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Abstract

A one-dimensional non-Hermitian PT symmetric Hamiltonian, characterized by
position-dependent masses, defines a Schrédinger equation in terms of a field W(x,
t). Based on an exact classical field theory, the necessity of an extra field ®(x, )
(which satisfies a conjugate equation and in general different is from W*(x, 7)) is
shown. Simple applications are investigated by solving analytically both equations
and it is shown that the effective masses proposed lead to a probability density
characterized by a finite norm, typical of the physical situation that occurs with the
concentration of electrons in some semiconductor heterojunctions. An extension to

a three-dimensional space is also presented.

Keywords Non-homogeneous Schrodinger equation — Non-hermitian hamiltonian
— Solutions of wave equations — Localized states — Classical field theory — Non-
extensive thermostatistics

1 Introduction

Quantum mechanics represents one of the most successful theories in physics,
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leading to an appropriate description of an incredibly amount of physical
phenomena [/]. However, many of its fundamental concepts are often remote from
our daily experience, such as the single plane-wave solution, used for representing a
free particle. Since this solution presents a nonzero amplitude over all space, its
norm diverges, so that it is not appropriate for describing wave pulses of wave
trains. However, the linear aspect of the Schrodinger equation (SE) ensures that one
can add many solutions such as to still have a solution. In this way, a localized
solution may be constructed by defining a superposition of plane waves, i.e., a

Fourier series, leading to the so-called wave-packet concept.

Proposals for overcoming the above-mentioned difficulty, and also motivated by an
adequate understanding of several phenomena related to complex systems, have
appeared in the latest years, based on modifications of the SE. For this purpose,
attempts have occurred, and one of them consists in turning the SE into a nonlinear
equation. In this case, one should mention two schemes: (i) Introduction of an extra
cubic term in the wave function that becomes responsible for the modulation of
some particular type of solution [2, 3]; (ii) modification of exponents of existing
linear terms. This second scheme was applied in Refs. [4-7], and it is currently
employed within non-extensive statistical mechanics [8]. As immediate
consequences, analytical treatments may become hard, in such a way that simple
properties in the linear case, like conservation of probability by means of a
continuity equation, may become rather nontrivial subjects (see, e.g., Refs. [5, 7]).
Hence, very frequently, one has to make use of numerical procedures, so that the
latest advances in computer technology have stimulated the study of generalized
equations, leading to considerable progresses. Particularly, many areas of physics
have benefited from such studies, like nonlinear optics, superconductivity, plasma

physics, and non-equilibrium statistical mechanics.

Although nonlinear equations may be suitable for describing many natural
phenomena, other physical systems, e.g., those associated with non-homogeneous
media, may require equations characterized by position-dependent coefficients; in
several cases, one may still keep the linear character of such equations. This
happens to be the case in the proposals of Refs. [9-17], which considered linear
SEs, but with position-dependent masses. One main motivation concerns a proper

description of some semiconductor heterostructures [/8, 19].

Very frequently, within the context of nonlinear and/or nonhomogeneous SEs, one
has to deal with non-Hermitian Hamiltonians [20]. Nowadays, it is known that
hermiticity is not a necessary condition for a consistent quantum theory, since it has
been demonstrated in the literature that non-Hermitian Hamiltonians may also
present real energy eigenvalues, leading to a well-defined quantum theory [/4, 17,
20-27]. Particularly, among the non-Hermitian Hamiltonians, a great interest has
been dedicated to those characterized by a PT symmetry, i.e., symmetric under both
P (parity, or space-reflection operator, which reverses position and momentum, x —

—-x,p — —p) and T (time reversal operator, which reverses time and momentum, ¢t —
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—t, p — —p, also requiring the reverse of the sign of the complex number, i — —i).
Hence, the resulting PT operation changes x — —x, t — —t, and i — —i. Recently, an

alternative formulation of quantum mechanics has appeared, in which the
N

requirement of Hermiticity of the Hamiltonian H was replaced by the condition of
A

space-time reflection; consequently, if /' presents an unbroken PT symmetry, then

its associated energy spectrum should be real [20, 22-27].

Another fundamental issue when dealing with non-Hermitian Hamiltonians
concerns the positivity and finiteness of the norm of states. Eventually, one may end
up with states leading to a negative norm, which prevents its use in the probabilistic
interpretation of quantum mechanics. In some of these cases, an operator has been
introduced (called C operator), in terms of which a time-independent inner product
is constructed, yielding a positive-definite norm. Essentially, the operator C

contributes with a factor —1 whenever it acts on states with negative norm [20].

In the present work, we introduce a one-dimensional non-Hermitian PT symmetric
N

Hamiltonian H , characterized by position-dependent masses, whichdefines a
Schrodinger equation associated with the field W(x, 7). By applying an exact
classical field theory, we show that one needs to introduce an extra field ®(x, ¢) for

consistency; this field satisfies a conjugate equation, written in terms of the
AT
Hamiltonian conjugate /1 . In the next section, we define the Hamiltonian and its

associated Schrédinger equation, characterized by a particular form for the position-
dependent masses. It is argued that the dependence introduced herein might be
relevant for physical systems presenting interfaces along which the chemical
composition varies, like in semiconductor heterostructures, where such changes do
not occur abruptly, but instead, they are graded over some specified distance, and
consequently, the effective mass becomes a continuous function of the position. In
the present proposal, the particular form of mass dependence leads to a maximum
probability density at the origin, decreasing continuously away from the origin,
representing typically the physical situation that occurs with the concentration of
electrons in pnp junctions. Hence, a classical field theory is constructed, by
introducing a Lagrangian density, in such a way to obtain the Schrédinger equation,
as well as its conjugate equation, associated with the extra field. Moreover, defining
an appropriate probability density in terms of the two fields, the continuity equation
is demonstrated. In Section 3, we consider two simple applications, namely, the free
particle in open space and the particle confined in an infinite square well (-L <x <
L), solving analytically the equations for the fields W(x, 7) and d(x, r). We show that
the energy spectrum is quantized in both applications, and more interestingly, that
the free-particle solution presents a finite norm in full open space. In Section 4, a
three-dimensional proposal is also presented, in terms of the two fields lp()_{ ,1) and
®(X, 1) ; it is shown that all results obtained in the one-dimensional analysis may

be extended to three dimensions. Finally, in Section 5, we present our conclusions.
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2 The Hamiltonian and Its Conjugate
Let us consider the following SE,

oW (x, 1) h% A2
——2 = __—D, VY ¥
> S D, W0 + V@)W1

A 0
D, = (1 +yx*) —

A
where V(x) denotes a potential and D}, is a deformed derivative in space [28]. This

ih
(1)

equation may be written also in terms of a one-dimensional, non-Hermitian PT

N
symmetric Hamiltonian H ,
o¥(x,t A
p 20D fre ), @
ot
where
4o 0> nt[d (1 0 v
- 2m, ox? 4 |dx \ m, ox *
(3)
m
Mme=————
(1 + yxz)

The above Hamiltonian is characterized by position-dependent masses, m .= m . (x),
interpreted as the particle’s position-dependent effective mass, found in real
systems, like in semiconductors of nonuniform chemical composition [9], and
semiconductor heterostructures [/8, /9]. In the definition above for m . , v
represents a real non-negative parameter (with dimensions [L]~?) that may vary
according to the physical system considered; moreover, m . follows parity

symmetry, x — —x, which should also be obeyed by the potential, i.e., V(-x) = V(x).

A heterostructure is defined as a semiconductor structure in which the chemical
composition changes with position; hence, an electron moving in such a structure
presents an effective mass that varies with its position. The simplest heterostructure
consists of a single heterojunction, represented by an interface across which the
chemical composition changes. Usually, a heterojunction is made between two
materials for which there exists a continuum of solid solutions, so that the chemical
variation does not occur abruptly, but instead, it drops continuously with the
position, and consequently, leading to a similar behavior for the effective mass.
Such heterojunctions present desirable properties for some applications. The
proposal for an effective mass m .= m/(1 + y x)?, considered in Refs. [14-17], is
expected to be relevant for a some types of np junctions, where a gradual decrease
in the concentration of electrons is verified for x > 0. In the present framework, the
effective-mass form of (3) is symmetric around its maximum value at x = 0 and
decreases for increasing values of Ixl, so that m , ~ IxI™*, when \/ yx > 1 .Hence,

this proposal should be applicable for pnp junctions, where the parameter  would
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depend on the particular types of materials used in the associated junctions.

Recently, it was shown that for some class of Schrodinger equations, defined in
terms of non-Hermitian Hamiltonians [like the one of (3)], one needs to deal with
an extra equation assigned to the Hermitian conjugate of the corresponding
Hamiltonian [5, 7, 17]. Herein, we follow closely the procedure carried in Ref. [17],
where a classical-field theory was developed by introducing a Lagrangian density,
L , depending on two dimensionless fields W(x, ) and ®(x, £), on their time

derivatives, as well as spatial derivatives,
L = £(V0,7 090, 000,00,
W, 0.9, 07 W, 0, ¥, @, 0, D%, 0,07 ) ,

“4)

with 9 .= 9/9 x, 0)26 = 0%/0x> ,and d ;= 9/ t. One should call the attention to the
fact that the Lagrangian density defined above presents a dependence up to first
spatial derivative in the field ®(x, r) and up to the second one in the field W(x, 1);
this represents an important requirement for obtaining the correct Euler-Lagrange
equations for these two fields [29, 30]. Therefore, in the first case, one has a
standard Euler-Lagrange equation

oL oL oLC
CadP Y I PN . )
oD ax[a(axcb)] a’[a(atcb)] 0

whereas in the later, one should take into account the contribution from its second-

derivative term

or or or | oc ‘
= | ——|-0|—|+*|—=—]=0. (©)
oY [a(ax‘P) ] t [0(6»1’) ] A0 P)

Herein, we propose the following Lagrangian density

ih h? [d ( 1 >]
L=— ®0x),Px 1)+ — |— [ — )| DOk, )0, P, 1)
2 8 |dx \ m,

2
+

D(x, 1) 0)26‘1’()6, t) — % V()P (x, H)D(x, 1)

e

ih n* [ d
_ % " (e, 0, ¥ (5. 1) + — la <—>]CI>*(x, 10, %* (x, 1)

(7)
1
me
2

4dm,

which will be shown to be appropriate in what follows. Substituting the above

+

D*(x, 1) 2P*(x, 1) — % V)P (x, NP *(x, 1),

Lagrangian density in (5), one obtains the SE of (2); furthermore, the Euler-
Lagrange equation of (6) leads to the equation for the field ®(x, 1),

oD (x, t i
% — [:\] D(x, 1), (3)

AT
where H  is the Hermitian conjugate of the Hamiltonian operator defined in (2).

One has that

—ih
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AT h* 0~ 3n”
H = - —
2me Ox?2 4

da (1\|lo
dx \ m, ox

4 dx? Ne o

©)

One should notice that only for a constant mass, m .= m (i.e., Y = 0), is that one has

At A
a Hermitian Hamiltonian, H = H , and (2) and (8) are related by a conjugate

operation, with ®(x, 1) = W*(x, 7). For y > 0, these two equations are not simply
related, so that both Hamiltonians and fields should be considered in a complete

analysis. Indeed, y represents a deformation parameter, associated with the non-

AT A
Hermiticity of the Hamiltonian operator, in the sense that H # H ,if y >0,

whereas Hermiticity is recovered for y = 0. One should notice the close analogy
A
with nonextensive statistical mechanics [8]; in fact, the Hamiltonian H of (2) and

(3) was originally based on a deformed-derivative operator, which was shown to be

very useful for performing calculations in such a theory [2§].

Considering these two fields, one can define a probability density

1
plt) == [P, DD, 1) + P* (x, NP *(x, 1)] - (10)
The consistency of the procedure above is reinforced by the continuity equation
ap(x, 1) + 9j(x, 1) ~0 (1)
ot ox ’

where the current density is given by

) _ E i D(x, 1) B d(x, 1) 0¥P(x, 1)
D == 4i {0x [ m, ]‘P(x, 2 m, ox
1| d 1
- = [— <—>]CD(x, H¥(x, 1)
2 |dx \ m, (12)
B i [d) (x, t)]\P*(x, 0+ O (x,1) ¥V (x, 1)
ox Me M, ox

1|d 1 « «
+5 [E (m—e>]q) (x, ¥ (x,t)} .

It should be mentioned that (11) holds for general m . (x) and V(x), ensuring the
conservation of probability for all times. In order to achieve continuity, the
introduction of the extra field ®(x, ) and its associated equation [(8)] becomes
essential; this result is not possible by considering only the SE of (2) and its

complex conjugate.

Based on the above results, we define the inner product involving these two fields

~ A~
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Y(x,1), D(x, 1) = / de [‘I’(x, NO(x, 1) + V¥ (x, H O (x, t)] (13)

= / dxp(x) ,

(P(x, 1), P(x, )" = (P(x, 1), D(x, 1)) . (14)

N | —

so that, by definition

Now, (2) and (8) indicate that W(x, 1) and ®(x, ) should be the right and left

A At
wavefunctions of H , respectively, whereas the order should be inverted for H . 1In

this way, one can write the expectation values,

A 1 0 A 1 b A *
(Hy = ) / dx O(x, ) HY(x, 1) + B / dx ©(x, ) HY (x, t)]
L re A L% A ")
= 5 dx ®(x, ) HY(x, 1) + > dx D" (x,1) [H Y(x, t)]
in ® o0¥(x, 1) . oP*(x, 1)
= — ) — = _—
2 dx[ (x, 1) 5 (x, 1) 5 ] ,
as well as,
AT 1 o0 At 1 00 At *
(H) = = / dx¥(x,H)H d(x,t) + — / dx¥W(x,t)H ®(x,1)
2 Jo 2 | Joo (16)
_ i ® . oDP* (x, 1) 0D (x, 1)
= 2/ dx l‘P (x, 1) B Y(x,1) o ] .

Therefore, in general, one has that (I/‘} Y # ([/'\I ' ) , whereas these expectation
values become equal only in the limit y = 0. In what follows, we will show that,
considering a particular stationary-state solution, the standard procedure for finding
the adjoint of a differential operator by means of integrations by parts, and using

appropriate boundary conditions [/], does also apply for the present case.

For a general potential V(x), (2) and (8) present the following type of solutions

£t

Y(x,t) = exp(— hw >1//(x) , (17)

1Ept
Dx, 1) = exp<7¢>¢(x) , (18)
leading to the set of time-independent equations

n’ 2 d 21//
E = —— (14?2

" o 1410) (19)
h? d
- =7 x(1+x?) Y v,
dx
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h* w2 d¢g  3nty oy A
E = —— 1 - 1 —
9 2m ( T ) dx? m x( T ) dx (20

hzy )
- — (143 )p+ V) .
m

The solution proposed in (17) and (18) is very general, with E = (E ,)*. However,
the PT symmetry should lead to a real energy spectrum, i.e., E = E ,= E, yielding
in (10) a time-independent probability density at the stationary state. Hence, one has

the pair of time-independent equations

A AT
Ey(x) = Hy(x) ; Ep(x) = H $(x), 1)

A AT
where the operators H and H  are defined in (19) and (20), respectively. Now, at

the stationary state, a somewhat lengthy (but straightfoward) calculation by
considering a sequence of two integrations by parts and assuming the conditions

that ¥ (x), @(x), (d y(x)/d x), and (d ¢(x)/d x) should go to zero faster than x =2, in
AT A
the limit Ix] — o, than one can find H  of (20) from the operator H of (19) in the

usual way [/],

/ dx pOHY(x) = / eyl §) . 22)

The equation above confirms that ¢(x) corresponds to the left eigenstate of the
A AT
operator H , or to the right eigenstate of H ; moreover, considering the present
A AT
solutions, (15) and (16) yield (H) = (H ) = E .

In the next section, we will work with (19) and (20) for some standard choices of
the potential V(x).

3 Simple Applications

3.1 Particle in a Constant Potential

As a first example, let us consider a constant potential, V(x) = V¢ =0 (- < x < ).

Hence, one has a pair of solutions

y(x) = Cq exp i arctan(,/7x) (23)
\/7 b
C —ik )
X) = ex arctan(,/yx) | ,
$(x) T3 ya2 p 7 (y/7%)

where k = [2m(E — Vp)] Y2 /1 The case V¢ =0, to be called herein as the
“free-particle solution”, comes naturally from the above equations, as expected, and

will be discussed below. One remarkable aspect of these solutions corresponds to
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the finiteness of the integral of the probability density defined in (10) for y >0

o0 o0 C1CQ+Ci’<C;<
/ dxp(x) = / dx
o0 o0 2(1+)/X2) (25)
T
— C1C2+C*C>k "
2\/}7 ( 1 2)

from which one considers C1Cy + C{C5 = 2,/y/z for normalization. From

now on, we will restrict ourselves to real coefficients, so that Co = /7/(zC1) ,

leading to a Lorentzian probability density

) = Lz . (26)
(1l +yx<)

Therefore, within the present proposal, one does not need to confine the particle in a
box for normalizability; as expected, the usual nonintegrability of the free-particle
solution with a constant mass, m . (x) = m, is recovered in full space (—% < x < %) in
the limit y — 0. For v > 0, the solutions of (23) and (24) represent a localized

particle around the origin, since (x) = [ _OZO dxxp(x) =0 .

The next important point concerns the quantization of the energy spectrum; we will
show below that this property comes directly from the orthogonality of these
solutions. For that, we consider (23) and (24) with wave vectors k and k’, to be

denoted by 9 « (x) and @7 (x) respectively, such as to define the integral,

Ly = / dx wi (X) . (x)
N /°° dx itk — k")
_ V7 T exp| B
o0 VY

T 1+ yx?

27)

arctan(,/yx)

Introducing the variable y = (1/,/7)arctan(,/7x) , the integral above becomes
JT [ '

Liy = — / dy exp [l(k - k')y]
T Jniyr

VY2 | k=kDx

sin —
T k—k' 2.7

(28)

Since the imaginary part of the integral defined in (27) does not contribute, the inner

product defined in (13) is precisely this integral

1 [S)
W@ e @) = 3 / dx [ (@) + v b} )

VT [® dx (k= k") | @
= — ———— Cos | ———— arctan(,/7x)
T Jo 1 4yx? VY

= Ik,k’ .

An important property of the eigenfunctions of an Hermitian operator is their

orthogonality [/]. This property can be shown by considering the integral
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00 A oo (30)
/ dxpr ()Hy (x) = Ey / dxepr ()i (x) 5
which becomes, after an integration by parts,

-y - 31

dxH ¢ Oy (x) = Epr dxp i () (x) .
Since these two integrals are equal, one has that
® 2

(Ex — Ek’)/ dxyy (O (x) = (Ex —Ep )L =0, (32)

with a similar result applying to the corresponding complex-conjugate eigenstates.
Since the eigenstates ¢ (x) and 9  (x) are normalized, one has the orthogonality

condition, Ly x» = Oy , and consequently

Wi (), Py (X)) = Opx - (33)

By considering this, one is left with a discretization for the wave vectors

k—k"=2y7 (G =0,£1,£2,-), G

where one notices the case j =0, i.e., k = k’, corresponding to the normalization

condition considered in (25).

Hence, in order to satisfy (34), one notices that the free particle should present a
discrete energy spectrum, £, = h’k ,3 /(2m) , where the set of wave vectors {k , }

may be taken from either one of the following series

Even series:  k, = 2n.7, (35)
Odd series: k, = (2n+1),/7, (36)
with n =0, =1,+2, --- . From both series above, one sees that the quantum of

momentum is 6p = h(kyt1 — kn) = 2h,/7 ,leading to a physical interpretation
for the deformation parameter y. One should stress that 6 p — 0, when y — 0, i.e.,
the continuous spectrum of the free-particle within the standard SE is recovered.

The energy spectra corresponding to these two types of solutions are

n’ky _ 2h*n*yim, even series , (37)
2m h2Q2n+ 1)%y2m,  odd series ,

n:

where one sees that in the later series the zero of energy is shifted by a constant,
Ey = flzy/Zm . The quantum of energy depends on n, &(n) = E ,+ — E ,,, being
given by
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e 2
em = - (kaer — ki)
2h2(2n + l)y/m, even\ series,

4h*(n + Dy/m,  odd \ series .

(38)

One notices that &(n) presents significant differences from one series to the other for
low values of n, e.g., the gap £(0) = E | — E ¢ is given by £(0) = 27’12}//m (even
series) and £(0) = 4h2y/m (odd series); however, in the limit n — % such

differences disappear.

As usual, the pair of solutions in (23) and (24) may be written also in the form

w () = ajcos|ax(x)] + az sinfar ()] , (39)
1 .

b0 = T3 {b1 cos|ar(x)] + b2 sin[ax (x)] }, (40)

ar(x) = % arctan(,/7x) , (41)

which may be more appropriate when dealing with boundary-condition problems,

like in the next application.

3.2 Particle in an Infinite Square Well Potential

As a second illustration, we consider a particle described by (19) and (20) under the
potential of an infinite square well, i.e., infinite for x < —L and x > L, and zero in the
interval —L < x < L. Like the standard SE [/], we impose the wave functions 3(x)
and @(x) to be zero when the potential is infinite, y(-L) = (L) = ¢(—L) = ¢(L) = 0.
Considering the simplest case where E ,= E ,= E, possible solutions of the form

presented in (39) and (40) are

A an| K 42)
w,(x) =A, sin|—— arctan(ﬂx) ,
VY
An . kn — 43)
n(X) = ———— sin| — arctan(/7x) | , (
P = N V7

if -L<x<L,and 9 ,(x) = ¢, (x) =0, otherwise. Imposing the boundary conditions
above, the wave vectors become quantized

nm./y
_ : (n=0,+1,+2, ), (44)
arctan(,/yL)

leading to the following energy eigenvalues
n 2 nz T 2 Y (45)

E, = ; n=0,+1,+2,--).
2m arctan?(,/yL)

The coefficient A , that appears in (42) and (43) is a normalization factor and is

. . L . .
computed by imposing f _; dxp(x) = 1 .In this case, one uses the probability
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density of (10) to obtain

oV (46)
" arctan(,/7L)

One should notice that in the limit ¥ — 0 one gets A% = 1/L, which diverges in
the limit L — o, as expected. However, for y > 0, the normalization factor is always
finite, and particularly in the limit L — % one gets A% = 2,/¥7/m . This result is in
agreement with the previous analysis of the free particle in open space [cf. (25)],
where one identifies A,21 = 2CCy = 24/7/7 , as one goes from the plane-wave
forms of (23) and (24) to those in (39) and (40). Moreover, in limit L — %, one
verifies that the discretization of wave vectors of (44) recovers the even series of
(35). In the present case, the above quantization of wave vectors leads naturally to

the orthogonality of the solutions, i.e., W, @,/ ) = Onn .

We will now discuss a second pair of solutions for the infinite square well, which in
the limit L — o should yield the odd series of (36). One sees that an equivalent pair
of solutions in this case is obtained by replacing sin[..] — cos[..] in (42) and (43).

For this solution to satisfy the boundary conditions, one should have

(n+ 12)r\/y

=0,+1,+£2,-), “7)
arctan(,/yL) (n - )
leading to the following energy eigenvalues
n*(n + 1/2)* >
B, = CE T 0,a1,40, ). @9

" 2m arctan 2(,/7L)

This second pair of solutions corresponds precisely to the odd series of (36), in the

limit L — .

It is important to stress the two different procedures used herein to obtain the
quantization of wave vectors: (i) Imposing the orthogonality of solutions, as done
for the free-particle in full space (—% < x < ®); (ii) Considering appropriate
boundary conditions for a particle in an infinite square well (—-L < x < L). These two

procedures were shown to be equivalent in the limit L — .

4 Three-Dimensional Case

Herein, we will generalize the previous results to three dimensions; in this case, (2)

becomes
oP(x, AL
in 28D A
ot
2

AZ % [-
= — m\P(x,t)—TlV

I\l - (9
<—>] VWG, )
me
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which defines the Hamiltonian

A h? A2 R? -/ 1 -
H=-—D — — |V|[— -V + V(&X). (50)
b= [ e
In the equations above X = (x1,x2,x3) and we consider
2 2 2 2
oo L 1 1 51
" Me, 0X12 Mg, 0x22  Mey 0x32

m, 0x1 \ Mme, 0xy \ me, 0x3 \ Me,
2 2 2
6 2 L _ 0 1 , 0 1 ’ 0 1 L (3)
m, ox12 \ me, 0x22 \ Mg, ) 0x32 \ Mo,

with me, (x;) = m/(1 + yx l2 )2 fori=1,2,3. The proposal above corresponds to

a very general type of particle’s position-dependent effective mass, following parity
symmetry [17¢, (—X;) = M, (X;) ] and characterized by a spatial anisotropy.
Moreover, one should have as well V(=x) = V(X).

The classical field theory introduced above for the one-dimensional case may be
extended to three dimensions. In this case, the Euler-Lagrange equation for the field
D(X, 1) yields (49), whereas the one for the field P(X, ¢) leads to the equation for
the extra field ®(X, £) , namely,
oD(X, t At
—ih # = H ®x,r1)
ot
A A2 3n?
= - — O(x,1) — —

- 1 - N
V<—>] - Vd(x,r) G4
Me
h2

[62 <i>] OF, 1) + VEDE, 1),
4 m

e

corresponding to

+ 2 2 2 N 2 )
PR SO L TR BN Y
2 4 me 4 M,

Considering the fields W(X, #) and ®(X, ) above, one defines the probability

FVE) . O

density

p,1) = % [P, DD, 1) + P* (X, ND* (X, 1)] , (56)
which follows a continuity equation in three dimensions

@ +V-jE =0, 57)

where the current-density vector j ()_f , 1) is given by a three-dimensional
generalization of the form in (12). Like in the one-dimensional case, the above
continuity equation applies for general 171, ()_5 ) and V()_f ) , ensuring the conservation

of probability for all times.
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By writing (49) and (54) in terms of Cartesian components, one obtains

) J6H)) h? ¥, 1)
h——— = —-— 1 22
"o 2m iml( MRAR
a‘P t
7 [x (1+y (x )]
i=1,2,3
+VX)P(X, 1),
0D, 1) h? 2 07O, 1)
B 1 2y2 ¢ .0
5 o Z [( ) o2
i=1,2,3
3h? 0D(X, 1
EL 3 e 2]
m =123 Xi
h? .
- — [(1 + 3yxl-2)(l>(x, t)]
m i=1,2,3
+VE)DE, 1) .

Solutions similar to those of (17) and (18) hold herein also,

Y(x,f) = exp< l?)w(x)

d(x,1) = exp( >¢(x)

where for the present case, one has

W) =y DY )3 (83) 5 X)) = (X1 (x2)P3(x3) .

Substituting these solutions into (58) and (59) one obtains, respectively,

> 1 w.(xp) |
- [(ny,.z)z ik
m 2123 wi(xi)  ox; |
h? 1 ow:(x;)]
— _2/ Z xl<1 +yxlz l//l( l)
m 435 wi(x;)  Ox;

http://link.springer.com/article/10.1007/s13538-014-0277-8/fulltext.html
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(63)
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C 25 [ L P

2m A= o) oxg?
3n* 1 0;(x
- =7 [x,-(l +yxl.2) $i i) (64)
miEns ¢i(xi)  ox;
hzy >
- (1+3yx7) =E-V(X).

From now on, we restrict ourselves to a constant potential, V()? )=V >0.

Hence, one has the following pair of solutions for each Cartesian component i,

iki _ 65)
w;(x;) = Cy; exp | — arctan(,/7x;) | , (
p 77 v/
Co; —ik; _ (66)
;(Xi) = ————=¢ex — arctan xXi)| ,
hilei) = T el (\/7x1)

withE — Vo = (h2/2m)(k12 + k22 + k%) . Next, we discuss the simple case of

a free particle.

4.1 Free Particle

Like in the one-dimensional case, a free particle will be considered as the particular

limit V ¢ = 0; the solutions above lead to

- Et -
Yx,n = aexp(— %) expia(¥)] , (67)
O, 1) b <iEt> [ . (q)] -
X0 = exp( — | exp|—ia(x)|,
(1 + yxPA + yx3)(1 + yx3) h
a(xX) = Z L arctan(,/7x;) , (69)
izt23 V7

with E = (h*/2m) (ki + k3 +k3) .

Like before, within the present proposal, one has a free-particle solution

characterized by a finite norm,

http://link.springer.com/article/10.1007/s13538-014-0277-8/fulltext.html
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- - - 1 - - - - k2 k
/ dx p(x,1) = 5 / dx [P, H®X, 1) + ¥* (X, N®* (X, 1)]
o 1
= ab / dx| ———— (70)
[¢5) (1 + )/)C%)
® 1
X / dx) ——m / dxs
0 (1 + yx2 00 1 + }/x3)
_ ab, 3
},3/2 ’

which requires a b = y 3¥?/7 3 for normalization. Consequently, this solution

represents a particle localized around the origin (since (x ;) = 0 for each

component), with the probability density p()? , 1) presenting two important

ingredients: (i) A finite norm; (ii) It follows a continuity equation [cf. (57)] for all

times. Considering the solutions in (67)—(69), one has
372 1

pE.1 = p@E) = — a

2 2 2 ’
(1+7x7) (1 +7x3) (14 p23)
representing the three-dimensional extension of (26). As expected, in the limit y —
0, one recovers the constant-mass free-particle solution with 1, ()? ) = m and

p()_f ) = constant , characterizing a nonintegrability in full space.

Similarly to the one-dimensional case, the quantization comes by imposing

orthogonality of the solutions above [cf. (27)]

1.
k K 1+yx1)

oo k2 - k’
X / dxy — arctan(\/7x2)

/ 4 (BT an( )
X X3 ———— exp ——— arctan(,/7x3 ,
00 (1 + ]/X3 \/ \/—

leading to two set of quantized wave vectors for each Cartesian component, namely
[cf. 35)],

Even\series: kn, = 2n;,/7, (73)

1

Odd\series: k,, = (2n; +1)7, (74)

withn ;=01 £2,-- (i =1,2,3) . The quantum of momentum in each component is
given by 6p; = h(kn;+1 — kn;) = 2h,/7 , showing that the deformation

parameter y is directly related to the quantization,i.e.,0 p ;— 0, when y — 0.

Hence, we have shown in the present section that the anisotropy introduced herein

in the effective mass, characterized by independence in the Cartesian directions,

http://link.springer.com/article/10.1007/s13538-014-0277-8/fulltext.html
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y3/2 IeS) 1 . kl _ ki ~
o= /dxy/k(x)gb xX) = — / dxq <— exp 17 arctan(\/yxl)

(72
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2
Mme, (x;) = m/ (1 +yx 12 ) fori=1,2,3, allows to extend the one-dimensional
results of the previous sections to three-dimensions. From the results above, the
formulation of the problem for an arbitrary number of dimensions becomes

straightforward.

5 Conclusions

N
To conclude, we have introduced a non-Hermitian PT symmetric Hamiltonian H

characterized by position-dependent masses, from which a linear Schrédinger

N
equation, if, [0W(x, 1)/0t] = HW(x, t) , was defined. This equation emerged
through a deformed differential operator, characterized by a positive deformation
parameter . Such a deformation is very similar to those used frequently on

nonextensive statistical mechanics, such that the standard differential operator is

AT A
recovered when y — 0. Within the present proposal, one has H # H fory >0,

whereas Hermiticity is recovered only in the limit y — 0. Previous approaches,
based on an exact classical field theory, have shown the necessity of an extra field

®(x, 1) for these classes of equations, where the field ®(x, £) becomes W*(x, f) only
AT A
when H = H ,ie.,y =0. This extra field satisfies the conjugate equation,

AT
—ih, [0D(x,t)/ot] = H ®(x,1) .

Considering an appropriate probability density, defined in terms of both fields W(x,
1) and D (x, 1), a continuity equation follows, guaranteeing the preservation of
probability. The introduction of the extra field ®(x, 7) is mandatory for a continuity
equation, and consequently, for a consistent definition of a probability density that is
conserved. For this class of mass-dependent Schrédinger equations, this result is not
possible (as far as we know) by considering only the Schrodinger equation and its
complex conjugate; however, by introducing the extra field ®(x, #), following the
corresponding conjugate equation, the continuity equation follows for a general

effective mass m . (x) and external potential V(x). It is also shown that the new field

AN

®(x, 1) corresponds to the left eigenstate of the operator H , or to the right eigenstate

AT
of H
The equations for the two fields were solved analytically in simple cases, namely, a
free particle in full space, and a particle in an infinite square well (-L < x < L). For
the free particle, the quantization of momenta was obtained by imposing the
orthogonality of solutions, yielding a quantum of momentum
op = h(kpt+1 — ky) = 2h,/7 , providing a physical interpretation for the
deformation parameter y within the present approach. For the particle in the square
well the standard procedure was considered, i.e., imposing boundary conditions.

These two schemes for quantization were shown to be equivalent in the limit L —
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. The free-particle solution studied herein has exhibited the remarkable property of
integrability in full space, being characterized by a finite norm. This result is to be
contrasted with the free-particle within the standard Schrodinger equation, for

which the plane-wave solution does not present a well-defined norm.

A three-dimensional proposal was also presented, in terms of the two fields ‘P()_f , 1)
and CD()? , 1), being characterized by an anisotropic form for the position-dependent
masses. It was shown that all results obtained in the one-dimensional analysis
should hold for each Cartesian component independently. Particularly, the
quantization and normalizability of the free-particle solution in full open space were
demonstrated, identifying a particle localized around the origin. Hence, analogously
to what happens in the standard Schrédinger equation, the wave packet procedure,
where a localized wave is obtained by a superposition of plane waves, may be also
used herein; however, as we have shown above, a localized wave appears naturally

through the solutions of the nonlinear equations associated to the fields ‘11(3_5 , 1) and

DX, 7).

For the purposes of the present work, physical systems characterized by interfaces
where changes in the chemical composition exist should be relevant. Particularly,
good candidates are semiconductor heterostructures, which are composed by sets of
such interfaces (i.e., heterojunctions) and are well known to produce position-
dependent effective masses. In these heterojunctions, the chemical changes do not
occur abruptly, but instead, they are graded over some specified distance, and
consequently, the effective mass should be a continuous function of the position.
Hence, for an electron moving inside such a structure, its mass varies continuously
with the position, and so it should be describable by a mass-dependent Schrodinger
equation. The present proposal for effective mass, m . (x) = m/(1 + v x 2)?, leads to a
maximum probability density at the origin, decreasing continuously for increasing
values of |xl, and represents typically the physical situation that occurs with the
concentration of electrons in pnp junctions. The parameter v should be adjusted
from measurements and is expected to depend on the particular types of materials

used in the junctions.
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