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Dynamical equilibrium between excitons and trions in CdTe quantum wells in high magnetic fields
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The formation of two-dimensional negatively charged excitGmegative trions out of excitons and free
electrons is found to be determined bydgnamicalequilibrium. This dynamical equilibrium consists of a
chemical equilibrium, relating the trion, exciton, and electron populations, modified by finite formation and
recombination times ofcharged excitons, as is evidenced by a magnetic-field-dependent photoluminescence
(PL) and far-infrared study of doped CdTe/CdMgTe quantum wells. The data show that the trion formation is
entirely driven by the occupation of the spin-split trion, exciton and electron levels. Incorporation of the
proposed trion formation scheme into a rate equation model gives a proper description of the experimental
data, leading to values of the formation, recombination, and spin-flip times of trions and excitons that are in
good agreement with results of time-resolved experiments in the literature. The model elucidates the effect of
the heavy-hole splitting on the polarization degree of the trion PL in a magnetic field and the influence of the
dark excitons on the trion formation.
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[. INTRODUCTION clude that in cw experiments a thermodynamic equilibrium
between excitons, trions, and electrons is also not estab-
The optical spectrum of undoped semiconductor lished. That is, when the trion recombination time is compa-
quantum-well (QW) structures is dominated by excitonic rable to the trion formation time, a considerable amount of
transitions. In the case of a low excess density of electeons excitons recombines before forming a trion. The relative in-
(or holesh), a photoexcited excitofX) can capture an extra tensity of the trion and exciton emission is therefore ex-
electron(or hole to form a negatively X™) (or positively, pected to depend on the ratio between the recombination and
X*) charged exciton, or so-called trion. Bt (two elec-  formation times, which is often ignored in the analysis of cw
trons bound to one holandX ™ (one electron bound to two experiment£®~2°In previous studies the trion formation pro-
holeg lead to an additional peak in the optical spectrum at acess was described as a chemical equilibrium between the
slightly lower energy thaiX. Although Lambert already pre- populations of the excitons, trions, and free electrons, inde-
dicted the existence of charged excitons in the 195@sga-  pendent of the relevant time constants of the system. Further-
tive trions were only recently identified experimentally by more, the contribution of the dark, i.e., nonradiative, exciton
Khenget al.? utilizing the distinct polarization properties of state®>*°is often neglected!>*because their direct effect
the trion absorption peak in a magnetic field. is not evident. Although these states do not appear in the
Since this first experimental identification in CdTe-basedoptical spectrum, their contribution to the trion formation
QW'’s, negative and positive trions have been observed iprocess is expected to be equal to that of the bright, radiative
other materials as well, such as GaARefs. 3—5% and exciton states.
ZnSe-basetl heterostructures. Numerous properties have In a magnetic field the trion, exciton, and electron energy
been investigated, such as the binding energy of singlet an@vels split due to the Zeeman effect. This fact has helped in
triplet trion states with™*3 and without*®a magnetic field, the identification of trions, since the polarization of the trion
the optical spectrum of trions with varying excess carrierabsorption was found to follow the known field-dependent
density!® combined exciton-electron cyclotron resonantles, electron polarization, as opposed to the regular exciton peak,
trion localization'®=?! and trion dynamics on a picosecond which is only weakly polarized? In magnetophotolumines-
time scale>??~**Time-resolved experiments have shown thatcence (MPL) measurements the polarization behavior is
the characteristic time§ormation times of trions, recombi- more complicated to understand, since it also depends on the
nation times of excitons and trions, and spin-flip timase  occupancies of all relevant energy levels, determined by the
of the same order of magnitude, irrespective of the materialelative time constants and théeld-induced splittings of
studied®?® As a consequence, it seems reasonable to corthe energy levels in the system. As a consequence, pro-
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nounced MPL polarization effects have been observed, anthe polarization degree of the trion peak in the reflection
various different explanations have been put forward. In factspectra as a function of the magnetic figld®In this sample

as we will show here, monitoring the polarization of the the density of electrons was always larger than the density of
exciton and trion emission in a magnetic field enables therions (ny-) and excitons ffiy) (i.e., ng>ny-+ny) for the
determination of the relative importance for the trion forma-optical excitation conditions used in the experiments. There-
tion (_Jf the factqrs men.t|oned above. For instance, the spinfore, there was no restriction in trion formation due to a
splitting of the singlet trion depends solely on the heavy-holeshortage of electrons. The second sam(siemple 1) was
splitting. By measuring the trion polarization, the role of the nominally undoped, but under optical excitation there was a

heavy-hole splitting can therefore be determined. Furtherhigh enough electron density to observe trion emission be-
more, in a magnetic field the contribution of dark excitons tosjdes the regular exciton emission.

the trion formation can become significant when a dark ex- For the PL experiments we used a HeNe |asemreso-
citon state becomes lowest in energy, leading to a large popyvant excitation Fiber optics was used to guide the laser
lation. By using far-infrared(FIR) radiation that induces beam toward the sample and to collect the PL. After passing
changes in the occupancies of the dark and bright excitothrough a monochromator, the PL was detected by a CCD
states leading to changes in the photoluminescei®t®  camera. For the PL excitatiolPLE) measurements the
emission, the role of the dark exciton states can be madgonochromator was set at a fixed detection energy on the
visible. low-energy side of the trion PL peak, while scanning the
In this paper we report a comprehensive study of theyvavelength of a Ti:sapphire laser. In this case the PL emis-
negatively charged exciton formation process in CdTekjon was collected by a cooled GaAs photomultiplier tube.
CdMgTe QW's using cw PL spectroscopy and FIR-based-or the measurements in the magnetic field we used a setup
optically detected resonan¢®DR) (Refs. 35 and 36spec-  which allowed us to perform PL and ODR measurements
troscopy in high magnetic fields. We show that the formationsimultaneously®3® The sample was placed in the Faraday
can be described bydynamicalequilibrium, consisting of a geometry in a cryostat at a temperatife 1.4 K inside a
chemical equilibrium, modified by finite recombination times Bitter magnet, which can produce dc fields up to 17 T. To
and spin-flip times of the excitons and trions. This descripperform polarized measurements & plate and a polarizer
tion resolves the apparent discrepancy between the cw angere mounted directly above the sample in the cryostat be-
time-resolved experiments. Moreover, we show that ODRore the luminescence entered the fiber. The FIR radiation
data reveal the importance of the dark, nonradiative excitojvas produced by a methanol-gas-based FIR laser system,
states in the trion formation and that the polarization of theyhich was pumped by a 40-W cw GQaser. The FIR laser

trion emission depends on the splitting of the heavy-holgines used in the experiment wererz=118.8um (P
energy levels. We present model calculations that explain the- 10 mw), Agg=570um (P=3 mW), and \gpg

polarization of the trion observed in the magneto-PL data and- 96.5um (P=2 mW). The FIR radiation was guided by
the ODR data. The values for all relevant time constants argyersized waveguide tubes to the backside of the sample, so
found to be in good agreement with time-resolved experithat the sample could be simultaneously irradiated by the
ments, showing that one can develop a consistent and comeNe and FIR laser light. In order to record the ODR signal,
prehensive physical picture describing both cw and timej e , the changes in PL due to the absorption of FIR radiation,
resolved experiments. _ _ the FIR beam was mechanically chopped, while the PL was
The paper is organized as follows: after discussing thnonitored using a cooled GaAs photomultiplier tube and a
experimental details in Sec. Il, the experimental results argyck-in amplifier at the frequency of the chopper. When
presented in Sec. Ill. In Sec. IV we analyze the data using 8weeping the magnetic field, the monochromator was set to
rate equation model that includes the formation scheme prapjiow the PL peak position of the trion or exciton emission,
posed in Sec. Ill. We end with the conclusions in Sec. V. \hich shifts in a magnetic field. These measurements re-
sulted in four curvegtrions and excitons for botr— and

Il. EXPERIMENTAL DETAILS o" polarization$ as a function of the magnetic field.

For our studies we used two 8-nm-wide modulation-
doped CdTe/C(gijg_o_g,Te single Q_W structures grown by IIl. EXPERIMENTAL RESULTS
molecular-beam epitaxy o(100-oriented GaAs substrates.
CdTe exhibits strong excitonic effects, yielding an exciton A typical PL spectrum of sample hg=2x 10" cm™2) at
binding energy of about 10 meV in bulk CdTe. ConfinementB=0 T andT=1.4 K is shown in Fig. (a). The spectrum is
in the QW increases this value up to about 20 meV resultinglominated by a trion emission peak which has a slightly
in a large trion binding energy d,~3 meV? as compared lower energy than a less intense exciton peak. The energy
to ~1 meV for GaAs QW's*® The PL spectra only reveal splitting (3.9 me\) between the peaks is roughly given by
singlet trion stateganti-parallel electron spinsnd no triplet  the sum of the binding energy of the second electroiX of
trion states(parallel electron spinsin a magnetic field, (E,~3.1 meV) plus the energy needed to set free the second
which simplifies our discussion. The two samples originateclectron into the lowest unoccupied state at the
from the same wafer grown by a wedged doping techniqué&ermi-energy® The PLE [dotted line in Fig. 18)] and the
using lodine as the dopaitand differ only in their back- reflection(not shown spectra also consist of two peaks, with
ground electron density. The density of the first samplea Stokes shift of 0.6 meV with respect to the PL peaks. The
(sample ) was found to ba,=2x 10" cm™?, by measuring presence of thex™ resonance in PLE and reflection, al-
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FIG. 1. (a) Typical PL spectrum(solid line atB=0 T andT Magnetic Field (T)
=1.4 K of the 8-nm-thick CdTe/GdMg, sTe single QW withn,
- 0 a2 ] : - ; _ N -
=2x10 cm 2 (sample }, which shows the trionX~) and exci- FIG. 2. (a) The intensity ratio (§ +1Z )/(I;H;t), which

ton (X) emission peaks. The dotted line represents the PLE SpeGy .
trum (detection energy 1.6286 ¢VPL spectra ath) B=6 T, and

(c) B=15 T showing large changes in trion and exciton emission
intensity. The solid spectra represent thie polarized emission, the
dotted spectra the-* polarized emission.

reases in a magnetic fieldb) The polarization degreeP

=17 =19)/(1°"+1°") of the trions(solid symbol3 and excitons
(open symbolsat T=1.4 K for sample | withn,=2x 10" cm?2
(circles as a function of the magnetic field showing a change of
sign in the trion polarization &=12 T. The polarization degree of

though weak, confirms its intrinsic origin and other explana-samIOIe !l (nominally undoped, triangless also plotted, showing

. . . .3 the large influence of the electron concentration on the formation
tions such as impurity related transitions can be ruled outprocess
The relative intensities of th& and X~ resonances in the '

PLE spectrum mdu_:ate 'that in this sample the OS.C'”atorbination rate as a consequence of the fact that the character-
strength of the exciton is larger than that of the trion. In;

Y . istic times are of the same order of magnitidéj.e., that
contrast, the PL emission strongly depends on the occupatl%rt of the excitons recombine before forming a trion.
of the levels as well. The intens€™ peak corresponds,
therefore, to a high trion density, and implies that the trion
formation out of excitons and free electrons is very efficient.

In cw studies the trion formation is frequently described When a magnetic field is applied to the system the energy

A. PL measurements in magnetic fields

in terms of a chemical equilibriurff: levels of the electrons, excitons and trions split due to the
B Zeeman effect, leading to large changes in the trion and ex-
Xte=X". (D citon PL intensitiegFig. 1).5423132The PL spectra show two

The densities of trions and excitons are then related accordh@in effectscompare Figs. (&), 1(b), and Ic) atB=0, 6,
ing to the well-known law of mass actidf, and 15 T: (1) For low magnetic fields B=6 T) the

T
o " -polarized trion emission intensity {) is stronger than
Ny Ne kgTmg my

- ext] — Ey /ksT], 2) the o*-polar.ize'd trion emission ir.1ten§ityl.)°(:), while at
Ny - 27he my- high magnetic fieldsg=15 T) the situation is reversed. The
exciton emission becomes strongly polarized in a mag-

. - - + . . . . - .
netic field %y >1% ). A similar trion polarization is also

=0.70my), in which my is the electron rest mass. When Observed in a similar CdTe samf_;’lgcon_tgining a back-
Nx,Nx-<Ne, Which is our experimental case, this law im- 9round electron density ai.=8x10'° cm * and has also
plies that at a fixed temperature the ratig/ny- is given by been reported for modulation doped CdTe/CdzZnTe quantum

ne and the fixed parameters; and E,. With increasingn, ~ Wells** (2) The total exciton emission intensityl (=15

the number of trions increases, as is expected and which i$|§+) increases in a magnetic field at the expense of the
experimentally observed?**® For n,=2x10°cm"
(sample ) and at low temperaturesT&5 K) this equation
predicts a dominating trion population, while the exciton’ 2" < X : :
population is virtually zero. Our observation of a nonzeronetic field fe‘?'uc.es the efﬁqency of trion formation. . .
exciton PL peak clearly shows the presence of an exciton The polarization behavior of the trions and excnoPs is
populatio’ [see Fig. 1a)], indicating that this system does Clearly seen by plotting the polarization degrée= (17

not reach a state of chemical equilibrium nor a state of ther—17 )/ (17 +17 ) [Fig. 2b)]. The trion P is positive at
mal equilibrium for which the same arguments hold. Thelow fields and changes sign Bt=12 T, while the excitorP
observation of exciton emission suggests that the trion forbecomes increasingly negative with increasing magnetic
mation rate is in direct competition with the exciton recom-field. To show the strong influence of the electron concentra-

where m; denotes the effective mass of electrons, (
=0.11my), excitons Myx=0.59my), and trions (ny-

trion emission (X7=I;‘<:+I;f), as can be readily seen in
Fig. 2(@), which displaysl/Ix-, indicating that the mag-
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FIG. 3. (a) Energy-level diagram for the CdTe/g@Mg,Te 2
QW, showing the spin-split levels of the trions, excitons, and elec- §
trons in moderate magnetic fields<<B<10 T). The arrows de- o

note the combinations of excitons and electrons that can form a .
(singled trion. (b) The excitons and electrons become oppositely Magnetic Field (T)
polarized via thermalization over the Zeeman levels in a magnetic

field (vertical arrows$ resulting in a reduced formation rate of trions
(for both X~ andX_.).

FIG. 4. (a) Energy positions of the trions fer™ (solid symbol$
and o* (open symbols polarizations of sample I(b) The hole
splitting (open symbolsis deduced by subtracting the measured
electron splitting(dashed ling from the trion splitting(solid sym-
bols). The solid line curve is the hole splitting as used in the model
calculations(see the text

tion on the formation process, we have also plotfedf
sample Il in Fig. 2Zb) (triangles. The positiveP for the trion
PL is absent for this sample, while the exciton PL is still
negatively polarized although much less pronounced. 3(b)]. The two lower exciton levels, which become most
To explain the observed PL emission, the energy levels ofopulated in a magnetic fielgmall arrow dowi, both need
the exciton and trion states and the allow(sthgley trion  ane| to form a trion. But the magnetic field depopulates this
formation processes need to be considéféd. 3). The spin  electron levele| (small arrow up, leading to a reduced
states of the electrong@) and holes(h) that build up the  probability of trion formation for bottX__ andX_ ., which
excitons and trions are denoted by arroWsor spin up and  egyits in an increase of the exciton population relative to the
| for spin down. Besides the exciton and trion levels whichyiq, population.
appear in the PL spectrum, the diagram shows the dark, non- A comprehensive explanation of the behavior of the trion
radiative excitons X, andX_5), which do not appear in  hoarization in the whole range of magnetic fields is more
the spectrum but are expected to contribute to the trion forgigficult and requires an analysis in terms of a rate equation
mation. The exciton spllttlng is determined by the el_ectron_a%ode| including the energy positions as well as the occupan-
well as the heavy-hole splitting. In contrast, the trion split-¢jes of the energy levels and the relevant time constants in
ting depends only on the heavy-hole splitting, since bothye system. Before we will perform such an analysis, we will

electrpn spir)s_ are present in a singlet trion. Unfortunatelypresem complementary experimental data obtained by an op-
the trion splitting cannot be directly deduced from the P'—tically detected resonance technig@DR).53

spectrum, because the electron splitting also contributes to

the energy difference of the PL pedlsee Fig. 4a)], as the B. Optically detected resonancg ODR)

two-dimensional electron-ga2DEC) electron is the final The ODR technique detects changes in the PL emission,

state after recombination & . However, since the electron . . ; .
which are directly related to changes in the occupancies of

splitting in our samples is accurately measufgd= —1.46 . ; :
(Ref. 43], the heavy-hole splitting can be deduced by Sub_the exciton, trion, and electron levels that are induced by the

tracting the electron splittinfdashed line in Fig. @)] from absorption of FIR radiation. Figure 5 shows the ODR signal

. o o for sample | for different FIR laser wavelengths, listed in
the measured trion splitting. The open symbols in Figp) 4 order of decreasing laser powes) Apir=118.8um (10.4

shpw th_e _resu_ltmg heavy-hole splitting. _Note that the_ hOIEmeV), () Apg=570 xm (217 meV, and (O Apm
spin splitting is very small and negative for low fields — 965 12.8 The sh f the ODR t
(B<10 T) and changes sign with increasing field. This pro-_. ~ = pm (12.8 meV. The shapes of the races are

: pmilar irrespective of the FIR laser line used, and can be
cedure enables the construction of the complete scheme fmrar i . ) '
all field dependent energy levels displayed in Fig(sge §|V|ded in three regimegl) For B<5 T the ODR detected

Sec. IVA). on X _- shows a positive signal, i.e., an increase of Xje
The observed increase of the exciton emission relative tL emission, while theX . shows a negative signal, i.e., a
the trion emission in a magnetic fieldee Fig. 2a)] is quali-  decrease of this PL emission. THe- ODR signal is small

tatively explained by considering the effect of the polariza-and negative in this regimg2) For 5<B<15 T the ODR
tion of the electrons and excitons in a magnetic fighiy.  signal shows a broad signal, positive for the trion, in beth
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ando™ polarizations, and negative fof, -, indicating that
the absorption of FIR radiation shifts the equilibrium toward
the trion side. In this range, the total PL intensity is constant
with varying field, i.e. the sum of the four ODR curves is
zero, showing that the FIR radiation induces only changes in
the relative occupations of the trion and exciton levés.
For higher fieldB>15 T, all ODR curves become zero.
The transition between the first two regimes is most
clearly seen in Fig. ) as a kink in the negative slope of the
X, curve atB=5 T, accompanied by a change of sign in
the X_. ODR curve. It should be noted that the absolute
ODR signal of theX+ traces is very small, due to the small

APL (arb. units)
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FIG. 5. ODR spectra for three FIR laser line@) Agr
=118.8um, (b) Agg=570um, and (c) Agr=96.5um of

sample | withn,=2x10" cm~

2

at T=1.4 K. A positive signal

=118.8 um (solid symbol$ showing a double change of sign: from
positive to negative to positive. The open symbols connected by a
line are calculations of the ODR signal, which are discussed in Sec.
IV B. Note that the scale is the same as used in Fg)..5

enlarged, a double change of sidrom positive to negative
to positive becomes apparent, as is shown for the 11.818-
laser line by the solid symbols in Fig. 6.

The ODR traces of the 118,8m laser line[(Fig. 5a)]
show a sharp electronic cyclotron resonafC®, indicated
by arrows at 9.7 T (Ref. 44 superimposed on the broad
signal. From this resonance field and the wavelength of the
FIR laser we obtain an effective electron mass mf
=0.11my. Both the CR and the broatlPL signal show an
increase of the trion emissidgpositive signaland a decrease
in exciton emissionnegative signal It is striking, that at
CR, where absorption of FIR radiation is expected to be very
efficient, the signal is not significantly larger than th&L
signal. In fact, the largesi PL signal is found for theX -,
where it is 7 % of the peak intensity of thée, - PL. Further-
more, apart from the CR we do not see other resonant fea-
tures such as intra-exciton or intra-trion transitions, which
are reported for GaAs based structute®444°

The broadAPL signal is attributed to non-resonant heat-
ing, because of the following reasors: The signal is simi-
lar for all FIR laser lines usefFig. 5 and has the same sign
as the CR, which is unambiguously due to heating of the
electron system. The differences in intensity are mainly due
to different FIR laser powerR1g g,m™> Ps70.m> Po6.5.m) -
(ii) The signal is found to dependent linearly on the FIR laser
power (not shown. (iii) It diminishes when the temperature
of the system is increased frofm=1.4 K to T=4.2 K (not
shown). (iv) The shape of the signal is similar to that ob-
served on a similar sample, but using microwave radiation
with energy of about 0.3 meV instead of FIR radiatir?

IV. DISCUSSION

The precise magnetic field dependence of the PL intensity
and polarization of the exciton and trion levels and the FIR
induced changes here{@®@DR signal is a complicated func-

indicates an increase of PL emission due to the absorption of FIRON of many parameters, such as the field-dependent energy
radiation, a negative signal a decrease. On the spectruRt,qf

=118.8um (a) a cyclotron resonand€R ) is visible, indicated by

the arrows.

level diagram and the characteristic time constants of the
exciton-trion-electron system. In order to explain the MPL
and ODR data we have used a more or less standard rate
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Ty levels, determined from the PL measuremdaiso see Fig. % as
J_I—J \_L\ they are used in the model calculations. An exchange splitting of
Tree Tree 0.2 meV is included.

FIG. 7. Schematic representation of the rate equation model in
magnetic field(see text for a detailed descriptjorf-or reasons of
clarity the energy levels are shown for the c&se0 T. In a mag-
netic field the levels become split, as shown in Fig. 8.

the trions can also flip their spinrg¢-), dissociate into an
exciton (7f,,,) or recombine ¢.). The model includes the
formation processes indicated in Fig. 3, thereby assuming
that the spin orientation of the electron and hole in the exci-

. o . ton is conserved® The electrons are taken to be thermally
,30
equation modéP**adapted to the magnetic field Case’Wh'Chdistributed over the quantized Landau levels, which are

incorporates the experlment_ally obtained values. for the €S aussian broadened with a width of 0.25 meV. Furthermore,
ergy levels and all relevant time constants associated to se

eral processes, such as trion formation, spin-flip scatterin In the model we assume that only excitons within the light-
Processes, oo . » SP P scattering., \o can k;,<ko) can form a trion, although results from a
and radiative recombination. In this section we will first

present the rate equation model, followed by the mOde"nig\a/\gfeungsvpe%}ersgcl)l\g ;?nthﬁltetﬂz ;iifﬂ;;;’g? I)gtf:)t fgfmtoo
results of both the MPL and the ODR data. : ’ g /X0

trions effects only the ratio of the total exciton emission to
the total trion emissionl§ /I x-), and not the relative distri-

A. Rate equation model butions among the exciton and among the trion levels, which
are of importance in the MPL and ODR data considered here.

. The rate equatlon.model, schematically shown n Fig. 7, To describe the system, ten coupled rate equations are
includes four hot exciton levelk(,>ko), four cold excitons o -
d similar to the one shown here fdf |,

levels (;,<ko), two of which can recombine under emission Y€
of circularly polarized light, and two singlet trion levels

which also emit circularly polarized light. The zero-field ex- dng” n’ nl B
change splitting, which splits of the dark/ — 2 exciton§®4 X —ng qleng o XSl g gl
toward lower energy with respect to the bright excitons, is dt ot ny +n}3 orm e o
taken into account by introducing a parametg, in the _ N

model calculations which was varied in the range of 0—0.2 —N% (Treet 75 A TN D0t

meV. The energy level diagram as shown in Fig. 7 holds for N n;zrglJrn;Zr; 1 3)

the B=0 T case. In a magnetic field the exciton and trion
levels, and the electron levels that are not shown in the fig- ,
ure, are splitsee Fig. 8 due to the Zeeman effect. where the densities are denotedrgs wherej=X, Xqr,

The processes that are included in the model are denoteXi", eandi=o"/~, +/—2, |/1. The terms containing the
by the arrows. A double arrow indicates that also the retime parameters-[1 (k=rec, form, K, X, X7, e, or h)
versed process is taken into account. To mimic the experielenote the forward processes, i.e., toward lower energy, and
mental situation in which excitons are excited non-the terms containing ~* denote the reversed processes,
resonantly, we introduce excitons in hidt), states(hot j.e., toward higher energy.
excitons), which cannot recombine since they are outside The large number of parameters that can be varied is sig-
the lightcone, but can flip their spilelectronr,, holer,, or nificantly reduced by several conditions that we impose upon
both 7¢) before relaxation {x) to the bottom of the band to the model. In the limiting case that the recombination times
cold or low k;-value excitons. The cold excitons can flip are infinite, the system should establish a chemical equilib-
their spin (., 7, Or 7x), can be excited to thé&;,>kg rium between the exciton and trion levels, and a thermal
region (rx), can recombine %) or can form a trion equilibrium among the hot exciton levels, among the cold
(7sorm) for which they need an electron with the proper spin.exciton levels and among the trion levels. The tendency of
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the system to reach a chemical equilibrium is represented by B. Results of the model calculations

relfltmg the trion formation time 7o) and its reverse  1hg final aim of the model calculations was to find a

(Tiorm) @S unique set of parameters that simultaneously describes the
; T m polarized MPL and ODR data in order to unravel the impor-
@: Ei_Xqu_Eb/kBT]v (4  tance of the different processes for the dynamical equilib-
Ttorm F My~ rium in the exciton-trion-electron system. It is important to

wherem, andmy - are the exciton and trion masses, &d note that in this respect the ODR data plays a crucial role. It
is the Férmi en)érgy of the 2DEG in the quantum v;/ell. Theturned out that the polarized MPL data can be described

attempt of the system to reach thermal equilibrium is repref€asonably well using two other models, which are more
sented by relating the time parametegand ¥ (k=X, X~, simple than the full model described above, but which can be

e or h) by a Boltzman factdf3? Ti:l/,rvkc—lzexp disregarded because they are not able to reproduce the ODR

(—AE/kgT), whereAE is the energy splitting of the two cor- data. These two models make use of either a thermal equi-
responding levels. To relate the relaxation timgsand 7% librium between the exciton and trion statest shown herg

we take the energy of the lightcor®gnicone=0.07 meV or a rate eqL_Jatior; model tha_t excludes the presence of hot
(Ref. 23 for the energy spliting\E. Furthermore, for the and dark exciton& In th|_s section we focus on the results of
. X X~ the full model calculations. The input parameters of the
sake of clarity we assumef,.~ 7= 7rec, and we have del calculation can be divided into two distinct classes
verified that the calculations are relatively insensitive to/n0de! carcu o Wi ! ISt ! '
) ) . that is(1) the positions of the energy levels, af#] the time
changes {- factor of 2 in the ratio T?fec/Trec- Finally, the  constants. The energy positions of the exciton and trion lev-
time cqnstgnts of the system are defined relative to t_he triogs were determined from the experiments, namely from the
formation timer¢,,y,, and are taken to be constant with the §gq dependent PL peak positiofiig. 4). This analysis re-
temperature and the magnetic field. _ sulted in the energy position scheme for the excitons and
: IrMhe irate ﬁquzitions we use the phenomenological termions depicted in Fig. 8. Note that up to 12 T the lowest trion
NyNe /(Nx+Ng ) Trorm t0 determine the trion formation jeve| corresponds to a* polarization, whereas for higher
rate, wherd =", +/—2 and|/1 is a proper combina- fie|ds thes~ trion level is the lowest in energy; as a conse-
tion which forms a singlet triorisee Fig. 3. This term en- quence of the hole splittingFig. 4). In Fig. 8 we show the
sures that the rate prc_)perly d_e_pe_nds on the electron dens'@hergy scheme for the cadg,.— 0.2 meV, which makes the
similar to a trqe ch/emlc_al eqwhbpum. In thg case of a Iargex+2 level the lowest in energy up to 15 T, after which the
electron density i, >n;), the trion formation rate equals x_" pecomes the lowest energy level. The actual magnetic
Ny Trorm. a@nd is primarily sensitive to the changes in thefield where the lowest exciton level changes its nature de-
exciton density. In the opposite case, i.e., a small electropends obviously on the value of the exchange splitting which
density ()/'<n)), the rate is equal to)/' 7.}, and de- was varied in the range of 0-0.2 meV in order to get the best
pends mainly on the electron density. Moreover, in case ofit of the MPL and ODR data.
zero né”, i.e., when there are no electrons left for trion As a starting set of time constants we have adopted the
formation, the trion formation rate reduces to zero, as revalues found in time-resolved studi€s’ and allowed
quired. changes up to a factor of 10 larger or smaller during the
We calculate the state of the dynamical equilibrium foroptimization process. We have assumed that the emission
the system numerically, by letting the system develop iteraintensity of a specific transition is proportional to the occu-
tively in small steps\t until it reaches a steady-state solution pation of that level divided by the corresponding recombina-
(dn/dt=0) for all ten equations. Before starting to describetion time. Using this procedure the polarization degree of the
the experimental data, we have checked that the mentiongdifferent (charged exciton levels was calculated for a given
boundary conditions for the model are fulfilled. The calcula-set of time constantgFig. 9 at a fixed temperatureT(
tions are done at a fixed temperature, assuming that the tri=1.4 K) and electron densityng=2x 10" cm~2), which
ons, excitons, and electrons arg@t close t) the bath tem- corresponds to the measurements performed on sample I.
perature. In the samples containing a background electrodsing the same set, the ODR traces are simulated by sub-
density, the 2DEG acts as a cold buffer that efficiently cooldracting the PL intensities calculated fbr 1.4 K from those
the excitons. Possible cooling mechanisms are as foll@lys: calculated forT=1.45 K (Fig. 10. Figure 9a) (solid sym-
the excitons cool down as a whole through scattering probols and Fig. 10a) display the optimized results of the
cesses with the 2DEG, art#l) cold excitons are created from model calculations for the polarized PL data and ODR traces
a cold 2DEG electron and a photoexcited hole that is effitespectively. The most important features of both PL polar-
ciently cooled due to spin-orbit interaction. Moreover, weization [compare Fig. @) with Fig. 2(b)] and ODR[com-
find that the polarization behavior of the trion and excitonpare Fig. 10a) with Fig. 5, and compare the two curves in
emission in a magnetic field becomes more pronounceéig. 6] are reproduced using the following time constants:
when lowering the temperature To=1.4 K. The magnitude 7{oym~0.2 Tyec~ 7k~ 10 7~ 7x-~7¢~7,. These values
of the ODR signal shows an increase when lowering theare indeed consistent with the time constants obtained from
temperature fronT=4.2 to 1.4 K. Therefore, the assumption time-resolve@*° and cw (Ref. 49 experiments. Note that
that the excitons and trions are at the lattice temperaturelthough for simplicity reasons these time constants are
seems to be reasonable. taken to be independent of the magnetic field, the transition
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Magnetic Field (T) is clearly seen that the polarization degree is best described

by the solid symbols, using the hole splitting which is shown
FIG. 9. Model calculations of the trion and exciton polarization in Fig. 4 as a solid line and is indeed very close to the

degree(solid symbols. (a) Dependence of the calculations on the experimentally determined behavior.

trio_n _fIip time. (b) Dependgnce of the calculations on the hole spin  Erom these modeling results we can identify two mecha-

splitting (see text for details nisms that lead to the positive trion polarization degree at

] i ) low magnetic field as is observed experimentafll): Up to

rates between the_ levels vary wlth the field, showing tha_t th%:12 T, X_. is the lowest trion leve(see Fig. 8, favoring

processes are driven by the field dependent occupancies i . ) . . .

the energy levels. The calculations were found to be weakl € relaxatl_on to this stat_e Wh'ch results in a positRieThis .

dependent on the exchange splitting. The optimized valu®® he dominant mechanism which leads to a change of sign

was determined to be in the rangg=0.1-0.2 meV, which in P atB=12T whenX__ becomes lowest in energf?)

is consistent with the findings of Vaneltt al?® for CdTe- ForB<14 T, the occupation of th¥, , level will be higher

based QW's. than that of theX,-, not only because it is lower in energy
We have also verified the sensitivity of the outcome(Fig. 8), but also because it is a nonradiative state in contrast

of the model with respect to variations in the other inputto the radiativeX,- state. The formation rate of_, out of

parameters. We have found that the trion polarization degreg  , ande| [left dotted arrow in Fig. @&)] will therefore be

and in particular the cross-over field at which it turns nega+y,,ch larger than that of _ out of X, ande/ (right solid

tive is not very sensitive to the values used for the time 7 ‘

constants. Fig. 9a shows for instance the influence of makingrro_m resulltnjg |_n a Iglrger de;l;ny O((,+_tt:)ha_nxg €. Z
the trion spin-flip timery- ten times higher or lower than POSItivé polarization degree. The contribution Xf an

Tiorm. Varying the other time constants leads to similar re_x,2 to the trion formation is negligible be_cause th_ese_levels
sults. ConverselyP depends strongly on the trion energy depopulate faSt.'V as ShOWT‘ by the negative polarlzatlon de-
splitting which is determined by the hole spin splitting. Fig- 9€€ ©Of the excitons. For higher fields>14 T, besides the
ure 9b) shows calculations of the polarization degree forfact thatX . becomes lower in energy, also,- becomes
zero hole splitting(down triangley for the optimal hole lower in energy(Fig. 8) resulting in an enhanced formation
splitting (solid circles, and for a hole splitting that is nega- of X_- (right solid arrow leading to the observed negative
tive up toB~17.5 T before turning positivaup triangles. It polarization degree.
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Figure 1@a) reveals that the calculations describe the gennal of X -). For higher fields8>15 T, heating of the sys-
eral trends of the ODR traces correctly for IoB<5 T),  tem by FIR radiation no longer has any effect on the PL
moderate (5XB<15 T) and high B>15 T) fields, and al- intensities of excitons and trions, resulting in no ODR signal
low us to reveal the different mechanisms leading to theor all curves.
signals in these regimes. FBK5 T, theX . curve shows a When analyzing the calculated rates in detail, we find that
negative signal and thé¢__ curve a positive signal, while the theX,+ ODR curve(Fig. 6) can be explained qualitatively
exciton curves show a negligible signal. ForB<15 T, by considering three effects that interact in a subtle manner.

lculat ii ianal for boMi- ax- d First, theX,+ occupation is enhanced by a heating induced
we caiculate a posiive signal for bol,» and2,- and a regjstribution of the excitons among the exciton levels. This

negative signal for th&,- curve, and foB>15 T the cal-  effect is in competition with a second effect, namely, that the
culated curves are zero. The,- curve is very small, but  iqn formation channeX,++ef—X_. becomes more effi-
ther.e. is a double change of si¢finom posmve to negative to cient, which reduces th¥,+ population. For the rang8
positive as could also be observed in the measurem@es 4 T the first effect is dominant resulting in a positive

open symbols in Fig. )6 _ _ODR signal. For 4B<6.5 T, the latter effect is stronger
The fact that a small temperature increase of 0.05 K iJeading to a negative ODR signal. For higher field
sufficient to describe the ODR data confirms that the ODR. g5 5 T the FIR radiation promotes electrons from é‘iE‘,

signal can be attributed to nonresonant heating, as discussgg;q| 1o thee| level, as discussed before, leading to a less

above. Moreover, the calculations can make a distinction beéfficientx(,++eT—>X(;+ formation channel. This third effect

tween the effect caused by raising only the electron tempera%:_ounteracts the second effect, and therefore we observe a
ture while the exciton and trion temperature remainsl at '

_ . - ) .~ positive ODR signal in this range. Note that these effects are
ter%].ge}:agag. vlvgltl)()a] ta;]r;d (;zliil't?gno?(la)r/nglaeraiﬁfgorer?’nr;ijng'l(;rt] very small compared to the effects considered in explaining

=1.4 K[Fig. 1Qc)]. It is clear that the low magnetic field the other ODR curves.
signal is completely determined by heating of the excitons
and trions, while the high magnetic field effect is dominated V. CONCLUSION

by the electron heating. Whereas FIR-induced heating of the \we have presented cw PL and ODR measurements as a
2DEG is a more or less regular phenomenon, heating of thgnction of the magnetic field, which show that the formation
excitons and trions by FIR radiation is less commdithe  of trions out of excitons and electrons can be regarded as a
excitons and trions can be heated by scattering with 2DEGynamicalequilibrium, consisting of a chemical equilibrium
electrons at an elevated temperature or during the trion formedified by finite recombination times and spin-flip times.
mation proceSS USing a FIR heated electron. Altel‘natively;rhis resu't e|ucidates the discrepancy between cW experi_
the exciton and trion heating can originate from the darkments, where the formation is often described as a chemical
excitons, which can absorb FIR radiation because of theigquilibrium between trions, excitons, and electrons, and
very |Ong "fetime, in contrast to the radiative excitons andtime_reso|ved experimentS, where formation timeS, recombi-
trions which have much smaller probability to absorb FIRnation times, and spin-flip times are found to be of the same
radiation since their lifetime is too shart-100 ps. We con-  order of magnitude. The ODR measurements reveal the pres-
clude that the presence of the ODR signal at low magnetignce of the dark excitons in the system, and show that they
fields is a direct consequence of the presence of dark excgontribute significantly to the trion formation. The magnetic-
tons in the system, and their significant contribution to thefie|d-induced polarization degree of the trion is found to be
trion formation process. Calculations excluding dark eXCi'mainIy determined by the heavy-hole spin splitting in the
tons in the system indeed show no low field ODR sidfial. sample.

Based on the nonresonant heating mechanism, the re- we have incorporated the formation process in a rate
sponse of the PL emission on the FIR can also be understo%uaﬂon model, which includes spin-split, field-dependent
qualitatively by considering the occupancy of the energy levenergy levels, as well as formation times, recombination
els in the magnetic fiel@Fig. 3. For theB<5 T regime the  times and spin-flip times between the triGexciton levels.

X2 level is more occupied than th¢,- level leading to  This model successfully describes the presented PL and
moreX . formation relative toX - formation, as discussed ODR experimental data using one unique set of parameters,
above. The FIR induced heating promotes, to the X, - Tiorm™ 0.2 Tyec™~ Tk ~ 107~ 7x— ~ Te~ T, Which is con-
level |eading to an increased formation)ogf (positive sig- sist.ent with I’eS'U|.tS from 'time-resolved experimen'ts.. TC? ex-
nal) at the expense oX_, (negative signal In the regime plain our data, it is sufficient to take the characteristic times

5<B<15 T the ODR signal is mainly a result of heating of of th_e system to b_e independent of the magnetic ﬁeld' The
the electron system. As illustrated in Figbg the magnetic varying rates with field are found to be merely determined by

field polarizes the electron and exciton population reducingg;: field-dependent occupancies of the spin-split energy lev-

the trion formation. Heating of the system by the absorption
of FIR radiation reduces the electron polarization, i.e., par-
tially canceling the small arrow up in Fig(i8, leading to an ACKNOWLEDGMENTS
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