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High-field Zeeman contribution to the trion binding energy
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We examine the role of the Zeeman interaction in determining the bound states of the trion at magnetic fields
up to 50 T. Polarization-sensitive photoluminescence measurements on the singlet state of the positively
charged trion X*) in GaAs quantum wells demonstrate a 60% enhancement of thetor compared to that
of the neutral excitonX,) in the same sample. This leads to a situation in very high fields where the Zeeman
splitting of X* is sufficiently large to determine whether a state is bound or not, and so calls for a re-
examination of what is meant by the binding energy of few particle systems.
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Progress in semiconductor growth techniques has enablathknown. In this communication, we present polarization-
the study of a rich diversity of phenomena in low- sensitive photoluminescenc@®L) experiments onX™ in
dimensional structureés.* Generally, the confinement of magnetic field$ up to 50 T. Our observations of th, and
charge carriers in such systems dominates the physics, bit" effectiveg factor, g, andg™, respectively?® leads us to
spin can also play an important role. It was shown, for ex-conclude that the Zeeman interaction plays a crucial role in
ample, that the spin alignment of the electrons in a two-stabilizing theX™ in high fields and that the almost arbitrary
dimensional electron gas determines the fractional quantutway in which the Zeeman contribution to th¢* binding
Hall ground state at Landau-level filling factor=2/3?  energy is considered needs to be re-evaluated.
while close tor=1, quasiparticle excitations called skyrmi-  An examination of the literature®* reveals that the in-
ons are formed as a low-energy excitation of a purely spirfield binding energy of the charged exciton is given accord-
origin3 The electrical transport through quantum dots hasng to two different schemes shown in Fig. 1. One scheme
provided insight into the Kondo effect in low-dimensional (scheme | in Fig. Lis based on taking the difference in PL
systems, and this has affirmed the importance of the mutuginergy betweerX,(o~) and X*(o~), whereo™ and o~
spin alignment of the confined and free electrbidere we  indicate the right- and left-handed circularly polarized light
discussthe role of spin in determining the binding energy E cOmponents, respectively, and gives the binding energy of
of the excess charge carrier in quantum wells of the chargedh® lower energy<* spin state of the singlet/()T. In the

exciton also called a trion. Charged excitoX$ are formed _X* _spin alignment n(_)tation of Fig. 1 th? first tV.VO arrows
when the electron-hole pair of the neutral excitd@, binds indicate the mutual alignment of the identical particles while
a third charge carrier. A negatively charged excilo'ﬁ con- the last arrow shows the spin of the third charge carrier with

sists of one hole and two electrons, while a positively

charged excitoiX™ contains two holes and one electro. A . il
has been the subject of intense theoreticand XO Ko
experiment& 2 investigation in recent years, whik" has E %
received little attention’™'* Theoretically, this is probably —2e) | = It

due to the complexity of the valence band, while the diffi-
culty of growing high-quality two-dimensional hole gases
(2DHG) hampers the experimental investigation. X*

Scheme I1

s (W)

Scheme I

In this study we turn our attention %" because, as will 4 ?ﬁ
be shown later, it has a larger Zeeman splitting compared to o
X™. This makes it a convenient model to consider the role of Xy
the Zeeman interaction in the binding energy of few particle
g energy p B-0 B0 ~ (1Ot

systems. Th&* (X~) binding energyE, (E,), is defined
as the energy needed to remove the “second” lielectron. FIG. 1. Schematic illustration of how the trion binding energy is

Since the first observation ot in 1993° a number of  gpiaineq includingscheme ) or excluding(scheme Il the Zeeman
groups studied;, and good agreement between theory andneraction. ForxX, only the optically active states are shown here,
experiment has finally been obtainedn contrast,E; iS  and forX* only the singlet state is shown, but similar approaches
much less investigated and its field dependence is essentialtyan be used for the triplet. The spin notation is explained in the text.
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1 and| for spin up and down, respectively. F¥p, the first
and second arrow indicate the electron and hole spin, respec 157}
tively. The second schemscheme Il in Fig. 1is the sub-
traction of the mean Zeeman energiesXqf and X*. For
both schemes a similar approach can be used for the triple 156

state ofX*. Since the PL intensity of the™ componentsis =
an order of magnitude lower than , and therefore often not 3. 0 Lt

. . > 155 10 20 30 40 50 5 0k e ]
experimentally observabfethe former scheme is usually s Magnetic Field (T) otuatel  PLEngyey)
used in experiments’! Conversely the latter scheme is w A X,(0) g X

. : ; = A X, (0% g3’ 3

mostly used in theoretical studfedue to the complexity of & s 0 g3 :
including a full consideration of the Zeeman interaction. As : ig; L8t z
can be seen from Fig. 1, consistency between the twc &A.g::‘z" 5
schemes is obtained under the not unreasonable assumptic sl 485"% ®
that go=g*, whereg* is the X* g factor. Recent experi- . - -~ = = =

ments onX~ have shown thagy#g~ (g~ is the X~ ¢
facton though the difference is quite small, so there is no
gualitative change in th&~ binding energy derived by the FIG. 2. Magnetic-field dependence of the PL energy of sarple
two schemes at experimentally obtainable magnetic fieldsat 1.2 K. The open and filled symbols represent the rigit-)(and
This is not the case for X where, as we shall demonstrate, left-handed ¢~) circularly polarized PL, respectively. The upper
the large difference in Xand X' g factors gives rise to a inset shows the Zeeman splitting ¥f" and X,, while the lower
qualitatively different prediction as to whether the singlet isinset displays zero-field spectra of samplésto C fitted with
bound in high fields. Lorentzian curvegsee text for details

The quantum wel{QW) samples were grown on(811)A ) . ) . .
GaAs substrate by molecular-beam epitaxy and modulatioRe"imental conditionglower inset of Fig. 2 (Note that in
doped with Si as acceptor. The QW width was 150 A for allthe lower inset of Fig. 2 the PL spectra of samp#eand C
samples while the undoped spacer was 800, 600, and 200 A€ shifted byt6 meV and+ 12 meV, respectively, for clar-
for samples, B, andC, respectively. The experiments were ity.) Thg reIapve intensities of the pgaks are determined by
performed at a temperature of 1.2 and 4.2 K with the maglkorentzian fits and after subtracting a background for
netic field parallel to the sample growth direction, i.e., in theselmp!esB andC. The weakening of th&, peak relative to
Faraday configuration. A 532 nm solid-state laser was usedf With decreasing spacer widtlgoing from sampleA to-
to excite the sample, while the PL light was collected by sixS@MPpleC) at zero field is a result of a higher 2DHG density,
optical fibers arranged symmetrically around the central exwhich is directly related to the spacer width by the hole
citation laser fiber and dispersed onto an intensified chargdUnneling tlmlgl. This is in agreement with the data of Pono-
coupled-device detector at a spectral resolution better thafarev et al,™ who show essentially the same spectra. At
0.3 meV. Above AlGa _,As band-gap illumination is used zgrolfleld, wherg bo_tla+ anda* polarizations coincide, .the
to reduce the 2DHG densitioptical depletion without in-  binding energy is simply given by the energy separation of
troducing further disordéf A 28 mF capacitor bank at the X" and Xo PL peaks and yields a value of 1.1 meV.
<5 kV was discharged into a nitrogen-cooled coil, giving Glasberget al** have found the same value for a 200 A
magnetic fields up to 50 T with a 27 ms pulse duration.QW, while anE, of 1.0 meV was determined by Shields
Using a field resolution of- 1% we obtained a photon inte- €t al!* for a 300 A QW. Measurements on a further sample
gration time of 2.2 ms. Arin situ polarizer in combination Wwith a 200 A QW, not discussed here, also give a binding
with reversing the magnetic-field direction enabled us to dis€nergy of 1.0 meV. The proximity of all these values clearly

Magnetic Field (T)

tinguish between the™ ando~ PL components. indicates a lack of variation irE, at zero field with
The field dependence of the PL energy of sanfpl 1.2 quantum-well width.
K is shown in Fig. 2 with the open and filled symbols indi-  In magnetic field both polarizations of, and X* are

cating theo™ and o~ polarization, respectively. Sampl&  resolved, except between 16 and 35 T whigo ") and
and C behave very similarly and are not shown here. MeaX*(c") merge due to a small difference in PL energy.
surements at 4.2 K show no difference for all samples excephbove 35 T all peaks are resolved again, resulting in four
for an even faster decrease of the PL intensity with magnetidifferent PL lines at 50 T. Taking the difference between the
field. This is consistent with Ponomaret all® who studied o ando~ PL energies we observe a linear Zeeman splitting
samples from the same wafer at lower fields and in the abfupper inset of Fig. Pfor X, andX™. No data are available
sence of polarization sensitivity. They found that at zero fieldbetween 16 and 35 T for the reason mentioned above. The
the high-energy PL peak intensity drops down dramaticallysame linear behavior, demonstrating a field independent
above 2 K, while the other PL peak gradually weakens abovéactor, was found foX ™ in previous experimenfsThe slope

3 K. The low-energy PL peak at zero field is assigned to thef the Zeeman splitting giveg,=1.7 which is slightly
singlet spin-state oX* (circles in Fig. 2, and the high- higher than the corresponding value of 1.5 for a 100 A
energy peak is assigned ¥y, (triangles in Fig. 2 The as- n-doped QW sample under similar experimental conditfons.
signment of the lines is motivated by a comparison of theirThe same data show an enhancement ofXtheg factor to
relative intensities for all three samples under the same ext.9 in the same 100 A QW sampldere we find an X g
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LA S . 2 e (S B L B berget al!! for a 200 A QW sample. Both sets of data are in
2.8 lia s @ schemel L
£ ] very good agreement, and even reproduce the small mini
| 1% 5 o schemel-05(™gi8 | mum inE, around 1 T. Recent theory 04" also shows a
% 1ia E o similar low-field behavior forEg.18
E a0t MEHF s . o0, * LI It is clear from Figs. 1 and 3 that becaugg<g™ the two
3 [ " MagneteFei (1 LTI L * o 1 schemes result in a completely different magnetic-field be-
% 16 ..o““u“““ 1 havior of E; . Indeed, the binding energies in Fig. 3 diverge
o ., *® 10000 with increasing field such that if this trend were to continue
£ Moo oOOOOO . i to even higher fields, the Zeeman corrected binding energy
S osl et 0040 © 0.0 J would reach zero aB>75 T, meaning thaX* becomes
% I 0°°%° 4 .00 unbound at very high field$lowever, according to the data
04 . . . . . . . . R in Fig. 2, this is clearly not the case. The low-energy singlet
0 & 10 15 20 25 30 35 40 45 50 spin-state {])1 of X* remains the lowest energy state and
Magnetic Field (T) no crossing betweeXy(c~) and X" (o) is revealed. In-

. o . deed, the filled symbols in Fig. 3 indicate a saturation or
FIG. 3. Experimental results of the" binding energy obtained even a slight increment dE, with field. Thus, the singlet
by using scheme (filled circles, while the+ open circles represent giate remains bound at very high fields as a direct result of
ihet gogfﬁf; Etb kt)%’ ;ﬂb}ral?li'nlg to'ij _gr:)lﬁ))#BI']Bd agh>e75w1r_' the Zeeman interactiofhis means that the Zeeman splitting
ected” &, Indicates thav: 1S ikely 10 be unbou : '.cannot be ignored when considering bound states of charged
but such an interpretatiodoes not include the Zeeman interaction scitons. Indeed. the bindina enerav of a svstem is defined
correctly. The inset compares our low-field data with those obtainede ’ ! 9 9y 4 .
L for the lowest energy state, and therefore one should strictly
by Glasberget al. (Ref. 12 (solid lines. .
use scheme | and not scheme Il anywaps mentioned

factor of 2.8, enhanced by more than 60% over thesXlue. above, we note that the influence of the Zeeman interaction

Glasberget al ! measured the neutral and charged excigon ©N the binding energy is directly related to the 6dlilfference
v o - e yreh

factors at fields up to 7 T in a special structure in which ~ Petweengo andg”. Sinceg™ is comparable witfgo, "™ E;,
andX~ are observed in the same sample. Their data show will not be influenced to a great extent if scheme Il is used
strong field dependence gft up to 4 T, where it reaches a rather than scheme I, at experimentally accessible magnetic
constant value of-2 1" Such behavior is not inconsistent fields at least. This, combined with the assumption gat
with our data since we cannot resolve the spin-splitting to= 9o certainly explains why this problem has not been con-
such low fields. On the other hanlg,~| and|g,| monotoni- sistently addressed in the past. A detailed quantitative con-
cally increase in their data, reaching nonsaturated values of Sideration of the magnetic-field dependencebgf for X
and 0.7, respectively at 7 T. A key point though, crucial toshould, of course, also include the role of the Zeeman inter-
the problem we are considering here, i.e., the effect of thé&ction. o o
Zeeman interaction on the bound states of the charged exci- We have presented PL dataXf in high magnetic fields.
ton, is that Glasbergt al'* also found|g™|>|g~|>|go|. We have shown that due to the relatively laie g factor, it

The filled symbols in Fig. 3 represeiit; determined is an ideal system for demonstrating the importance of the

from our data using scheme | of Fig. 1, while the open Sym_Zeeman interaction in the binding energy of few particle sys-
bols show the “corrected” E; by subtracting tems. We have applied and analyzed two qualitatively differ-
0.5(9*-go) gB. This correction has been used rather thanem schemes for specifying the binding energy, and found
taiking th?a dﬁ‘fe.rence in mean Zeeman energy since no rejithat one can result in misleading conclusions as to whether a
able o data are available between 16 and 35 T. as men(_:harged exciton state remains bound at high fields. Indeed, in
1 + H H .

tioned above. The filled circles of Fig.(8cheme ) indicate the case oiX th_e '°V.Ver energy spm-smglet state remains
a substantial increase Bf; from 1.1 meV at zero field to 1.6 bound at very high fields as a direct consequence of the
meV atB=14 T while a further increase of the magnetic Zeeman Interaction.

field slowly change&, to 2.3 meV at 50 T. In contrast, the  This work was supported by the FWO-Vlaanderen, the
correctedE, remains almost flat at low fields and then Flemish GOA, the Belgian IUAP programs, the EPSRC
gradually decreases with increasing field. The inset of Fig. 3UK), the K.U. Leuven VIS 00/001 project, and Philips Op-

shows our low-field data together with the data from Glas-ical Storage.
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