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Abstract. Using the transfer-matrix technique to describe transport properties in multichannel-
multilayer systems, a three-term non-commutative matrix recurrence relation is deduced and
solved. The matrix polynomials obtained in this way allow one to write compact expressions for
the n-cell transmission amplitudes,);;, from channelj to channel. In the one-dimensional,
one-channel limit, the non-commutative polynomials reduce to the well known Chebyshev
orthogonal polynomials. To illustrate the role of these polynomials in the resonant tunnelling
and channel-mixing behaviour, we discuss one- and two-channel examples.

1. Introduction

Recent developments in thin-film epitaxial growth techniques have generated increasing
interest in theoretical and experimental research on transport properties of finite multilayer
systems. These properties have been investigated in a variety of arrays of alternating thin
layers with different bandgaps. However, most of the studied heterostructures contain just
a few layers, i.e. double- and triple-barrier systems [1-4].

Well established theories like Bloch’s theorem, diagrammatic Green function techniques
and some general properties of macroscopic ordered systems have been useful in the
understanding of transport properties of metals and semiconductors. At the mesoscopic
scale of locally periodic heterostructures, these methods, applied to evaluate transmission
coefficients in quasi one-dimensional (1D) systems [5], were restricted to rather few
propagating modes, mainly one. As the number of propagating modes grows or the number
of layers increases, any analytical description within these approaches becomes impossible.
It is for this kind of system that the method discussed here could be appropriate. Some
properties appearing when more than one propagating mode is present, like the resonant
tunnelling, band structure and channel-mixing effects, seem to be better described in terms
of orthogonal non-commutative polynomials.

In nanostructured devices with finite transverse section more than one physical state is
normally involved. In electronic scattering theory [6] the transverse quantum states have
been useful to introduce multichannel transfer matrices. Normally, channels are defined
depending on the physical model envisioned. In this sense, light and heavy holes, or any
other propagating modes, are physical realizations of channels.

Using well known transfer-matrix properties together with the local periodicity of these
systems, simple recurrence relations for the transfer-matrix blocks are obtained. From
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these relations, both compact formulae for the relevant scattering amplitudes and a non-
commutative three-term recurrence relation are deduced. The recurrence relation is solved
using the generating function method and a new set of non-commutative polynomials
is obtained. In the 1D limit, with only one propagating mode, the non-commutative
polynomials reduce to the well known Chebyshev orthogonal polynomials of the second
class. From the physical point of view, it is important to note that all of the information

of the complicated, although coherent, scattering process due to multiple reflections and
interfering phenomena along thecells of the superlattice, is contained in these polynomials.
This is particularly clear in the 1D one-channel case where the band structure and resonant
behaviour is strongly determined by the Chebyshev polynomial properties. This is shown
in the first example of section 4.

To define the kind of systems which we are interested in, we outline in section 2
some well known quantum results and establish new scattering relations, which we claim
are useful and appropriate to describe tunnelling properties in finite periodic systems. In
section 3, new and compact formulae for tNechannel (two and four probe) Landauer
conductance, and a new set of nhon-commutative orthogonal polynomials are deduced. In
the last section, we give some simple examples. In the one-channel limit, we deal first
with a very general example. Without specifying any particular 1D potential profile, we
write the transfer matrix in a form which is common to each and every one of the specific
potential profiles, i.e. we take the transfer matrix in the Bargmann representation and analyse
the transmission resonances and the band structure in terms of Bargmann parameters.
In this general representation, it is absolutely clear that in all of the 1D one-channel
superlattices, the resonant behaviour bears a strong relation to the associated Chebyshev
polynomial behaviour. We also apply our results to specific and familiar potential shapes:
the square- and th&barrier potentials. To illustrate the use of this method in a multimode
transport process with channel mixing, we consider a simple two-channel bilayer sequence
ABABA ... B, with B a monolayer of-scatterers. Though the results presented here are
appropriate to evaluate transport properties through multilayer-multichannel, time-reversal-
invariant superlattices, the method can also be applied to other universality classes. Our
results extend easily to systems under a magnetic field.

2. The transfer matrix and the matrix recurrence relation

In the scattering approach to transport processes, the transfer nidtroonnecting
wavevectors at the left- and right-hand sides of the scatterer system contains all the
information required to calculate reflection and transmission amplitudes. The same applies
to the transfer matrixM, which relates wavefunctions and their derivatives, mostly used

in solid-state physics and related & by a simple unitary transformation.

In order to define what we mean by a multichannel transfer matrix, let us consider an
electronic transport process through a 3D system (of lehgthr —z,, and transverse cross
sectionw, w,), connected to perfect leads (or waveguides) of equal cross section. Due to
the finiteness of this cross section, the potential function can be separated into, at least, two
parts: a transverse hard wall potentigl(x, y), independent of the growing coordinate
and a potentiaVp(x, y, z), periodic at least as a function ef For a given Fermi energy
EF, the transverse eigenfunctiors ,, (x, y) and the eigenvalues, , are easily obtained
in the leads and those regions whéfe= 0. The electrons with energi = Er populating
these transverse modes, propagate along the directamplane waves with longitudinal
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wavenumbers
2m n? n%
K == FE—n?=4+ 2 )=k>—k2 .
z,i 72 2 2 T,i
h wy  wy

Each pair{n,,n,} defines a channel, considered non-evanescent Wwhers real If we
write the Schddinger wavefunction as

N
Y, .2 =) ¢i@pi(x,y) forz <z<zr

whereN is the number of propagating modes, we obtain the well known system of coupled
equations [7]

o? N
G2+ K = KE)ei(@) =) Kijey (@) @
j=1
with channel coupling constants defined by
2m* wy Wy
Kij = —6_2/ / #7 (x, y)Ve(x, y, 2)¢; (x, y) dx dy. (2)
wywyh® Jo 0

In this way, the 3D multichannel problem is reduced into a 1D multichannel problem. Using
the transfer matrix method, we will go further and reduce the problem into a one-cell 1D
multichannel problem.

Let us consider a single cell extending framto z,. Assume also that at these points
the propagating wavefunctions can be written as

Y(z1) = Z[ai 5[ (z0) + b; ((»;i (z)]

and
V) =Y [oi ¢i () +di 9; (22)]

1

with ¢; andg; travelling waves (in channeg) to the right and left, respectively. To define
the transfer matrix, which connects wavevectors betwegemdz,, it is convenient to write
the previous wavefunctions agv2dimensional vectors. So, we have

- N 0151(2)
PL(z1) = (“ZL(Z”> with ¢, (z) =
¢ (z1) aN(_O)N(Z)
_ b191(2)
and ¢, (z) = : ®)
by® N (2)

and similar ones at, and inside the cellFiniteness and smooth matching requirements
lead to

Pr(z2) = M(z1, z22)$L (z1) 4)

where M(z1, z2), or just M, is the single-cellN-channel transfer matrix of dimension
2N x 2N and complex entries. Although transfer matrices are clearly defined, the explicit
calculation for more than one channel is not generally straightforward. It may require
powerful mathematical techniques, see for example [8].
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In general, for a time reversal invariant (TRI) asgin-independerdcattering processes
(i.e. for systems of the orthogonal universality class) the transfer matrices have the following

structure
M, = (;{* f*) (5)

with « and 8, N x N complex sub-matrices. For TRI argpin-dependentscattering
processes (of the symplectic universality class), the matrices take the form [9]

_ (o2} ,Bs H _ 0 IN
M, = (Kﬂ;‘KT Ka;"KT> with = (—IN 0 )
wherea, andg,, are 2V x 2N complex sub-matrices for spi%hparticles. In the following,
we shall refer only to the orthogonal class, thus the subindex o will not be used M the

matrix.
Additionally, it is known that flux conservation (FC) requires the fulfillment of

M. M =%, (6)

whereX, is the generalized, Pauli matrix. This requirement has, of course, consequences
on the final symmetries and possible representations of the transfer matrix [9]. A particular
representation compatible with FC, is the Bargmann'’s parametrization

m (" 0 coshy sinhy v O
—\0 u* sinhy coshy 0 vt
whereu andv are unitary matrices, ang a positive diagonal matrix.
Since we are interested in obtaining transmission amplitudes, we recall that the transfer
matrix, in the orthogonal universality class, can also be written as [6]
o @Hh =
M= (—(IT)_lr (ZT)_]‘ (7)
with r andr the transmission and reflection amplitudes.
If we put two identical layers of lengtlh/» and transfer matrices side by side, the

resulting system has length.2n, and transfer matri/, = M M. The repeated application
of this combination property leads us to express the transfer matrix, for ithentical-cell

system, as
_oamn _ [ & B n_ ay P
My =M ‘(ﬂ* a*) :(ﬂ: a;:)' (®)

Our main objective is to express, and 8, as simple functions o& and 8, and then to
obtain simple functions for the multilayer transmission amplitudes. For this purpose we
shall deduce and solve some recurrence relations. Bgra= M M,_1, we have

o, = ao,_1+ BBy

By = afu1+ Bay, 4 (9)
and obtain

ays1— Aa, + Ba,_1 =0 with ag = Iy

Bu+1— ABn + Bfpr—1=0 with Bo = 0. (10)

Here,A = a + Ba*B~t and B = B («*B~'a — B*). We find it convenient to define the
function

PNn = ,3_113n+1 (11)
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which for simplicity will be written just agp,,, unless the number of channe¥s needs to
be specified. Using these functions we get the very important matrix recurrence relation
(MRR)

Pn — Cpn—l + npn-2 = 0 for n = 1 (12)

where p_1 = 0, po = Iy (the unit matrix of dimensionV), ¢ = (8~tap + «*) and

n = (@*Btap — B*B). It is easy to see that for the one-channel case the MRR is just the

recurrence relation for Chebyshev polynomials. In the next section, this matrix recurrence
relation will be solved and the physical quantities will be expressed in terms of its solution:

the non-commutative polynomiajs, .

3. The scattering amplitudes and the non-commutative polynomials

The non-commutative relation (12) resembles the well known three-term orthogonal-
polynomial recurrence relations. The non-commutative character of the various factors
involved makes the problem not only interesting from the physical but also from the
mathematical point of view, as there is a lot of ongoing research on non-commutative
symmetric functions [10]. As mentioned before, in the particular cask¥ ef 1 we have

the recurrence relation for the Chebyshev polynomials of the second®jnidy + «*)/2).

In this case, we find (see [11]) previous work consistent with our results. In terms of
the polynomialsp,, the n-cell transmission amplitude,,, and the four-probe Landauer
conductance both take compact forms. Ustag= 8p,_1, ands, = (al)‘l, we immediately
obtain

ty = (pa— (B ap)pu) . (13)

Havingt, the two-probe Landauer conductanGg,= Tr(st') in units ofe?/xF, is obvious.
Moreover, for the four-probe Landauer conductan@g, we have

1 1\
G, = G ( ) . (14)
Pn-1 Pn-1

Here G is the single-cell conductande/r|?, in units of e2/7h. Both 1, (thusG,) andG,

are simple functions of the polynomial,_;, and the single-cell physical quantities. It is

now clear, as mentioned before, that the polynomial’s zeros determine the transmission and
conductance resonances. The information on the multiple reflection from the conduction
band discontinuities, and phase interference phenomena along the system, is also carried by
these polynomials. Our next aim is to solve the MRR and to obtairpthgolynomials.

Although the MRR can be directly solved, we found it convenient to transform it into a
recurrence relation with scalar coefficients (though many more terms). As could be expected,
the new recurrence relation takes a form completely consistent with the Cayley—Hamilton
theorem applied td/. In this case we have

Moy + g1Muyon-1+ -+ gan—1Myi1 + ganM, =0 (15)

where g, are scalar symmetric homogeneous functions. Haiglar recurrence relation
(SRR) can, of course, be written wigh, or «,, instead ofM,,,, and also for the polynomials
pn introduced before as

Pni2N + 81Pnton-1+ -+ ganpn =0 (16)
with n > 0, and the same coefficiengs,.
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We shall first consider the generating function

Iy
)\’ _ — m)\m 17
Q() l+g1)h+g2)\‘2+"'+gZN)‘2N Oq ( )
where is a complex matrix (for example, the diagonal matrix of the eigenvalue$ M).
The coefficients;,, are just complex scalars. They satisfy the SRR and ffiec@nditions

m=

k
> 8- = ko k=01,...,2N -1 (18)
j=0

but they do not satisfy the MRR, except in the one-channel case. Using (12) we can obtain
po, P1, ---, and poy_1. We call these functions the initial conditions. They are different
from qo, g1, ..., andgoy_1, Obtained from (18). Even with this observation, thg are

still useful. Since the\; are solutions of the scalar recurrence relation, we can take the
combination

Gn = S1A] + S2A5 + -+ son Aoy (29)
and determine the coefficienis If we replace this combination in (18), we have
2N
> diisi = o k=0,1,...,2N — 1 (20)
i=1
with
dii =M+ g g+ (21)
Now we can use the well known symmetric homogeneous functions
2N
8m = Z )»[1)»/2 N )\'lm (22)
hi<lp<-<ly
and obtain
Si = —my - (23)
[T i = 2)
Thus,
Z )\2N+n71
=) —Nv - (24)
Hj;e,' (xi — )‘j)

This is not yet the polynomial we are looking for; however, e 1 this scalar polynomial
reduces to the Chebyshev polynomig] evaluated at TM /2. To fulfil the proper initial
conditions (defined by the MRR) one has to consider the generating function

Iy + o1+ p2A? + -+ pov- 1A Q) =) pu™ (25)
m=0

with Pm = ZT:O Pkdm—k» whenm < 2N — 11 ande: Z]fzal Prqm—k whenm > 2N.
The MRR initial conditions are satisfied if and only if
P = Pi + 81Pk-1+ -+ + &kPo k=1,...,2N -1 (26)

therefore
2N-1 k
PNom = Z Z Pi8k—19m—k whenm > 2N. (27)
k=0 =0
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Figure 1. One- ands-cell Landauer conductances and transmission probabilities as functions of
the free parameteis = ¢, — ¢, and x, for arbitrary one-channel potential functions. &) @nd
(c) ¢ is kept fixed, while in B) and @) yx is kept fixed. For specific potential profiles, these

parameters are energy dependent. Hpgnd @), the polynomialps 4 is also shown. Clearly,
its zeros determine the resonances.

This is one of our main results. It gives the non-commutative polynomigls in terms

of the invariant functiong,, andg,,, and the first 2 — 1 polynomialsp; obtained from

the MRR. Once having the polynomia}sy ,, tunnelling probabilities can be calculated
including transverse channel mixing. The common polynomial factors suggest certain
universality in the evolution through a superlattice. It will be of interest to extend this
method to include electric fields.

4. Some physical examples

Let us now discuss one- and two-channel examples. In one-channel, 1D systems the
transmission amplitude through thecell chain is obtained from

+1 +1 -1
£ o=t )‘ill. _)‘g t*_)‘l]l._)“g
" M — A2 A — A2

Independently of the particular and specific potential profile, the single-cell transmission

amplitude and the transfer-matrix eigenvalues can be written in the Bargmann representation
as

(28)

: 1
t=¢? 29
coshy (29)
and
112 = €0s¢ coshy + +/(cos¢ coshy)? — 1 (30)

with ¢ € [0,27) and x € [0, c0) being the Bargmann parameters. Let us look at the
behaviour ofiz,|? and G, as functions of these parameters. In figura)1the transmission
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probabilities|¢|? and |z, |? are shown as functions ¢f, when¢ = 1, whereas in figure bj
the same quantities are plotted as functiong diut now keepingy = 1. In figures 1€)
and 1€) the Landauer conductancésand G, are plotted for the same conditions.

To exhibit the role of the Chebyshev polynomial in the resonant behaviou, |8f
and G,, we also plot the former in figuresldY and 1¢l). The polynomialsp; ,_; clearly
determine the position and width of the allowed bands and tunnelling resonances. This is an
interesting result, particularly when dealing withrchannel superlattices, where the matrix
polynomialspy , are closely linked to the channel-mixing probabilities ;;|2.

In figure 2, we plot transmission probabilities for 1D square- &dzhrrier potential
chains, as functions of the energy. More precisely, we calculate the transmission
probabilities between the left-hand side of the first, and the right-hand side of the last
layer B in the sequencel’/ BABA ... ABA’. Here B is either a square or a delta barrier,
and theA’ are layers of the same material as but different thickness. In this figure,
we have takem = 11 (i.e. 11 barriers). In figure &) the transmission probabilitigs|?,
£,]2, and the bandwidth prediction for square barriers of height 0.23 eV and width
as = 30 A, separated by a distanég = 80 A, are shown. In figure 2) the same quantities
are plotted, but now fos-barrier potentials, of strengtty = 0.13 eV separated by a distance
bs = 130 A from each other.

1 2
It (a)
0.5 n=11
[t]2
eV
0.1 0.2 0.3 0.4
1
It,12 (b)
0.5
[t)?
n=11
eV
0.1 0.2 0.3 0.4

Figure 2. One-channel transmission probabilitieg and|r,|2 for n = 11 square- and-barrier
potentials, as functions of the energy. &) the square barriers are of heigh{ = 0.23 eV and
width as = 30 /&, and the valleys of widthbs = 80 A In (b) the strength of thé-barriers,
separated by a distanég = 130 A, is Vs =0.13 eV.

If we have more than one open channel, and we assume no incidence in the extreme
right-hand sidey, ;. represents the transmission amplitude from chakneh the left to
channeli in the right. Hencel,;, = ), |t,,,,<k|2 is the total transmission probability to
channel:.

To illustrate the evaluation of tunnelling properties for more than one channel, we shall
consider the potential functioW = V| + Vr, where the transverse pa¥t is an infinite
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Figure 3. Some coupled and uncoupled two-channel transmission probabilities through a chain
of §-barriers, as functions of the energy. In the uncgupled limity1)% and \t,,622|2 behave as in

the one-channel case. Here the transverse widtBBA, the separatiorz30A andn = 4. The
one-channel threshold 6.2 eV and the two-channel threshold424.7 eV. WhenI'1; # 0,

the band mixing is shown fd, 11/° and|7,.1|? in (b) and €), respectively.

square well of widthay = w, = w,, while the longitudinal part is given by
V. = y|:8(z —vl.) ZS(x —x)8(y — yu):| withv=1...,n
y

In order to haveN open channels, we take energies having positive longitudinal
wavenumbers? = k% — k%, i = 1,..., N. Defining the coupling constants

om*
Ly = hTy Z(pi*(xlu V)i (Xpus Y (32)
"

the two-channeb-barrier transfer matrix is given by
_(as Bs
%‘<@ @)

1 (Tu/ki Tiz/ks

as = I+ Bs and Bs = = <F21/k2 Fzz//q) . (32)
Here M2k, = Ma1k1, when flux is conserved. Selected calculations are shown in figure 3.
In figures 3@) and 3(), the transmission probabilitigg, 11| = |f11? and |z, 22| = |t22]?
are plotted fom = 4 andI'1, = 0. In thisuncoupledlimit, we have well defined resonant
bands. Their particular positions and widths depend, of course, on the specific choice
for the underlying parameters. As soon as the coupling is turned on, the channel mixing
takes place. In figure Bj the tunnelling probability#;1|2 is calculated again. This time,

where
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tunnelling resonances appear at energies which, in the uncoupled limit, were forbidden for
channel 1 and allowed for channel 2. In figure)3(he total transmissioffs; = ), |£1; 2
to channel 1 is plotted.

5. Conclusions

Within the scattering approach and the transfer-matrix technique to degénivepagating

modes through locally periodic 3D systems, a three-term recurrence relation for non-
commutative polynomials, as well as compact and closed formulae for transmission and
conductance probabilities, have been deduced. We have solved the matrix recurrence relation
using the generating function method, and a new set of non-commutative polynomials have
been obtained. These matrix polynomials of dimens¥or N contain all of the information
produced by the coherence phenomena in the multimode-multilayer system. Transmission
and conductance probabilities have been calculated for one- and two-channel problems. In
the one-channel case, the total transmiss$ipR and the four-probe Landauer conductance

G, were plotted as functions of the Bargmann parameters, leaving the example as arbitrary
as possible. To illustrate the use of our method with more than one open channel, we
considered a 3D confined semiconductor with equidistant planespotential scatterer
centres, and we have calculated transmission probabifiligs= |tn,,<j|2 from channel to
channelj, for coupled and uncoupled channels. Strong interference effects, like resonance
suppression and new resonant levels, appear because of channel coupling. Concerning the
non-commutative polynomials, we emphasized their relation with the resonant character of
the transport physical quantities and the multiple interference phenomena occurring in these
locally periodic systems.
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