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Abstract: Here, we solve the Dirac equation for the quadratic exponential-type potential
plus Manning-Rosen potential including a Yukawa-like tensor potential with arbitrary spin-
orbit coupling quantum number k. In the framework of the spin and pseudo-spin (pspin)
symmetry, we obtain the energy eigenvalue equation and the corresponding eigenfunctions
in closed form by using the Nikiforov—Uvarov method. Also, special cases of the potential
have been considered and their energy eigenvalues as well as their corresponding

eigenfunctions were obtained for both relativistic and non-relativistic scope.
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Introduction

It has been scientifically established that the
exact analytical eigenstate solution plays a
significant role in quantum theory. It is generally
and well known that the Dirac equation which
describes the motion of a spin-1/2 particle has
been extensively used in the study of precisely
solvable problems in quantum mechanics. Over
the past decade, spin and pseudo-spin symmetric
solutions of the Dirac equation have been of
great interest [1-3]. Dirac equation is the well-
known equation that describes spin half particles
in relativistic quantum mechanics [4]. The Dirac
equation with vector V(r) and scalar S(r)
potentials  possesses  pseudo-spin  (pspin)
symmetry when the difference ([V(r) — S(r)] =
0) and the sum [V(r)+S()] =0 of the

potentials is constant, which means that

4/ V@) = S@E)] = 0or 4/ V@) +
S(r)] = 0 [4]. The specific investigation which
attracted many authors to dedicate more
attention to the solutions of the Dirac equation
having spin and pseudo-spin symmetry such as
Morse, Eckart, the modified Péschl-Teller, the
Manning—Rosen potentials and the symmetrical
well potential [5-12] is the fact that in a
relativistic domain, symmetries were utilized in
the concept of deformation and
superdeformation in nuclei, magnetic moment
interpretation, as well as identical bonds.

Furthermore, in the non-relativistic domain,
carrying out a helical unitary transformation to a
single particle Hamiltonian maps the normal
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state onto the pseudo state [13, 4]. In addition to
the spin symmetry, the Dirac Hamiltonian also
has a pseudo-U (3) symmetry with vector and
scalar harmonic oscillator potentials [14, 15].

Recently, we have studied the bound state
solutions of Klein-Gordon, Dirac and
Schrodinger equations using combined or mixed
interacting potentials, some of which include
Woods-Saxon  plus  Attractive  Inversely
Quadratic Potential (WSAIQP) [16], Manning-
Rosen plus a class of Yukawa potential
(MRCYP) [17], generalised Wood-Saxon plus
Mie-type Potential (GWSMP) [18] and the
Kratzer plus Reduced  Pseudo-harmonic
Oscillator Potential (KRPHOP) [19]. In this
present work, we aim to solve the Dirac equation
for Quadratic Exponential-type potential plus
Manning-Rosen (QEMR) potential in the
presence of spin and pseudo-spin symmetries
and by including a Yukawa-like tensor potential
[20-22].

The QEMR potential takes the following
form:

V(r):D[

aezf"r+be°‘r+c] [Ae_‘”+Be_2°‘r
(eo(r_l)z (1_e—D(T)2

| aa
Thus, Eq. (1a) can be further expressed as:

V(r):D[

a+be‘°‘r+ce_2°‘r] Ae~ %" +Be 2%

(1_e—D(T)2 (1_6—0(1')2 ](lb)

where o is the range of the potential, D, A and B
are potential depths and a, b and c are adjustable
parameters. This potential is known as an
analytical potential model and is used for the
vibrational energy of diatomic molecules.

The Yukawa potential, also known as the
screened Coulomb potential in atomic physics
and as the Debye-Huckel potential in plasma
physics, is of vital importance in many areas of
quantum mechanics. Initially, it was applied for
modeling strong nucleon-nucleon interactions as
a result of meson exchange in nuclear physics by
Yukawa [23, 24]. It is also used to represent a
screened Coulomb potential due to the cloud of
electronic charges around the nucleus in atomic
physics or to account for the shielding by outer
charges of the Coulomb field experienced by an
atomic electron in hydrogen plasma. The generic
form of this potential is given by:

u@®=-2v@) (o)
where g is the strength of the potential and
V(r) = e k", (1d)
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This paper is organized as follows: In section
2, we briefly introduce the Dirac equation with
scalar and vector potentials with arbitrary spin-
orbit coupling quantum number « including
tensor interaction under spin and pspin
symmetry limits. The Nikiforov—Uvarov (NU)
method is presented in section 3. The energy
eigenvalue  equations and corresponding
Eigenfunctions are obtained in section 4. In
section 5, we discussed some individual cases of
the potential. Finally, our conclusion is given in
section 6.

2. The Dirac Equation with Tensor
Coupling Potential

The Dirac equation for fermionic massive
spin-1/2 particles moving in the field of an
attractive scalar potential S(r), a repulsive
vector potential V (r) and a tensor potential U ()
(inunitsh=c=1)is:

[@-B+BM+ST)—ipa-FUM|YE) =

[E =V (@. 2)
where E is the relativistic binding energy of the
system, p = —iV is the three-dimensional
momentum operator and M is the mass of the
fermionic particle. @ and B are the 4x4 usual
Dirac matrices given by:

U R ()

where [ is the 2x2 unitary matrix and &
represents three vector spin matrices:

0= D= Der=G O

The eigenvalues of the spin-orbit coupling
operator are K = (j + %) >0 and k=
- (j + %) < 0 for unaligned spin j =1 —% and
aligned spin j =1 +%, respectively. The set
(H?, K, J?, ],) can be taken as the complete set
of conservative quantities with f being the total
angular momentum operator and K = (4. L+ 1)
is the spin—orbit, where L is the orbital angular
momentum of the spherical nucleons that
commutes with the Dirac Hamiltonian. Thus, the
spinor wave functions can be classified
according to their angular momentum j, the
spin—orbit quantum number k and the radial

quantum number n. Hence, they can be written
as follows:
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[ Su@
l/)n,;c @) = <gn,K(F)> =
Fnk Y'lm 9!
1(Fnl®) Y 0.00) 5
"\iGn () ij(H,(p)

where f;, ,(7) is the upper (large) component and
gnx(7) is the lower (small) component of the
Dirac spinors. inn(H,(p) and inn(e,(p) are spin
and pspin spherical harmonics, respectively and
m is the projection of the angular momentum on
the z — axis. Substituting Eq. (5) into Eq. (2)
and making use of the following relations:

(G-A)(G-B)=A-B+ig-(AxB),  (6a)
G- B)=6-#(r P+i%h) (6b)
together with the properties:

(& L)Y (0, 9) = (< — DY}, (6, 9),
(8-L)Y}(0,0) = —(c — DY, (0,90), (D)
@MYL 06,0) = -1}, (9 ®),

one obtains two coupled differential equations
whose solutions are the upper and lower radial
wave functions F, (1) and Gy, () as:

( +__ U(T)) nrc(r) = (M+Emc

A(T))Gn k() (8a)
(5 =24 U®) Gne(r) = (M = Epye +
Z(M)Ey (1), (8b)
where
A(r) =V(r) —S), (9a)
X(r)=V(r)+S). (9b)

After eliminating F, () and G, ,(r) in Eq.
(8), we obtain the following two Schrédinger-
like differential equations for the upper and
lower radial spinor components:

d*  k(k+1)
dr? r2

dU(r)

+ “u(r (r)—
dA(r) d «

2 — — — —
u (r)] FnK(r) + M+Ep,—A(r) ( +

U(T)) nk(r) [(M + En}c - A(T))(M - En}c +
Z(r)]Fp (1) (10)

du (r)

+ 2 U()+

dz(r)

[ d*> k(-1
dr? r2

d

UZ(T)] G (1) +m(———+

U(r)) G (r) = [(M + Epye = A@))(M = Ep +
()]G i (r), (11)

respectively, where k(x —1) = i(f + 1) and
k(k+1)=1(l+1).

The quantum number x is related to the
quantum numbers for spin symmetry [ and pspin
symmetry [ as:

—+1==(j+
j=1+ %,aligned spin (k < 0),

| +l =+ (] +%) (pl/z,d3/2,etc)
k j=1- %,unaligned spin (k > 0)
(12)

and the quasi-degenerate doublet structure can
be expressed regarding a pseudo-spin angular
momentum § = 1/2 and pseudo-orbital angular
momentum Z, which is defined as:

- o1
—l=- (] + E) (51/2,p3/2,etc)
j=1- %, aligned spin (x < 0),

| +(+1) =+ (j +3) (daz f/z tc)
k j=1+ %,unaligned spin (k > 0),

(13)
where x =11,%2,.... For example, (Isq,,

0d3/,) and (Ops,, Ofs/2) can be considered as
pspin doublets.

%) (51/2:293/2;9“)

K=

K=

2.1 Spin Symmetry Limit

In the spin symmetry limit, %(:) =
0 orA(r) = Cs; =constant, with X(r) taken as the

QEMR potentlal Eq. (1b) and the Yukawa-like
tensor potential; i.e.,

S(r)=V(@) =D [

a+be‘°‘r+ce_2°‘r]

(1_e—O(T')Z
Ae~*T4Be~2%T
) (14)
U(r) = —ge“"r (15)

Under this symmetry, Eq. (10) is recast in the
simple form:
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[d_z k(k+1) 2kH H

dr? r2 r2 r2

sl Fre -l (P[]
2o e ) + B2 ) (16a)
where k = landk = —l—1 for k<0 and k >
0, respectively. Also,y = (M + E,, — C;) and
32 =M — Epo)(M + Epyc — Cs). (16b)
2.2 Pseudo-Spin Symmetry Limit

Ginocchio [25] showed that there is a

connection between pseudo-spin symmetry and
near equality of the time component of the
vector potential and the scalar potential, V(r) =

—S(r). After that, [26, 27] derived that if
dz(r)
ar
symmetry is exact in the Dirac equation. Here,

we are taking A(r) as the QEMR potential Eq.
(1) and the tensor potential as the Yukawa-like
potential. Thus, Eq. (11) is recast in the simple
form:

=0 or X(r) = Cps =constant, then pspin

[d_z_ k(k=1) 2kH  H

dzT'Z r2 r2 rz_ocr e
2 e -7 (0 [ ™) -
%}) + 52] G (T) (172)
where k = —landx = [+ 1 for k<0 and k>

0, respectively. Also, ¥ = (En,C -M - Cps) and
B? = (M + Ep ) (M — Epye + Cps). (17b)

In order to obtain the analytic solution, we
use an approximation for the centrifugal term as
[20]:

aZ

% = oo (18)

Finally, for the solutions of Eq. (16) and Eq.
(17) with the above approximation, we will
employ the NU method, which is briefly
introduced in the next section.

3. The Nikiforov—Uvarov Method

The NU method is based on the solutions of a
generalized second-order linear differential
equation with special orthogonal functions. The
hyper-geometric NU method has shown its
power in calculating the exact energy levels of
all bound states for some solvable quantum
systems [21-22].

" T(S) 7 (s)
() + oo ) F g T =0 (19)

g
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where o(s) and o(s) are polynomials at most
second degree and T(s) represents first-degree
polynomials. The parametric generalization of
the (NU) method is given by the generalized
hyper-geometric-type equation:

1

" C1=C2S yyr _ 2
¥ (S) + s(1-c35) ¥ (S) + s2(1—c35)2 [ €15° +
€8 — €3] W (s)=0. (20)

Thus, Eq. (2) can be solved by comparing it
with Eq. (3) and the following polynomials are
obtained:

o(s) =s(1 —c35),
21)

The parameters obtainable from Eq. (4) serve

as essential tools for finding the energy

eigenvalue and eigen functions. They satisfy the
following sets of equations, respectively:

con- (2n+ Des + (2n + 1)(\/C_9 + Cg\/C_g) +

7(s) = (c1 — €29),
0(s) = —€18% + €5 — €3

nn—1)cz + c; + 2c3cg + 2,/cgcg = 0 (22)
(c; — c3)n+cgn?-2n+ Vs +

2n+ 1)(\/0_9 + C3\/C_8) + ¢y + 2c3c8 +
2\/cgcg = 0 (23)

while the wave function is given as:

Y (s)=
Nn’lSCn (1 —

c c
C3S)—C12—%:Pn(c1o—1'%;—c1o— 1)

(1—2c3s) (24)
where

1 1
cg =51 —c1), 5= S(c2 = 263), 6 = cs® +
€1, C7 = 2C4C5 - €3, Cg = C4° + €3,
Cg == C3C7+C32C8+C6, ClO == C1+2C4+
2,/cg, C11 = C3 — 2C5 + 2(\/c_9+ c3\/c—8)
iz = 4+ \[Cgy c13 =5 — (e + €3./c)
(25)

and P, represents the orthogonal polynomials.

4. Solutions to the Dirac Equation

We will now solve the Dirac equation with
the QEPE potential and tensor potential by using
the NU method.

4.1 The Symmetric Spin Case

To obtain the solution to Eq. (16), we employ
the use of the transformation s = e~*". Hence,
we rewrite it as follows:
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szn,K(s) (1=s) dFp(s) 1 _ _
ds? s(1-s) ds s2(1-s)2 [ K(K + 1)
2kHs — 2Hs + Hs? — H%s? —%(Da+ Dbs +

2
Dcs? + As + Bs?) — %(1 — 5)2] Fx(s) =0,

(26)
Eq. (26) is further simplified as:
A%Fpi(s) | (1-5) dFp(s) 1 _ (ﬁ_z n
ds? s(1-s) ds s2(1-5)2 a?
)4 )4 2p?
LDc-LB+H2—H)s?+ (2 +La-
14 B
L Db — 2cH - 2H ) s - <;+;Da+
k(K + 1))] F..(s) =0, (27)

Comparing Eq. (27) with Eq. (20), we obtain:

2
a=1le=0+Lpc-LB+H —H

R L.Db — 2kH — 2H
(28)

Cy = 1, €y, = ZB + A

2
cz3=1,€3 =%+%Da+x(;€+ 1)
and from Eq. (25), we further obtain:
¢, =0,c5 = —%,

2
c6=:+5+LDc—LB+H —H,c, =

(2ﬂ+ LAy VDb—z;cH—zﬂ),

N
08=%+%Da+x(x+1),cg=(n,c—z) +

%D(a+b+c)—%(A+B),where Ne =K+
H+1,

c _1+2\/ﬁ—2+lDa+K(K+1)
10 — a2 a? ’

€11 =
2+

2<\/(nk—%)2+%D(a+b+c)—%(A+B)+

\/B—z +LDa+ K(x + 1)) (29)
a? a2 !

= |+ Xpa+ 1
12 = [zt zPa+rlc+1),

C13 =

[

(o

\/5_24'%1)“ + k(k + 1))

Also, the energy ecigenvalue equation can be
obtained by using Eq. (23) as follows:

1
<Tl+5+

2
\/(nk—l) +ZD@+b+c)-LA+B)+
2

N

+%D(a+b+c)—%(A+B)+

\/—+ Da+rc(rc+1)> ——+ X Dec—
%B +H?2—-H . (30)
By substituting the explicit forms of

y and B? after Eq. (16) into Eq. (30), one can
readily obtain the closed form for the energy
formula as:

n+>+
2

1 D(a+b+c)
(Thc_g) +L(M+Emc

s)_
+

(A+B)

(M + ETLK CS)

1
= (M
22 (M + By —
1
;((M - En}c)(M + Emc (M +
Epc—Cs) —H. (31

On the other hand, to find the corresponding
wave functions, referring to Eq. (29) and Eq.
(24), we obtain the upper component of the
Dirac spinor from Eq. (24) as:

- ETlIC)(M + ETUC - Cs)) +

Cs) +x(x+1)
C))+

B
—— (M + Epy — s)+H2

B%. v
2+ Xpatr(k+1
Fn,}c(s) = BycS ztozDatk(k+1)

S)%+\/(77K—%)2+L20(a+b+0)—a—yz
/ 2 }ﬁ—z —Da+;c(;c+1)2 \

Pn\\/(nk—% +?D(a+b+c)—%(A+B)}(1 —25)

(1-

(A+B)

(32)

where B, . is the normalization constant. The
lower component of the Dirac spinor can be
calculated from Eq. (8a):
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1 d
G () = G E.—C (E + % - U(T)) Fo ()

(33)
where Ep, = —M + C;.
4.2 The Pseudo-Spin Symmetric Case

To avoid repetition in the solution of Eq.
(17), we follow the same procedure explained in
section 4.1 and hence obtain the following
energy eigenvalue equation:

1
<7’l+5+

N -
\/(AK—E) +%D(a+b+c)—%(A+B)+
2

— ~ 52 ~
\/B—2+%Da+l€(l€—1)> =ﬁ—+%Dc+

a? a?
%A +H2+H . (34)
By substituting the explicit forms of

7 and B?after Eq. (17b) into Eq. (34), one can
readily obtain the closed form for the energy
formula as:

1
TL+E+

Z | D(a+b+c)
(1) + 2520 )
+ = (B — M = Cps)

2

= (M + i) (M = Ene + Cps) ) +
2 (B — M = Cys) + 1 — 1)

1

(M + Ep)(M = Ene + Cps) ) +

D B

= (B =M = Cpg) = = (Enie = M = Cp) +
H?+H (35)
and the corresponding wave functions for the

upper Dirac spinor as:

—
§—2+aL2Da+K(K—1)

Gn,;c(r) = Bn,;cs 1-

1 AL -7
S)2+\/(AK 2) +5D(a+b+o)-L(a+B)

=
( 2 /§—2+;—2Da+lc(rc—1),
2]

, ZJ(AK;)2+;D(a+b+6)ZZ(A+B)>(1 —25)
(36)

where A, = k + H and En,,c is the normalization
constant. Finally, the upper-spinor component of
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the Dirac equation can be obtained via Eq. (8b)

as:
Fn,rc(r) = m (% - ; + U(T‘)) Gn,rc(r)
(37)

where Eyc # M + Cps.

5. Discussion

In this section, we are going to study some
individual cases of the energy eigenvalues given
by Eq. (31) and Eq. (35) for the spin and pseudo-
spin symmetries, respectively.

Case I: If one set C; = 0,Cs = 0,A =B =0in
Eq. (31) and Eq. (35), we obtain the energy
equation of quadratic exponential-type
potential for spin and pseudo-spin symmetric
Dirac theory, respectively as:

1 1\2 = D(a+b+c)
n+z+\/(7’],c—z) +T(M+Emc)+

2

é((M - ETlIC)(M + ETLIC)) +
22 (M + Ep) + 10 + 1)

= ((M = En)(M + En)) + 25 (M + Ey) +
(38)

1 1\2 . D(a+b+c)
n+z+\/(AK—E) +T(EHK_M)+

2

é((M + ETlIC)(M - ETLIC)) +
2 (B — M) + 1c(c — 1)

1 D

(M + En)(M = En)) + — (Enie = M) +

H?+H. (39)
Eq. (38) and Eq. (39) are parallel to Eq. (45)

of ref. [31]

Case 2: If one set C; = 0,C,5 = 0,D = 0 in Eq.
(31) and Eq. (35), we obtain the energy
equation of Manning-Rosen potential for spin
and pseudo-spin symmetric Dirac theory,
respectively as:
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1
<7’l+5+

1\2 4 B
\/(Thc—g) _;(M+Emc)_;(M+EnK)+

2
\/i((m — End)(M + Ep0)) + reic + 1)) =

= ((M = Ep)(M + Ep)) = = (M + En) +

H2—H (40)
and
<n +o+

2

1\2 4 B
\/(AK_E) _;(Enk_M)_ﬁ(Enx_M)-}_
2

\/é((M + En;c)(M - ETlIC)) + K(K - 1)) =
1 B

;(M + En;c)(M - Emc) - ;(Emc - M) +
H?+H. (41)
Case 3: 1f one set (5 =0,Cps =0,A=B =0,

b=1c =—-1 and D=-D, Eq. (1b)
reduces to the Hulthen potential:

e—D(T
1_e—D(T

From Eq. (31) and Eq. (35), if (5 = 0, Cps =
0, we obtain the energy equation of Hulthen
potential for spin and pseudo-spin symmetric

Dirac theory, respectively as:

V(r)=-D

(42)

<n+r)K+

2

\/é((M — Eni)(M + Ep)) + re(ic + 1)) =

= ((M = Ep)(M + Ep0)) + = (M + En) +

a

H? —H (43)
and
<n + A +

2
J%((M + En;c)(M - Emc)) + K(K - 1)) =
= ((M + End(M = En)) + = (Eyie — M) +
H?>+H. (44)

Eq. (43) and Eq. (44) are similar to the energy
eigenvalue Eq. (26) of ref. [32] which represents
the pseudo-spin and spin symmetry solutions

obtained for the Hulthen potential within a
Yukawa-type tensor interaction.

Case 4: If A=B=0,a = 1,b =-2(1+9),
c =(1+6)? and 6§ =e*"e—1, Eq. (1b)
reduces to the generalized Morse potential:

V(r):D[

1—2(1+5)e‘°‘r+e_2°‘r]
(1_e—0(7‘)2

(45)
From Eq. (31) and Eq. (35), if C; = 0, C5 =
0, we obtain the energy equation generalized

Morse potential for spin and pseudo-spin
symmetric Dirac theory, respectively as:

1 1\2  D§2
n+5+\/(n,c—5) + 25 (M + Epy0) +

2

é((M - ETlIC)(M + ETLIC)) +
2 (M + Epy) + (i + 1)

1 D(1+6)?
(M = Epd(M + Ep)) + =5~ (M +

Ep) +H2+H (46)

and

1 1\2 = D&2
Tl+5+\/(AK—E) +?(EnK_M)+

2

2 (M + Ep (M — Ep)) +

= (B — M) + 1t — 1)

1 D(1+46)3?
ﬁ((M + En;c)(M - En;c)) + P (ETUC -

M)+ H?-H . 47)
In the same manner, Eq. (46) and Eq. (47) are

comparable to Eq. (31) of ref. [33] on the bound-
state solutions for the Morse potential.

Case 5: Let us now discuss the relativistic limit
of the energy eigenvalues and wave functions
of our solutions. If we take C;=0,H =
0,k —» 1 and put S(r) =V(r) =2(r), the
non-relativistic limit of energy Eq. (31) and
wave function (32) under the following
appropriate transformations M + E,,,. — ;—Z,
and M — E,,. » —E,,; become:
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Eq =

” 200+ D+ 21D (2a+b)——h+(n2+n+2)+ ]2

(A+B)

a’h? (2n+1)J l+ +—2(a+b+c)——

2u 2
l (2n+1)+2J2”D (3)+

m(a+b+C)—z—hz(A+B)
2uDa

- 10+ 1)} 48)
I
)

and the associated wave functions F,,.(s) —
Ry, (s) are:

v-1
Rn,(s) = Nn,lsU/Z(l - g)( )/zP,EU,V)(1 B
2s), 49)

where oz T gme

U= 2\/2“'3’” +2222 4 10+ 1)  and

(1+ ) 2o (a+b+0o) 50)
2L (4+B)

Case 6: If one A = B = 0 in Eq. (48), we obtain
the energy equation of quadratic exponential-
type potential in the non-relativistic limit as:

En =

a’h? {
2u 2uD

-i
l[ (2n+1)+2J(l l +2—hz(a+b+c) ‘

2uD 1
[21(l+1)+ th(2a+b)+ n +n+2)+

2uD
+ zhz(a+b+c)

(2n+1)\/ l+

)

—l+1);. (51

)

Case 7. If D =0 in Eq. (48), we obtain the
energy equation of the Manning-Rosen
potential in the non-relativistic limit as:

2uDa
a?h?
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21(l+1) n +n+= )+

{| (2n+1)/ ~Sks(a+B) |
2” |[(2n+1)+2/ 22‘;2(A+B)‘

]
I+ 1) } . (52)
J

Case 8 If A=B=0,a =0,b = 1,c =-1
and D = —D, Eq. (1b) reduces to the Hulthen
potential:

«T

V(r)=-D

P (53)

From Eq. (48), we obtain the energy equation
of Hulthen potential for a spin and pseudo-spin
symmetric Dirac theory, respectively as:

En =

a’h? 21(l+1)——+(n +n+s +(2n+1), l+

2u

(2n+1)+2 (
I(+1)}. (54)

Case 9: If A=B=0,a = 1,b =-2(1+9),
c =(1+68)? and § =e*"e —1, Eq. (1b)
reduces to the generalized Morse potential:

V@) =D [ (55)

1—2(1+5)e‘°‘r+e_2°‘r]
(1_e—0(7‘)2

From Eq. (48), we obtain the energy equation
of generalized Morse potential as:

i

oz I+ 1) L : (56)

)

[21(l+1) 2’;??+(n2+n+§)+]
|

2 2
(2n+1) l+§) 421D8

aZh?

1\2  2uD&?
(2n+1)+2 (HE) += o2

l |




Solutions of the Dirac Equation for the Quadratic Exponential-Manning-Rosen Potential plus Yukawa Potential within
theYukawa-like Tensor Interaction using the Framework of Nikiforov-Uvarov Formalism

6. Conclusion

We solve the Dirac equation for the quadratic
exponential-type potential plus Manning-Rosen
potential including a Yukawa-like tensor
potential with arbitrary spin-orbit coupling
quantum number k using the Nikiforov-Uvarov
(NU) method. The energy spectrum of the
Manning-Rosen potential obtained in Eq. (52) is
parallel to the eigenstate solution obtained in Eq.
(45) of ref. [34] and both describe the potential

in the non-relativistic limit. Similarly, the energy
equation of Hulthen potential for a spin and
pseudo-spin symmetric Dirac theory obtained in
Eq. (54) is comparable to the Dirac solutions
evaluated in Eq. (48) of ref. [20]. The various
eigenstate energy solutions obtained are in
concordance order and hence can find a useful
application in atomic spectroscopy and
astrophysical sciences [35].
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