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In this paper, we propose a permanent magnetic waveguide lattice produced by 

high quality magneto-optical film FePt for confining, controlling and 

manipulating ultracold atoms, quantum degenerate gases, and Bose–Einstein 

condensates (BECs). We also consider the components of an external bias 

magnetic field 𝐵1𝑥, 𝐵1𝑦  and 𝐵1𝑧  to provide further control over the parameters of 

magnetic lattice. For the first time, we derive analytical expressions describing 

the dependence of the trap parameters, including the locations of the magnetic 

field minima, the curvatures of the absolute value of the magnetic field, trap 

frequencies, magnetic field barrier heights, and trap depths, on the value of 

external bias magnetic fields along the x, y, and z directions. Furthermore, 

numerical calculations are carried out for a magnetic lattice size 𝑛𝑠 = 71 and the 

corresponding results are compared for two cases 𝐵1z = 0 and 𝐵1𝑧 ≠ 0. The 

results demonstrate that considering 𝐵1𝑧 ≠ 0 leads to deeper trapping potentials 

compared with the case of 𝐵1z = 0. 
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1. Introduction 

 

Atom chips are complex microstructures that can 

generate flexible trapping potentials with arbitrary 

geometries including single trap and periodic 

array of traps in various lattice platforms [1]. The 

realization of Bose–Einstein condensates (BECs) 

in these structures [2, 3] has motivated numerous 

research groups to investigate the fundamental 

properties and behavior of ultracold atoms on 

atom chips [4-7]. In this regard, optical lattices 

were introduced as a powerful tool for controlling 

ultracold atoms. These periodic potentials are 

generated by the interference of counter-

propagating laser beams in different dimensions 

[8, 9]. These structures provide suitable 

configurations for trapping, confining, controlling 

and manipulating ultracold atoms and BECs [8, 

10]. They have enabled various theoretical and 

experimental investigations including quantum 
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simulations [11], quantum physics experiments at 

low temperatures [9], quantum phase transition 

from superfluid to Mott insulator [12], and 

quantum computation [13]. To date, various 

applications of optical lattices have been reported, 

such as the creation of artificial crystals for 

studying condensed matter theories [14] and the 

development of optical lattice clocks [15]. A 

complementary alternative to optical lattices is 

provided by magnetic lattices which can be 

fabricated using current-carrying wires [16-18] 

and permanent magnetic lattices produced by high 

quality magneto-optical films [19-21]. These 

arrays provide stable trapping configurations for 

confining ultracold atoms [22]. One of the 

important features of magnetic lattices is 

flexibility in design and fabrication, which allows 

arbitrary geometries to be realized  [19-21, 23, 24]. 

The first type of magnetic lattice is a magnetic 

waveguide array, which can be fabricated using 

current-carrying wires or permanent magnetic 

slabs to generate two-dimensional traps [19]. 

Furthermore, several types of two-dimensional 

periodic permanent magnetic arrays capable of 

generating three-dimensional traps have been 

studied and analyzed, including two crossed layers 

of parallel rectangular magnets [19], a two-

dimensional array of square magnetic slabs [20], a 

two-dimensional lattice of square holes [21], a 

single layer of periodic arrays of square magnets 

with different thicknesses [20], and two crossed 

periodic arrays of parallel rectangular magnets at 

an arbitrary angle [19] .Recently, a 3D permanent 

magnetic lattice has been introduced, consisting of 

separated layers of 2D arrays that can generate 

trapping potentials with higher trap frequencies 

than those of a single-layer configuration [24]. In 

general, several significant features have 

established permanent magnetic lattices as 

promising alternatives to optical lattices and 

current-carrying wires [23, 24]. First, the atom 

loss in current-carrying wires can occur due to 

increased heating rates and current densities, 

whereas this effect is not observed in permanent 

magnetic lattices fabricated from high-quality 

magneto-optical films. Second, unlike optical 

lattices, these structures do not require laser beams 

for trapping ultracold atoms in magnetic 

microtraps, and they are not affected by 

fluctuations in the laser beams. Third, in these 

structures, decoherence due to spontaneous 

emission is significantly reduced. Fourth, 

permanent magnetic lattices provide large 

curvatures of magnetic field, resulting in stable, 

deep, and controllable trapping potentials with 

high trap frequencies. Fifth, in these 

configurations, ultracold atoms are trapped in the 

low magnetic field-seeking states, thereby 

significantly reducing atom loss caused by 

Majorana spin-flip transitions and enabling more 

efficient evaporative cooling [19, 24]. In general, 

the properties of ultracold atoms in permanent 

magnetic lattices are investigated through both 

analytical expressions and numerical calculations. 

Therefore, the trap parameters such as the non-

zero magnetic field minima, the location of the 

magnetic field minima, the curvatures of the 

magnetic field, trap frequencies, and trap depths 

can be adjusted by varying the external bias 

magnetic field components [19-21, 23, 25]. To 

date, permanent magnetic lattices have been the 

subject of theoretical and experimental 

investigations. For example, the use of radio 

frequency spectroscopy for the measurement of 

the Bose-Einstein condensate in a 1D magnetic 

lattice has been reported in Ref. [26]. In addition, 

Singh et al. [27] have reported experimental 

observations of the reflection of ultracold atoms 

from a 1D magnetic lattice. Moreover, a numerical 

algorithm has been employed to generate the 

desired Ioffe-Pritchard magnetic lattice 

configurations for trapping ultracold atoms [28]. 

In another study, the trapping of ultracold 87Rb 

atoms at a distance of approximately 100 nm 

above a sub-micron triangular structure atom chip 

consisting of several Co/Pd layers has been shown 
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[29]. A two-dimensional tooth-shaped permanent 

magnetic lattice has been proposed to produce 

Ioffe-Pritchard potentials and control ultracold 

atoms using analytical calculations [25]. 

Furthermore, Ref. [30] has demonstrated that 

ultracold atoms can be trapped in a magnetic 

lattice fabricated from a thin FePt film as a 

platform for quantum experiments. Moreover, the 

quantum phase transition from superfluid to Mott 

insulator the can be simulated and the critical point 

can be determined [31, 32]. Recently, the 

application of Artificial Intelligence (AI) to 

quantum phase transitions, ultracold atoms, and 

optical and magnetic lattices has been reported in 

several studies [33-36]. In this paper, we propose 

a permanent magnetic waveguide lattice produced 

by high quality magneto-optical film FePt in the 

presence of three components of the external  bias 

magnetic field (𝐵1𝑥, 𝐵1𝑦, 𝐵1𝑧) to investigate 

enhanced control of 𝑅87 𝑏 atoms in the low 

magnetic field-seeking state |𝐹 = +2, 𝑚𝐹 = +2⟩. 

For the first time, we derive analytical expressions 

describing the dependence of the trap parameters 

including the locations of the magnetic field 

minima, the curvatures of the absolute value of the 

magnetic field, trap frequencies, the magnetic 

field barrier heights, and trap depths on the 

external bias magnetic fields along the x, y, and z 

directions.  

It is shown that the expressions reported in Ref. 

[19] are obtained by considering 𝐵1𝑧 = 0. Also, 

we compare the analytical results for two cases, 

𝐵1z = 0 and 𝐵1𝑧 ≠ 0, to investigate the effect of 

this bias magnetic field component on the trap 

parameters. Moreover, we perform numerical 

calculations for a finite lattice size with 𝑛𝑠 = 71, 

plus the edge-compensation analysis based on the 

compensation method reported in previous studies 

[21]. We show that, in the case 𝐵1𝑧 ≠ 0, the values 

of both the trap frequencies and the trap depths are 

enhanced, which enables improved control of 

magnetic microtraps. 

2. 1D permanent magnetic waveguide lattice 

 

Figure (1) shows a permanent magnetic 

waveguide lattice produced by high quality 

magneto-optical film FePt. It consists of an 

infinite array of long, parallel rectangular magnets 

with thickness t, periodicity a along the x direction 

and magnetization 𝑀𝑧 oriented in the direction 

opposite to the z-axis, in the presence of external 

bias magnetic field components (𝐵1𝑥, 𝐵1𝑦, 𝐵1𝑧   ( . 

The components of the magnetic field are given by 

𝐵𝑥 = 𝐵1𝑥 (1a) 

𝐵𝑦 = 𝐵0𝑦 𝑠𝑖𝑛( 𝑘𝑦)𝑒−𝑘𝑧 + 𝐵1𝑦  (1b) 

𝐵𝑧 = 𝐵0𝑦 𝑐𝑜𝑠( 𝑘𝑦)𝑒−𝑘𝑧 + 𝐵1𝑧 (1c) 

where 𝐵0𝑦 = 𝐵0(1 − 𝑒−𝑘𝑡)𝑒𝑘𝑡,𝐵0 = 4𝑀𝑧  and 𝑘 =
2𝜋

𝑎
. Also, the magnitude of the magnetic field is  

𝐵 = {𝐵1𝑥
2 + 𝐵1𝑦

2 + 𝐵1𝑧
2  

(2) +2𝐵0𝑦[𝐵1𝑦 𝑠𝑖𝑛( 𝑘𝑦) + 𝐵1𝑧 𝑐𝑜𝑠( 𝑘𝑦)]𝑒−𝑘𝑧 

+𝐵0𝑦
2 𝑒−2𝑘𝑧}1/2 

The analytical Eqs. (3a) and (3b) show the 

coordinate of the magnetic field minima 

(𝑦min, 𝑧min) 

𝑦𝑚𝑖𝑛 = 𝑎(𝑛𝑦 +
1

2𝜋
𝑡𝑎𝑛−1(

|𝐵1𝑦|

|𝐵1𝑧|
)) 

(3a) 

𝑛𝑦 = 0, ±1, ±2, … 

𝑧min =
1

𝑘
𝐿𝑛 (

𝐵0𝑦

(𝐵1𝑦
2 + 𝐵1𝑧

2 )
1 2⁄

) (3b) 

Moreover, we have the magnetic field minima 

based on (2), (3a) and (3b)  

𝐵𝑚𝑖𝑛 = |𝐵1𝑥| (4) 
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Figure 1. (a) 3D plot of an infinite periodic array of long, parallel rectangular magnets (b) 2D plot in the y-z plane , showing the 

thickness t and periodicity a 

 

Also, the curvatures of the magnetic field at the 

trap centers are obtained 

𝜕2B

𝜕x2
=0 (5) 

𝜕2B

𝜕y2
=

𝜕2B

𝜕z2
=

𝑘2(𝐵1𝑧
2 + 𝐵1𝑦

2 )

|𝐵1𝑥|
 (6) 

Using the Eqs. (5) and (6), the trap frequencies are 

defined  

𝜔𝑖 = (
𝑚𝐹𝑔𝐹𝜇𝐵

𝑚

𝜕2𝐵

𝜕𝑥𝑖
2)

1 2⁄

     𝑖 = 2,3 (7) 

In this expression, 𝑚𝐹, 𝑔𝐹, 𝜇𝐵, and m are the 

magnetic quantum number of hyperfine state F, 

the Land´e g-factor, the Bohr magneton, and the 

atomic mass of Rb87  in low magnetic field-

seeking state 𝐹 = +2 and 𝑚𝐹 = +2 respectively. 

Another important parameter that can be 

calculated is the magnetic field barrier heights 

along the y and z directions  

𝛥𝐵𝑦 = √𝐵1𝑥
2 + 4(𝐵1𝑦

2 + 𝐵1𝑧
2 ) − 𝐵min (8) 

𝛥𝐵𝑧 = √𝐵1𝑥
2 + 𝐵1𝑦

2 + 𝐵1𝑧
2 − 𝐵min (9) 

Based on this parameter, the trap depths along the 

different directions can be given by 

𝛥𝑈(𝑥𝑖) = 𝑈max
(𝑥𝑖)

− 𝑈min 
(10) 

= 𝑚𝐹𝜇𝐵𝑔𝐹𝛥𝐵(𝑥𝑖)                         𝑖 = 2,3 

Based on the Eqs. (3a)-(9), two main calculations 

can be drawn. First, all analytical expressions 

depend on the external bias magnetic field 

components particularly in the z direction 

excepted for the magnetic field minima. Second, 

by setting 𝐵1𝑧 = 0, all equations reduce to the 

results reported in Ref [19]. It is found that 

increasing the 𝐵1𝑧component leads to higher 

values of the trap frequencies and the trap depths. 

 

3. Results and discussions 

 

To present a comprehensive study, we discuss 

results using two approaches, analytical and 

numerical, based on Eqs. (3a)-(10), the Radia 

package interfaced with Mathematica, and the 

input parameters listed in Tables (1) and (2) for 

two cases 𝐵1𝑧 ≠ 0 and 𝐵1𝑧 = 0 followed by a 

comparison of the results. 

 

3.1. Analytical results 

 

Figures 2(a)-)b) show the location of the magnetic 

field minima 𝑟min = (𝑦min, 𝑧min) given by Eqs. 

(3a) and (3b) as a function of 𝐵1𝑧 using constant 

values in Table (1) for two cases 𝐵1𝑧 ≠ 0 and 
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𝐵1𝑧 = 0 by comparison their values. It can be seen 

that as |𝐵1𝑧| approaches zero, 𝑦𝑚𝑖𝑛 and 𝑧𝑚𝑖𝑛 

increase, and the corresponding values of 𝑦min =

0.250 𝜇𝑚 and 𝑧min = 1.212 𝜇𝑚 become 

accessible for  𝐵1𝑧 = 0. 

Figures 3(a) and 3(b) present the variations of the 

trap frequencies along the y and z directions as a 

function of 𝐵1𝑥  and 𝐵1𝑦 for two cases 𝐵1𝑧 = 0 and 

𝐵1𝑧 ≠ 0. As shown in Figure 3(a), for 𝐵1𝑦 =

−4.000 (𝐺) and 𝐵1𝑧 = −8.000 (𝐺), increasing 

|𝐵1𝑥| leads to reduction in both 𝜔𝑦 and 𝜔𝑧. This 

behavior agrees well with the analytical 

expressions (6) and (7). Furthermore, for a given 

value of |𝐵1𝑥|, the inclusion of the 𝐵1𝑧 ≠ 0 

component results in higher trap frequencies 

compared with the case of 𝐵1𝑧 = 0.  

Moreover, Figure 3(b) demonstrates an opposite 

trend in the trap frequencies along the y and z 

directions as a function of |𝐵1𝑦| for the considered 

values of 𝐵1𝑥 = −2.000 (𝐺) and 𝐵1𝑧 =

−8.000 (𝐺). Similarly, as shown in Figure 3(a), in 

the case of 𝐵1𝑧 ≠ 0 the values of 𝜔𝑦, 𝜔𝑧 are higher 

than those in 𝐵1𝑧 = 0 case at a given value of 

|𝐵1𝑦|.  
 

Table 1. Input parameters for waveguide lattice used in both analytical and numerical calculations 

Parameter Definition Analytical Numerical 

n Number of rectangular magnets along the x direction ∞ 71 

a(𝜇𝑚) Period of magnetic lattice 1.000 1.000 

t(𝜇𝑚) Thickness of magnetic film 0.050 0.050 

4πMz(𝐺) Magnetization along the z direction 3800 3800 

 

 
Figure 2. Variation of magnetic field minima location 𝑟min = (𝑦min, 𝑧min) as a function of 𝐵1𝑧 (a) 𝑦𝑚𝑖𝑛 (b) 𝑧𝑚𝑖𝑛 using the constant 

values listed in Table (1) and 𝐵1𝑦 = −0.220 (G) 

 

 
Figure 3. Comparison of trap frequencies along the y and z directions for two cases 𝐵1𝑧 = 0 and 𝐵1𝑧 ≠ 0 (a) versus 𝐵1𝑥 for constant 

values 𝐵1𝑦 = −4.000 (𝐺) and 𝐵1𝑧 = −8.000 (𝐺) (b) as a function of 𝐵1𝑦 for fixed values 𝐵1𝑥 = −2.000 (𝐺) and 𝐵1𝑧 = −8.000 (𝐺)
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Another important parameter that can be obtained 

is the trap depths defined by Eqs. (8)-(10). Similar 

to trap frequencies, Figures 4(a)-(d) show the 

comparative changes of 𝛥𝑈𝑦 and 𝛥𝑈𝑧 as a 

function of 𝐵1𝑥 and 𝐵1𝑦 for two cases 𝐵1𝑧 = 0 and 

𝐵1𝑧 ≠ 0.  

The analysis of Figures 4(a) and 4(b) indicates that 

the potential barrier height along the y direction 

exhibits higher values for the case 𝐵1𝑧 ≠ 0 

compared with 𝐵1𝑧 = 0 over different values of 

|𝐵1𝑥| and |𝐵1𝑦|.  

In addition, the same behaviors are observed in 

Figures 4(c) and 4(d) for 𝛥𝑈𝑧. The variations 

shown in Figures 4(a) and 4(c) indicate that the 

increasing |𝐵1𝑥| leads to a decrease in 𝛥𝑈𝑦and 

𝛥𝑈𝑧, while the opposite behavior is observed in 

Figures 4(b) and 4(d). Moreover, Figure (5) and 

Figures 6(a) and 6(b) show that the previously 

discussed parameters exhibit higher values with 

increasing𝐵1𝑧.  

These results agree well with the analytical 

expressions (6) to (10), indicating that the higher 

values of |𝐵1𝑧| enhance the trap frequencies and 

the trap depths.  

Therefore, the  analysis of Figures (3)-(6) shows 

that 𝐵1𝑧 is an effective variable for the trap 

frequencies and potential barrier height that can 

provide more control over the trap and generate 

deeper permanent magnetic microtraps.  

Figure (7) illustrates the analytical dependence of 

𝑧𝑚𝑖𝑛 on the thickness of the magnetic film (t) 

obtained from Eq. (3b).  

It is clear that increasing t causes 𝑧𝑚𝑖𝑛 to shift 

toward larger distances.

 

 
Figure 4. Variation of the potential barrier height in (a) the y direction and (c) the z direction as a function of 𝐵1𝑥 for 𝐵1𝑦 = −4.000 (𝐺) 

and 𝐵1𝑧 = −8.000 (𝐺) in (b) the y direction and (d) the z direction versus 𝐵1𝑦 for 𝐵1𝑥 = −2.000 (𝐺) and 𝐵1𝑧 = −8.000 (𝐺) 
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Figure 5. Variation of the trap frequencies along the y and z as a function of 𝐵1𝑧 

 

 
Figure 6. Dependence of the potential barrier height for the y and z directions on 𝐵1𝑧  

 

 
Figure 7. Variation of 𝑧𝑚𝑖𝑛 with the magnetic film thickness t 

 

3.2. Numerical results 

 

To further investigate the obtained results, 

numerical calculations are performed using the 

Radia software package interfaced to 

Mathematica to validate and compare the 

analytical results. Unlike the analytical approach, 

which assumes an infinite lattice size, the 

numerical calculations are performed by 

considering a finite array of rectangular magnetic 

slabs for simulation. Therefore, the comparison 

between the analytical expressions and numerical 

calculations is reasonable when the edge (size) 

effect is considered. In fact, this parameter 
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corresponds to a magnetic field component in the 

negative z direction that compensates for the 

missing contributions of the finite lattice from the 

edge of the structure to infinity. Here, the 

dimension of the permanent magnetic waveguide 

array is 𝑛𝑠 = 71 and the edge effect for this finite 

lattice is 𝐵1𝑧𝑐 = −1.212 (𝐺). Using the input 

parameters in Table (1) and the external bias 

magnetic field components along the x, y and z 

directions listed in Table (2) the analytical and the 

numerical results for various magnetic microtraps 

parameters are reported in Table (3). According to 

Refs. [1, 37], the choice of the external bias 

magnetic field components along the x and y 

directions reported in Table (2) is justified. The 

atoms remain confined in the traps without loss, 

provided that the trap depth satisfies the condition 

𝑈𝐹𝐹𝐵𝐵𝑚𝑎𝑥𝑚𝑎𝑥
 where 𝜂 = 5 − 7. This condition 

is usually considered for the external bias 

magnetic field components in the x and y 

directions. Therefore, by considering 𝐵1𝑥 =

−2.730 G, 𝐵1𝑦 = −0.22 G, 𝐵1𝑧 = 0,  𝑘𝐵𝑇 =

0.94 × ℏ × 𝜔̄ × 𝑛1/3, and 𝜔̄ = (𝜔𝑦𝜔𝑧)1/2, the 

ratios for 𝑛 = 3 × 105 atom are  𝑈𝑚𝑎𝑥 𝑦/𝑘𝐵𝑇 =

5.76 and 𝑈𝑚𝑎𝑥 𝑧/𝑘𝐵𝑇 = 5.70 Hence, the selected 

values of bias magnetic field components are 

reasonable. To show the effect of 𝐵1𝑧 on the trap 

parameters, the third column in Table (3) presents 

the analytical results corresponding to 𝐵1𝑧 = 0 as 

reported in Ref. [19].  

It is obvious that, for 𝐵1𝑧 ≠ 0 the results presented 

in the fourth and fifth columns for the analytical 

and numerical approaches are in good agreement, 

and both exhibit higher values compared with the 

𝐵1𝑧 = 0 case.  

This comparison confirms that 𝐵1𝑧 is an important 

parameter for controlling of the magnetic lattice 

parameters, resulting in deeper traps and higher 

trap frequencies.  

Figures 8(a) and 8(b) depict the comparison of the 

absolute value of the non-zero magnetic field, B, 

versus the y and z directions. To generate these 

plots, the analytical results obtained from Eq. (2) 

for an infinite lattice size are compared with the 

Radia simulation results for finite lattice size 𝑛𝑠 =

71.  

The analytical (solid line) and numerical (dashed 

line) results exhibit good agreement using the 

input parameters listed in Tables (1) and (2). 

Additionally, Figure 9(a) presents the 3D plot of 

non-zero magnetic field minima and Figures 9(b) 

and 9(c) display the contour plot of magnetic field 

B for 𝑧 = 𝑧𝑚𝑖𝑛 and 𝑦 = 𝑦𝑚𝑖𝑛 respectively. To 

further investigate the properties of the permanent 

magnetic waveguide array, different lattice sizes, 

including 𝑛𝑠 = 11, 21, 31, 41, 51, 101, 201,

301, 401, 501, 1001 are considered to examine 

the variation of the compensating magnetic field 

component  𝐵1𝑧𝑐, the magnetic field minima 𝐵𝑚𝑖𝑛, 

and the magnetic field minima location 𝑟min =

(𝑦min, 𝑧min) with lattice sizes 𝑛𝑠. Figures 10 (a)-

(d) show these trends.  

As shown in Figure 10(a), increasing  𝑛𝑠 causes the 

magnetic field minima 𝐵𝑚𝑖𝑛 to approach 𝐵min =

2.730 (G). Moreover, Figure 10(b) indicates a 

gradual reduction in the compensating magnetic 

field component with increasing 𝑛𝑠; for example 

𝐵1𝑧𝑐 = −0.086 (𝐺) at 𝑛𝑠 = 1001. These results 

clearly indicate two main consequences: first, as 

the number of rectangular magnetic slabs 

increases, the lattice size approaches that of an 

infinite lattice, and the compensating magnetic 

field component becomes negligible; second, the 

magnetic field minimum converges to the 

analytical results.  

In contrast, Figures 10(c) and 10(d) show the 

opposite trends for 𝑦𝑚𝑖𝑛 and 𝑧𝑚𝑖𝑛. Due to the 

increasing number of rectangular magnetic slabs, 

the value of 𝑦𝑚𝑖𝑛 increases and becomes close to 

𝑦min = 0.250 (𝜇m).  

Based on Figure 10(d), 𝑧𝑚𝑖𝑛 exhibits the opposite 

behavior with respect to the variation of 𝑛𝑠, 

reaching 𝑧min = 1.212 (𝜇m) at 𝑛𝑠 = 1001. Table 

(4) presents the numerical results of Figures (10) 

for different parameters and lattice sizes using the 

input parameters listed in Tables (1) and (2). 
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Table 2. Specific values of the external bias magnetic field components along the x, y and z directions, as well as the edge effect for 

𝑛𝑠 = 71 

Parameter Definition Analytical Numerical 

B1x (G)  Bias magnetic field along the x -2.730 -2.730 

B1y (G)  Bias magnetic field along the y -0.220 -0.220 

B1z (G)  Bias magnetic field along the z -4.000 -4.000 

𝐵𝑧(𝑒𝑑𝑔𝑒 𝑒𝑓𝑓𝑒𝑐𝑡) The compensating magnetic field component 0 -1.212 

3.3. Experimental feasibility discussion 

 

Since experimental investigation is not feasible, 

the physical effects arising in magneto-optical 

films and their influence on magnetic microtraps 

are theoretically estimated at 𝑧min ≈ 1.2 𝜇m for 

𝐵1𝑧 = 0. These effects include the Casimir–

Polder interaction, Johnson noise, corrugation 

from film inhomogeneity, and gravitational sag. 

For the Casimir–Polder interaction, based on the 

reported data, 𝑧min = 1.212 𝜇m, 𝛥𝐵𝑦 =

0.035 G, 𝛥𝐵𝑧 = 0.009 G, 𝛥𝑈𝑥,𝑦 =

𝑚𝐹𝜇𝐵𝑔𝐹𝛥𝐵𝑥,𝑦,𝑚𝐹 = 2 and 𝑔𝐹 = 1/2 for 87Rb 

atom in the |𝐹 = +2, 𝑚𝐹 = +2〉 state, are 

considered, and the corresponding values 

of𝛥𝑈𝑥=3.24 × 10−29J and 𝛥𝑈𝑦 = 8.34 × 10−30J 

are obtained. Casimir-Polder interaction is defined 

as 𝑈𝐶𝑃 = −𝐶4 𝑧4⁄  [38]. For 87Rb atoms near the 

FePt surface and the corresponding value 𝐶4 =

2.1 × 10−55 J.m4, the Casimir-Polder interaction 

is estimated as |𝑈𝐶𝑃| = 9.732 × 10−32. 

Consequently, the ratios |𝑈𝐶𝑃| 𝛥𝑈𝑥⁄ = 0.003 and 

|𝑈𝐶𝑃| 𝛥𝑈𝑦⁄ = 0.011 are obtained. Therefore, 

Casimir– Polder interaction energy does not 

significantly change trap confinement. Johnson 

noise is a detrimental mechanism for atom loss 

from a trap and is particularly relevant in the 

vicinity of conducting surfaces. In this region, 

thermally induced currents generate fluctuating 

magnetic fields that can induce spin flips in 

trapped atoms, causing transitions from low 

magnetic field-seeking to high magnetic field-

seeking states and consequently leading to atom 

loss from the trap [39, 40]. For 87Rb atoms near 

the FePt surface, by considering 𝑡 = 50 nm, 

𝑧min = 1.212 𝜇m, 𝑇 = 300 K, 𝐵0 = 2.739 G, 

and 𝜌 = 40 × 10−7 𝛺.m [41] the angular Larmor 

frequency 𝜔𝐿 = 1.204 × 107 rad s⁄  and skin 

depth 𝛿𝐿 = √2 𝜇0𝜎𝜔𝐿⁄ ≈ 230 μm. Therefore, 

based on Eq. (4) in Ref. [40], we are in regime 𝑡 ≪

𝑧 ≪ 𝛿 corresponding to the thin film. Hence, the 

Johnson spin-flip rate is 𝛤𝐽𝑜ℎ𝑛𝑠𝑜𝑛 = 6.42 ×

10−2 s−1 and the Johnson-limited lifetime is 

𝜏𝐽𝑜ℎ𝑛𝑠𝑜𝑛 = 15.6 s. The Johnson-noise-induced 

spin-flip rate is approximately 0.064𝑠−1, giving a 

characteristic timescale is approximately 16 

seconds.  

Thus, Johnson noise is not expected to cause rapid 

atom loss from the trap at the considered atom–

surface distance. For corrugation from film 

inhomogeneity, a theoretical framework has been 

introduced in Ref. [42]. References [26, 27, 29, 

30] are relevant studies on corrugation arising 

from film inhomogeneity; however, they do not 

provide a framework for calculating this effect 

directly  .Whitlock et al [42] presented a theoretical 

method for estimating this effect and evaluating 

the influence of magnetization inhomogeneity on 

the trap depth. Based on this approach, the 

characteristic feature size of the domain structure, 

(d), is required.  

However, this parameter, as well as the rms 

magnetization inhomogeneity ( M ) parameter, 

has not been determined accurately for the FePt 

film considered here. Although, Ref. [30] 

investigates FePt magnetic films, it does not 

provide the specific information required for a 
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quantitative application of the model. Therefore, a 

reliable quantitative estimate of the corrugation 

arising from film inhomogeneity in the FePt film 

cannot be obtained. Gravitational sag is defined 

as𝛿𝑧 = 𝑔 𝜔2⁄  [43]. For parameters 𝑧min =

1.212 𝜇m and 𝜔𝑡𝑟𝑎𝑝 = 94.87 × 103Hz the 

gravitational sag is calculated to be 𝛿𝑧 = 1.1 nm 

which is negligibly small. Therefore, the effect of 

gravitational sag on the trap confinement can be 

neglected.

 

Table 3. the analytical and numerical calculations using the input parameters reported in Table 1 for 87Rb in the 𝐹 = +2 and =+2m  

state for two cases 𝐵1𝑧 = 0 and 𝐵1𝑧 ≠ 0 

Parameters Definition 
Analytical Analytical Numerical 

1 0=zB  
1 0zB  

Bmin (G)  Minimum of B 2.730  2.730  2.729  

ymin ( m)  y coordinate of Bmin 0.250  0.009  0.009  

zmin ( m)  z coordinate of Bmin 1.212  0.750  0.750  

∂2𝐵

∂𝑦2
(

𝐺

𝑐𝑚2
) Curvature of B along y-axis 76.999 10  

102.321 10  102.324 10  

∂2𝐵

∂𝑧2
(

𝐺

𝑐𝑚2
) Curvature of B along z-axis 76.999 10  102.321 10  102.324 10  

 yB (G)  B barrier height along y-axis 0.035  5.734  5.742  

 zB  (G)  B barrier height along z-axis 0.009  2.118  2.134  

 y

BU k  ( K)  Potential energy barrier height along y-axis 2.366  385.189  385.709  

 z

BU k  ( K)  Potential energy barrier height along z-axis 0.594  142.256  143.343  

2y  (kHz)  Trap frequency along y-axis 10.676  194.393  194.636  

2z  (kHz)  Trap frequency along z-axis 10.676  194.393  194.449  

 

 
Figure 8. Comparison of the analytical (solid line) and numerical (dashed line) results for the absolute value of the magnetic field 

using input parameters reported in Tables (1) and (2) for 87Rb in the 𝐹 = +2 and 𝑚=+2 state (a) the y direction (b) the z direction 
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Figure 9. (a) 3D plot of the non-zero magnetic field minimum (b) contour plot of the magnetic field for 𝑧 = 𝑧𝑚𝑖𝑛 (c) contour plot of 

B for 𝑦 = 𝑦𝑚𝑖𝑛 

 

 
Figure 10. Variation of the trap parameters as a function of the lattice size 𝑛𝑠 (a) 𝐵𝑚𝑖𝑛 (b) 𝐵1𝑧𝑐 (c) 𝑦𝑚𝑖𝑛 (d) 𝑧𝑚𝑖𝑛 

 

Table 4. Numerical values of different parameters for selected lattice sizes 

ns 
B1zc  

(G) 

ymin  

(µm) 

zmin 

 (µm) 

Bmin  

(G) 

2y   

(kHz)  

2z   

(kHz)  

 y

BU k  

( K)  

 z

BU k  

( K)  

31 -2.777 0.239 1.222 2.724 10.416 9.424 2.108 0.356 

51 -1.688 0.245 1.214 2.728 10.565 10.379 2.304 0.522 

201 -0.428 0.248 1.212 2.729 10.671 10.676 2.366 0.593 

401 -0.215 0.249 1.212 2.730 10.681 10.672 2.366 0.594 

1001 -0.086 0.249 1.212 2.730 10.672 10.675 2.367 0.595 
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4. Conclusion 

 

In this work, we have proposed a permanent 

magnetic waveguide array produced by high 

quality magneto-optical film FePt in the presence 

of three bias magnetic field components 𝐵1𝑥, 𝐵1𝑦 

and 𝐵1𝑧 for trapping 𝑅87 𝑏 atoms in the low 

magnetic field-seeking state|𝐹 = +2, 𝑚𝐹 = +2〉. 

We have presented our results using two analytical 

and numerical approaches and compared them. 

For the first time, we have derived the analytical 

dependence of various trap parameters, including 

the locations of the magnetic field minima, the 

curvatures of the magnetic field, trap frequencies, 

and the trap depths along the y and z directions on 

𝐵1𝑥 , 𝐵1𝑦, and 𝐵1𝑧. We have also, investigated the 

effect of the bias magnetic field component in the 

z direction on the magnetic microtrap properties. 

Moreover, we have demonstrated that the derived 

analytical expressions reduce to the equations 

reported in Ref. [19] for 𝐵1𝑧 = 0. Furthermore, we 

have compared the variations of the magnetic field 

minima locations (𝑦min, 𝑧min), the trap 

frequencies (𝜔𝑦, 𝜔𝑧) and the trap depths 

(Δ𝑈𝑦,Δ𝑈𝑧) as a function of 𝐵1𝑥 and 𝐵1𝑦 in the 

presence of 𝐵1𝑧 ≠ 0 rather than 𝐵1𝑧 = 0 in order 

to show the effect of 𝐵1𝑧. Therefore, the  analysis 

of the results indicates that 𝐵1𝑧 is an effective 

parameter for controlling the trap frequencies and 

the potential barrier height. This component 

provides more control over the trap depth and 

contributes to the generation of deeper permanent 

magnetic microtraps. In the numerical approach, 

the trap parameters have been calculated using the 

Radia software package, and the influence of 

𝐵1𝑧 ≠ 0 compared with 𝐵1𝑧 = 0 was investigated, 

demonstrating improved control over the trap 

parameters. Furthermore, we have presented 

analytical and numerical plots to compare the 

results and demonstrated good agreement. For 

further analysis, we have considered several lattice 

sizes and investigated the trends of different trap 

parameters. We have concluded that increasing the 

lattice size 𝑛𝑠 leads to a decrease in the 

compensating magnetic field component toward 

zero and causes the magnetic field minima to 

approach the analytical results obtained for an 

infinite lattice. Based on our analytical and 

numerical calculations, we have shown that 

increasing 𝐵1𝑧 enhances the trap frequencies and 

trap depths, thereby providing improved control 

over the magnetic microtraps. 
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    𝜔 ̄ = (   𝜔  y   𝜔  z  )  1 / 2


  n = 3 × 1  0 5


    U    m a x ⁡  y /   k  B T = 5 . 76


    U    m a x ⁡  z /   k  B T = 5 . 70


    B  1 z


    B  1 z = 0


    B  1 z ≠ 0


    B  1 z = 0


    B  1 z


    n  s = 71


  z =   z  m i n


  y =   y  m i n


    n  s = 11 ,     21 ,     31 ,     41 ,     51 ,     101 ,     201 ,     301 ,   401 ,   501 ,   1001


    B  1 z c


    B  m i n


      r → min =  (    y min ,    z min )


    n  s


    n  s


    B  m i n


    B min = 2 . 730  (G)


    n  s


    B  1 z c = − 0 . 086   ( G )


    n  s = 1001


    y  m i n


    z  m i n


    y  m i n


    y min = 0 . 250  ( 𝜇 m)


    z  m i n


    n  s


    z min = 1 . 212  ( 𝜇 m)


    n  s = 1001


    n  s = 71


    B  z  ( e d g e   e f f e c t )


    z min ≈ 1 . 2   𝜇 m


    B  1 z = 0


    z min = 1 . 212   𝜇 m


  𝛥   B  y = 0 . 035  G


  𝛥   B  z = 0 . 009  G


  𝛥   U  x , y =   m  F   𝜇  B   g  F 𝛥   B  x , y


    m  F = 2


    g  F = 1 / 2


    87 Rb


   | F = + 2 ,   m  F = + 2 〉


  𝛥   U  x =3.24 ×   10  − 29 J


  𝛥   U  y = 8.34 ×   10  − 30 J


    U  C P =   −   C 4    z 4


    87 Rb


    C 4 = 2 . 1 ×  10  − 55  J   .m 4


   |   U  C P | = 9 . 732 ×  10  − 32


     |   U  C P |  𝛥   U  x = 0 . 003


     |   U  C P |  𝛥   U  y = 0 . 011


    87 Rb


  t = 50  nm,    z min = 1 . 212   𝜇 m ,   T = 300  K,    B 0 = 2 . 739  G


  𝜌 = 40 ×  10  − 7   𝛺 .m


    𝜔  L = 1 . 204 ×  10 7   rad s


    𝛿  L =   2    𝜇 0 𝜎   𝜔  L ≈ 230  μm


  t ≪ z ≪ 𝛿


    𝛤  J o h n s o n = 6 . 42 ×  10  − 2    s  − 1


    𝜏  J o h n s o n = 15 . 6  s


  0 . 064   s  − 1


  𝛿 z =   g    𝜔 2


    z min = 1 . 212   𝜇 m


    z min = 1 . 212   𝜇 m


    𝜔  t r a p = 94 . 87 ×  10 3 Hz


  𝛿 z = 1 . 1  nm


  F = + 2  


    B  1 z = 0


    B  1 z ≠ 0


     ∂ 2 B  ∂   y 2 (   G  c   m 2 )


     ∂ 2 B  ∂   z 2 (   G  c   m 2 )


  F = + 2  


  m =+2


  z =   z  m i n


  y =   y  m i n


    n  s


    B  m i n


    B  1 z c


    y  m i n


    z  m i n


  FePt


    B  1 x ,     B  1 y


    B  1 z


    R   87 b


   | F = + 2 ,   m  F = + 2 〉


    B  1 x ,     B  1 y


    B  1 z


    B  1 z = 0


   (    y min ,    z min )


   (    𝜔  y ,    𝜔  z )


  ( Δ   U  y , Δ   U  z )


    B  1 x


    B  1 y


    B  1 z ≠ 0


    B  1 z = 0


    B  1 z


    B  1 z


    B  1 z ≠ 0


    B  1 z = 0


    n  s


    B  1 z

