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Abstract. The exact solution of Schrodinger equation for the Eckart potential plus Hulthen potential is obtained.
The energy eigenvalues and the corresponding eigenfunctions are obtained via the Nikiforov-Uvarov method. We
expressed the wave function in terms of Jacobi polynomials.

1 INTRODUCTION

The exact and analytical solutions of the radial Schrédinger equation is very important in non-relativistic quantum
mechanics in recent time [1-5] since the wave function and its associated eigenvalues contain all the necessary
information to describe a quantum system fully. Various different methods have been adopted for the solution of
the Schrodinger equation with different potentials [6-10]. One of such methods includes the variational method [11],
the functional analysis method [12], the supersymetric approach [13], the shiffed !/ expansion [14], the asymptotic
iteraction method (AIM) [15] and the Nikiforov-Uvarov method (NU) [16]. The NU method is however more suitable
for obtaining analytical solutions to such a differential equation. In addition, the Schrodinger equation has been
solved exactly or quasi-exactly for ¢ # 0 with a given potential. Recently, the NU method has been used to solve the
Schrodinger equation for different potentials such as Woods-Saxon [17], Hulthen potential [18], Pseudo and perturbed
Coulomb potential [19], Makorov potential [20], Morse potential [21] and Eckart potential [22]. The purpose of this
article is to use the NU method to solve the Schrodinger equation for Eckart potential plus Hulthen potentials.

The paper is arranged as follows. In section two, we review the Nikiforov-Uvarov method. In section three,
solution of Schrodinger equation with Eckart potential plus Hulthen potential is presented. Finally, a brief conclusion
is given in section four.

2 THE NIKIFOROV-UVAROYV (NU) METHOD

The NU method is used to obtain the exact solution of the second-order differential equations such as the Schrodinger,
Klein-Gordon and Dirac equations. Therefore, a non-relativistic Schrodinger equation can be solved exactly using
this method. In the NU method, second-order differential equation is reduced to hypergeometric type equation. This
equation is written as follows

7 (s)

a2 (s)

W (s) +

¥ (s) =0, 2.1

Where o (s) and & (s) are at most second-degree polynomials, and 7 (s) is a first-degree polynomial. In obtaining the
exact solution to Eq.(2.1) we set the wave function as

P (s) = (s)x(s) (2.2)
Using Eq.(2.2) in Eq.(2.1), we have the transformation.

a(s)x" () +7(s) X" (s) + Ax () = 0, (2.3)
where the wave function ¢ (s) is defined as the logarithmic derivative [ 16 ] as

P (s) _7(s) o

Where 7 (s) is at most first degree polynomial and
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T(s)=7(s)+2m(s) with 7'(s)<0 (2.5)
Also, the hyper-geometric type function x (s) in Eq.(2.3) for a fixed n is given by the Rodriques relation [16] as:

B, d®

Xn (8) = b (s) ds™ (0" (s)p(s)], (2.6)

where B,, is the normalization constant and the weight function p (s) must satisfy the following condition [16,23]

d
75 @ (s)p(s)) =7(s)p(s) 2.7
Therefore, the function 7 (s) in Eq.(2.5) and the parameter X required for the NU method are defined as follows:
/ = / = 2
)= (LT 4 (O FOV 4, 29
A=k+7'(s) (2.9)

The k-value in the square root of Eq.(2.8) is possible to evaluate if the expression under the square root must be square
of polynomials. This is possible if its descriminant is zero. Thus, the new eigen value equation for the Schrodinger
equation becomes

A=Ap = —nt (s) — wa" (s),n=0,1,2.. (2.10)

Finally, comparing Eq.(2.9) with Eq.(2.10), we can obtain the energy eigenvalues.

3 EIGENVALUE AND EIGEN FUNCTION OF ECKART POTENTIAL PLUS HULTHEN
POTENTIAL

The Eckart potential plus Hulthen potential is given as:

Vo Vi

V (r) = cos ech*ar + coth ar + — 3.1
( ) (1 — 6720”) (1 _ 672047”)2
where Vpand V; are the depth of the potential while « is a parameter.
The hyperbolic functions are defined as
sinh ar = B cosh ar = M tanh ar = M (3.2)
ar = > , ar = > , = o Lo .
The radial Schrodinger equation is of the form
iy (r)  2m
s + T [E-V(M]y(r)=0 (3.3)
Using Eq. (3.2) in Eq. (3.1), Eq. (3.3) becomes
P (r)  2m 4e20r (1+e72m) Vo Vi
il _ — - =0 34
d’l"z T hZ E (1 _ 672ar)2 (1 — 6720‘7‘) (1 — 6720”) + (1 _ 67200“)2 ’(/J (’I“) ( )

In order to apply NU method to Eq. (3.4), we make a transformation to Eq. (3.4) by applying s = e~2°7, thus, we
have the hypergeometric equation of the form.
P Ao dp
ds*  s(1—s)ds = 2(1—5s)

2[(’7*5)52—1—(254—5—5)54-(575—7—5)] =0 (3.5)

where the following dimensionless quantities have been used.

2mE 8m 2m _ 2mVy 2mV;

°T _h2a2”8: a2’ T a2’ 0= h2a? 6= h2a? (3.6

Comparing Eq. (3.5) with Eq. (2.1), we have

o(s) =5(1 —5),7(s) =(1—5), G(s)=(y—e)s*+2e+6—-B)s+(E—0—v—¢) 3.7)
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In the NU method 7(s)in Eq. (2.8) is defined as

—-s 1
—- _ - _ _ _ 2 _ _
n(s) = 2 & 2\/(1 da — 4k) $2 + (4K — 4b)s — dc (3.8)
where
a=v—¢
b=2c+48— (3.9)
=6 G~y

The constant parameter k can be found by the condition that the expression under the square root has a double root,
that is, its discriminant is zero. So for each k value, we have;

VEFyFe—€—VAB—4E+1)s -2ty +e—¢
for k=—6—-p+26-2v+ /(43 -4+ 1)(-E+ 6+ +e)
ws)= -3+ (3.10)
2V ¥7Fe—E+VIF—4F1)s—2yB+ry+e—¢
for k=—6—-B+26-2y— /(48 46+ 1) (€ + 3+ +e)

In the NU method, 7/(s) < 0 must be satisfied in order to obtain a physical eigen function. To do this, we select.

k= —0-f+2—2y—/(4p —4E+ 1) (=6 + 5+ +e)

and
w(s) = —2 - (2\/5+7+s—5+\/45—4g+1)5—2\/m]
. With this selection, we can obtain 7(s) as
7(s) —1—25—[(2\/5+7+e—§+\/45 45—5—1)5—2\/5—1—7—1—5—} (3.11)
7(s) = -2 — (2¢5+fy+e—g+ VA8 — 4t + 1) (3.12)

Applying Egs. (3.7) and (3.11) in Eq. (2.10), we have;

A=A =n (24287 e+ VAB -4+ 1) +n(n—1) (3.13)

Similarly, from Eq. (2.9), we have;

A:—(S—ﬁ+2£—27—\/(45—4£+1)(—§+5+7+6)—%—%(2\/5+7+5—£+\/45—4£+1) (3.14)

Comparing Eq. (3.13) and Eq. (3.14), we have,

n(2—0—2\/5—0—’y+5—§—0—\/4ﬂ74£+1)+n(n71):

—5—6+2£—2'y—\/(46—4§+1)(—§+6+7+a)—%—%(2\/6+’y+5—§+\/4ﬁ—4§+1)) (3.15)

Solving Eq. (3.15) explicitly for ¢ and substituting Eq. (3.6), we obtain the energy eigenvalues as,
h*a? 1
2m

En:—(V()-f—Vl—‘rl)— )

[1+2n—|— Sm_ (4—V1)+1}

(3.16)

2 1 /8 1 8
lhzmz(m Vo—6)— > %2”12(4 W)+1—2—rn\/h2m2(4 Vi) + 1= (n+n?)

Equation (3.16) is the energy spectrum of the Eckart plus Hulthen potentials in compact form.The corresponding
wave function (s) can be found out from ¢(s) and x(s) given in Eq. (2.4) and Eq. (2.6), respectively. Using Eq.
(2.4), we have,

pls) = (1 —5)70 ) v (3.17)
Wherev =+d+~v+ec—ECand u =458 — 46+ 1.
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In order to determine the other wave function in the NU method, the hypergeometric function x,(s) in Eq. (2.6), we
must first determine the weight function p(s) from Eq. (2.7) as,

p(s) = s (1 —s)* (3.18)

Substituting Eq. (3.18) into the Rodriques relation given in Eq. (2.6), we obtain the wave function as,

Xn(8) = Bps™ (1 — s)*ﬂds—n [s"120(1 — s)" 4] (3.19)
Or we express Eq. (3.19) in terms of Jacobi Polynomials as
Xn(s) = B P 200 (1 — 5) (3.20)

where B,, is the normalization constant whose numerical value is #

Combining Egs. (3.17) and (3.19), we have the unnormalized wave function for Eckart potential plus Hulthen poten-

tial as
(1—p)

1 dar
bn(s) = (1—s) " S By [S" (1 s)" ] (3.21)
In terms of Jacobi polynomials Eq. (3.21) can be expressed as

Ui (5) = Cr PEH220) (1 — 5)5¥ (1 — g) V2 (3.22)

n

where C,, is the new normalization constant.
Equation (3.22) satisfies the normalization condition [ |wn(s)|2 ds = 1.

4 CONCLUSION

In summary, we have used the NU method to obtain the energy and wave function for Eckart potential plus Hulthen
potential. The wave function is expressed in terms of the generalized hypergeometric functions. The obtained exact
results are very useful in many fields of physics and quantum chemistry.
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