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The notion of zitterbewegung and the resulting formalism, originally proposed for relativistic
quantum dynamics, is applied to describe the acceleration of a nonrelativistic electron moving in a
crystal, due to the periodic force experienced. A general linear-combination-of-atomic-orbitals
(LCAO) approach is developed for multiband systems, and the special case of two-band systems is
studied in detail. It is shown that the zitterbewegung determines the minimum spatial extension of
localized wave packets formed by a combination of Bloch functions belonging to a single band, in a
manner that depends strongly on the relative parity of the orbitals entering the LCAO bands. In
the case of two orbitals with opposite parity, one is able to extend the notion of effective mass to
deep defect levels, and to estimate the width of the tails of localized states in glassy semiconductors,
as a function of the separation between the mobility edges.

I. INTRODUCTION

Since the original work of Schrdodinger,! the “zitter-
bewegung” (trembling motion) has been currently re-
ferred to as a relativistic quantum effect leading a Dirac
electron to oscillate around the center-of-mass trajectory,
even in the absence of external fields. According to the
quantum field theories, however, such a trembling motion
should not be a real effect, but only a curious mathemati-
cal consequence of the single-particle picture of the Dirac
equation. Thus the physical relevance of the zitter-
bewegung in relativistic quantum dynamics is a contro-
versial point that we do not discuss further here.”? We
simply stress that the zitterbewegung is not a relativistic
concept in itself, but can be applied to any free-particle
Hamiltonian giving rise to a self-acceleration. Let, for
example,

H={H(P)]

be a matrix Hamiltonian whose elements H ,;(P) depend
only on the momentum P. The matrix acts on a finite-
dimensional space of vectors describing an “‘internal”
phase space. If for the velocity operator Y =gradpH one
has

[H,V]#0,

a nonvanishing self-acceleration exists, due to the transi-
tions among the “internal” eigenstates. The resulting
fluctuations around the uniform motion are what we may
call a zitterbewegung, in a generalized sense. An example
has been recently given3 for a nonrelativistic chain, lead-
ing to a Dirac-like wave equation. In this and in other
cases, such as polyacteylene* and graphite,’ the zitter-
bewegung might appear as a consequence of the pseu-
dorelativistic form of the wave equation. In contrast, we
will now show that the zitterbewegung is a general real
effect for a nonrelativistic particle moving in a crystal, as
a consequence of interband transitions. The main point is
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the role of the acceleration in the Bloch formalism. By
means of Bloch’s theorem, it is possible to treat a particle
accelerated by a periodic (in space) force as a freelike par-
ticle, characterized by a well-defined wave vector k (rang-
ing in the first Brillouin zone) and momentum #k. The
general form of the Hamiltonian in the k representation
reads, after diagonalization, as

H(k)= E,(k)(K)P ,(k),
b

where P ,(k)=k,b ){b,k| is the projector on the Bloch
state |k,b), with wave vector k, in the bth band, and
E,(k) is the corresponding energy. In principle, a non-
singular periodic potential yields an infinite number of
bands, though one may refer to few or one of them, under
suitable approximations. Once the Hamiltonian is ex-
pressed as a function of the momentum 7k, one is
formally left with a freelike particle, even if the depen-
dence on k is not quadratic. However, it should be clear
that the Bloch formalism cannot really eliminate the ac-
celeration, but only express it in a different form. The
crucial point for the acceleration is the band multiplicity
discussed above. We first notice that the Hamiltonian
H(k) now appears as a diagonal matrix, with elements
E, (k) depending on the “external” degree of freedom k,
and acting on an “‘internal” space with dimensions fixed
by the number of bands involved. Apart from diagonali-
ty, this corresponds to the general case, discussed at the
very beginning, which may give rise to a self-acceleration.
To clarify this point, let us consider the position operator
iVy, canonically conjugate to the momentum, and the re-
sulting velocity operator:

_1 L s (vE,m01R,

v(k) P 7 2

VH=

+E,(K)[ViP ,(K)1Y .

Due to the second term in brackets, a self-acceleration is
found as
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g(k)=%[_,1]=é2— S E,(KE,(K)[P ,(k), VP (k)] .

b#b’

The condition b7b’ in the preceding sum follows from
the equation P2=P,, which yields (VP ,)P,
=P ,(V,P,)=0. One of the aims of the calculations in
the following sections is to show that, in general, P , does
not commute with V, P ,. for b5b’. Therefore it is seen
that the acceleration produced by a periodic potential re-
sults in a multiband effect which would vanish in the
single-band approximation. By means of the Bloch for-
malism, the effects of the periodic force can be expressed
as the self-acceleration of a free particle, due to the tran-
sitions among ‘‘internal” states, corresponding to the
bands. The resulting zitterbewegung is a real effect, just
because it follows from a real force.

In order to study the physical consequences of the zit-
terbewegung in multiband systems, we need to be more
specific about the band structure, without losing too
much in generality. In Sec. II we develop a linear-
combination-of-atomic-orbitals (LCAO) approach to the
band calculation, including ionic interactions and overlap
integrals to all orders. This will make it possible to ex-
tend the validity of the next results to a wide class of sys-
tems. In Sec. III the self-acceleration and the zitter-
bewegung, due to interband transitions, are studied for
two-band systems. In Sec. IV the zitterbewegung effects
are calculated for wave packets formed by a superposi-
tion of Bloch states of a single band (equivalent to the
positive- and negative-energy solutions in the relativistic
theory). In Sec. V the results obtained will be applied to
estimate the minimum localization length of defect states
in the gap. This provides a definition of effective mass,
valid for deep levels, and makes it possible to calculate
the extension and overlap of tails of localized states in
glassy semiconductors.

II. GENERAL LCAO APPROACH
TO THE BAND CALCULATION

In the present section we extend to the multiorbital
case the LCAO approach developed, for example, by
Peierls,® for a single orbital and including overlap in-
tegrals at any order of approximation. Let

(rln,a)=¥ (r—R,); a=12,...,G (1)

represent a set of G orbitals, localized around the nth side
of a periodic lattice. Let

(a,n|m,B)=S 4R, —R,,) )

be the resulting overlap integrals, such that S 5(0)=8,4,
because of the orthonormality of the G orbitals in the
same site. The single-particle periodic potential is as-
sumed (but this is not essential) as a superposition of local
potentials ¥ (r—R, ), so that the Hamiltonian reads

H=T+ S V(r—R,), (3)

T=—(#*/2m)V? being the kinetic energy. Expressing
the quantum states in the LCAO approximation
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W)=3 ¢, gmB) @
m,B
the time-dependent Schrodinger equation

i#0|W) /3t =H|¥) yields, with the aid of Egs. (2) and
(3),

) dcjg
l‘ﬁESaﬁ(Rn —Rj )a—
B t

=2<a,n

5B

T+ 3 V(r—R,,)

By means of Eq. (1) and of the periodicity condition, it
can be shown that

Vir—R,,)

<a,n T+3 j,B>=Va3(Rn—Rj) RS

Hence Eq. (5) can be cast in the matricial form

i#3 S(R,—R,)

] S¢(R)=FV(R,—R,c(R)), (Ta)
J

where

c(R))={c;zB=12,...,G} (7b)

is a G-component column matrix, i.e., a vector in a G-
dimensional “internal” space (bold symbols are used here
only to indicate positions, wave vectors, and velocities).
Similarly,

S(R,)={S.4R,);a,8=1,2,...,G},
V(R,)={V4R,)aB=12,...,G},

(7¢)

are G XG matrices. Expressing Egs. (2) and (6) in the
coordinate representation, the following relations can be
obtained, for an even local potential V(r)=V(—r):

Sa/;?(Rn):PaPBSaB(_Rn)zpapﬁsga(kn) 5 (8)
Vs (R =P, PsVos(—R,)=P P;Vi.(R,) ,

where P,==1 is the spatial parity (that we assume to be
defined) of the orbital W, (r). Passing to the Fourier
transforms in the first Brillouin zone (1,

-1 —ik-R
cR)= [ dk@(kie *F,

S(R) L

_ ~ik-R
Q, Qldk_E_,(k)e , 9)

1 —ik-R
= [ dkW(kle *R,
V(R)=¢- [odx¥

Eq. (7a) becomes

#3022 = W )@(k) . (10
It is an easy matter to show that the matrices Z(k) and
W(k) (k€ Q,) are self-adjoint. We now express their ele-
ments in terms of the Fourier transforms ¢,(k) and V(k)
(k € R?) of orbitals and local potentials, respectively:
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S k=3¢ S 4(R,)

=0,y ¢a(k—K, Jpgk—K, ),

k- (11)
W)= e "V 4R,)
,hZ
=0, 3 ¢i(k—K, gk —K, ) —(k—K, )’
Q? .
a2 S ¢xk—K,)

X @pk—K,, V(K,,—K,),

where K, are the reciprocal-lattice vectors. We expect
that the overlap-integral matrix 2(k) is positive defined
for each k, at least in the tight-binding (TB) approxima-
tion, in which 2(k) equals identity plus small corrections.
Indeed, the positivity of the eigenvalues of 2(k) can be
shown rigorously in the two-band case (a,8=1,2) by cal-
culating the trace and the determinant according to the
first Eq. (11). This makes it possible to choose a non-
singular, self-adjoint matrix p(k), such that

pHk)=Z2(k) . (12)
Setting

u(k)=p(k)®(k) , (13a)

e(k)=p (k)W (k)p (k) , (13b)
Eq. (10) can be cast in the form

iﬁg%l():g(k)y(k) . (13¢)

According to Egs. (11), (12), and (13b), the G X G matrix
e(k) is self-adjoint, and its diagonalization leads in gen-
eral to G dispersion relations, from which the bands can
be calculated. We stress that the number of bands can be
smaller than G, due to the possibility of complex (or de-
generate) bands.” This point will be reconsidered in the
following.

From the properties (8) and from the definitions (9), the
following rules can be shown to apply:

S K)=P Py3 f —K)
W os K)=P Py W 5 —K) , (14)
Eaﬁ(k)zpapﬁsaﬁ(—k) .

If the orbitals W ,(r) are real, one has the following addi-
tional properties:

Wos(k)=te | W 5(k)l ,
Spk)=%xef3 4k)| ,
eqpk)=te e gk)| ,
0=(P,Ps—1)(m/4) .

These last equations mean that the matrix elements indi-
cated are real or pure imaginary, according to whether
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the orbitals have the same or opposite spatial parity. To
show that (14) and (15) hold true for W,z and 25 is
straightforward. Since, for any two nonsingular matrices
satisfying (14) and (15), their product and their inverse
satisfy too, the properties transfer to €, identically, ac-
cording to the definition (13b).

We stress that, up to now, the only approximation has
been the LCAO expansion (4). Thus Egs. (11) and (13)
formally account for ionic interactions and overlap in-
tegrals at any nearest-neighbor order. This generalized
LCAO approach provides a direct relationship between
the orbitals (atomic or molecular) and the band structure,
avoiding any intermediate procedure of orthogonaliza-
tion, such as the introduction of Wannier functions, or
the use of biorthonormal systems.® For our present pur-
poses, we need only recall that the effective matrix Ham-
iltonian g(k) in Eq. (13c) may give rise to zitterbewegung
effects, because of interband transitions, as discussed in
Sec. I. This will be explicitly shown in the case of two-
band systems.

III. ZITTERBEWEGUNG IN TWO-BAND SYSTEMS

By specializing the preceding formulas to 2X2 ma-
trices (a,f=1,2), and by choosing real orbitals [Egs.
(15)], one can write

e(k)=Ey(k)I+A(k), (16a)
where [ is the identity, and
go(k)  gi(k)e™®
A= e (ke —eglk) (165
From the properties (14) and (15), it follows that
€q;(k)—g,5,(k)
so(k)—[ S : 2 ]—eo(—k),
g11(K)+e5(k)
Eo(k)—[ 2 ; = ]=EO(—k), (16¢)

51(k):if51z(k)|:P1P251(_k) .

Since A ’= (gl +¢?), the diagonalization of g(k) is trivial
and leads to the following dispersion relations:

E.(k)=Eyk)£AE(K),

(17a)
AE(k)=[ed(k)+el(k)]'?,
corresponding to the normalized eigenstates:
w=—=>1_|'!
u )= (1+x2)1/2 xei@ s
1 xe ~i0

__(1+x2)”2 { , (17b)

AE(k)—¢gy(k)
x(k)=—7—

g,(k)
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We can now calculate the zitterbewegung operator Z(k)
following the method in Refs. 1 and 2 (or the alternative
approach developed in Ref. 9). From the motion equa-
tion in the Heisenberg form, d A /dt =(i /#i)[H, A], Egs.
(16) yield

2 d -
dx_¥: 2, (18a)
dr? dt # z

(eogradye, —€ gradygg) 0 ie'?
v,= ﬁAEz _eﬁ,'g 0 (18b)

for the self-acceleration. Integrating the first Eq. (18a) by
means of the second one, and subtracting the part of r(¢)
proportional to the time, one gets the zitterbewegung
component of the position, in the explicit form

0 ie'?

—ie 1% 0

E](k )gradkso( k )— 50( k )gradkﬁl(k)
2AE*(k)

>

(19
following from Eq. (18b).

IV. EFFECTS OF THE INTERBAND
ZITTERBEWEGUNG ON SINGLE-BAND
SOLUTIONS

We now consider wave functions |¥ . ) formed only by
eigenstates u (k) [Eq. (17b)] belonging to a single band
[Eq. (17a)]. As far as the zitterbewegung is concerned,
these wave functions are equivalent to the positive- and
negative-energy states in relativistic quantum dynamics.
In the k representation, one gets

(kW) =f.(ku .(k); kEQ,,

(20)
Jo s oPdk=1,
1

in terms of the probability amplitude f . (k) in the first
Brillouin zone ;. A straightforward calculation, based
on Egs. (17) and (19), yields

(W, |r|W,)=i(V, |grad, |V, )
B f(z fE(k)[i grad, f . (k)]dk
E<rit> >

’

(21a)

where the subscript “‘st” indicates the standard expres-
sion of the mean position operator, without zitter-
bewegung. Equation (21a) shows a general property of
the zitterbewegung, i.e., that it averages out to zero for
any positive- or negative-energy solution.'® In contrast,
it can be shown that (see also Ref. 11)

(W elwo)= [ dk[—f2(Vif )+ Z2K)If . ]
=(r})+(Z?) , (21b)

. [eo(k)grad,e,(k)—e,(k)grad,eq(k)]?
4AE%(k)

(22)
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is just the square zitterbewegung operator given by Eq.
(19) with the aid of (17a). From Egq. (21b), the root-
mean-square deviation of the position reads

dr=(8r +(Z?))?, (23)

showing that the localization length of a wave function,
formed by superimposing Bloch solutions of a single
band, is determined not only by the Heisenberg principle,
but also by the interband zitterbewegung. From Egq.
(21b) it follows also that {Z?) does not depend on time,
since the time dependence of f.. results in the phase fac-
tor exp(—iE t/h). For sufficiently long times, the
spreading effect on 8ry will then dominate in the freely
evolving packet. A formal aspect deserving attention is
that minimizing the functional (21b) with respect to f . is
equivalent to solving the time-independent Schrddinger
equation:

—Vif o (K)+ZHK)f5 (k) =A%f; (k) (24)

in the k space, where Z*(k) plays the role of a “poten-
tial.” Since Z*(k)=Z*(—k) [Egs. (22) and (16¢)], the
eigensolutions f; can be chosen with a definite parity in
k. In this case (ry) =0 [Eq. (21a)], and solving Eq. (24)
is also equivalent to minimizing the root-mean-square de-
viation (23). We now apply the preceding method to esti-
mate the minimum localization length &7, of a wave
packet formed by Bloch functions of a single band. From
Egs. (22) and (16c), it follows that in the case (a),

P,=P, (25)

(orbitals with the same parity), Z*(k) has a minimum in
k=0, since Z%(0)=0. It is possible that Z* does vanish in
other points of €, and especially at the boundary, as sug-
gested by the one-dimensional example of Fig. 1. Thus
the solution of Eq. (24) (with f, vanishing at the surface
of Q,) is far from trivial. However, the order of magni-
tude of the minimum eigenvalue A% can be estimated as
given by the ground state of the potential well around

ALY

0 k

lol]

ol

FIG. 1. The square zitterbewegung operator is plotted in ar-
bitrary units against the wave vector k for a one-dimensional
system of class (a) (orbitals with the same parity), in the tight-
binding, first-nearest-neighbor approximation. Note the para-
bolic minimum in k =0. For further details, see the Appendix.
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k=0, in the harmonic approximation. From Egs. (22)
and (16c), one has, to the lowest order in k,

Z2k)= 3 A ALk k

v
" (26)
A = Eo(anvﬁl)_'ﬁl(aﬂvso)
ki 2AE? k=0
where k,, (n=1, 2, and 3) are Cartesian components of k

and 3,,=3°/9k,0k,. From the third relation (9) one
has, in addition,

(a'qVWaB)k:O:— ananvVaB(Rn) ’ 27

where R, is the nth component of the lattice vector R,,.
In the TB approximation [for which the LCAO expan-
sion (4) is particularly appropriate], let us neglect the
overlap integrals and thereby set ZX(k)=p(k)=],
e(k)=W(k) [recall Egs. (12) and (13)]. From Egs. (16¢) it
follows that

80(0)

R

_%Z[Vll(kn )= Vxn(R,)]

—1SAV(Ry),

81(0)

i

S V,(R,) .

Thus, from Eq. (27),
ZR,,,,R,,V[AV(R,,)Vl;,_(RJ)—AV(Rj)VlZ(Rn)]
A, ="

™ SIAV(R,AV(R))+4V (R, )V 5(R)]
nj

(28)

In the TB approximation, AV(R,) and V|,(R,) vanish
exponentially with increasing |R,|. Hence, in the first
nearest-neighbors approximation, the leading term in Eq.
(28) becomes

A AV(D)V,(0)—AV(0)V,,(D)
™ [AV(0)+AV(D)P+4[V,,(0)+ ¥V, (D))
XD,D,+ -,

(29a)

where D is the basic lattice vector. By using Egs. (26) in
Eq. (24), &r,, turns out to be given by the square root of
the only nonvanishing eigenvalue of the matrix (29a):

or

m=|D|

[AV(0)+AV(D)?+4[V,(0)+ V,,(D)]?
(29b)

In fact, matrices in the form (29a) have zero eigenvalue in
the subspace orthogonal to the vector D. In the case (b),

P, =-p, (30)

(orbitals with opposite parity), Eqgs. (22) and (16c) lead
one to conclude that k=0 corresponds either to a max-
imum or to a minimum of Z2(k), because

AV(D)V,,(0)—AV(0)V ,(D) 12
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ane, 2

2g,

ZX0)=3

n

(31

k=0

is nonzero [unless the odd function €,(k) has vanishing
gradient in k=0]. As sketched in the one-dimensional
examples of Fig. 2, the behavior of Z*(k) may be rather
complicated in the case (b) [Eq. (30)], and the preceding
method to estimate 8r,, is not as suitable as in the case (a)
[Eq. 25)]. However, if Z*(0) is the absolute minimum in
Q, [Fig. 2(a)], Eq. (31) already provides a lower limit to
dr,,. If Z*0) is a maximum [Fig. 2(b)], its value corre-
sponds to the height of the “potential” barrier spanning
the absolute minima. In this second case, it is perhaps
more interesting to study the diverging behavior of the
barrier when £,(0) vanishes [Eq. (31)]. Since

Eqp(k)=2AE (k) (32)

is the gapwidth [see Egs. (17)] as a function of k, and
since €,(0) vanishes in the case (30), the next calculations
will illustrate the effects of the zitterbewegung when the
gap in k=0 vanishes, leading the two band to transform
into a single degenerate band.” In the case (b), [Eq. (30)],

Z%(k)
151 (a)
0S5 +
T ok
_% 0 z
2k‘
z°® (b)
5.0
2.5 4
L )
-L 0 I

FIG. 2. The square zitterbewegung operator is plotted in
units of the square lattice vector D? against the wave vector k
for a one-dimensional system of class (b) (orbitals with opposite
parity), in the same approximations as in Fig. 1. (a) The case of
gap and bandwidth comparable in k =0. (b) A gap small com-
pared with the bandwidth (see also the Appendix).
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Egs. (16¢) yield, to the lower orders in k,
80280(0)4'% 2 kﬁkv(anvso)kzo ’
nv

(33)
€= Y k(9,8 k=0 -
7

In the limit of small g,(0), one may assume
9,€19,&1] >>|€40,,€0| in k=0. This condition and the
two expressions (33) can be used in Eq. (22) to obtain the
leading term of Z*(k):

£5(0) 3 (3,81)i =0

ZAk)=—— . 2
4 80(0)+ ank‘,(anElavﬁl)kzo

nv

B e3(0)(grad,e,)3
4[e}(0)+ ki (grad,e 3]

(34a)

where the subscript “0”” means that the gradient of g,(k)
(with components d,¢,) is calculated in k=0, and k| is
the projection of k on the gradient itself. By considering
the integral sz(k)F(k)dk in a finite region around the
origin, for any regular function F, in the limit g,(0)—0,
one gets from Eq. (34a) the following:

ZX(k)— |k | 7'8(k,) for g,(0)—0 . (34b)
In fact,
ZX(0) for k2 < ——
, Z%(0)
ZX (k)= | (34c)
—io; - for kﬁ >> ,
k1Z*0) A ()

with Z%(0) given by Eq. (31). Of course, the first condi-
tion on k; in Eq. (34c) refers only to the order of magni-
tude. By means of Egs. (34b) and (34c), it can be shown
that for small but finite €4(0), Eq. (21b) yields

(2)=Z12(0) [ 1720,k dk, , (35)
where the wave vector k has been expressed as (k“,k 1), in

the components parallel and perpendicular to (grad,e, ).
Setting k, =0 in Eq. (35) is justified if /. (k) is smooth

around the origin in a region of order |Z(0)| . In par-
ticular, from Egs. (23) and (35), it follows that
sri=(z2) =120 37 (36)

ky 8~

for any spherical wave packet, localized in k space
around the origin, in a region of order k,, >>1/|Z(0)|
(this result is independent of the dimensionality of k,
apart from a factor).

V. APPLICATIONS

The results obtained in the preceding sections can be
regarded as a formal relationship between the crystal
band structure [as given by g,(k) and €,(k)] and the local-
ization length of states originated by a single band. In
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the case (a) [Eq. (25)] of orbitals with the same parity, the
zitterbewegung “potential” Z*(k) in Eq. (24) is paraboli-
cally attractive in the origin [Egs. (26)], and the minimum
localization length 67,, can be estimated according to Eq.
(29b).

In the case (b) [Eq. (30)] of opposite-parity orbitals [in-
cluding many semiconducting systems, whose highest
bands are formed by bonding (even) and antibonding
(odd) orbitals], the zitterbewegung “potential” Z(k) is
divergingly repulsive around the origin, at least for van-
ishing E,,,(0)=|ey(0)| [Egs. (34)]. In this case Eq. (36)
provides an estimate for the localization length of wave
packets centered around k=0, with spatial extension
1/ky,. We are particularly interested in this class of
functions, because they include the ground state of most
defect spectra. Since k is limited to the first Brillouin
zone, for the minimum localization length of these states,
one has

|grad,e, o
2 ~ —
8r2 =|D| |Z(0)] 2E0)

gap

DI, (37a)

where |D| is the basic lattice vector. Equation (37a)
shows that &7, decreases as the inverse square root of the
gap. This result has a fairly transparent interpretation.
Since 8r,, is the minimum localization length for a super-
position of single-band Bloch functions, one expects that
E,,, corresponds to the maximum binding energy of a
possible bound state; i.e.,

ﬁZ

E, 0)=——
ZMeHSr,f,

gap , (37b)
as obtained by applying the Heisenberg principle to a
suitably defined particle of effective mass M ;. This eval-
uation of the binding energy is rigorous if the bound state
is hydrogenlike. According to this interpretation, Egs.
(37a) and (37b) provide a definition of the effective mass:

ﬁ2

Myg=—T (370)
T |grad,e, || D]

for the deepest acceptor/donor state in the gap of the
two-band system. For shallow states, in contrast, Kohn’s
theory predicts the same effective mass as the Bloch
states in each band.'?

A further application of Egs. (37) is to estimate the
tails of localized states'’ in a disordered semiconductor
[of class (b)], under Mott’s hypothesis of sharp mobility
edges E,, E. in the valence and conduction band, respec-
tively."* By definition, the gap width E qap €ntering Eq.
(37a) separates extended states. If we consider crystals,
such that E gap(k) has a minimum in k=0, we expect that
in the glassy phase the gap E,,,(0) spanning the extended
states is measured by the distance between the mobility
edges [if E,,,(0) were not a minimum, its value would in-
clude, totally or in part, the bandwidth of the extended
states]. Then we assume that

Egp(0)=E,—E, . (38)

For the localization length A.(E) of a state with energy E
in the gap (§=v,c indicates the band which the state
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originates from), the following expression is currently as-
sumed: '

A{E)=B;/|E —E|, (39)

the B’s being phenomenological constants. According
to the present results, two energies E(§=v,c) will exist,
such that A(E)=8r,,. The quantity |[E.—E.| now
represents the width of the £ tail in the gap and can be
calculated by using Eqgs. (38) and (39) in Eq. (37a), with
the result that
By —

|El§_E§|:7‘/2MCﬁ(EC—EU) ) (40a)

M .+ being given by Eq. (37c). Another quantity of in-

terest, in view of a Mott metal-insulator transition, can be
calculated from Eq. (40a):

Elc_Elu :(Ec _Eu )1/2
(B,+B,)V2M 4
ﬁ b
(40b)

X |(E,—E,)"?*—

i.e., the distance between the lower edge E . of the tail
originating from the conduction band and the higher
edge E,, of the tail originating from the valence band.
The transition of the quantity (40b) from positive to nega-
tive values, occurring at a certain critical value of
E.—E,, marks the onset of the overlap between the tails
of localized states, and thus the onset of the metal-
insulator transition a la Mott.

VI. CONCLUSIONS

In the present paper the notion of zitterbewegung and
the resulting formalism, originally proposed for relativis-
tic quantum dynamics,"? have been applied to the inter-
band transition in a crystal. A generalized LCAO ap-
proach has been developed for the band calculations, in-
cluding ionic interactions and overlap integrals at any
nearest-neighbor order. Since any intermediate process
of orthogonalization has been avoided, the connection be-
tween band-structure and LCAO orbitals is straightfor-
ward. In particular, we have shown that the parity of the
orbitals has important effects on the interband zitter-
bewegung at small wave vectors. We have studied in de-
tail two-band systems of class (b), i.e., formed by two or-
bitals with opposite parity [the case (a) of orbitals with
the same parity is formally more complicated and,
perhaps, less interesting for practical applications]. The
main result stands in the formal expression of a fairly
simple idea, i.e., that donor/acceptor states can be more
sharply localized in a large gap, than in a small one.
However, to express this relationship in a quantitative
way is not as simple. While setting E g, =#°/(2M gA},)
may look a natural choice, what effective mass M is ap-
propriate to determine the minimum localization length
A, 1S a nontrivial question, which we have tried to
answer [Egs. (37)]. The resulting definition of effective
mass, valid for deep defect levels, should be of some utili-
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ty, especially for small-gap semiconductors, in which the
distinction between shallow and deep defect states tends
to vanish.

A further application of the preceding results has been
considered for the tails of localized states in disordered
semiconductors. Following Mott’s theory of the mobility
edges,14 it has been argued that such tails are limited by
two cutoff values of the energy, depending on the
difference E. —E, of the mobility edges [Eq. (40a)]. The
overlap of the two tails is also shown to depend on
E.—E, [Eq. (40b)]; so that in systems displaying a Mott
(metal-insulator) transition, the decrease of the gap be-
tween the extended states is now expected to play a cru-
cial role. This agrees with the argument that, even in
crystalline systems, zitterbewegung effects (favoring delo-
calization) are relevant if a metal-insulator transition
occurs, from a two-band to a single degenerate-band
structure,’ as remarked in Sec. IV. A special case of this
behavior has been studied in Ref. 3 as the *“‘ultrarelativis-
tic”” limit of a Dirac-like wave equation.
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APPENDIX

In this Appendix we calculate the zitterbewegung “po-
tential” Z*(k) [Eq. (22)] in the one-dimensional case, with
a tight-binding, first-nearest-neighbor approximation, so
that the overlap-integral matrix given by Eq. (2) becomes

S(R,—R;)=I8 (A1)

—n,j’

and the Hamiltonian matrix given by Eq. (6) becomes, in
turn

V(R,—R,)=V(0)8, ,+¥(D)8, ) ;+¥(—=D)5,_,; ,
(A2)

where D is the distance between first-nearest-neighbor
sites on the one-dimensional lattice. By means of Egs.
(A1) and (A2), one can invert Eq. (9) and write

e(k)=W(k)=V(0)+¥(D)e*P+ V¥ (—D)e P | (A3)

according to the definitions (12) and (13b). From Egs.
(A3) and (16), the general structure of the matrix A can
be found as

g;(k)=a;+B;coskD (j=0,1), (Ada)

J

in the case (a) of orbitals with the same parity. In con-
trast, the same calculation yields

golk)=ay+BycoskD ,
E](k):ﬁ)l SinkD N

(A4b)

in the case (b) of orbitals with opposite parity. The
definitions (22) and (17a) can now be applied to Egs.
(A4a) and (A4b), to obtain
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2= (aoBy—aB,)* sin*(kD) D?
(ay+BycoskD)*+(a,+B, coskD)*]* 4
o1 Bo 1 T6;
(A5a)
in the case (a), and
2(By+ g coskD )? 2
Z2k)= BByt agc D (ASb)

[(ag+BycoskD )+ B2 sin(kD)]* 4
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in the case (b). Equation (A5a) has been used for Fig. 1
with a;=0.5, B;=0.2, a;=0.6, B;=0.1 (arbitrary units).
Equation (AS5b) has been used for Fig. 2(a), with
ay/B1=2, By/B;=2.5 (gap and bandwidth comparable at
k =0), and for Fig. 2(b), with a,/B8,=0.12, B,/8,=0.10
(gap small compared with the bandwidth at k£ =0). In
the last case, the value in k ==xm/D is 625, in units of
D?. This is the reason for the apparent divergence at the
boundaries in Fig. 2(b).
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