PHYSICAL REVIEW B VOLUME 55, NUMBER 11 15 MARCH 1997-|
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We present a theoretical investigation of the electronic and optical propertisasfd T-shaped quantum
wires. Valence-band mixing as well as realistic sample geometries are fully included through an accurate and
efficient approach that is described here in detail. We investigate the resulting valence-band structure, which
shows some significant peculiarities, such as an anomalously large spin splitting in the lowest heavy-hole
subband ofT-shaped wires. For both classes of wires we obtain good agreement between calculated optical
absorption and recent experimental spectra, and we demonstrate that the analysis of optical anisotropy can be
used as an effective tool to extract information on valence states, which is usually very difficult to obtain
otherwise[S0163-182107)01008-4

INTRODUCTION tropic when light is linearly polarized, with the electric field
directed parallel or perpendicular to the wire axis. This has
In recent years, one-dimensionélD) semiconductor long been recognized to be a band structure effect due to the
nanostructures have received increasing attention. The potefiasi-one-dimensional character of electronic state, com-
tial technological application of quantum wiréQWR's),  bined with heavy- and light-holéHH and LH) mixing.*® The

e.g., in laser devices, has fueled a search for new fabricatiodnisotropic absorption is therefore used as a simple tool to
techniques and improved sample quality. this area, recent reveal the 1D character of electronic states in nanostructured

investigations have focused on two classes of structures, tHBaterials.

so-calledV-shaped ® and T-shaped 4 QWR's (V-QWR's In principle, the optical anisotropy can be exploited to
and T-QWR's). Due to high control on growth conditions single out detailed information on the electronic states, since,

. as we will show, it is very sensitive to specific details of the
a_md strong confinement of the electron and hole yvave funcE>and structure. In practice, this approach has been so far
tions on the scale of a few nanometek&;QWR’s and

T-QWR's share desirable optical properties for device appli-l |rrnn|§rciiets)y :;etg;kpg;:,;{gt\f/é’aslC;L?jtl-?.névt/oé'g?m%l:édge_

cations, such as large exciton binding energy and a smaflymmon theoretical methods, even within semiempirical
linewidth. _ schemes as the tight-binding or the envelope-function ap-
V-QWR’s are obtained from a GaAs substrate grownyrgach, require a large scale computational effort. In order to
along the[001] crystallographic direction, patterned with yeep calculations tractable, up to now the optical properties
[110]-orientedV-shaped grooves obtained by chemical etch-of QWR’s have been investigated theoretically only for
ing. The active region consists of a GaAs layer claddedather idealized structuré§;?! yielding results that cannot
between two AlGa,_,As region$ or GaAs/AIAs  pe directly compared with experimental spectra. Calculations
superlattice3 (SL's) overgrown on the patterned sub- have been performed for realistc QWR geometffebyut
strate. The confining potentidkee Fig. 1 has a crescent they have so far neglected HH-LH mixing.
shape profile. T-QWR’s are obtained by first growing a  Recently, we have demonstrated, by a combined
GaAs/Al,Ga; ,As SL on a(001) substrate. After cleavage, theoretical-experimental study &-QWR’s?® that accurate
a GaAs quantum wellQW) is grown over the exposéd10  band structure calculations for realistic structures provide
surface, resulting in @-shaped active regiohln both cases, quantitative predictions of photoluminescence excitation
the electron and hole wave functions are confined in th€PLE) spectra, and that detailed information on the valence-
[001] and[110] crystallographic directions, while the QWR band states can be singled out of the PLE anisotropy, despite
free axis is parallel to thg110] direction. the dominant role of the light conduction electrons in the
The optical spectroscopy of QWR'’s is more complexoptical spectra. Such calculations were based on a recently
than for QW's of similar lateral dimension, since in QWR’s devised method which provides the band structure for
linewidths can be comparable to intersubband splittings. OIQWR’s of arbitrary geometry at a relatively small computa-
the other hand, a remarkable peculiarity of QWR’s with re-tional cost. The accuracy and the short computer times make
spect to QW's is that the optical activity is strongly aniso- such calculations a practical characterization tool in conjunc-
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proach is the neglect of excitonic effects. Indeed, recent cal-
V - QWR culations which fully include Coulomb interaction in realistic

QWR profile€? (but do not include HH-LH mixingdemon-
2 Profile A strate that electron-hole interaction, besides giving rise to
,,,,,,,,,,,,, Profile B bound excitonic states below the band edge, also modifies
the excitonic continuum above the band edge. However, our
previous investigation ivV-QWR'’s (Ref. 23 has shown that
gquantitative agreement is obtained between the observed
PLE anisotropy, which probe the excitonic continuum, and
the anisotropy in absorption spectra calculated neglecting ex-
nm citonic effects. We interpret this result as an indication that
the electron-hole Coulomb interaction, by mixing isotropi-
y cally the(optically anisotropig electron and hole states, does
, not change the average anisotropy as obtained by single par-
X ticle band structure calculations. This is of course compatible
with the possibility that the relative intensity of the absorp-
[110] T - QWR tion peaks for a given polarization may be strongly
affected!’ The above arguments suggest that the approxima-
tion of neglecting electron-hole Coulomb coupling is a rea-

[100]

55+ sonable one for our purpose of studying optical anisotropies.
Of course, its accuracy for the presevit and T-QWR'’s
S0 Qw1 must be establisheal posterioriby comparison with experi-
45- ments, as we will do later on in this paper.
Vo) The theoretical background and the numerical method
g 402 =z s% used in our calculations are outlined in Sec. I. Sections Il and
(&) Il report the results of our calculations, focusing on the band
5 structure and optical anisotropy, fol-QWR’s and
0. QWI T-QWR’s, respectively.
I
-5 I. MODELING THE BAND STRUCTURE IN WIRES
20 15 10 5 0 5 10 OF ARBITRARY GEOMETRY

nm In this section we describe the theoretical framework of

our calculations. As we are interested in optical transitions
FIG. 1. Confining potential profiles af-QWR’s andT-QWR’s, near the direct band gap of GaAs, and because QWR elec-

with an indication of relevant crystallographic directions and refer-tronic states are extended over several nanometers, we work
ence frame. FOvV-QWR's we show two potential profiles, profile  within the envelope function approximation. For the wires of
(solid line) and profileB (dotted ling, which are characterized by a interest in this paper, we choose the following Cartesian ref-
different value. of the confinement [engtﬂ. (p.roflle. A erence framdsee also Fig. )t x along the[110] direction,
L=8.7 nm; profileB: L=6.83 nm) and which will be investigated , 5 the[001] direction, andz along the[ 110] direction.
in _Sec. Il; thg supercell periodicity used in the calculatitsee Sec. Therefore, for both classes of wires, the QWR section ex-
Q_Svsgpgwfietlr{]if;ggﬁf:?e;fa% S?(;ne(:to_ngo' E?nr tt:z tends in thex—y plane, while its free axis is parallel to the
supercell periodicity is approximately 55 nm alorgand 50 nm Z dlr_ec_:tlon. Due to tran_slatlonal invariance, along this direc-
alongy. tion it is possible to define a 1D wave vectiqr. In thex and

y directions we assume a supercell periodicity, i.e., we de-

tion with experimental results, as well as a predictive tool forscribe arrays of QWR's. The size of the supercell can be

new devices. taken large enough to describe effectively isolated wires
In this paper, we present a theoretical investigation of thavhen needed. . _
electronic and optical properties ¥EQWR’s andT-QWR's. Electron and hole states will be described separately by

We focus on the relationship between optical anisotropy andlifferent effective mass equations. For conduction electrons,

band structure, and we show how the analysis of opticalVeé assume a single-band approximation, which implies a

anisotropy permits a detailed spectroscopy of valence stateBarabolic energy dispersion in the free direction; the wave

even when the large linewidth of the spectra does not alloWunctions of the electron subbands are

an identification of the valence-to-conduction subband tran-

sitions. FOrT-QWR’s we also predict a huge spin splitting of Wa(r)=F(r)|s,o), 1)

the lowest valence subband, originating from the interaction

between the lowest HH levels of the intersecting QW’s. Fowhere|s, o) is the atomics state with spinoe{1,]}, n is

both classes of wires, calculations are performed by the nithe subband index, anBp(r) is the nth solution of the

merical method introduced in Ref. 23—described here irenvelope-function equation. Since we deal with a two-

detail—thereby demonstrating its accuracy and flexibility. dimensional confinement potenti(x,y), we can factorize
The main approximation that is still present in our ap-F&(r) =e'*ZyS(x,y), wherey?t is thenth solution of
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ﬂewﬁ(x,y)=Eﬁ CUEXY), 2) and LH subb{:lr)ds, both eigenvalues and envelope functions
"z depend nontrivially on the wave vectky and the hole sub-
with the electron effective mass Hamiltonian band indexm. Using the compact notatioa=(k,,m), we
5 write the hole wave functions
N he . .
_ 2 2 2 .
He= 2_rne(kx+ky+ k) +V(x,y)|; (3

W) =2 F3 o(N)[312.3), )

here m, is the electron effective mass, amg=—ida/dx,
Ky=—ioldy. Of course, in this one-band description, thewhere|3/2,3,,) are the four atomic states with total angu-
electron subbandg, , depend quadratically ok, : lar momentum J=3/2 and projection J,=+3/2,
+1/2, —1/2, —3/2 of J along a quantization axis. Again,
each envelope functiorFG‘m’a(r) can be factorized as
Fj o(n=e*2y} (xy), and the four-component vector
where thee?’s are the confinement energiéise., the sub-  #L(%,Y)=(¥" 30 9" 1100 V" 120 ¥ 32.0) is themth so-
band edges The subbandEﬁkZ are spin degenerate, and the lution at pointk, of the multiband effective mass equatith,

J<'s arek, independent. R
" c HL 'ﬂ;: EZ '»”;u

Conduction-band states do not directly contribute to opti-
cal anisotropy, being mainly of isotropistype character, R
and in this case the above one-band description is sufficienwhere H, is the Luttinger HamiltoniaR® With the above
Conversely, it is essential to give an accurate account ofhoice of coordinate axes and the quantization axis) of
p-type valence states by a multiband description, in order t@long the[110] direction, following Ref. 26 the Luttinger
investigate optical anisotropy. Due to mixing between HHHamiltonian reads

. . hAE
=e+
n,k, €n 2me ’

(4)

(6)

Pi+V(Xy) R Q 0

|3/2,+3/2)

. #2 RY P,+V(X,y) 0 o) |3/2,—1/2)
"Coam| o 0 Byviy R |12 7

0 —ot RT B+ V(X,Y) |3/2,—3/2)

where GaAs values listed in Table I. Although our approach can be
extended to account for the material dependence, this would
- Y2+37v3)| ., no Y2—3v3| » be a small effect in our calculations.
Pi= ( L4 Y Kt (it y2)ky+| v 2 Kz, One possible approach to solve the multiband equaépn
(83 is to split the problem in two parts: the first step is to solve
the two Schrdinger-like equations arising from the diagonal
A Y2+ 3y3| - N Y2—3y3 terms of(7),
Po=| 71t — k§+(71_72)k§+ 71t T) K2, A
8b) [P1+V(X,Y)]1hH(X.Y) = € ¢l (x.y), 9
3 ~ v, Lyt [Po+V(x,y)]$7(xy) =€ ¢{(x,Y). (10
R—_ \/5{_ Y2 ysk)2(+(y2ky—2iy3kz)ky— Y2773 ki} 2 i i Pi
2 2 : :
80 The second step is to use the aﬁé‘tas a basis to expand the
components* 3/2 of the vector ¢, and the setp? as a
A \/_ A A basis for the components 1/2. In this representation, the
Q= —2V3(y3ky—iy2k)ky. (8d)  giagonal matrix elements of thé, are given by the two sets

This Hamiltonian provides thépositive definite¢ hole sub-

bands, referred to the bulk valence-band edge, as a functi

of the in-wire wave vectok,, including HH-LH mixing.

of scalar numbers!, €*, and matrix elements need only to

die calculated for off-diagonal terms, using the functions

qSil, ¢i2. This approach has the following drawback: since

The hole Hamiltonian for structures grown along crystallo- _ _
graphic directions different from the present ones can be ob-TABLE I. Bulk GaAs band parameters used in the calculations.
tained along the lines of Ref. 26. In the above electron and

hole effective mass Hamiltonians we neglect the material Ey (eV)
dependence of the electron effective magsand the Lut- 1.519
tinger parameters,, y,, andvys, and we always use the bulk

Me 71 Y2 V3
0.067 2.1

6.85 29
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the effective masses appearinglf?n, I52 (the so-called HH _
and LH effective massgsre very different, the two sets of Py =772~ = (13d
eigenvaluesail, eiz span different energy ranges. The set

€2, being the spectrum of a light particle, will have larger ~ Then we solve the equatiori$1g and(11b) by a plane-
gaps, and the ground state will be higher in energy than fowave expansion, as outlined in Ref. 22. Typically, we fix two
the setel. Since we are mainly interested in the low-lying energy cutoffsE;, andE,, and we find theN* and N~
hole subbands neat, this representation, although exact in €igenstates which fall below the cutoffs. Using the eigen-
principle, is poorly convergent with respect to the number offunctionsé, , ¢, , we form the following basis set:
statesp; , ¢2 included in the basis, and it is not practical in

+
numerical calculations. b, 0
To solve this problem, we propose a scheme in which we
expand the components off, using the solutions of two |+.v,1)= uE |+.v,1)= o |r (143
Schralinger-like equations with two fictitious, arbitrary .
massesn®, m~, which we then tune in order to improve the 0 b,
convergence:
, 0 0
st (KK V) |6 (xy) =€ oy (xy), (113 =l 2 ezl 2
0 b
0 0

¢, (Xy)=€,¢,(Xy) (11b

ﬁZ
02, (2
[F(karky)ﬂLV(X,Y) _ N B _
with v=1...N" andpu=1...N", and we expandc/); in
(here and in the following we use the indexfor + states, this basis:
andu for — states. In this way, we diagonalize exactly only

part of the kinetic energy term®; and P, of H, , but the P = CHv,0)|+,v,0)+ > Co(p,0)| = 0).
potential V(x,y) is exactly diagonalized. Of course, in this vo uo
representatiore, €, arenot the diagonal elements of the (15

matrix representing the Hamiltonian, aRd, P, give rise o The explicit matrix elements dfi, in this basis are given in
additional off-diagonal terms. However, the time spent toappendix B. The total dimension of the Hamiltonian matrix
calculate the additional terms is more than compensated by this representation is;2(N*+N~). All we need to com-
the improved convergence which can be achieved by propyte, in order to evaluate the matrix elements, are integrals
erly choosingm™ andm™. In the end, we shall find it con- o the kind
venient to choosen*=m™, and both equal to the heavy-
hole effective mass along th6801] direction. Y ‘i 4y
To implement this idea, we add and subtract a term Jﬂ[dh (xy) ] kg (x,y)dx dy, (163
f212m* (ki +k2) to Py, and a termi?/2m™ (k3 + k%) to P,.
Then we obtain o ,
L L}[dn’(x,y)]* kgkp o] (x,y)dx dy, (16b)
Dt_p — 02, (2 +12 +i2
P =Pi=0 (Kt k) + Pkt pyky evaluated over the supercell volum@, where 8,8’
e{x,y} andy,y’' e{+,—},; these are easily obtained given
K2, (129  the plane-wave expansions of thg™'s and ¢;'s. The
choice ofm™, m~, which is important in order to obtain an
1 efficient convergence, is discussed in detail in Appendix A;
p :PZZF(k)Z(—i_ks)_FpX k)2(+py k;Z/ rrl]eli vmvg :?I;/li\r;t;:;?fl}? that in all our calculations we use
Once we have calculated the electron and hole subbands
kg, (12b) by the above method, we are in the position to evaluate the
absorption spectruna (7 w) in the dipole approximation,
summing the dipole matrix element, with the appropriate po-

+

_ Y2—3v3
Y1 2

-3
+(y1+ Y2 ) Y3

h o .
where larization of lighte, over all electron and hole states:
+ Y2+3v3 1
=\ y———— | —F, 13
Px (71 2 m* (133 aé(ﬁw)occ;nzo |Mzﬂn’0|25(Eﬁ+E2+Eg—ﬁw), ()
Py =(y1+ o) — i+ (13b where the optical matrix elemenkd;,_,  are given in Ap-
y m pendix C, ancE is the bulk energy gap of GaAs; typically,
a set of sixtyk, points have been included in the summation.
o B y2+3ys| 1 (139  The absorption spectra shown in this paper have been ob-
Px = 7 2 m~’ tained by superimposing a Gaussian broadening to
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TABLE Il. V-QWR’s sample parameters.
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TABLE lll. Confinement energie§in meV) of the lowest con-
duction and valence stateslgt=0 for the V-QWR'’s. Note that at

A/SL A/AlAs B/SL B/AIAs  k,=0 spin degeneracy holds. Therefore, subbardl is degener-
ate tom=2, etc.(Ref. 24.
L (nm) 8.7 8.7 6.83 6.83
Barrier type (AlAs) /(GaAsg AlAs (AlAs),/(GaAsg AlAs Electrons
Verr (V) 0.150 1.036 0.150 1.036 n AISL AJAIAS B/SL B/AIAs
Vi (ev) 0.085 0.558 0.085 0.558
43.3 68.3 555 98.8
2 57.3 91.9 63.2 117.0
a (hw), in order to simulate the inhomogeneous broadening 65.3 1125 67.0 124.0
due to structural imperfections of the samples. The broad4 69.8 126.1 72.4 132.2
ened spectrum is obtained as Holes
m A/SL A/AIAs B/SL B/AIAs
ae(ﬁw):f aé(hw')e*ﬁ%w*w’)z/%ﬁdw’_ (18) 1,2 10.7 14.4 13.1 18.7
e 3,4 13.1 18.1 13.8 19.5
5,6 14.4 20.0 15.6 21.7
Il. BAND STRUCTURE AND OPTICAL PROPERTIES 7.8 15.8 21.8 171 237

OF V-SHAPED WIRES
A. Samples additional confinement is less effective than the confinement

As a prototype ofV-QWR’s, we first consider a sample due to the original QW, the new sets of subbands have
described in Refs. 5, 27. This consists of an active GaAsmaller gaps with respect to the subband splittings of the
layer embedded in #AlAs),/(GaA9g SL, overgrown by parent QW. This simplified picture will serve as a guideline
molecular beam epitaxy on the exposed surface of the etchddr the discussion of numerical results obtained for the actual
substrate. As in Refs. 23, 27, we use thashaped potential samples.
profile obtained by digitalizing a TEM micrograph of the  The calculated energies laf=0 of the lowest conduction
sample. We also adopt the same supercell geometry as and valence states are listed for reference in Table IlI for the
Refs. 23, 27. The complicated structure of the SL whichfour samples. In the following we shall focus on hole sub-
provides the quasi-one-dimensional confinement is modeledands, which are shown in Fig. @ight pane] for sample
by a homogeneous barrier with effective conduction- andA/SL. First, we note that a,=0 each subband is doubly
valence-band offsets/5; and V'e‘ﬁ, respectively. Based on degenerate, while at finite, the subbands are spin split, due
previous investigatiot$? for the same sample, we take to the lack of inversion symmetry of the confining
V=150 meV and\/Qﬁz 85 meV. It should be noted that potential®® Splittings are in the range of few meV. Second, a
the effort of including exactly the confining SL in the calcu- Strongly nonparabolic energy dispersion is evident. This fact,
lations would not necessarily result in improved accuracy, agamiliar from QW's, is due to mixing of states with HH
the envelope-function approximation itself loses its validity (Jm= % 3/2) character and LHJG,= *1/2) character.
for such short-period SL's. The HH/LH character of hole states influences the optical

In order to investigate the role of the confinement in theproperties of the sample, since different atomic orbital com-
optical properties, we shall consider two sample profilesponents have different oscillator strengths; of particular in-
which differ in the value of the confinement lendthat the  terest from this point of view are tHe=0 states which, due
bottom of the V-shaped region(see Fig. 1 profile A  to the large density of state®OS) stemming from their
(L=8.7 nm) and profileB (L=6.83 nm). These SL- quasi-one-dimensional character, mainly contribute to the
embedded QWR’s will be labeled/SL andB/SL.

A key issue which makes nm-scale QWR's interesting for

electro-optical applications are large confinement energies 4o 7

which can be obtained with large band offsets in addition to T,

geometric confinement. In view of this fact, we shall com- o . =
pare the samples described above with samples having theg . 3
same profiles and barriers constituted by pure AlAs, that we & §
will label A/AIAs and B/AlAs. The parameters of the four g 20 <
samples are summarized in Table II. /,,./'

10 - T
B. Band structure 0.00 0.25 0.50 0.00 0:02 0‘.04 0.06

LH character k, &™)

A qualitative interpretation of the band structure of a
V-QWR can be obtained by adding to a QW of widthan FIG. 2. Right panel: hole band structure along the free axis
additional lateral confinement due to the crescent shape ¢i10] of the V-QWR labeledA/SL. Black triangles indicate the
the profile. In the lowest approximation, the latter can beeigenvalues used in the later Fig. 11 to analyze the convergence.
thought of as a parabolic potentiakhich splits each sub- Left panel: LH character of the,=0 states; the quantization axis

band of the parent QW into a new set of subbands. Since thie taken alond001].
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Total Heavy Hole Light Hole

20 -10 0 10 20 20 10 0 10 20 20 10 0 10 20
nm nm nm

FIG. 3. Total charge densitjeft panel$, and HH- and LH-projected charge densitiesnter and right panelsf selected hole subbands,
according to the labels, &=0 for the samé&/-QWR of Fig. 2. Full lines indicate the GaAs/SL interfaces. For clarity, some charge density
maps have been magnified by a factor of 5 or 10, as indicated by labels. Note that the hole subbargl§ ... atk,=0 are degenerate
with the subbandsn=2,4.6 ..., (Ref. 24 and the total and projected charge densities are equal for degenerate states.

absorption intensity. Contrary to the case of QW's, hole sub- - N 5
bands cannot be strictly classified as HH and LH states even Pa (x,y):J 23/2 |¥a,ra, (X Y%, (203

at k,=0. To define the HH/LH character in the present mo-
samples, we note that the direction of strongest confinement

is the [001] direction, as demonstrated by charge density LH _
maps of the lowest-lying states which we will show later in Pa (X’y)_J
Fig. 3. It is therefore meaningful to calculate the HH/LH

character along this direction, because this would be thginally, the HH and LH character is obtained by integrating
quantization axis ofl in an equivalenf001]-grown QW of  the above charge densities over all spalrethe above equa-
width L. To do this, we calculate the rotated vector tions, the real-space representation is chosen for clarity. The

|Wora, (XY (20b)
1/2

=+
m==

W m(xy) =R Ph(x,y), where corresponding expressions in Fourier space, which we use in
the numerical implementation, are very easy to obtain and
1 _\/§ \/5 1 are not explicitated her)e._
In the left panel of Fig. 2 we show the calculated LH
R 1 [V3 1 -1 V3 19 character of the hole subbandskat 0. This is best analyzed

22 $o1 1 -3 in connection with Fig. 3, where we show the total and pro-
jected charge densities of the hole statekatO for the
1 —-y38 -3 -1 sameA/SL sample. In the ground state, the LH component is
rather small ¢-8%), but itincreases rapidly for the excited
R is obtained by diagonalizing the matrlly written in the  subbands. Correspondingly, the ground state is well localized
representation in whichl, is diagonal, with eigenvalues [Fig. 3@], while the lowest excited stat¢Eigs. 3b), 3(c)]
Jm- Then we define the HH- and LH-projected charge denhave wave functions which increasingly extend along the
sities V-QWR sidewalls. The regular increase of the LH compo-



7116 G. GOLDONI, F. ROSSI, E. MOLINARI, AND A. FASOLINO 55

Profile A Profile B .
s = 70 ~ [AISL 20 AJAlAs 2
50 > ] S gt 1 & 2 —q10 £
. \ L =2 10§ E g
B o 60 £ —1, E- =0 3
S 40 T o) & o 1 1 & = 1" 2
1 '47 ‘-{ 50 g S 171 W4 gns 0 =R = h - -10§
g 5 T, e U Rk ] B b owlue]
g i S £ & [0 o Wi x Py
& 30} T L 40 g 156 158 160 162 164 160 162 164 166 168
g =] o « .:>—. 4 Photon energy (eV) Photon energy (eV)
= . A(t‘ ) 30 2 -~
200 -1 1 LA B/SL
s | el P = >
. '//'/' —e— A/SL /f ——B/SL 20 - 205. £ 2.
| . + AJAIAY . B/AIAs 2 1 & = g
10l AAAy | 10 5 e £ E
0.0 02 04 06 00 02 04 06 Pz 112 F |2
LH character LH character = Iﬂl" H s 4',/8’2/96”'27”34,8}16 0 8 :; L ﬁ;ﬁ_ﬂm;‘qx‘”f; ran 2
I T 1R v sl
1.58 1.60 1.62 1.64 1.66 1.62 1.64 1.66 1.68 1.70
FIG. 4. LH character vs subband energykat0 for samples Photon energy (eV) Photon energy (eV)
with profile A (left pane) andB (right pane], and with SL or AlAs
barriers(full circles and triangles, respectively FIG. 5. Optical absorption intensity for linearly polarized light

parallel(thin solid lineg and perpendiculaithin dotted linegto the
nent is interrupted by then=25, 26 levels(13th doublet: wire axis for the four samples listed in Table Il. The relative an-
recall that each point ak,=0 is doubly degenerateat isotropy is also showrthick lineg in the scale on the right-hand
~27 meV which is mainly of LH character (56%). This can side of each panel. A Gaussian broadeningrgé =4.5 meV is
be interpreted as the reminiscent of the LH state of a QV\'yncI.uded. Fo'r.each sample, we show a histogram of the strongest
with confinement length.. The wave function of this level ©Ptical transitions ak,=0 and for one spin orientation, for light
[Fig. 3(d)], in fact, is again well localized, analogously to the po!ar|2|on perpen_dlcular the QWR aX|_s._Each bar |s_proport|onal in
ground state, and in contrast to the wave functions of nearb{}S19nt to the oscillator strength, and it is labeled witfm, where
states. We shall comment later on the fingerprints of thi IS th.e index o_fthe condupyon state amdhe index of the valence
) . . . “state involved in the transitio(Ref. 24.

strongly LH-like state in the optical spectra, and, particu-
larly, in the optical anisotropy. Note also that in Fig. 2 there
are other “jumps” in the LH character at higher energies; We first focus on sampl@/SL, for which experimental
these correspond to energies where ladders of levels of diflata are availabl& The calculated anisotropy in the low-
ferent symmetries, like an additional nodal plane parallel teenergy part£1.62 eV) is 10-20 %, with a deep minimum
the [110] direction, begin. at ~1.59 eV, where the anisotropy is almost suppressed.

In Fig. 4 we compare the LH character vs subband energfpoth the average anisotropy and the position of the minimum
at k,=0 for samples with different barrieréSL and pure are inquantitativeagreement with experimental dataThe
AlAs). For both profilesA andB, the strong confinement due agreement worsens at higher energiesl(62 eV), where
to AlAs barriers induces not only the expected blueshift ofthe calculated anisotropy drops rapidly and finally changes
the subbands, but also reduces the LH character of the lowesign, while experimental detéshow an increase. We believe
LH-like state, as compared to SL barriers: in sampISL, that this discrepancy is due to our “effective” description of
the m=25, 26 doublet is 56% LH, while its counterpart in the barriers which affects particularly the higher-lying hole
sampleA/AlAs, the m=27, 28 doublet, is only 42% LH. In states.
sampleB/SL, them=35, 36 doublet is 75% LH, while its By comparing the calculated anisotropy of the four
counterpart in sampl®/AlAs, the m=37, 38 doublet, is Samples, it appears that a more or less pronounced dip over a
only 52% LH. range of ~10 meV (i.e., the linewidth of the broadened
spectra is always present in the low-energy range of the
spectrum, superimposed onto a background of an otherwise
large and positive anisotropy. Additional structure, particu-

In Fig. 5 we show the calculated absorption intensity forlarly for sampleA/AlAs, is also present in the high-energy
the four samples of Table Il and for light linearly polarized range. Note also that the maximum anisotropy is in the range
parallel to the wire axigd,|, and perpendicular to it along the 15-25 %, and does not change dramatically in the different
[110] direction, I, . A Gaussian broadening ofs, samples.
=+4.5 meV has been includéd For all samples, we also By studying the optical matrix elements, it can be shown
report the relative optical anisotrofhick lines in Fig. 5,  that the dips in the anisotropy are due to states with a large
defined as 1004(—1,)/l . The optical absorption spectra LH charactet’ e.g., them=25 subband in sampl&/SL.
are obtained integrating over the whole band structues,  Since this is a localized state and has a large spatial overlap
integrating ovek, and summing over electron and hole sub-with the first conduction subband, it contributes to the low-
bands and spinhowever, for illustration we show the stron- energy part of the spectrum. This is true, in general: as can
gest optical transitions due tg=0 states, and for one spin be seen from Fig. 5, for all samples the anisotropy dip cor-
orientation of the conduction electrons, for light polarizationresponds to &,=0 transition(highlighted as black bars in
perpendicular to the QWR axiéistograms in Fig. b To  the histogramsbetween the electron ground state=(1)
identify the electron and hole states involved in each transiand an excited hole state which is time= 25, them= 27, the
tion, we use the labal/m, wheren andm are, respectively, m=36, and them=237 level for A/SL, A/AlAs, B/SL, and
the indices of the conduction and valence states. B/AIAs, respectively. For samplé/SL, comparison with

C. Optical properties
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18 : , . . The comparison with the absorption spectra demonstrates
] . thatk,= 0 transitions alone give a poor estimate of the inte-
16l ..E’fl??.’.'.’.’.’?.e_’_‘_’f ........................ . /a | grated spectrum. This is due to the DOS contribution of the
S ./O... hole subbands which are strongly nonparabolic, and have a
g 14} _ large DOS also fok, points away fromk,=0 (see Fig. 2
~ i Finally, note the relaxation of selection rules fg=0 tran-
= nk ‘ | sitions shown in Fig. 5. Indeed, if the envelope-function
E’ parity-conserving selection rule would be obeyed, only tran-
B ol ] sitions of the typen/(m=2n) or n/(m=2n-1) (depending
> Full calculation on electron spin orientatiorwould be allowed.
. o Square well model
Y ® 0 30 100 Ill. BAND STRUCTURE AND OPTICAL PROPERTIES
Vi (meV) OF T-SHAPED WIRES
eff
A. Samples

FIG. 6. Energy gap between the hole ground state and the first . . . .
localized state with a strong LH character for 1eQWR sample We investigate &-QWR with the geometry sketched in

labeled A/SL as a function of the effective valence-band offset Fig- 1. In our calculation, the SL grown along tfig01]
V. Full dots: full calculation. Empty dots: square well model for a direction is constituted by 5.3 nm wide QMQW1), sepa-
QW of width L and barrier heigh¥";, the HH and LH levels are rated from each other by 50 nm wide AlAs barriers, while
obtained withm,,;=0.377 andm,;;=0.090, respectively. The ex- the QW grown along th¢110] direction (QW2) is 4.8 nm
perimental value is obtained as explained in the text. wide. These parameters correspond to a sample for which
polarization-dependent PLE spectra are availdble.
Fig. 2 shows that the involveh= 25 hole state has a strong Note that theT-QWR’s which form at the intersection
LH character and its wave functidirig. 3(d)] is strongly  between QW1 and QW2 are not uncoupled in fiB@1] di-
localized. The large LH component assumes that the interrection, due to the SL structure of QW1's, a fact which we
sity for the two polarizations is reversed with respect to thefully take into account in the supercell representation used in
strongly HH-like ground state, causing the dip in the anisoour calculations. On the other hand, theQWR'’s are iso-
tropy at 1.59 meV. A similar correspondence between thgated along theg[110] direction; in our calculations, this is
dip and a localized LH-like state applies also to the othesimulated by truncating QW1 with a AlAs barrier 50 nm on

samples. the left-hand side.

An immediate consequence of the above result is that,
since both the ground HH state and the LH-like state couple B. Band structure
with the lowest electron subbanthe difference in energy . .
between the onset of the continuum and the position of thgiffg ?sn?e;[il:rrwerg;;ggt %(E) tﬁg'r-lg\l/?/gfsné;—rggv'}lﬁe?ejsv;aettire d
d_|p in the anisotropy is a direct measure of the energy SpIIt_the picture of a lateral confinement added. ona dW structure
ting between the ground HH and the first LH state, indepen- hich. theref locali Il states in th | Con-
dently of the electron confinememote that such informa- W rlc I, Tt_erev\(/)lge,ttica lzez S Zattef ilnnt r?/ tp gne. thor; it
tion cannot be extracted from the absorption spectra alone, é’§ sely, T-Q stales can be betier interpreted as the resu

- - P - the coupling between 2D states of the QW’s, QW1, and
the large broadening prevents the identification of any sing| ; ) 3 .
transition apart from the fundamental one. W2. Beside perturbing the 2D states, this coupling also

The HH/LH splitting obtained in the above manner can beinduces localized states or resonances; these can be also seen

used to extract band structure parameters as, for example, tﬁ% t?il:ﬁ[f:g g\}VD ?aegggtsnsfgg gtok}e:gfﬁ t&irés':gttlﬁgilgulr}}/r?”_
effective hole confinement?; . In the measured PLE spectra P ' Pling

for sampleA/SL 22 the anisotropy dip lies-16 meV above with the other QW. This picture has nontrivial consequences,

the onset of the continuum: in Fig. 6 we report the HH/LH particularly for hole states, which we analyze in the follow-

L ing.

splitting calculated for several values Vﬂﬁ (full dots) for "ot \ve focus on the lowest-lying stateskat=0. Elec-
this sarlnplle. V(\j/ebalso s_hovlv, for compan”son,(tjhtlafl-|H/LH Sp“t]:trons and holes are very different from this point of view:
ting calculated by a simple square well model for a QW of .o 14y 1o the electron effective mass which is isotropic in

width L (empty dot$, using the bulk HH and LH effective G,ag the HH effective mass is strongly anisotropic between
mass alond001] . It can be seen that the splitting is quite 4, [001] direction (M.=0.377) and thd110] direction
sensitive tovgff, and that the experimental value is compat—(mHH:O'Gg)' The effect of this difference is shown in Fig. 7,
ible with Viz~80 meV. This observation provides a good where we report the total charge densities for the lowest
criterion for choosing the confinement energy of holes.glectron and hole states kf=0. For the present structure,
which would otherwise be rather arbitrary. Using this proce-heing QW1 and QW2 of comparable width, the electron
dure,Vgy; was finally taken equal to 85 meV in Ref. 23. Note ground statdFig. 7(a)] is a quasi-one-dimensional state ex-
that a variation of the valence-band offset ©fl5 meV  tending both in QW1 and QW2; the lowest excited subbands
shifts the HH/LH splitting of +1.3 meV, well within the [Figs. 7b), (c), (d)] belong to the continuum of 2D states of
experimental accuracy for the determination of the HH/LHQW1, since QW1 is widefactually, discrete levels are ob-
splitting? Note also that, for a rough estimation ¥y,  tained here, due to the supercell methothe localized
calculations using a simple square well model may be suffiquasi-one-dimensional electron lies 15 meV below the QW1
cient. continuum.
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FIG. 8. Right panel: hole band structure along the free axis
[110] of the T-QWR. Solid lines show the dispersion of all states
resulting from the full calculation for our supercell geometry. The
full circles identify the states that, from direct inspection of the
wave function, exhibit a predominantly localized character at center
of the T, and are therefore assigned to quasi-one-dimensional

10 n=2 QWR-like states or resonances. As explained in the text, the re-
25 =1 5 " main?ng stat_es are simil_ar to 2D QW-like states, with the ch_arge
density localized mostly in QW1 or QW2. Open squares and circles
show the lowest-hole subbands of the parent isolated QW1 and
(C) 10 QW?2, respectively. Left panel: LH charactewith J quantization
axis along[110]) of thek,=0 states.
Eo i
Before discussing the origin of such a large spin splitting,
n=3 it is useful to examine the actual localization of the calcu-
10 lated states in the QWR. To this aim, we need to discriminate
10 ry 10 the states peaked around the center offtHeom states that

are typical of one of the parent QW’s and are left essentially
(d) 0 0 unchanged by the interaction with the other one. This is par-
10 ticularly useful because we expect that most of the states of
Fig. 8 simply arise from folding of QW states induced by the
o g supercell periodicity and to the truncation of thealong the
[120] direction. Therefore, in Fig. 8 we identify by full

n=4 m=7.8 circles those states which, by direct inspection of the wave
10 I ’ 10 function, show a strong localization in the center of the
Indeed, it appears that only a limited subset has predomi-
=20 -10 0 10 -20 -10 0 10 ! X
nm nm nantly a localized character, and can therefore be assigned to

quasi-one-dimensional QWR-like states or resonances.

FIG. 7. Total charge density of electrofieft panel$ and holes Thesde 'T)(I:IUde }he cljoczl_lzed Stzte‘; arising fr0r|7|1 thehlowest
(right panel$ of the lowestk,=0 subbands for th&-QWR. two doublets, already diSCUSSed above, as Well as the reso-
nant states falling around 40 meV. The remaining states are

similar to 2D QW-like states, with the charge density local-
On the contrary, for holes the larger mass al¢@d0]  jzed mostly in QW1 or QW2.

more than compensate for the smaller width of QW2, and the Tg clarify the origin of the large spin splitting, it is useful
hole ground statgFig. 7(a)], although localized in the center to compare the band structure of theQWR with the hole
of the T, is much more a QW2-like state, only weakly per- subbands of the parent isolated QW1 and QW2. In Fig. 8 we
turbed by coupling to QW1; accordingly, the lowest excitedshow with open squares and open circles the lowest HH sub-
hole subbandgFig. 7(b), (c)] are basically 2D states belong- band of QW1 and QW?2; the LH subbands, for these thick-
ing to QW2, up to the fourth levdlFig. 7(d)], which is a nesses, lie high in energy>80 meV in QW1 and
QW1 state. The quasi-one-dimensional ground state is prac-100 meV in QW2.2° A small gap of~8 meV separates
tically degenerate with the QW2 continuum; note, howeverthe two levels ak,=0; as already noted above, the lowest
that in contrast to conduction electrons, there is a seconstate is QW2, due to the larger HH mass. Owing to different
hole level [Fig. 7(b)] with a significant component along HH-LH mixing in each QW separately, the HH subbands of
QW1 the two parent QW's have different energy dispersion as a
The full band structure of holes is shown in the right-handfunction ofk, and cross at some finite, .
panel of Fig. 8. In the rather complex dispersion of the sub- Large spin splittings are, in general, an effect of HH-LH
bands, we can distinguish a peculiar featureTe@QWR,  mixing in asymmetric structurel.In the present case, how-
namely, a huge spin splitting of the lowest doublet at finiteever, the energy difference between the HH and LH levels in
k, which, atk,=0.035 A1, is ~15 meV for the present each isolated QW is too large to explain the huge splitting
structure. that we have found in the lowest-energy subbands of the
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= _ , hole states of th&-QWR atk,=0.035 A~1. The
20 -10 0 10 20 -10 0 10-20  -10 0 10 HH- and LH-projected charge densities of each
' state are also shown separately in the center and
10t Spm i/ 1 1t 110 rlght-hand panels. Full lines indicate the GaAs/
AlAs interfaces.
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QWR. Naively, one would rather expect small géipsluced  state (labeled 1), which falls far in energy from the QW
only indirectly by coupling to the far-lying LH stateso  bands, is strongly localized at the intersection of the QW's.
open at the crossing of the QW1 and QW2 subbands. Not&he higher statélabeled?) is peaked at the center of tfie
however, that the HH states of the parent QW’s are eigenbut it also extends quite far into QW1.

states ofJ with J,,=*3/2, butwith the quantization axis

a_llong differgnt directionsTaking, for example, thd quan- C. Optical properties

tization axis along [110, a HH state of QW2 is ) o .
|QW2) =|3/2,+ 3/2) (for one of the degenerate spin orienta- In Fig. 10 we show the calculated absorption intensity for

tions. A HH state of QW1written in the same basiss the T-QWR and for light linearly polarized parallel to the
wire axis, |, and perpendicular to it along t801] direc-

tion, I, . A Gaussian broadening ef,= =5 meV has been

|QW1)= i(|3/2,+ 3/2)+V/3|3/2,+ 1/2) + /3|3/2,— 1/2) included. We can identify four main structures, a peak
2\/5 around 1.65 eV, another peak around 1.68(@kth a minor
shoulder on the low-energy side large composite structure
+(3/2,-3/2)). (22) beginning above 1.7 eV, and another large structure at 1.74

enteV. Of these, only the lowest peak involves essentially pure
H QWR-like localized statefFig. 7(a)]. The second structure
dinvolves: transitions from the next electron state, extending in
QWl [see Fig. T)], to the first hole states with significant
Spatial overlagsee Fig. 7d)]. The structure above 1.7 meV

In words, a HH state of QW1 has a strong LH compon
from the point of view of QW2. Therefore, the lowest H
subbands arising from QW1 and QW2 are strongly couple
which results in a strong avoided-crossing behavior and
very large spin splitting.

This interpretation is supported by our calculation of the
LH character, which is shown in the left panel of Fig. 8. In —
view of the fact that the hole ground state is rather QW2-like, QW1/QW2
we have computed the LH character with the quantization I (LH) ]
axis along110], i.e., it is obtained, as in Sec. Il, by integrat- QWR s
ing the projected charge densitjege Eqs(20a—(20b)], but /
using the ¢, instead of the rotatedy), 5. As expected, the
lowest subbands are nearly pure HH, being localized in QW2
(see Fig. 7, while them=7,8 subbands are more than 60%
LH. This should not be interpreted as a mixing with LH
states of QW2; rather, it is a manifestation of the fact that
this state is localized in QW1 and, therefore, does not have a
well-defined orbital character alori@10].

We conclude our analysis of the lowest spin-split doublet et . s . . -
by noting that, a%, increases, only the lowest level remains 1.64 1.66 1.68 170 172 174
a well localized, quasi-one-dimensional state, while its spin Energy (eV)
companion gradually merges into the QW1 quasicontinuum
(at large wave vectors, QW1 becomes the ground st FIG. 10. Absorption intensity of th&-QWR for light linearly
illustration, we show in Fig. 9 the charge density of the twopolarized paralle(solid line) and perpendiculaidashed lingto the
lowest levels atk,=0.035 A" (close to the wave vector wire axis along[001], labeled with the main contributions to the
where the QW2 and QW1 dispersions cposbhe lowest peak intensities. A Gaussian broadeningtds meV is included.

I, .1, (arb.units)
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involves predominantly QW2 states, with a contributionfeature. However, while the approximation of neglecting ex-
from higher QWR resonances which produce the high-<itonic effects is very convenient from the computational
energy shoulder in . Finally, the large peak at 1.74 eV is point of view, its accuracy for a given class of materials
due to many subbands, with a significant contribution fromshould be established posteriori from comparison to ex-
LH states belonging to both QW'’s. The lowest three strucperiments, as we have positively tested in this paper for
tures are polarization dependent witb>1, . The anisotropy V-QWR'’s andT-QWR's.
is maximum for the second structure, for whith is very As a final remark, we stress that all our calculations have
small, consistently with the expectation fof@G01) QW. The  been performed by a numerical method which proved com-
higher structure, on the other hand, is nearly polarizatiorputationally very convenient. Furthermore, our method lends
independent, due to the LH contributions. itself to include calculations of Coulomb correlation effects
These results can be compared with the experimental PLEN the linear and nonlinear optical properties of these wires
spectra of Ref. 12. There, three main structures occur at 1.64yhich are currently implemented only for noninteracting va-
around 1.67—1.68, and above 1.7 meV. The agreement witktnce band$? as well as to include external magnetic
the calculated spectra is again surprisingly good, taking intdields®*! to interpret magnetoluminescence experiments.
account that these neglect excitonic effects. The experimen-
tal assignment of the first structure to a QWR-like state and
the successive structures to QW1-like states, based on the ACKNOWLEDGMENTS
comparison with reference QW's, is fully consistent with our
picture. As concerns intensities, the agreement is also reasop.
ably good if one considers that the weight of the QWR peak
is sensitive to the relative volume occupied by the QW's,
which enters the calculation through the choice of the_ super- APPENDIX A: BASIS SET CONVERGENCE
cell. On the other hand, the reasons of an enhanced intensity AND THE CHOICE OF m*, m~
of QW1-like features in the PLE experimental data are dis-
cussed in Ref. 12. Finally, we compare our results with the The fictitious massesn®, m~ entering Eqgs.(113 and
observed values of the anisotrolfyFrom PLE, Akiyama (11b) can be chosen arbitrarily. In this appendix we will
etal. estimate |, =0.39; for the QWR peak, and show that a judicious choice can lead to a significant im-
|, =0.14 for the next structure assigned to QW1. The cor-provement in the basis set convergence and the lowering of
responding theoretical values from Fig. 10 are approximatelyghe computational cost of the calculation. Note that the con-
|, =052 and I, =0.19 (the coefficients are slightly vergence with respect to the number of functiah$, ¢,
larger, 0.57 and 0.17, respectively, if the broadening is reincluded in the basis set, which we investigate below, is a
duced toop,=* 1.5 meV). The very different anisotropy of separate problem from the convergence in the plane-wave
the two structures is therefore in qualitative agreement wittexpansion of thep, , ¢, themselves which, for a given
experiments, although further investigation would be re-structure, must therefore be checked once and fdoefthre

This work was supported in part by the EC Commission
ough the HCM Network “ULTRAFAST.”

quired to understand the origin of the difference. the diagonalization of the Luttinger Hamiltonian is started.
In Fig. 11 we show the behavior of the lowest hole eigen-
SUMMARY AND CONCLUSIONS values as a function of the number of basis functions

N*+N~. The calculations have been performed for the

We have presented an accurate and efficient approach thdtQWR A/SL, which is described in detail in Sec. Il. The
allows us to calculate the electronic and optical properties ogigenvalues reported in Fig. 11 are highlighted by black tri-
guantum wires, taking into account valence-band mixing efangles in the full band structure of the samM&®QWR shown
fects together with realistic profiles of the confining poten-in Fig. 2: they are the doubly degenerate lowest eigenvalue at
tials. We have studied specificaV andT-shaped quantum K.=0 [panel(@], and the two spin-split lowest eigenvalues
wires, where the shape of the confinement region differs corat k,=0.02 A~ [panels(b) and (c)].
siderably from the model geometries assumed in most of the In each panel of Fig. 11 we show two sets of calculations,
previous investigations. The two classes of wires differ sigoth obtained withm®=(y;—2v,)~*, but with different
nificantly in the structure of their energy spectra: while thechoices of m™. The empty dots are obtained with
crescent shape of-QWR'’s induces a series of localized M~ =(y;+27,) *. With this choicem* andm™ are the
quasi-one-dimensional levels, only the lowest states ofiH and LH effective masses along tf@01] crystallographic
T-QWR’s are clearly localized in the wire because of thedirection; since this is the direction of strongest confinement
subsequent onset of the continua of the parent QW's. Théor theseV-QWR'’s (see next sectignthese are the “physi-
consequences on the optical spectra have been discussedchl” masses in the sense that, for example, they would de-
detail. In particular, we have focused on the optical anisottermine the HH and LH levels of a QW with comparable
ropy, and demonstrated that the analysis of anisotropy spe€onfinement length grown in this direction. It can be noted,
tra can be used as an effective tool to extract information ofiowever, that convergence is achieved only within
valence states, usually very difficult to obtain otherwise. ~1 meV withN™+N~ as high as 280, which corresponds

Comparison with very recent PLE spectra for both classeto Eg,~=120 meV and E;,=200 meV; these, in turn,
of wires shows good agreement, in spite of our neglectinghould be compared with the low barrier height of this
excitonic effects. As we discussed in the Introduction, thissample, which is 85 meV. Therefore, one needs to reach
agreement might be due to the symmetry properties of thenergies high in the continuum to achieve convergence. The
Coulomb interaction and, therefore, might be a rather generadouples of empty dots &" + N~ =210 are obtained with



55 BAND STRUCTURE AND OPTICAL ANISOTROPY INV-. .. 7121
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vg(p,p )=f [, (x.Y)]* k3, (x,y)dx dy, (Ble
2 (¢) © Spin 1 o
2 o o where 8,8' e{x,y}. In our implementation, the functions
° ° © o o), ¢, are expanded in plane waves. Although this is not
181 L ¢ o B necessary, it makes it very easy to compute the above inte-
50 100 150 200 250 300 grals, where the operatofgg are just substituted by scalar
N*+N~ numbersk,.

With the above definitions, and using the short notations
FIG. 11. Energy of the lowest eigenvalues for M&QWR la-  s=s(v,u), UE:UE(V'V')’ vp=vg(p.u'), We=Wp(v,u),

beledA/SL (Zele Sec. Jlat(a) k,=0 (spin degenerajend(b), ()  andw s =wpgg (v,u), the only nonzero matrix elements of
atk,=0.02 A" for the two spin-split states. Empty dots: eigenval- ~ . .
ues calculated wittm™ = (y;—27,) "%, m™=(y;+2v,) . Black H_ in the basis se(149 and(14b) are

dots: eigenvalues calculated with™=m~=(y;—27,) 1. The

-3
pairs of empty dots atN*+N~ =210 are calculated with <+1V,T|HL|+,V',T>= G;r+ yl_u) kg}gw/
(N*, N7)=(125, 85) (upper dots and \N*, N7)=(97, 113) 2
(lower dots.

+p;v;+p;,rv;,r, (B2a)

two different choices of the pailN*, N7): (125, 85) for
the upper points, and (97, 113) for the lower points. We
conclude that, with fixedN*+N~, the convergence im-

(+,v, L H | +,v", D) =(+,v,T[H|+,v',1), (B2b)

oy L ! -3
proves with increasing\ ~, suggesting that the- states are (=, T[H =" 1) = €, |yt u) k§ Sy
responsible for the slow convergence. 2
In fact, lowering them™ mass improves the convergence. - = n -
9 P g +P, vy TPy, (B20)

In Fig. 11, the black dots correspond to the extremal choice
m~=m" which, as we anticipated in Sec. I, is our final ,_ Hol— o [Y=(— Hol— u' B2
choice, and has been used in all calculations presented in thﬁs =t D= T H =T, (B2d

paper. With respect to the previous case, the convergence is 3
much faster: the well-converged values Mt + N~ =150 (+, v, T HL =1, 1) == 5[ 2(yaWyy— 2i y3k,wy)
(.e, N*=N"=75) are obtained with Ej,=E_, 2

=92.2 meV,; indeed, we find that the convergence nearly
saturates wherE_,=E_,=85 meV, i.e., just above the
valence-band offset for this QWR. Note that, in addition to (B2¢)
the improved convergence, the choibeé =m™ implies that
only one of the two Eqs(119—(11b) need to be solved.

As a final remark, we note that the convergence is slower
for the eigenvalues at,=0.02 A1 than atk,=0, due to

— (72+ 73)KZS— (y2— ¥3)Wyyl,

V3 .
<+,V,i|H|_| - !le>: - 7[2(72Wyy+2| 73szy)

2

the strong HH-LH mixing for large wave vectors. An accu- ~ (721 va)KeS= (y2= ¥3)Wiod,
rate convergence at these wave vectors, as it can be achieved (B2f)
by our method, is, e.g., necessary to calculate in-wire effec-

tive mass at the Fermi wave vector. The slow convergence af+,v, | |H, | —,u,1)=23( YaWyy 172K Wy), (B29)
the in-plane effective mass at the Fermi edge is a well-known

problem in QW's™ (+, 0 HU = 1) = = 2V3(yawy =i yokawy).  (B2h)

APPENDIX B: MATRIX ELEMENTS OF H™ APPENDIX C: OPTICAL TRANSITION

. MATRIX ELEMENTS
Once we have calculated the funct|0n$j(x,y),

¢, (x,y), we compute the following integrals: We define the electron-hole overlap integrals

S(V,M)=L[¢3(X,y)]* ¢, (x.y)dx dy,  (Bla) t+(n,V)=L)[¢ﬁ(X.Y)]* ¢, (xy)dx dy,  (C)
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()= fn[wﬂx.y)]w;(x,y)dx dy.

Then, the matrix elements for valence-to-conduction-band
absorption, with light linearly polarized along tHé10],
[001], and[110] directions, are the following.

Direction [110],

Maﬂn,T:‘]E <51T|px|3/21Jm>f ['ﬁﬁ(XvY)]* lﬂgm(XvY)dX dy

P

2

(C3

2
—> Co(w, Dt (nuw) |,
3u

Ma—m,l:‘]E <Srl|px|3/21‘]m>f [lr//ﬁ(xay)]* Ir/,gm(xiy)dx dy

P
2

Direction [001],

(C9

2« )
ﬁg Co(m Dt (nu)|.

Ma-on =2 (5.11py]312m) f [WExy)T* ¥, (xy)dx dy

> Clv,Dtt(n,v)

P
2

(CH

1 ) .
—Eg C,(w, Dt (np)|,
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(€D M = (sllpyl3200) f [YEGY)T* f (x.y)dx dy

—EV Clv, )t (n,v)

I
il ©

(C6)

1
— C (m, )t (n, .
+ﬁ§ 2w Dt (n, )

Direction [110],

Maﬂn,T:JE <51T|pz|3/21‘3m>j [wﬁ(xiy)]* wgm(XyY)dX dy

f > CHw, Mt (n,w)

(C7)

1
+ =2 C (.t (n,p)|,
3

M1 =2 (SL1P2l3/2.30) f [WE0Y)T* ol (x.y)dx dy

EC(V

nr(n,v)

:T

(C8)

1
+—=> Co(pm, Dt (nu)|.
3n
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