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Abstract

We consider a fundamental quantum mechanical bound-state problem in the
form of the quartic-well potential V (x) = %kx2 + Ax*. The analytical transfer
matrix method is applied. This yields a quantization condition from which
we can calculate the phase contributions and ground-state energy eigenvalues
numerically. We also compare the results with those obtained from other
typical means popular among physics students, namely the numerical shooting
method, perturbation theory and the standard WKB method.

1. Introduction

Bound-state problems in fundamental quantum mechanics have long been of interest to
lecturers, advanced undergraduate and graduate students in physics and applied mathematics.
There exist several means to study them, e.g. WKB approximation, time-independent
perturbation theory [1], the numerical shooting method [2], the finite-element method
[3, 4], etc. Here we analyse a one-dimensional problem using the analytical transfer matrix
method (ATMM) devised by Cao et al [5]. This method was extensively used in planar optical
wave guides [6] and tunnelling [7]. The main principle is to subdivide the domain into many
tiny segments each of which possesses a constant potential. The concept of a transfer matrix
arises when we connect the wavefunctions at the boundary of two different potential levels.

2. Single-stepped potential

For a background, we consider the single-stepped potential with a particular energy eigenvalue
as shown in figure 1. It is well known that the wavefunctions are plane waves. The original
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Figure 1. The single-stepped potential.

idea stems from the fact that the wavefunctions and their first derivatives can generally be
written as a linear combination of the form

[%(xjﬂ)} _ |:ot ﬁ:| [lﬁj(xj)] N

Vi(xjen) y nllviGp]”

where «, B, v, n are constants to be determined. Consider plane-wave solutions as
Yi(xj))=A e 4 Be W o

where

2M
K(x)j:\/h_z(E_V(xj)); Xjp1 =X +d. (3)

One may solve (1) for «, B, v, n, and finally get

1
o = cos(kid), B = ——sin(k;d),
! ko (4)

Yy =k;sin(k;d), n = cos(k;d).

By substituting (4) into (1), we have
Vi (Xja1) cos(k;d) - sin(;d) | [y (x))
[wc(x, )} = s ’ [vﬂ-(xv)} ’ ©)
JASTAS! Kk sin(k;d) cos(k;d) i\
where
V2M(E —Vj) )
KJZT, j=12,....

On the other hand, in the case that the energy is lower than any of the piecewise potentials, we
would instead get

[wj(xm)}_ cosh(x ;d) —Kljsinh(xjd) [wj(x,)}
Vi(xje1)] | —k;sinh(c;d)  cosh(k;d) | [¥j(x) ]

It is obvious that the matrix in (5) or (6) transfers the values of the wavefunction and its
derivative from the position x; to x ;. We call it the transfer matrix.

(6)

3. The multi-stepped potential well

In order to solve the Schrodinger equation in each of the three regions in figure 2, the boundary
conditions due to the continuity of the wavefunction and its first derivative are applied at the
boundaries of the regions I, IT and III. In the case that the energy is less than both V; and V;
[8], the solution in region I, x < 0, is given as
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Figure 2. Asymmetric finite square-well potential without phase contribution.

2M(V, — E
Yi() = AeMt, o z\/%- 7

The solution in region III, x > a, also corresponds to a decaying wave. In region III, the
wavefunction is given by

2M(Vs— E
Y3(x) = Ce ™7, a3 = % 8

Inside the well, the wavefunction oscillates, i.e.

. 2ME
Yo (x) = Bsin(kx) + D cos(kx), k= h_2 )]
At x = 0, application of the continuity of the wavefunction and its first derivative yields
k
A=D=—B. (10)
o]

At x = a, by using the continuity of the wavefunction and its first derivative, we have

1 B sin(ka) + D cos(ka)

- = - . (11
o3 kB cos(ka) — kD sin(ka)
Solving (10) and (11), we finally obtain [9]
ka = mm — tan"'[er;] — tan” ! [a3], m=0,1,2,.... (12)

The second and third terms on the rhs of (12) are interpreted as the phase losses due to the
finite potential barriers V; and V3, respectively. The first term on the lhs of (12) is the phase
difference between x = 0 and x = a.

Consider now the stepped potential well shown in figure 3. We pay attention to the
case of E > V,. The wavefunction has the form of Agexp(Pyx) in the regime x < xo and
Az exp(—Ps3x) in the regime x > d; + d,. Between them, the wavefunction oscillates with
different wavelengths whenever the particle moves from a constant potential to another step.
As used previously, the wavefunction and its first derivative at the boundaries are required to
satisfy the matrix equation

|: Ay i| _ [ cos(k1dq) —% sin(/qdl):| |: cos(kad>) —% sin(/cgdz)]

AoPo K1 sin(kdy) cos(kidy) K sin(kadb) cos(kadh)

A
—P;(d\+d2) 3
X € |:—A3P3i| , (13)
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Figure 3. The stepped potential well with phase contribution.
which is equivalent to
w(O)} [I/f(dl +d2)}
=M M , 14
[wm ey + o) (1
where
cos(k;d; — L sin(k;d;
M; = ,(J 2 w Sin(k;d;) , j=1,2. (15)
Kk jsin(k ;d;) cos(k;d;)
Substituting plane-wave solutions into (14), we finally obtain the quantization rule as [5, 10]
’ —1 PO —1 P3
k1dy + kody + (s) = n'mw +tan — | +tan — 1, (16)
K1 Ky
where
2M(E — V; 2M(V; — E
= EMEZYD i, g2 2MYIZE g
h h
P
D(s) = b, —tan”! [Q tan(d>2):|, &, =n'7w +tan”! <—3> — Kads,
K1 K2
n=0,12,....

The second and third terms on the rhs of (16) are half-phase losses at the potential barriers
Vo and V3, respectively. The first term on the lhs of (16) is the phase difference between
x = 0 and x = d, and the second term on the lhs of (16) is the phase difference between
x = d, and x = d; +d,. We observe that by setting V; = V,, we obtain ®(s) = 0.
Accordingly, this phase contribution, ®(s), may be regarded as the result of the interference
of the scattered sub-waves between different potential levels V| and V;.

4. An arbitrary potential-well function

Since a continuous potential well may be viewed as a collection of many thin bar graphs each
of which possesses a constant potential, the above method can therefore be extended to study
an arbitrary one-dimensional potential well of the form shown in figure 4 .

In order to apply a multi-stepped potential effectively, we have set the potential in the
regimes x < xo and x > x; as constants, as shown in figure 4. xo and x, are chosen in
such a way that it does not substantially affect the decaying wavefunction numerically in both
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Figure 4. An arbitrary potential-well function V (x).
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Figure 5. A graph of an arbitrary single potential well is equivalent to an assembly of tiny bars.

regimes. Accordingly, they are selected so that xg < x, and x; > x4. By this, it will not
numerically affect the energy eigenvalues that we are about to compute. According to the
classically allowed or forbidden regions, the multi-stepped potentials corresponding to the ith,
Jjth and kth section layers are shown in figure 5.

The transfer matrices can be written as

cosh(a;d) —L sinh(e;d) .
M; = . o , i=1,2,...,1, (17)
—a; sinh(o; d) cosh(w;d)
d —Lin(k.d
| costeyd) - —gsinteid) | J=l+1,0+2,... l+m (18)
Kk sin(x;d) cos(k;d)
and
h(a,d — L sinh(oyd
M, = | cosh@d a Sinh(exd) | k=l+m+1,.. . l+m+n, (19)
—a;, sinh(od) cosh(a;d)
where
V2M[V (x;) — E] 2M[E — V(x;))] 2MV (xp) — E]
o = 7 , Kj = 7 s o) = 7 .

(20)
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Applying the boundary conditions at x = xo and x = x; yields

l l+m l+m+n
¥ (xo) ¥ (x)
= M; M; M 21
|ZW/(XO)j| |:11:! l:| j1=_[l+1 ' |:k=!:1[1+1 k:| [wl(xs)] ’ b

where the prime denotes differentiation with respect to x. As known, the wavefunction in the
region x < x is Age?™*~%) and the wavefunction in the region x > x, is A; e *=%) where

V2M[Vy— E 2M[V, — E
Py = — [ho ]» Py = [h ] (22)
Here, Ay, A, are the amplitude coefficients to be determined. From (21) the solution for

Jj =1 +m by using similar algebra manipulation as developed in the reference is given by [6]

Kj+1 ) —n. D
tan CI>]+] =n;mw+ [q>j+1 CD]], (23)

Kkjd+ |:d>j+1 +tan”! |:
Kj

substituting the definition ®; = tan™! (%) and j = [ +m into (23), we get
; J

P, K
Kiom = TTlj4m — tan~! <ﬁ> +tan”! (M tan <Dl+m+1>. 24)
Kl+m Ki+m
It follows that
-1 Pl+m+1
Kipmd = Ny +tan — | = Dy (25)
Ki+m

Summing all indices j, we have

I+m l+m—1 Py P,
Z Kjd + Z [CIDj+1 — tan~! (J—H tan (I)j+1>] = nom +tan”! < l+m+1> —d. (206)
Kj

j=l+1 j=l+1 Kitm
Substituting the definition &, = tan—! (f,“l‘ ) and P, + Pi,; = 0 [6] into (26), we get
l+m
P P
> Kjd+<I>(s)=no7r+tan1|: l:|+tan1 [M} no=0,1,..., Q7
= Ki+1 Kl+m
j=l+1
where
[+m—1 o
o@s)= Y |:CI>j+1 — tan~! [’—“ tan q>,»+lﬂ (28)
! Kj
j=I+1
and

P; P;

d; = tan~! (—j), P; =k tan |:tan1 (j—”) — /cjdi|.
K K
J J

As usual, the phase contribution, ®(s), looks almost the same as in the case of a multi-
stepped potential well in section 3, but this time it is more complicated due to many more
constant-potential layers. P, and Py, are the equivalent exponential decaying coefficients
corresponding to the regions x < x. and x > x,4, respectively, P; is the momentum that
transfers energy at a stack of thin films interval i = 1,2, ...,/ and Py is the momentum that
transfers energy at a stack of thin films interval k = l+m + 1,/ +m+2,...,l+m+n. We
now investigate the half-phase losses at the turning point, i.e. the two terms tan~! [Kﬂl’] and

tan~! [17(;"”’" ] in (27). It is obviously clear that as [, m and n — oo, d — 0, we have k.1 =0
at x;4 and ky4,,, = 0 at x;4,,. For bound states P;, Py,+1 are finite and positive, resulting in the
value 7 of the half-phase losses at each turning point. We thus obtain a quantization condition

as the width of the section layers d tends to zero, i.e.

fdfc(x)dx+<l>(s)=(n0+1)n, ng==0,1,2,.... 29)

-
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Figure 6. Graph of the potential V (x) = A/|x|.

5. An illustrative example

For an example, consider the case of the even linear potential in the form V(x) = A'|x| as
shown in figure 6.
5.1. Exact solution

We have, from the Schrodinger equation,

d? 2M
dﬁgx) + o (E = VXY () =0, (30)

‘We define the new variable z so that

X =oz. 31D

Equation (30) is hence transformed to

>y (2) 2Ma? 2Mo?
i |: ~ E — 2 )J|z|:|1//(z) =0. (32)
The constant « will be chosen to make 2’;’—2“3)»/ = 1, therefore
n: o\’
= . 33
* <2M,v> (33)
We also set 21‘:2‘"2 E = ¢. Together with (33) we get
h2)\/2 %
Eexact = 8( M > . (34)

Substituting (34) into (32) and considering the domain z > 0 only, due to the symmetry of the
potential, (32) reads

d*y(z)
dz?

Applying the bound-state B.C., ¥ (z — 00) = 0, the solution becomes the Airy function of
the first kind, i.e.

¥ (2) = c1 Aiz — ). (36)

—(z—e)Y(z)=0. (35)
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Table 1. Ground-state energies obtained from the ATMM and standard WKB, displayed together
with exact solutions.

ATMM WKB Exact % error % error
Ao RE2M)S B22M)s (22M)5 of ATMM  of WKB

0.5 0.63527344  0.70269592 0.64179935 1.02 9.49
1.0 1.02271875 1.11546024  1.01879297  0.39 9.49
1.5 1.35138671 146166640 133499645 1.23 9.49
2.0 1.62490234 1.77068275 1.61723303  0.47 9.49
2.5 192078027 2.05469532 1.87663269  2.35 9.49
3.0 217761718 232025079 211917477  2.76 9.49
3.5 242150390 2.57137918  2.34854005  3.11 9.49
4.0 2.65482418 281078367 256719742 3.4l 9.49
4.5 2.87923339 3.04038865 2.77690453  3.69 9.49
5.0 3.09582519 3.26162552 297896872 3.92 9.49

Applying the even-state B.C., ¥/'(z = 0) = 0, any even-state energy may be obtained from
the relation

d Ai
=0 =0. (37)
y

For the ground state, we take the smallest value of ¢ that satisfies (37). The numerical answer,
to the fifth digit, is

e =1.01879. (38)
Substituting (38) into (34) gives
h2)\’/2 %
Eexace = 1.018 79( M ) . (39)

5.2. WKB approach

In this case, the WKB quantization rule reads

2/7 V2M(E — Vx)dx = (N + %) 7h, (40)
0

whose solution reads

E _ (3 N + ! (Y 41
WKB =\ 2)7) \am )
The percentage error of the WKB method for this potential for ground state can be calculated

easily. It is independent of 1/, i.e.

()"

x 100 = 9.488 73.

%Errorygp = . — % 100 = ‘1 -

6. Numerical results of the quartic-well problem

We now pay attention to the particular problem of calculating the ground-state energy of the
potential well

V(x) = 1Mw?x? + ax?, 42)
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Figure 7. The flowchart representing energy-calculation procedures.

where X is a positive constant. After introducing new variable and parameter as 8 = %, &=
1

ax,a = (42)2, the Schrédinger equation is then transformed to
v (&)
% +le—& = BEYE) =0, 43)

Also, the potential in terms of the new variable and parameter is given by

V(&) = & + BE*. (44)
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Table 2. Comparison of the ground-state energy obtained from the ATMM, standard WKB,
first-order perturbation and numerical shooting methods.

First-order
B = 2 ATMM (hw/2)  WKB (hw/2)  perturbation [15] (hw/2)  NSM [15] (hw/2)

P

0.1 1.066 406 25 1.03515625 1.075000 00 1.064 518 96
0.2 112131250 1.066 562 50 1.150000 00 1.117404 50
0.3 1.169 062 50 1.095 15625 1.225000 00 1.16304919
0.4 1.21234375 1.12171875 1.300 000 00 1.20371079
0.5 1.251 56250 1.146 87550 1.375000 00 1.240659 19
0.6 1.287 81250 1.16934375 1.450000 00 1.274 69829
0.7 1.32171875 1.191 06875 1.525000 00 1.306377 09
0.8 1.353906 25 1.21203125 1.600 000 00 1.336090 65
0.9 1.383 59375 1.231 87550 1.675000 00 1.364 13529
1.0 1.41183595 1.251562 50 1.750000 00 1.390739 67

Due to this, the phase integral in the quantization condition (29) may be written in reduced
units as

Xd &a
| kwar= [ VemE—pE e 45)
Xe &
where &, = (%)%xc, & = (%)%xd. The ATMM gives a quantization rule similar to that
obtained from the WKB method (cf [11-13]), the only difference is that for ATMM the phase
contribution can be calculated [14] with a slight complication, whereas the WKB result may
be equivalent to the ATMM case by setting the phase contribution equal to 5. We obtain the
numerical values ground-state energy as displayed in table 2.

6.1. Logic of the ATMM calculation

(i) Input e.
(i1) Calculate x., x4, Ps.
(iii) Calculate Py, varying from segment to segment in the regime x; < x < x;, according to

sinh(ad) + P(:—:‘ cosh(ad)

Xk Pt ; :
cosh(od) + o sinh(oyd)

(iv) At xy, Py becomes P;.
v) Calculate P;, varying from segment to segment, in the regime x. < x < x4, according to
) Calculate P; ying f gment to segment, in the reg <x < ding t

P4
P; = k;jtan |:tan1 (J—H) — /cjdi|.
Kj

(vi) At the same time, calculate ®(s) via (28).
(vii) Calculate phase integral = fxxd Kk (x)dx.

(viii) According to (29), for the gr(;und state,
X ke (x) dx + D(s)

Xe

—1=n=0.

b1
This expression will hold only if the energy is a correct one. Due to this, we define

[X ke (x) dx + D(s) |

Xc

no =
b4
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The next task is to calculate ng so that it approaches zero as closely as desired. Normally,
we assign a small value as the standard to make sure n( gets close enough to zero. For
example, if |ng] < 1075, we stop the calculation and accept the final energy as the
numerical solution (see also the flowchart).

6.2. Logic of the WKB calculation

For the WKB calculation, we normally start with the WKB quantization rule

Xd
/ k(x)dx = (N +1/2)m.
X

However, this phase integral cannot be evaluated analytically (except in a few cases where
V(x) is simple enough) in general. A numerical technique is therefore needed in many cases
to calculate the energy. In practice, we borrow the technique of calculation from the ATMM,
provided that we must set ®(s) = 7. Therefore, the evaluation is much simpler than in the
ATMM case.

7. Conclusion

The NSM [15] is generally regarded as one of the most efficient methods that give very accurate
results because it integrates the Schrodinger equation directly, though in the numerical sense.
We therefore regard it as the standard to compare with. From table 2, we see that the ATMM
we have adopted from Cao et al [5] gives outstandingly better results for the ground state than
those obtained from first-order perturbation theory and the typical WKB method for every
value of A(B) under this quartic single-well potential. In our viewpoint, the complication
of the ATMM computation lies in the evaluation of phase contribution, especially when the
potential is not of very simple form so that we cannot obtain an analytical expression from the
quantization rule (29) but a numerical one instead, in which we employ the binary searching
method to work them out. In fact, the ATMM is claimed by Cao et al [5] to give the exact
formalism of the quantization rule without any approximation. One slight disagreement is
emphasized here that the truncation of the bound potential at xg, x; in fact indicates a kind of
approximation, although this estimation seems to be a precise one that does not considerably
affect the energy calculation especially when we choose x; far away enough from the rhs
turning point. Since the ATMM works pretty well, it might become another useful technique
for the ground-state energy calculation such as the variational method or some other efficient
means.
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