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Binding energies of negative<") and positive triongX*) in quantum wires are studied for strong quantum
confinement of carriers which results in a numerical exactly solvable model. The relative electron and hole
confinement have a strong effect on the stability of trions. For equal hole and electron confin€hiemiore
stable but a small imbalance of the particle confinement towards a stronger hole confinement, e.g., due to its
larger effective mass, leads to the interchangeXofand X* recombination lines in the photoluminescent
spectrum as was recently observed experimentally. In case of [Argstability, a magnetic field oriented
parallel to the wire axis leads to a stronger increase ofthbinding energy resulting in a crossing of tké

and X" lines.
DOI: 10.1103/PhysRevB.71.235305 PACS nuni®er68.65.La, 71.35.Pq
I. INTRODUCTION interactions due to a stronger hole confinement. In a previous

theoretical studyof trions in quantum wireX* was found to

Trions are charged exciton complexes formed when ambe more stable thai~, which was obtained in the case of
electron or a hole is boufdo a neutral excitor{X). The  equal hole and electron confinement. A crossingoandx*
binding energies of the complexes are very small in bulk, buPL lines as functions of the wire width has previously been
they are substantially enhanced in structures of reduced dbbtained in a quantum Monte Carlo stdflyf a quantum
mensionality, i.e., in quantum welt¥ and quantum wire with a square well confinement potential. In this paper
wires 11 we focus on the effect due to different electron and hole

Due to the larger effective mass of the hole, in Btilks  confinement leading to modifications of the effective inter-
well as in strictly two-dimensional confinemérthe binding  particle interactions. We study the correlations between elec-
energy of positive triongX") is larger than the negative trion trons and holes and consider the effect of a magnetic field
(X7) binding energy. However, in quantum wells the oriented parallel to the quantum wire. The study of the sta-
observed X~ and X* binding energies are nearly equal, bility of the trions is performed as function of the electron
which is explaineti® by a stronger hole confinement within and hole confinement instead of dimensions of the wire. It
the quantum well enhancing the hole-hole interaction. Théhas been demonstraf@dhat in realistic quantum wires with
magnetic field perpendicular to the plane of confinement enstrong confinement the binding energy of neutral excitons is
hances more strongly thé€ stability leading to a crossing of governed by a size dependent parameter independent of the
X~ and X* binding energie$>1* For trions localized on a shape and composition of the wire.
defect of the quantum well potentid”~ can become more The stronger hole confinement results from its weak pen-
stable tharX* even without the presence of an external mag-etration into the barrier material due to its larger effective
netic field!® The combined quantum well and defect confine-mass than the electron band mass. For the spillover of the
ment creates a three-dimensional potential similar to a quarelectron wave function out of the quantum wire, recently
tum dot. In quantum dots the confinement-related hole-hol@bserved in self-assembled InAs/InP quantum witethe
interaction enhancement leads to the interchange of the ordeditio of the electron to hole confinement can in principle be
of the X~ and X* recombination lines in the photolumines- arbitrarily large?* However, in the following we show that
cence(PL) spectrum already for quantum dot diameters asven asmall enhancement of the hole confinement changes
large as 24 donor Bohr radit.For smaller dots th&* line  the order of thex™ and X* PL recombination lines.
was predicted to become even more energfetidhan theX For the purpose of the present study we apply the single
line, which was recently confirmed experimentadflyln band model for the hole and consider a harmonic oscillator
coupled dot¥ 1 this effect leads to the ground-state disso-confinement potential in the directions perpendicular to the
ciation of X*,17:19 for which the holes in the ground state wire, referred to as “lateral” in the following. The present
occupy different dots. model does not account for the interface between the wire

The present work is motivated by a recent experimentahnd barrier materials, so the effective mass discontinuity and
study*! of positive and negative exciton trions in V-groove dielectric constant mismatch are neglected. These effects
GaAs/AlGaAs quantum wires. The negative trion was foundusually strengthen the electron-hole interaction and weaken
to be distinctly more stable tha¥* (binding energies oK~  the penetration of the wave functions into the barrier. They
and X* were determined as 4.2 and 2.9 meV, respectjvely are, however, of a secondary importance for
Here, we indicate that the observearder of X~ and X*  GaAs/AlGaAs?? InAs/InPZ and CdTe/ZnT& quantum
energy lines may be a consequence of modifications of thesires. Note that, the present modelling is inapplicable to the
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free-standing quantum wires, where the image charge effect 1/ &# P 1 &
. ef__ -~ ., Z |\_ =7 fr . _
is extremely strong® o= 2((925 + azﬁz) 20 07 + V(g1 Ze1 — Zep)

We assume that the lateral confinement is strong, so that 1
only the lowest subband for the electron and hole is occu- = V(laniZer = Z0) = VeIl gpi 2o — 21, (5)
pied. This assumption allows for a reduction of the e _ _ _
Schrédinger equation to an effective two-dimensionaWith  len=v(Ig+1))/2 and the effective interaction
form. Usually the solution of the trion eigenequations ispotentiaf-2°
very challenging and requires extensive variational -
calculationd467.1216.1%r application of the quantum Monte VE(1;2) = (m/2)Y2erfel|Z/ 2l exp(Z219)11, (6)
Carlo methodd%®® The present problem is unique in the
sense that it allows for an exact inclusion of the interparticl

correlations. ) i
with respect to the sum of the ground-state energies of

The paper is organized as follows: the next section con*"'"" ;
tains the theory, the results are given in Sec. Ill, the concluoninteracting two electrons and one hole. Therefore, the

sion and summary are presented in Sec. IV, absolute value of thénegative energy of a bound state
is interpreted as the energy needed to separate all the
particles away from one another. Introducing the center-of-
mass coordinateZ=(zy+z»+0z,)/(2+0) one obtains
We adopt the donor units, i.e., donor Bohr radiusH®'=—(1/2M)(?/3Z%)+H™, whereM=2+¢ is the negative
ag=4me eh?/mee? for the unit of length and twice the donor trion mass andi'™ is the relative motion Hamiltonian
Rydberg R,=#2/m.aj as the unit of the energy, whene, is

gwhich is finite at the origifVve(1;0)=1/1] and approaches
the 1/z asymptotic at largez. Hamiltonian (5) is written

Il. THEORY

the band electron effective mass aais the dielectric con- rel — _ 1 ‘9_2 + i _ 1 9 + Vel 20y - Zip)
stant. In these uni_ti, ;[]he Hamiltoni_allln forla singl;le elfectron in "~ 2u\ozy, 07, O Zn I 7y eZh1 ™ Zn2
a quantum wire with harmonic oscillator lateral confinement
has the form - Vef(lehlzhl) - Vef(leh! ZhZ)l (7)
1 R | with the reduced mass of an electron-hole pair
He=- EE + He, (1) =o/(1+0), and the coordinates of the relative electron-hole
positions z,,=z,—-zy and z,,=z,—Z,. In these coordinates
with the lateral Hamiltonian the interelectron distance along the length of the wire is
5 5 21,=|21~-2|. The wave functiory_ is separable into a prod-
1/ & e, 1 i i
Ho= -2 S+ S+ =03 +y?) (2) uct of the center of mass and relative wave function
€ 2 &Xg (9y§ 2Ig € © X—(ZelazeZazh):XCM(Z)X(zhlvth)'

. . . i The corresponding relative Hamiltonian for the positive
wherel, is the length of the harmonic oscillator conﬂnementtrion has the following form:

for the electron. The ground-state wave function of the
Hamiltonian(2) is ¥.= eé([i—(x2+y2)/2|§]/|e\f77 with the en- » 1/{ # P P
ergy eigenvalueE,=1/IZ. In the adopted single-band ap- Hx =——<—+—> T
proximation the hole gr%und—state wave functi@n,) of the 2p ‘922“1 azﬁz 92 0 Zng
lateral confinement has the form ®f, but with I,—the har- =Vl zn1) = V(e Z0) (8
monic oscillator length for the hole instead kf and the ) _ _ - _
energy isE,=1/al%, whereac=m,/m, is the hole to electron With Zy;, z, standing here for the relative position coordi-
effective mass ratio, or, in other words, the hole mass in th&ates of the first and second hole with respect to the electron

donor units. The negative trion Hamiltonian can be written ag?osition. The reference energy for the Hamilton{8his the
energy of the dissociated complex, i.eE,2 E..

H o= Ho + Hot M — 4 11 3) In the following we consider also the exciton for which
- el e2 h reth Teoh (12 the effective Hamiltonian written with respect to the energy
of a dissociated electron and hole pair reads

+ V(s 20y — 20)

where rg(ren) is the distance between the firgtecondl

electron and the hole ang, is the electron-electron distance. « 1 .

We assume that the lateral confinement is sufficiently large == Z—E = V(lep Zep) - 9
that the trion wave function can be effectively separated into M O%en

a product The lowest eigenvalue of this Hamiltonian is equal to minus

AT o1, F e r) = W (Xt Yer) ¥ Xz Yeo) ¥ X Vi) the exciton binding energy-Ep). On the other hand the
difference betweenEj5 and the eigenvalues of trion Hamil-
X X~(Ze1,Ze2,20) (4) tonians[(7) and (8)] is equal to the trion binding energies

where y_ is the negative trion wave function of the motion (Ex ,E§+) with respect to dissociation into an exciton and a
along the wire. The Hamiltonia(B) integrated over the lat- free electron(for X™) or a hole(for X*). Trion binding ener-
eral degrees of freedom with the wave functidi produces gies are equal to the redshift of the trion recombination lines
the effective trion Hamiltonian with respect to the exciton line in the PL spectrum.
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We solve the relative Hamiltonian eigenequations using
the imaginary time technigé&on a two-dimensional grid
with a finite-difference approach. We use 201 points in both
Z,1 and z,, directions. The size of the computational box in
both directions is chosen “self-consistently” to be 12 times
larger than the average distance between the particles of the
same charge defined &g,;,—z,))"2

In the present calculations we assumed harmonic oscilla-
tor lateral confinement which allows us to simplify the prob-
lem considerably because of the availability of analytical
formula®?8for the effective one-dimensional interaction. The
confinement lengthk, andl,, parametrize the strength of the
particle confinement. Since the single-particle energies can-
cel in the calculation of the trion binding energies, the appli-
cability of the present results is wider. In fact the present L L B

results can be used for any form of the lateral confinement 02 ’ (b) 1
(which does not even have to be cylindrically symmetes 0.0 7]
long as it produces the same effective interaction potential. 0.2

For instance the electron-electron interaction potential for B 04l ]
[.=2.95 and 6 nm is very welii.e., with a precision better g T} 1
than 2% reproduced for a GaAs quantum wife,=0.067 206 7
with a circular square well confinement of depth 320 meV <08l =
and diameters 9.6 and 22.8 nm, respectively. For elliptical 10 ]
harmonic oscillator confinement with different oscillator - ]
lengths inx andy directions (I, and I, respectively we t2r ‘ ]
cannot give a closed analytical formula for the effective in- 412 8 4 o0 4 8 218

teraction potential. Nevertheless, we have found via a nu- z
merical integration that the interaction potential between two

electrons in an elliptical wire can be surprisingly well repro- £ 1. (g (Color online Contour plot of the interaction poten-
duced by formula(6) for a circular wire with an effective {ja) v=ve{(L:z,,-2.,) - Ve(L;2.,) - V¥(L; z,) as function of the in-
I=(Ix+1y)/2. The numerically calculated deviation betweenierparticle distances with lateral confinement lengthlo=1,=1.

the two potentials is not larger than 2% for any interelectrorbistances and energies are given in donor units. The dashed-dotted
distance. The essential assumption of the present modghe corresponds t&/=0. (b) The interaction potential plotted for
therefore does not rely on the form of the lateral confinement=1 along the linesz,=-zy1, zp=-z1—1.5, andz,=-z,,—3

but on its strength, which has to be large enough to prevernmharked in(a) with (thick) solid, dotted and dashed lines respec-
the Coulomb interactions from deforming the lateral wavetively, as function of the interelectrofX) or interhole(X*) dis-
functions. The applied assumption of the frozen lateral detancez;,=zy,-zy,. Thin solid line shows the -3, asymptotic.
grees of freedom for the electron and the hole is applicable

for the exciton binding energy whdp<ay andl,<ay. This  electron-hole interactions have the same form. The total in-
condition guarantees that the length of the lateral confineteraction potential, identical for both types of trions, is plot-
ment of the carriers is smaller than the bulk exciton radiusted in Fig. Xa) as function ofz, and z,, for L=1. The

and that the sum of the lateral confinement energies for theegions of positivenegative potentials are plotted with red
electron and the hole are at least two times larger than thélue) colors. Zero of the interaction potential is marked with
exciton binding energy in bulk. For trions the applied ap-a dash-dotted line. The interaction potential is minimal along
proximation is better justified and the conditions are lesghe linesz,;=0 andz,,=0 at which one of the two electrons
stringent because the trions have a larger size and hawnd the hole are in the same positidor X™) or the position

smaller binding energies than the exciton. of one of the holes coincides with the electron positffor
X*). The potential is maximal along the diagog]=z,, at
ll. RESULTS which the two particles of the same charge are localized in

We start the presentation of our results by discussing théhe same point along the wire length. Figui®)lshows the
properties of trions in quantum wires with equal lateral con-Cross sections of the interaction potential along the three
finement for the electron and the hdf®ec. Il A), and then  straight lines in Fig. (a) as function of the interelectraiX")
in Sec. Il B we show the effect of different confinements for or interhole(X") distancez;,. On the antidiagonal the inter-
the stability of X* and X~ trions. Section Il C describes the action has the form of a triangular potential wgdf. solid
effect of the magnetic field oriented parallel to the axis of theline in Fig. 1(b)]. Moving along the antidiagonal is equiva-
wire. lent to interchange the position of the two particles of the

) _ same charge with fixed position of the third particle of the
A. Identical electron and hole lateral confinement opposite charge. Along the paths plotted with dotted and

For equal electron and hole lateral confinementdashed lines in Fig.(&), which are shifted below the antidi-

(Ie=1,=L) the electron-electron, the hole-hole, and theagonal, the potential has the form of a double potential well
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[see Fig. 1b)] with a barrier near the diagonal resulting from wave function vanishes only at the ends of the computational

the repulsion of the equally charged particles. For lazge
the potential approaches -B4 asymptotically which is
shown by the solid line in Fig.(b).

Contour plots of the wave function of the negative al
positive trions calculated for different effective mass rati
are plotted in Fig. 2 fol.=0.2. Forls=I, the negative and
positive trion relative Hamiltonian&) and(8) differ only by
the factor standing in front of the mixed derivatiie/ o for
X~ and 1 forX*). The ground-state wave function for=1 is
the same for both triongcf. Figs. 2a) and 2b)]. The first

box). The wave function is nonzero only near both axis. One

of the holes stays at the position of the electron and the other

strives to be as far as possible from the other two particles.
nd Results foro=1.98 plotted in Figs. @)-2(f) correspond
osto CdTe material parameterém,=0.19m,,m,=0.096m,)

with the donor unitsay=5.4 nm and R;=27.6 meV. The

probability density maximum for=1 is split into two ex-

trema at the antidiagonal of the pldtS. Figs. 2a) and Zb)].

For o> 1 these two extrema merge into a single oneXor

[see Fig. 2d)] and forX* they become more distinctly sepa-

excited state ofK*, which is antisymmetric with respect to rated[see Fig. 2e)] and the excited state fox* becomes
the interchange of the holes is unbound. Its wave functiorbound[cf. Fig. f)].

calculated for the size of the computational box ¥QD0
(in donor Bohr radius unijsis plotted in Fig. Zc). For the
unbound state no computational box is large endligh the

Figures 29)-2(i) and 2j)-2(1) for o0=6.7 and
0=15.2 correspond to GaA$m,=0.45m, m,=0.067n,
2R4=11.9 meV, a4=9.8nm and InAs (m,=0.41Im,,
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FIG. 3. Electron-holgsolid lines, electron-electron, hole-hole FIG. 4. Binding energies of the negatitdashed linesand posi-

(dashed linespair correlation functions plots fox~ and X* (lines tive trion (solid lineg states fol.=0.2 as function of the mass ratio
marked by black squareat 0=6.72 and=1,=0.2. o. Higher solid curve corresponds to th& state antisymmetric

with respect to the interchange of electrons and holes, i.e., it is the
me=0.027, 2Ry=3.2 meV, andag=29.7 nm material pa- first excited state. Thin vertical lines show the valuesrefL, 1.98,
rameters, respectively. Increasiodhas an opposite effect on 6.72, and 15.2. Dotted curve, referred to the right axis, shows the
the X™ and X* wave functions. For the negatiV@ositive)  exciton ground-state eigenvalue. Energies and lengths are in donor
trion the local minimum along the diagonal;=z,, is less  units.
(more pronounced. The wave function evolution withis
related to the tunneling of the particles of the same charge . .
via the potential barrie?presentgd in Figbll The electrons ’ _The inset of .F'g' 5 shows the grpund-state energy for
in X~ with light effective masses tunnel easily through the‘T: 15..2.as function of.the Iateral cqnﬁnement length. In the
diagonal barrier due to the interelectron repulsion. On thé"O limit the average mterpartlc_:le d|§te}npes dgcrgase to zero
other hand the diagonal barrier is effectively much larger for2"d the energies diverge to minus infinity. This is a conse-
the heavy-mass holes which prevents its penetratation Quence of the Coulomb interaction singularity in one
large o which leads to the appearance of the characteristidimensior® The main part of Fig. 5 shows the shifts of the
maxima elongated along the diagonal in Fig®)22(h), and  trion PL lines with respect to the exciton lifealculated as
2(k). the difference of the eigenvalues presented in the )irfeet

The correlation between the particles in the complexedglifferent values ofo. It turns out that the binding energies

is more clearly visible in the pair correlation functions have a power law dependence loni.e.,L™9, for the X™ and
plotted in Fig. 3. The electron-hole correlation function
is calculated asfqy(2)=Jdz,1dZy|x(Zn,2zp)|>8(z-2,) and 0.0
the hole-hole(for X*), and electron-electrortffor X) as L
fsamd2) = [dZ410Z0| X(Zh1, Zop) [* [ 2~ (201~ Z5)]. The Coulomb 02F @
hole in the hole-hole correlation X' is much larger than for S
electrons inX™ but at the expense of slightly weaker relative

electron-hole localization. @ 04
The binding energies of the exciton and the trions for w )
L=0.2 are plotted as functions ofin Fig. 4. All the binding 0677 /
energies are increasing functions @f In bulk the first ex-
cited state of the positive trion is antisymmetric with respect 0.8
to the hole interchang®, possess thd® symmetry and is L
bound for c>4.2. The critical value of the mass ratio is 1.0 T
much smaller for quasi-one-dimensior{aD) confinemen?. 0.1 1.0
Here, forL=0.2 the exciteX" state is bound foor> 1.2 (see L

Fig. 3. For quasi-1D confinement the lowest excited state
has theS symmetry with respect to the axis of the wire but is tions of the length of the lateral confinement. Lines éor1, 1.98,

of odd spatial parity, i.e., !t 1S antlsymmetn_c with respgct to6.72, and 15.2 plotted with black, blue, red, and green colors, re-
simultaneous change of sign of all tbeoordlnates{see Fig. spectively. Foro=1 binding energies ok~ and X* are equal. The

2). The ground state ok becomes degenerate with respectyashed lines are the energies of the exckédtates antisymmetric

to the symmetry of the wave function, i.e., the hole inter-yjth respect to the interchange of the hols does not possesses
change, for larger for which tunneling through the diagonal a pound excited state far>1). Lines for X~ at ¢=1.98 and 6.72
potential barrier(cf. Fig. 1) disappears. At large also the  have been omitted for clarity—they are situated betweensthé
probability density of the excited* level becomes identical line ande=15.2 line forX™ (see Fig. 4 Inset: energy eigenvalues
to the ground-state probability densifgf. Fig. 2). X~ does  for neutral exciton and charged trions for=15.2. Energies and
not possess a bound excited statedor 1. lengths are given in donor units.

FIG. 5. (Color online Binding energies of the trions as func-
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FIG. 6. (Color onling Contour plot of the interaction potential 123456 78910

for (a) negative trionV=V®(lg; 21— 210) — Vil Zha) = Vel e Zno) le [nm]
and (b) positive trionV=V*(I; zq1~2pp) = Veilen; Zn1) =Vl eni Zno)
as function of the interparticle distances for the lateral confinement FIG. 8. (Color onling Difference of the positive and negative

Ien_tgthslezl andi,=0.5. Distances and energies are given in donOrtrion binding energiedin milli-electron-volt9 as function of the
units.

electron and hole confinement lengths for GaAs material param-
eters. Blue(red) regions correspond to more stable negatjpesi-

X* ground state presented in this figuyehanges from 0.83 tive) trion. Above the dashed-dotted line the negative trion is un-
(o=1) to 0.91(X* for 0=15.2. bound. The green line corresponds Eg(X")=4.2 meV and the
yellow line to Eg(X")=2.9 meV.

B. Effect of different electron and hole lateral confinement X* energy lines? This is due to the enhanced hole-hole in-

Let us now consider the interaction potential for strongerteraCtlon shown in Fig. ). The negative trion binding en-

hole confinement. Figured® and b) show the interaction ergy is a monotonous functpn of the hole conflnement
potentials forl,=1 as in Fig. 1 but for smallef,=0.5. For length, the larget, the smaller is the electron-hole interac-

e . h— . . . T _ . . . +
both the negativécf. Fig. 6a)] and the positive triorjcf. tion stabilizZingX". The situation is more complex fot",
Fig. 6b)] the potential minima at.,;=0 andz,=0 become since with increasind;, also the destabilizing hole-hole in-
deéper with respect to thg=I, casel presentzehé in Fig. 1. For teraction decreases. As a consequence the positive trion bind-
X~ the electron-electron interactiofthe diagonal potential ing energy possesses a maximum as functioh.of

e - The difference of the positive and negative trion binding
barriep is not affected by the change kf[compare Figs. 1 - " .
and Gba)]. On the other hyand the hogie-ﬁifo[le regulsive ?nterac_energms is plotted in Fig. 8. Both the trions are equally stable

tion for X* is strongly increased. for 1,=0.92.,-0.38 nm. For I, larger (smalley than

- + i - i
The effect of the hole confinement on the trion bindingo'ggneogiﬁggﬁ(n d||sn mg:]ee(rless) rsetggﬁetgailr?(ﬁ Tr;efg;g)\j\'ls a
energies is plotted in Fig. 7 for GaAs material parameteréﬂ 9 gy p 9-

and fixed values of the electron lateral confinement. Consisgggr;hﬁi';ge: rly_lllnggr jdllég>82nrrlnm Eg? t'ﬁeapg:gi(slma?ti%
tently with the results of Sec. Ill A fot.=l,, the positive P Wn=1.6dc~ 1. X P

trion is more stable than the negative trion. A decrease of left of the dash-dotted line the electron-hole attractive inter-

below the value of, results in the interchange of th€ and action stabilizing the trion Is o V\_/eak with respect to the
electron-electron repulsive interaction destabilizing the com-

plex that the negative trion stops to be bousde also the
line for X~ at 1,.=2.95 nm in Fig. 7. The absence of the
negative trion binding requires a substantially weaker hole
confinement than the confinement of the electron which is

O T T

!
EFW

_2:_ Xt A rather impossible to obtain in the presently produced quan-
> F ] tum wires and would require the valence band offset between
fm 3F - the wire and the matrix to be much smaller than the conduc-
T ] tion band offset. Moreover, the present modeling based on

-4F 4 the assumption that the lateral wave functions are not af-

r 1 fected by the interaction is likely to fail since the hole wave
5p | E function is very likely to become more localized due to the
0 1 1

0 attraction by strongly confined electrons.
The fit of the calculatedk™ andX* binding energies to the
experimental data is obtained at the crossing of the green and
FIG. 7. (Color online Shifts of the trion recombination PL lines Yellow lines, i.e., forl¢=2.95 nm and,=1.3 nm. The ob-
with respect to the PL exciton line as function of the hole confine-tained fit corresponds to realistic values which give a general
ment length(l;)) for GaAs. Different values of the electron confine- idea on the particle confinement in the wirghe
ment length are plotted with different colors. measurements were performed on a V-groove
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FIG. 9. Interparticle distances for the negatigelid lineg and FIG. 10. (Color onlineg Magnetic field dependence of the trion

positive trions(dashed lingsand for the excitor(dotted ling for  binding energies in GaAs for different values of the electron and
GaAs material parameters ahg-2.95 nm.(e-e), (e-h), and(h-h) hole oscillator lengths.

stand for the electron-electron, the electron-hole and the hole-hole o _ ) _ ) _
distance. magnetic field is presented in Fig. 10 for different oscillator

lengths. In a magnetic field of 40 T;B=0)=4.9 nm is de-

GaAs/AlGaAs quantum wire with a thickness of the GaAsCreased tol(B=40T)=4.4nm and(B=0)=6.86 nm to
crescent of 3 nm at the centeObviously, a more realistic |(B=40 T)=5.19 nm. Fol.=1,=6.86 nm(see the red curves
model is required to extract details of the confinement from{" Fig. 10 the magnetic field decreases the length of con-
the experimental data. finement gxgctly as in the case presenteq in Fig. 5. In the
The dependence of the size of the trion, i.e., the interparMOre realistic case of stronger hole confinement, i.e., for
ticle distance as function of the hole confinement length, ide=6-86 nm and,=4.9 nm (see the black lines in Fig. 10
shown in Fig. 9 forl,=2.95 nm. The electron-hole distance the magnetic field increases the binding energy of the posi-
for the trions and the exciton have been calculate@, tive trion more strongly. This is because the magnetic field

o . . more strongly affects the largérvalue than the smaller hole
and \<Z§-‘h>’ respectively. .The hoIe—h_oIe distance ﬁ.é‘r and confinement lengthy, which increases the electron-hole in-
the electron-electron distance fof™ are determined as

— : X , . teraction more strongly than the repulsive hole-hole poten-
V{(Zn=20)%). The size of the exciton increases BSin- iz For X the effect of the increased electron-hole interac-
creases which is due to the reduced value of the electron-holgyn s nearly cancelled by the increase of the electron-
interaction. Much stronger dependencelpis observed for  ejectron potential value. Near 35 T a crossing of the black
X", which becomes unbound f&¢>7 nm (cf. Fig. 7. The  |ines is observed, which corresponds to passing from the
dependence of thX" size on the hole confinement is non- «pjue” to the “red” region in the phase diagram of Fig. 8.
monotonous. The positively charged complex has the smallrhis crossing is qualitatively opposite to the one obtained for
est size neal,=3 nm when it is the most strongly boutdf.  two-dimensional quantum weltéin which a small magnetic
Fig. 7). Eorlh:Ie:2.95 nm the ordgr of the |nterpart|c!e dis- field (around 1 T increased theX~ stability over thex*
tances in the two complexes is the same as in twWopjinding energy. In quantum wells the magnetic-field related
dimensional quantum wellcompare Fig. 4 of Ref. 33In  jncrease of the single-particle energy is smaller for electrons
spite of the fact that the probability of finding both holes in and holes bound in the trion complex than for the lowest
X" in the same position is much smaller than for electrons in_andau level in the final state of the free electron and hole
X" (cf. Fig. 3 the longer tail of the electron-electron corre- after the trion dissociation. The crossing of the binding en-
lation function results in a larger electron-electron dlstanc%rgieS observed in quantum witéss therefore at least par-
than hole-hole distance. tially due to the stronger dependence of the electron lowest
Landau level—note an almost linear magnetic field depen-
dence of the trion binding energies in Fig. 2 of Ref. 13. In the
o ) ) present calculations the free electron and the free hole are
In the present approach it is straightforward to include astrongly localized in the plane perpendicular to the field and
magnetic field oriented parallel to the axis of the wire. Itine single-particle magnetic field effects cancel due to the
simply scales down the electron and hole 405C'”at0rassumption of the frozen-lateral degrees of freedom, so that
lengths according to the formultB)=[1/1*0)+1/I{]™%  the crossing is entirely due to the modified effective interpar-
where |.=y2hi/eB is the magnetic field length ticle interactions.
(1c=36.28NB nm \T). Sincel(B) for high magnetic fields In the case of stronger electron confinement
decreases th, the magnetic field tends to equalize the elec-(1,=4.9 nm,|,,=6.86 nm—the blue lines in Fig. 1@he situ-
tron and hole confinement. The binding energy of the trionsation is just opposite, th¥~ is less strongly bound and the
can be obtained following paths f,(B),l.(B)] in Fig. 8.  magnetic field acts more strongly on the negative trion de-
The modification of the binding energies of the trions by thecreasing the binding energy difference according to the

C. Magnetic field parallel to the wire
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mechanism described above. However, for the electron cortrion recombination lines interchange. The change in the or-
finement equal or stronger than the hole confinement, thder is due to modification of the effective interactions in the
magnetic field does not lead to crossing of the trion energyrion complexes. The present results provide an explanation
lines andX* is more stable for any magnetic field. for the recently experimentally observed larger stability of
the negative trion in quantum wirésWe predict that for
largerX™ stability due to stronger hole confinement the mag-
IV. SUMMARY AND CONCLUSIONS netic field oriented parallel to the axis will tend to inter-

We studied the properties of the negative and positivéhange the order of th¥" andX" energy lines.

trions in quantum wires with strong lateral confinement us-
ing the approximation of the lowest subband occupancy
which allows for a numerically exact solution of the multi-  This paper was supported by the Flemish Science Foun-
particle Schrédinger equation. We investigated the relativelation(FWO-VI), the Belgian Science Policy, the University
stability of the positive and negative trions with respect toof Antwerpen(VIS and GOA, the EU-NoE SANDIE, and
the dissociation into an exciton and a free carrier for differenby the Polish Ministry of Scientific Research and Informa-
electron and hole confinement. We found that the order of théon Technology within the solicited Grant No. PBZ-MEN-
negative and positive trion PL lines is interchanged when thé/IN-008/P03/2003. B.S. is supported by the EC Marie Curie
lateral confinement of the hole is stronger than the one fotEF Project No. MEIF-CT-2004-500157. We are thankful to
the electron. In a GaAs quantum wire witlx5 nm we pre- Daniel Oberli, Bart Partoens, and Yosip Sidor for helpful
dict that whenl,, is 20% smaller the positive and negative discussions.
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