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The article studies the extraction of electromagnetic wave structures in a spin ladder
anti-ferromagnetic medium with a coupled generalized non-linear Schrodinger model.
The direct algebraic technique is used to extract the wave solutions. The solutions are
obtained in the form of dark, singular, kink, and dark-singular under different constraint
conditions. Moreover, the dynamic behavior of the structures have depicted in 3D graphs
and their corresponding counterplots. The results are helpful for the understanding of
wave propagation study and are also vital for numerical and experimental verifications in
the field of electromagnetic wave theory.

Keywords: electromagnetic waves, coupled Schrédinger model, anti-ferromagnetic medium, integrability, direct
algebraic technique

1. INTRODUCTION

The theory of solitons is an attractive and exciting area of research. It is interlinked with many
branches of mathematics and engineering [1-9]. Its aspects are charming and amazing because
soliton travels with a steady speed and maintains its shape while propagating. It arises by balancing
dispersive and non-linear terms. Solitons are discussed in different fields, and for references see
[10-18].

The magnetic moments of molecules and atoms, normally linked to the spins of electrons,
adjusted in an ordinary pattern with neighboring spins spell in reverse directions. This is like
ferrimagnetism and ferromagnetism, a manifestation of ordered magnetism. Theoretical and
mathematical theories argue that the spin ladder system is an excellent medium through which the
interaction between different spins can be mapped to an approximate Heisinberg-type coupling
with a coupling parameter that is inversely proportional to the distance between two separated
spins. The dynamics of electromagnetic solitons with the coupled model in an anti-ferromagnetic
spin ladder medium is of great interest among researchers due to its variety of applications.
The spin ladder systems are a great source with which to develop significant interest in both
experimental and theoretical points of view. Anti-ferromagnets test different ideas that involve a
strong correlated system [6-9]. Spin ladders have many applications in different fields of quark
physics, superconductors, and ultra-cold atoms, etc. The study of anti-ferromagnetic is still in its
early stages. In anti-ferromagnets, the staggered magnetization variable M contributes the first
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derivative in this manner, ie., (VM). This is because, in the
case of anti-ferromagnets, we have taken limits in specified
intervals for two different sublattices individually. The parent
cuprate insulators are the best example of anti-ferromagnets with
isotropic and predominantly nearest-neighbor coupling. They
satisfied the theory that gives an ordered ground state for (s =
%AF) by showing simple long range anti-ferromagnetic order at
low temperature [19-26].

In this article, a coupled generalized derivative non-
linear Schrédinger that describes the dynamical behavior of
electromagnetic waves in a spin ladder antiferromagnetic
medium system is considered and under investigation. The
Heisenberg model was studied in Chen et al. [15] and Xu et al.
[16] and considered with an anisotropic spin ladder and two
ferromagnetic lattices. This lattices consist of N spins and are
directed in the same direction? For more details see also Kavitha
etal. [26]. The system is read as

.04, 3%qj 83qj d
— 4+ — +iv a3 —(qn — qj
i T2 Ty (IqJI qj) — v i 33x(qn q;)
83% 8‘11
+ — a5 =0,
*ox dx
(1.1)
where gj for j = 1,2, and n = 3 — j, are the wave profiles,
and o for k = 1,2, -, 5, represent the real coefficients and are
" oo . .o’
defined by o = g—Mgzoc, o = Ug;‘ , a3 = ZL; oy = l]g—i and

as = 4. Where j, is ferromagnetic spin exchange interaction,

jp is agrjl/uferromagnetlc coupling, j. is the exchange coupling,
and A represents the single-ion uniaxial anisotropy. The last
equation is reduced to generalized coupled derivative non-linear
Schrodinger system by considering o, = 0, form = 2,---,5.1In

the following section, the considered model is analyzed.

2. THE MODIFIED DIRECT ALGEBRAIC
METHOD

The section studies, MDAM [27] to investigate the
wave structures of NLPDs. Thus, we consider NLPDs in
following form:

) =0,

where g is a profile of wave structure and H is called a polynomial
of g and its partial derivatives along with non-linear terms.

To extract wave structures, the method is followed by using
the steps as discussed under.

H (q’ qt> x> Gtxs Gxx> * °

Step 1: First, the NPDEs is converted into non-linear ODEs
using the following transformation.

q(x,t) = U(£), and & = B(x — wt),

where B and w are arbitrary parameters. It allows us to reduce the
above equation in an ODE of U and have the form

Q(U, U/) U//) U///, ) ) —0

Step 2: It is supposed that the solution of above equation satisfies
the following ansatze:

UE) =Ao+ ) (49 +Be ™),
j=0
¢ =y+¢
where y
¢ =g, ¢ = dé

is a parameter and its value is determined,

Step 3: The homogeneous balance technique is followed
where the highest order derivative is balanced with non-linear
terms, to find the value of m, and where m € Z.

Step 4: The use of the above equation and collecting the
terms of the same order of ¢/ together. Equate each term of ¢/ to
zero, which produce the system of algebraic equations.

Step 5: The solution of the system of algebraic equations
along with the following wave structures are general solutions.

1 Ify <o

—+/—y tanh(v/—y$§),

it depends on condition.
(i) Ify >0

¢ = /v tan(/y§),

it depends on condition.
(iii) Ify =0

or ¢ = —4/—y coth(y/—y§),

or ¢ = —/y cot(/vE),

</’=?~

In the following section, the exact wave structures of Equation
(1.1) can be obtained.

3. ANALYTICAL ANALYSIS

We consider the complex transformation g;(x, t) = Uj(§) x e,
where & = B(x—vt) and ¢ = —kx+wt+6. It reduces the partial
differential equation to an ordinary differential equation. After
some mathematical work, the following real part of Equation
(1.1) is obtained.

— Ui+ B*U; — U+ ka1 U} + 302K U, — By U]

+Ba3U, — Ba3U]7 —3BKaU, 4 By U, — a5BU]7 =0. (3.2)

The imaginary part equation gives the constraint condition

a3 + a5

[2%)

v =2k=42

for a(a3 + as) > 0. To find the solution of Equation (1.1), let
us consider the U(§) = ag + Z;’;l(a,zt + b;Z7") form of the
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solution (see also [18]), where Z' = y + Z2, aés, bés, and y are the
real parameters. The parameters are to be determined later. It is
also noted that Z = Z(&), and so does Z' = Z—?.

To investigate the electromagnetic waves of the system, we
find the solution of Equation (3.2) by finding the homogenous
balance m = 1 between the non-linear term and highest order
derivatives present in this equation. We have the following value
of U after substituting the homogenous balance:

U=ay+aZ+b27Y, (3.3)

where ag,a; and b; are real parameters. To calculate real
parameters, we put U and required derivatives in Equation (3.2).
After simplification and by equating the coefficients of same
power of Z, the system of equations is obtained. To get the
values of parameters and the solutions against these different
parameters, we solve this system by using Maple. Thus, different
cases along with solutions are discussed below.

For case 1: The values of parameters are

—230[2
aOZO’ a1:07 bl:r 7’
ai(as + as)

B— _(a)a% +a%(a3 +a5)2>
Zafoc%r

and the corresponding dark and singular wave structures can be
obtained for different values of y. The constraint condition, for
the existence of these solutions, is given by

Y2b(b*s +2y%) < 0.

For y < 0, one may have the following wave structures of
Equation (1.1)

2rBo; .
i =q1=— | ———— coth [ iy/7€ | x €
h=n ai(as + as) < «/—“?)

2rBi .
o ) tanh (z\/?&‘) x e'?.

and

=% = e )

The following two cases are obtained from the above solution and
considered as the diagonal components of the spin ladder.

2rB .
9.1 =|: - mtanh <1ﬁB(x — vt))}

cos(—(L—i—aS)x—l—wt—l—G),

(2%

2rB .
9j,1 = |: — mmnh (u/?B(x — vt))]

sin < — (M)x—l- wt+9>.
(0%}

and

For y > 0, one may have the following periodic solutions.

2rBay .
=gz =i | ————= cot(/7€) x €9,
B =B \ a1(es + as) :
27‘BO{2 .
=g =—i | ———— tan(/7€) x €.
U =B \ o1 (s +as)

For y = 0, one may have the following periodic solutions

3 %_ 230[2 i
i =gs = —irf | ————— x €,
U =1 ai(as + as)

woc% + a%(a3 + as5)?
— W) X —vt].
2a7a57

and

where,

&=

The graphical representations and contour plots of the solutions
for q; to g4 are shown in Figurel for different values of
parameterso; = 1,7 = 1.25,B =5,k =0.1,§ = 0.01,0 = 0.2,
and b = 0.5.

For case 2: The values of the parameters are

[ —2Bay 1
ay=0 ag= |——= b =0, B=——(a3 + as)aia’
’ ! ay(as + as) ! 20, ’ S5

and the corresponding combined dark-singular wave structures
are constructed.

For y < 0, the following type of exact solutions of Equation
(1.1) is written:

2rBa; .
i =ge = | ——= tanh(iv/7€) x €,
s = 46 \ a1(a3 + as) :

The following two cases are obtained from the above
solution and considered as the diagonal components of the
spin ladder.

qde6,1 = [
qde6,1 = [

2rBoty .
m tanh(lﬁB(X — Vt))]

cos<— <a3+a5>x+wt+9>
a2
2rB
2% anh(i/rB(x — vt)):|
ai(as + as)

sin ( — (M)x + wt + 0)
)

and we also have

2rBo;y .
=gy = |————= coth(i/7€) x €.
9, = 47 ,/m(a3+a5) (iv/rE)
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FIGURE 1 | The 3D plots and contour plots of the real part of solution g+ (x, ) to qa(x, t) for different parameters.
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For y > 0, one may have the following periodic solutions

2rBay .
=g =i|——— tan(/7€) x €'?,
B =B =N 4 (0 + as)
2rBa; .
i =qgo=—i | —— cot(/7E) x €.
B =P \ a3 + as) :

For y = 0, one may have the following periodic solutions
i 2Ba j
=TT 9
§\ ar(os +as)

1
£ = ——(a3 +as)ayai(x — vt).
200

and

dji0 = 410

where,

The pattern of the solutions for g¢ to g9 are shown in Figure 2
for the values of parameters o; = 0.007, o, = 0.98, a3 = 0.01,
r=0.76,B=0.98,k =0.98,&£ = 0.01,0 = 0.2,and b = 1.5.

For case 3: The values of parameters are

2 —2B
aozbl\/j) a :O) bl =7 7‘”)
r ai (o3 + as)

(s + as)arb]

B =
2r2a;

and the corresponding dark and singular wave structures can
be obtained.

For y < 0, the following forms of the exact solutions to
Equation (1.1) are obtained.

[2b2 | 2rBay ,
J— — -1 th(i up)
din q11 [ , ar (s + as) co (l\/;S)] xXe
nd
203
G = q12 = [y 71 -

The following two cases are obtained from the above solution and
considered as the diagonal components of the spin ladder.

512
qi2,1 = |: & - ﬂ tanh(i/7B(x — vt))i|
r \olos +as)

cos<— (M)x—l—wt—i-Q)
o

2
[22 | 2B
qi2,1 = |: el S e B tanh(i/7B(x — vt))]
r ai(as + as)

sin ( — (M)x-i- wt + 9).
[2%)

a

2rBay
o (s + as)

tanh(iy/7€)] x €.

For y > 0, one may have the following periodic solutions

| 263 2rBa .
;= = —_— ] t l¢)
9js = 913 |: - +1 a1 + o) co (\/;g)j| X e
and
be 2rBa; .
R — ; i)
=qu= |y it ,.
j1s = 914 |: - 1 a1 (cs + a5) an(«/;é)] X e

For y = 0, one may have the following periodic solutions

202 2Ba ;
R B L ¢
Bis = 015 [ ; T (o3 +a5)] e

where,
bZ
gz_(“3+“5)“1 Lix — i)
2r2a;
2Br? 5(ce3 + a5)or; b2 o3+ o
6= 2x+((3 5)11_(3 5%yt 4 0.
Ollbl rop o

The pattern of the solutions for q;; to qi4 are shown in Figure 3
for the values of parameters &; = 2,7 = 1.5, B = 3.9, k = 0.98,
£=0.01,0 =0.2,and b = 0.25.

For case 4: The values of parameters are

—2Bu b3 (s + os)e
aOZO: (11:0, blzr %)B:_M
ar(as + as) 20,12

and the corresponding dark and singular wave structures can
be obtained.

For y < 0, the following exact solutions to Equation (1.1)
are obtained.

2?‘BO£2
a1(as + as)

2rBo;y )
- —_— 77" tanh(i ¢
9ji; = Q17 e T o) anh(i/7€) x e

The following two cases are obtained from the above solution and
are considered the diagonal components of the spin ladder.

_ _ 2By i _
Q17,1 = [— \/Etanh(z\/?B(x vt))]

cos < - (M)x—i- wt+9)
(%)

coth(iy/7€) x s

Gjie = 416 = —

and

2rB
q17,1 = [ _ | tanh(iv/7B(x — vt))]
ar(as +as)
sin(— (a3 +a5)x+wt+9>
o

For y > 0, one may have the following periodic solutions
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FIGURE 3 | The 3D plots and contour plots of the real part of solution g11(x, t) to g14(x, ?) for different parameters.
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2rBay :
o=qug=1i|———— cot(/7E) x €2,
B = 018 ai(as + as)
2rB )
P e i B tan(/7€) x €.
aros + as)

For y = 0, one may have the following periodic solutions

i S 230[2 i
=0y = —irE | ———=—— x €%,
B =1 (o + as)

£ = _b%(as + as)a; (x— vt).

20512

and

dj1e = 419

where

The pattern of the solutions for g to g19 are shown in Figure 4
for the values of parameters «; = 0.002, r = 0.5, B = 0.9,
k=0.98,& =0.01,0 = 0.2,and b = 0.25.

For case 5: The values of parameters are

—2B
ay=0, by =r 70{2,
ai(as +as)

a)a2 + (o3 + a5)? — Za%Br

alr =
! 3bragaz(as + as)

B wa? + (o3 + a5)* — 3a1biay (s + as)

2
2ray

and the corresponding dark and singular wave structures
are obtained.

For y < 0, one can obtain the following exact solutions to
Equation (1.1).

a)Ol% + (o3 + a5)? — ZotzBr
din = 421 = [—
3bjaran(as + as)

B 2Bray . i¢
/7011(0[3 o) coth(iv/r£)] x €.

The following two cases are obtained from the above
solution and considered as the diagonal components of the
spin ladder.

i/r tanh(iy/7€)

2 2 _ 2 ZB
1,1 :[_a)az (@5 + t5) e ri\/;tanh(i\/;B(x —vt)
3baraz(as + as)
2rBi
ﬁ coth(in/rB(x — vt))] cos(—( &+ O15)
1(o3 5
+ wt 4 6)
2 2 2 ZB
q1,1 :[_axxz * (o3 + as) e ri\/;tanh(i\/;B(x —vt)
3bjogas(as + as)
2rB
- ﬁ coth(in/rB(x — vt))] sin(—( %+ O{5)
+ wt +0),

and

a)az + (o3 + a5)? — 20[28
3bara(as + as)

i/7 coth(iy/T€)

9j, = 422 = [—

2Broy

7051(0[3 ) tanh(i/7€)] x €.

For y > 0, one may have the following periodic solutions

2 2 2
way + (a3 + as5)” — 2a;Br
q]23 q23 [ 3b1(X1(X2 (CY3 ¥ (XS) \/; an(\/;%‘)
—2Bray
—————— cot(y/1§)] x
oo + as) :
wa? + (a3 + a5)? — 202Br

Qg = qua = [——= 2 /rcot(/7£)

3bjaran(as + as)

—2Bra; it
a \ an(es +as) tan(V7é)] x e

For y = 0, one may have the following periodic solutions

a)a% + (o3 + a5)? — Za%Br 1
qus = (25 = [_ (7)
3bjogas(as + as) &

—2B .
g 7(12] < el®
ay(as + as)

woz% + (a3 + a5)2 — 3a1biayaz (a3 + as)
&= 5 x—vt).
2ray

where

These are the new solitons and periodic wave structures.

4. CONCLUSIONS

The article gives single and combined electromagnetic
wave structures for the coupled non-linear Schrodinger
equations along with the coefficients of ferromagnetic spin
exchange interaction, antiferromagnetic coupling, exchange
coupling, and single-ion uniaxial anisotropy. The model
under investigation describes the dynamic behavior of
electromagnetic waves in a spin ladder antiferromagnetic
medium. First the complex transformation is used and then
modified extended direct algebraic method is utilized to
find dark, singular, and dark-singular wave structures. Some
other solutions (singular periodic) are also fall out during
the analytical analysis. The constraint conditions for the
existence of wave structures for different parameters are also
observed. Moreover, the 3D plots and corresponding contour
plots of the real part of solutions are drawn by choosing
suitable parameters.

It is also observed that the method used is effective,
powerful, reliable, and much more practical in obtaining the
exact wave structures for non-linear phenomena that arise
in fields like telecommunication engineering, mathematical
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FIGURE 4 | The 3D plots and contourplots of the real part of solution g1s(x, ) to g1a(x, t), for different parameters.
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biology, mathematical physics, an ocean engineering and
vice versa.
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