1 in V ′. This feature implies that even when ∆ is set to zero, 
by varying the strength of NDD parameter C, the equivalence of detuning-induced optimization of localization 
pattern is attainable in an optically dense atomic ensemble in the presence of NDD effect. From this aspect, the 
present study is unique when compared to the earlier ones on 3D atom localization based on measuring probe 
absorption in multi-level atomic systems.

Results and discussions
In the following analysis, we exhibit the variation of the spatially modulated 3D probe absorption of the atom. 
For two different combinations of field arrangements involving standing-wave and travelling-wave fields, the 
probe absorption of the system under different parameter conditions is computed using Eqs. (12) and (17) under 
the steady-state condition. Subsequently, we explore how controlling system parameters can facilitate 3D atom 
localization and display the changes in space-dependent coherent localization structures in Figs. 2, 3, 4 and 5 
in subwavelength and sub-half-wavelength domains. Throughout the whole study, the values of ∆1 and ∆2 are 
considered zero, and the radio-frequency field of Rabi frequency R3 has no spatial dependence. For the validity 
of the present model in a real atomic system, we have chosen the hyperfine energy levels of 5S, 5P, and 5D atomic 
states69 of 87Rb. Then, the energy eigenstates |1⟩, |2⟩, |3⟩ and |4⟩ are specified as 5S1/2(F = 1), 5P3/2(F = 2), 
5D3/2(F = 1) and 5D5/2(F = 1), respectively. The decay rates γ21, γ32, and γ42 are 6 MHz, 0.97 MHz, and 
0.97 MHz, respectively. The phase-shift terms (φ1 and φ2) appearing in the expressions (Eqs. (1) and (2)) of the 
standing-wave fields are considered zero in the entire work.

Figure  2 illustrates our investigation on the coherent localization structures corresponding to the 3D 
probe absorption for the scheme-I. For better comprehension of the impact of the NDD effect on localization 
isosurfaces in comparison to those in the absence of the NDD effect, we have displayed the localization 
features in two panels of Fig. 2. Spatial modifications of the coherent localization structures are shown in terms 
of Im(χo) (following Eq. (12)) in the left panel and Im([χ]NDD) (following Eq. (17)) in the right panel, 
respectively, for the variation of system parameters. In the scheme-I, where R1(z) is comprised of one standing-
wave field arrangement, while R2(x, y) corresponds to the spatial field arrangements oriented with the two 
standing waves. The travelling-wave field R10 is associated with R1(z). For Fig. 2, we set the parameters as: 
R1 = R2 = 1.6 MHz, R3 = 1.13 MHz, ∆p = ∆1 = ∆2 = 0. To show the NDD-induced variation of isosurface 
profiles of localization patterns in the right panel of Fig. 2, we set the NDD parameter (C) as 6. Fig. 2a(i) exhibits 
four oblate spheroids of nearly equal size in the (∓x, ∓y, ±z) and (±x, ±y, ±z) subspaces. These localization 
patterns are obtained without invoking the travelling-wave field (R10) when the collective-phase parameter (ϕ) 
becomes zero. The consideration of the NDD effect induces a notable change in the corresponding isosurface 
profile (Fig. 2a(ii)) when all other parameters remain invariant. Two closely-spaced circular disc-like patterns 
evolve in the subspaces (∓x, ∓y, ±z). When the field (R10) is changed from the ‘turned-off ’ to ‘turned-on’ 
condition without considering the NDD effect, two oblate spheroids appearing in the (x, y, z) and (−x, −y, z) 
subspaces are found to be increased in size (See Fig. 2b(i)). The other two in the (x, y, −z) and (−x, −y, −z) 
get decreased in comparison to the patterns of Fig. 2a(i). A drastic change in the isosurface profile occurs, in 
comparison to that for Fig. 2b(i), when the NDD parameter is employed in the model without affecting other 
parameters. In Fig. 2b(ii), the emergence of one flat disc is exhibited in the (−x, −y, z) subspace with increased 
thickness. The detection probability of finding the atom in the sub-half-wavelength regime of (−x, −y, z) 3D 
subspace becomes 100%. For plotting Fig. 2c we set the collective-phase parameter (ϕ) at 0.1755π. Fig. 2c(i) 
depicts, without considering the NDD effect, how the application of ϕ modifies the localization structures by 
controlling the coherence of the system. The volumes of the four oblate spheroid-like localization structures 
decrease when compared to Fig. 2b(i). The distinctive appearance of a tiny, flat, disc-like isosurface is shown in 
Fig. 2c(ii) under the influence of the NDD effect. By close inspection of Fig. 2c(ii), we observe that the spatial 
extent of the 3D localization structure is ∆(kx/π) ≈ 0.045, ∆(ky/π) ≈ 0.03, and ∆(kz/π) ≈ 0.01. Thus, the 
high-precision 3D localization pattern shows the limit of spatial resolution of the order of λ/45 along the x-
direction, λ/67 along the y-direction, and λ/200 along the z-direction. Consequently, the degree of localization 
is estimated in terms of the spatial extent of the localization volume, which appears to be approximately λ3

6×105 . It 
can be highlighted that the combined use of the travelling wave and the phase parameter with appropriate values 
plays a vital role as far as the high-precision atom localization with high resolution is concerned in 3D space.

Next, we have resorted to the scheme-I where the observations on Im([χ]NDD) are reported in Fig. 3 with 
the consideration of NDD interaction (C = 9) in the system. To investigate the salient features of Im([χ]NDD) 
profiles associated with a more pronounced effect of NDD interaction, the parameters (R1, R2, and R3) are set 
at the values same as those selected for Fig. 2. The only deviation is that the probe laser is detuned at a value of 
4.2 MHz. In the absence of the travelling-wave field (R10) and ϕ = 0, two sphere-like structures of the 3D probe 
absorption emerge in two different subspaces (±x, ±y, ±z) (Fig. 3a). The substantial modification in the spatial 
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pattern of probe absorption may be attributed to the increase in the NDD parameter associated with the non-
zero value of probe detuning when compared to the localization structure shown in Fig. 2a(ii). When the phase ϕ 
is set at a value of 0.219π, a notable change is induced in the localization patterns (Fig. 3b) displaying a prominent 
decrease in their sizes. This modification in isosurface plots shows a strong dependence of Im([χ]NDD) on ϕ 
in view of obtaining high-resolution 3D atom localization. In this case, the spatial resolution of a sphere-like 
isosurface is found λ3

3.2×106  (approx.) (λ/161, λ/200, and λ/100 along the x-, y-, and z- directions, respectively). 
To explore the impact of R10 on the localization surfaces, we apply the travelling-wave field with the magnitude 
R10 = 0.001 MHz without affecting other parameters and show the corresponding isosurface profile in Fig. 3c. 
The tiny sphere-like pattern in the (x, y, z) subspace with its centre at (kx/π = 0.5, ky/π = 0.5, kz/π = 0.5) 

Fig. 2.  3D isosurface plots of the space-dependent probe absorption for the scheme -I with isovalue = 0.6. (a) 
R10 = 0, ϕ = 0; (b) R10 = 0.314 MHz, ϕ = 0; (c) R10 = 0.314 MHz, ϕ = 0.1755π. Other common parameters: 
R1 = R2 = 1.6 MHz, R3 = 1.13 MHz, ∆p = ∆1 = ∆2 = 0. The figures with notations (i) of the left panel and 
(ii) of the right panel correspond to the cases of probe absorption without employing the NDD effect and in 
the presence of the NDD effect with C = 6, respectively.
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experiences a very small increase in size, while the other pattern in the (−x, −y, −z) subspace disappears 
in comparison to the localization patterns as shown in Fig. 3b. This feature indicates the attainment of 100% 
detection probability of the atom in the central position of the first octant (x,  y,  z) with the limit of spatial 
resolution λ3

1.2×106  (approx.) (λ/100, λ/161, and λ/73 along the x-, y-, and z- directions, respectively). In an 
attempt to achieve the maximum resolution in detecting atoms, we have further tuned ϕ to a value of 0.221π 
and displayed the corresponding isosurface plot in Fig. 3d. Tuning the system at the given value of the phase 
leads to the presence of a very tiny sphere-like localization structure with the same coordinate values. In this 
case, the ultra-high-resolution 3D localization with the 100% probability of finding the atom within a sub-half-
wavelength range is made plausible when we obtain from Fig. 3d that the spatial extent of the localized structure 
becomes ∆(kx/π) ≈ 0.0098, ∆(ky/π) ≈ 0.0049, and ∆(kz/π) ≈ 0.012. These magnitudes indicate that the 
degree of localization with the limit of spatial resolution is nearly λ3

13.6×106  (λ/204, λ/408, and λ/164 along the 
x-, y-, and z- directions, respectively).

In the subsequent discussion, we delve into examining how the space-dependent field configurations, along 
with the system parameters of the scheme-II, affect the localization behaviours of atoms in three dimensions. 
This scheme is different from the scheme-I in the aspect that the space-dependent field arrangements R1(z) 
and R2(x, y) of the scheme-I experience a role-reversal of the standing-wave field arrangements (R2(z) and 
R1(x, y)) in the scheme-II. A travelling wave (R10) is also applied with the field of Rabi frequency R1(x, y). 
Here also in Fig. 4, like Fig. 2 for the scheme-I, we have presented the NDD-effect-induced 3D probe absorption 
(Im([χ]NDD)) isosurfaces for the NDD-parameter value (C = 3) in the right panel whereas the 3D probe 
absorption (Im(χo)) isosurfaces in the left panel without employing the NDD effect. To plot the localization 
characteristics in Fig. 4, we set the parameters as R1 = R2 = 1.5 MHz, R3 = 1.2 MHz, ∆p = ∆1 = ∆2 = 0. In the 
absence of any travelling-wave field, Fig. 4a(i) and (ii) exhibit localization patterns for ϕ = 0. Fig. 4a(i) and (ii), 
respectively, replicate the similar natures of 3D variation of probe absorption like Fig. 2a(i) and (ii) in the absence 
and presence of the NDD effect. However, the localization volumes of the isosurfaces shown in Fig. 4a(i) and (ii) 
are significantly smaller than those of the isosurfaces drawn in Fig. 2a(i) and (ii). In comparison to the isosurface 
profile, as shown in Fig. 2b(i), the spatial variation of the plotted isosurface in Fig. 4b(i) changes drastically. Two 
oblate spheroids evolve in the (x, y, z) and (x, y, −z) subspaces, as shown in Fig. 4b(i). This highly contrastive 

Fig. 3.  3D isosurface plots of the space-dependent probe absorption in the presence of the NDD effect for the 
scheme -I with isovalue = 0.6. (a) R10 = 0, ϕ = 0; (b) R10 = 0, ϕ = 0.219π; (c) R10 = 0.001 MHz, ϕ = 0.219π; 
(d) R10 = 0.001 MHz, ϕ = 0.221π. Other common parameters: C = 9, R1 = R2 = 1.6 MHz, R3 = 1.13 MHz, 
∆p = 4.2 MHz, ∆1 = ∆2 = 0.
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modification occurs due to the application of the travelling-wave field with the Rabi frequency value, R10 = 
0.8 MHz, which is greater than that considered for Fig.  2b(i). Under the influence of the NDD interaction, 
the isosurface profile of Fig. 4b(i) is transformed into a flat disc-like isosurface in the (x, y, −z) subspace as 
shown in Fig. 4b(ii). The reduction of the size of the localization structure in Fig. 4b(ii) is prominent when 
compared to that of the localization pattern presented in Fig. 2b(ii). This feature confirms the signature of 100% 
probability of finding the atom in the (x, y, −z) subspace. We set the collective-phase parameter (ϕ) at a value 
of 0.8417π and display the phase-induced spatial variation of the localization profile in Fig. 4c(i) and (ii). So 
far as the value of ϕ is concerned, we have observed a marked distinction in the isosurfaces without (Fig. 4c(i)) 
and with (Fig. 4c(ii)) the NDD effect. The impact of the value of ϕ on the isosurfaces is very insignificant in 
Fig. 4c(i), leading to only a slight decrement in localization volumes. In the presence of the same value of ϕ, 
the occurrence of a tiny flat disc-like structure in the (x, y, z) subspace, as prominent in Fig. 4c(ii), indicates a 

Fig. 4.  3D isosurface plots of the space-dependent probe absorption for the scheme-II with isovalue = 0.6. (a) 
R10 = 0, ϕ = 0; (b) R10 = 0.8 MHz, ϕ = 0; (c) R10 = 0.8 MHz, ϕ = 0.8417π. Other common parameters: R1 = 
R2 = 1.5 MHz, R3 = 1.2 MHz, ∆p = ∆1 = ∆2 = 0. The figures with notations (i) of the left panel and (ii) of the 
right panel correspond to the cases of probe absorption without employing the NDD effect and in the presence 
of the NDD effect with C = 3, respectively.
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significant improvement in the precision as well as the resolution of atom localization as a direct consequence 
of the NDD effect. Thus, the 100% detection probability of the atom in the sub-half-wavelength domain of 
3D space is assured with a significant enhancement in the precision and spatial resolution. The spatial limit of 
resolution for this localization pattern corresponds to the localization volume of λ3

2.8×106  (λ/14, λ/200, and λ

/1000 along the x-, y- and z- axes, respectively).
Lastly, we discuss the features of 3D localization isosurface profiles presented in Fig. 5a–e for the scheme-

II. We set the parameter condition (R1, R2, and R3) of Fig. 5 the same as those set for Fig. 4 except the NDD 
parameter value (C = 8) and probe detuning ∆p = 3.2 MHz (Fig. 5a–d). So far as 3D localization is concerned, 
it is evident that Fig. 5a,b are almost similar to Fig. 3a,b, respectively. In the case of Fig. 5b, we set the phase 
ϕ = 0.08π, whereas Fig.  5a is plotted with ϕ = 0. In contrast to the localization structure shown in Fig.  5b, 
the spatial volumes of two sphere-like isosurfaces in the (±x, ±y, ±z) subspaces get sufficiently decreased 
(See Fig. 5c) when the system is tuned for ϕ = 0.098π. To attain the maximum detection probability, we have 
resorted to the application of R10 with a value of 0.00193 MHz and plot the corresponding isosurface profile 
in Fig. 5d. In this case, only the spherical pattern of localization in the (x, y, z) subspace persists at the position 
(0.5, 0.5, 0.5) accompanied by the disappearance of the other pattern in the (−x, −y, −z) subspace ensuring the 
100% probability of detecting the atom in the sub-half-wavelength domain. The limit of the spatial resolution 
leads to the order of λ3

1.5×105  (approx.) (λ/59, λ/67, and λ/38 along the x-, y- and z- axes, respectively). To 
demonstrate the realization of 3D atom localization with ultra-high resolution in the present scheme, we tune 
the probe detuning at ∆p = 3.205 MHz and show the appearance of a very tiny sphere-like singular structure 
of localization at (0.5, 0.5, 0.5) in the isosurface plot of Fig. 5e. The very small spatial volume of the isosurface 
in the sub-half-wavelength domain signifies the 100% detection probability of atoms with the spatial extent of 
resolution (∆(kx/π) ≈ 0.01, ∆(ky/π) ≈ 0.0054, and ∆(kz/π) ≈ 0.0152. Based on these values the limit of 
spatial resolution is estimated nearly λ3

9.7×106  (λ/200, λ/370, and λ/132 along the x-, y- and z- axes, respectively) 
in this scheme. This is to mention here that the collective phase can be easily controlled by using a phase-locked 
technique63,64 for possible experimentation. In our chosen parameters’ regime, we have shown the appearance 
of a single localization structure in the sub-half-wavelength domain with ultra-high spatial resolution for both 
schemes.

Fig. 5.  3D isosurface plots of the space-dependent probe absorption in the presence of the NDD effect for the 
scheme-II with isovalue = 0.6. (a) R10 = 0, ∆p = 3.2 MHz, ϕ = 0; (b) R10 = 0, ∆p = 3.2 MHz, ϕ = 0.08π; (c) 
R10 = 0, ∆p = 3.2 MHz, ϕ = 0.098π; (d) R10 = 0.00193 MHz, ∆p = 3.2 MHz, ϕ = 0.098π; (e) R10 = 0.00193 
MHz, ∆p = 3.205 MHz, ϕ = 0.098π. Other common parameters: C = 8, R1 = R2 = 1.5 MHz, R3 = 1.2 MHz, 
∆1 = ∆2 = 0.
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To get physical insights into how field-induced quantum interference affects and modifies the evolution of 
spatial distributions of 3D localization patterns, as shown in Figs. 2, 3, 4 snd 5, we note that, for any value of 
ϕ (other than π/2), the expression of space-dependent probe susceptibility (χo) indicates the appearance of 
explicit quantum interference effect due to the presence of the product term of space-dependent and space-
independent Rabi frequencies in the denominator of the expression of ρ21. The interference term is found to 
be modulated by the collective phase coherence term. In the presence of Rabi frequency of the travelling-wave 
field R10 in the expression of R1(x, y, z), the |R2

1(x, y, z)| term contributes to the implicit interference effect 
through the terms R10R1 sin(kz) and R10R1 (sin(kx) + sin(ky)) for the schemes I and II, respectively. When 
the travelling-wave field (R10) is incorporated into the system, the 3D localization features appear as a result 
of the competitive nature of the variations of the implicit and explicit interference effects. As [χ]NDD  relates 
nonlinearly with χo, the combined effect of such quantum interference mechanisms becomes further modulated 
as a consequence of the NDD effect. Thus, in our work, the properly tuned NDD parameter with other system 
parameters plays a pivotal role in shaping 3D localization patterns leading to ultra-high resolution.

Conclusion
In conclusion, we have presented a novel method for precise 3D atom localization by observing the spatial 
variation of NDD effect-induced absorption of a weak probe field in a partially closed four-level Y-type atomic 
system. Under the resonant interaction of the atom with the standing and travelling-wave fields, we have shown 
how the NDD effect with appropriate adjustment of the system parameters (Rabi frequencies, probe detuning, 
and collective phase) allows us to efficiently control the 3D localization patterns of the atom. Our findings suggest 
that, within our framework, the 100% detection probability of the atom can be realized with a spatial resolution 
limit having a localization volume nearly of the order of (λ/100)3. The work shows significant potential for 
its applications in atom nanolithography and atom imaging, which will be useful in quantum information 
processing and technology in the near future.
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