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Neutral and positively charged excitons: A magneto-optical study
of a p-doped Cd12xMn xTe quantum well
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We present a systematic study of optical transitions in a modulation doped Cd12xMnxTe quantum well with
variable concentration of the hole gas. Using a semimagnetic semiconductor as the quantum well material
allowed us to control independently the total hole concentration and its distribution between the two spin
subbands~by a small magnetic field!. Therefore, in transmission experiment we analyze population effects and
distinguish the influence of spin-independent effects~screening! from spin-dependent ones~phase-space filling
and intensity stealing!. The observed variation of the exciton~X! and charged exciton (X1) oscillator strengths
can be accounted for assuming that the influence of phase-space filling is negligible and the variation of
oscillator strength due to screening is found to be similar for both exciton species. We also show that theX1

dissociation energy significantly increases with the population of preexisting carriers with the appropriate spin.
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I. INTRODUCTION

The existence of charged excitons in semiconductors
predicted long ago~1958! by Lampert.1 The small binding
energy of the additional carrier forbids the observation
these charged excitons in bulk material, but Ste´bé and Ain-
ane pointed out in 1989~Ref. 2! that in two-dimensional
~2D! structures the binding energy should increase dra
cally. The observation of negatively charged excitonsX2

was done by Kheng et al.3 in modulation doped
CdTe/CdxZn12xTe multiple quantum wells~MQW’s!. This
observation was rapidly followed by experimental eviden
for both kinds of excitons in III-V and II-VI 2D systems.4–6

In this paper we report on the detailed study of the neu
excitonX and the positively charged exciton~positive trion!
X1 in a single quantum well made of a semimagnetic~di-
luted magnetic! semiconductor (Cd12xMnxTe). The intro-
duction of such a material in a modulation doped hete
structure brings the new possibility of tuning the sp
polarization of the carrier gas by using the so-called gi
Zeeman splitting induced by a small applied magnetic fie
The applied field remains small enough that the exciton w
function can be negligibly perturbed. Thus we obtain pu
information about population effects.

In our experiment we utilize the same technique to con
the total hole gas concentration, as for studies of the car
induced ferromagnetic interaction in modulation dop
quantum wells.7 The illumination of the sample by a light o
energy higher than the energy gap of the barrier allows u
PRB 600163-1829/99/60~23!/16018~9!/$15.00
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decrease the hole gas concentration, through the neutra
tion of holes by photocreated electrons.9,8 Hence, using bar-
rier illumination and the giant Zeeman effect, we contr
independently the total concentration of the hole gas and
distribution of the holes between the two spin states. T
total hole concentration determines spin-independent scr
ing effects ~hereafter shortened as ‘‘screening effects’!,
whereas varying the occupation of one of the hole spin s
levels at a constant total hole concentration should mod
spin-dependent screening and phase-space filling effe
Therefore, we have a direct experimental way to distingu
the influence of screening from that of phase-space fillin

We performed a systematic study of transmission ver
magnetic field under blue light illumination. We feel that th
choice of transmission as the principal magneto-opti
tool10,11 is important for the reliability of the results and the
direct relationship to a model description at the present st
of knowledge. Photoluminescence~currently used in such
studies for its experimental simplicity! is much more difficult
to interpret since it involves not only intrinsic processes b
also relaxation and competition with other recombinati
channels. The information obtained from reflectivity me
surements, although in principle equivalent to that provid
by absorption, requires usually a more precise descriptio
the light interferences due to various dielectric interfaces
the sample and, therefore, is more difficult. Performing ca
ful numerical fits of the absorption spectra, we analyze
oscillator strength ofX and X1 transitions and propose
simple model to describe the dependence of the intensitie
16 018 ©1999 The American Physical Society
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PRB 60 16 019NEUTRAL AND POSITIVELY CHARGED EXCITONS: A . . .
both X andX1 lines on the population of each spin comp
nent of the 2D hole gas. The values of the oscilla
strengths, and the efficiency of the intensity transfer from
neutral exciton to the charged exciton, are determined
vanishing hole concentration. We also show that theX1 dis-
sociation energy significantly increases with the populat
of preexisting carriers with the appropriate spin. These
sults should stimulate efforts toward a more complete
scription of the charged exciton and of its evolution to t
Fermi edge singularity as the density of the 2D gas is
creased.

II. SAMPLES AND EXPERIMENTAL

The present study was carried out on structures grow
a molecular-beam epitaxy chamber equipped with a ho
designed electron cyclotron resonance plasma cell as a n
gen source. Prior to fabrication of the proper samples, dop
characteristics of the barrier material Cd12y2zMgyZnzTe
have been determined. It has been found12 that by lowering
the growth temperature down to 220–240 °C it becomes p
sible to reduce the nitrogen induced diffusion of Mg ato
and to obtain hole concentrations up to 531017 cm23 in
Cd12y2zMgyZnzTe with z50.07 andy up to 27%.

The studied modulation doped structure consists o
single 80-Å quantum well~QW! of Cd12xMnxTe embedded
between Cd0.66Mg0.27Zn0.07Te barriers grown pseudomorph
cally on a~100! Cd0.88Zn0.12Te substrate. Such a layout e
sures a large confinement energy for the holes in the qu
tum well, minimizing at the same time the effects of latti
mismatch in the thick barriers. Due to strain and confinem
in the QW, the light-hole–heavy-hole splitting is of the ord
of 30 meV, and in the following we shall consider on
heavy holes. We label the two spin subband as13/2
~spin-up hole, with populationp1), and 23/2 ~spin-down
holes, with populationp2), corresponding to the normal mo
ment of holes~not electrons! in the valence band. With this
convention, as1 transition involves the creation of a21/2
electron and of a13/2 hole; in Cd12xMnxTe, due to the
giant Zeeman splitting, it occurs at lower energy than
correspondings2 transition~see Fig. 1!.

The low Mn concentration in the QW (x50.0018, see
below! allows us to keep very sharp lines, but it is hig
enough to have a significant Zeeman splitting (;5 meV in a
magnetic field of 5 T and at a temperature of 1.5 K!. Thus we
adjust the ratiop2/p1 from unity at zero field to practically

FIG. 1. Schematic diagram of optical transitions.
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zero at fields of a few tenths of a tesla, at constant to
populationp5p11p2. Similar effects have been observe
on a sample with a higher Mn content (x50.005) and a
slightly higher hole density.

The nitrogen doped region in the front barrier is located
a distanceLs5200 Å from the QW. Furthermore, in order t
reduce depleting effects, two additional nitrogen doped l
ers reside at a distance of 1000 Å from the QW on b
sides. The nominal hole concentration in the doped struct
evaluated from a self-consistent solution of the Poisson
Schrödinger equations, is 231011 cm22. The order of mag-
nitude of the hole density was confirmed by Hall measu
ments on similar structures, with the top barrier modified
allow contacting the 2D hole gas.13 The presence of a delo
calized hole gas in the present samples was checked by
toluminescence~PL! and PL excitation~PLE!. Typical spec-
tra in magnetic field are presented in Fig. 2~a!. In such a
field, the spin splitting in the valence band is larger than
Fermi energy, so that the spin-down band is free of holes
an exciton can be formed between a photocreated elec
and a photocreated spin-down hole.7 A sharp exciton line is
observed ins2 polarization@Fig. 2~a!#, which will be shown
below to actually be a charged exciton. A steplike PLE sp
trum is observed ins1 polarization, as expected for an op
tical transition that involves the spin-up hole subband, wh
is partially occupied. In such spectra characteristic of a m
tallic system, the Moss-Burstein shiftEMB between the en-
ergy of PLE step and the PL maximum is generally used
evaluate the hole gas concentration. In the case of full s
polarization, we measureEMB511 meV, which gives@for
in-plane effective masses,me50.1 mo and mhh50.25 mo
~Ref. 14!# a hole concentration equal to 1.631011 cm22.
This value is quite close to the one expected from the des
of the structure. However, such a determination of the h
density relies on the actual value of the electron mass~and,
to a lesser extent since it is larger, of the hole mass!, and this
determination can be altered by mass renormalization
excitonic effects.

In order to reduce the carrier concentration in the qu
tum well, we illuminate the barriers with additional light o
controlled power and spectral characteristics~halogen lamp
with a blue filter or Ar-ion laser!. The mechanism of the
reduction of the hole gas concentration by illumination w
be discussed in Sec. III.

All magneto-optic measurements were performed in
Faraday configuration with the magnetic field applied p
pendicular to the sample surface. The sample was mou
strain-free in a superconducting magnet and immersed in
uid helium. PL without additional above-gap illuminatio
and PLE were measured using an Al2O3 :Ti laser providing
about 2 mW/cm2. PL under illumination was measured with
out any further excitation than the source of light used
hole gas neutralization. The results of transmission exp
ments are given in the form of optical density, i.e., we p
ln(I inc /I trans), whereI inc and I trans are intensities of inciden
and transmitted light.

III. CONTROL OF THE HOLE GAS CONCENTRATION

The concentration of the hole gas is reduced by an a
tional illumination by light of energy higher than the energ
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gap of the barrier material. The mechanism of this effect w
discussed by Shieldset al.5,9 and is based on the diffusion o
photocreated electrons from the barrier into the quan
well where they rapidly recombine with the hole. Under co
tinuous illumination, the system approaches a station
state, with a reduced hole gas concentration.

In our samples the efficiency of this process was de
mined experimentally from the value of the Moss-Burste
shift. This shift between PLE above the Fermi energy and
at the center of the Brillouin zone is characteristic of t
metallic region at high hole density. We enhance this ra
by polarizing the hole gas in a small magnetic field a
measuring only thes1 polarization, which involves the cre
ation of a spin-up hole in the populated subband. Thank
the giant Zeeman effect, this field remains low enough~less
than 1 T! to make negligible in PL and PLE any effec

FIG. 2. Determination of the hole gas concentration in the m
tallic region. ~a! Example spectra of PL~dashed line! and PLE
~dotted line ins2 polarization and solid line ins1) used to mea-
sure Moss-Burstein shift.~b! Moss-Burstein shift versus blue ligh
illumination: The solid line represents calculation described in
text, based on tunneling across the charge-induced triangular ba
~inset!. The scale~illumination intensity to the power 1/5! has no
physical meaning and is used only to reduce the scale.
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related to the quantization of the hole gas into Landau lev
The variation of the Moss-Burstein shift under moderate b
light illumination is shown in Fig. 2~b!. For higher values of
the illumination ~i.e., for lower densities of the hole ga
below about 631010 cm22), the character of the absorptio
feature changes from step-like to a well-resolved line. Thi
due to the excitonic effects, and this point also limits t
applicability of the Moss-Burstein shift, as a source of acc
rate hole gas concentration. In order to estimate carrier c
centrations in the range where sharp absorption lines are
served, we applied a simple model describing t
neutralization of the hole gas, by the photocreated carrier15

We assume that the current of photocreated electrons rec
bining in the quantum well~hence participating in the hole
gas neutralization! is proportional to the illumination and
that a steady state is achieved when this current balance
current of holes tunneling from the barrier into the quantu
well. Therefore, the hole concentration is determined by
probability of the hole tunneling through the potential barr
between the doped region and the quantum well@inset of Fig.
2~b!#. Since the heightV0 of the triangular potential barrier is
given by the hole gas concentration, if we neglect the sm
potential drop within the doped region, the height of t
triangular barrier isV05e2pLS /««0, and its thickness isLS .
Hence, one obtains an approximate self-consistent equa

I 5a~p2p0!exp~2bAp!, ~1!

where I is the light intensity,p and p0 are hole concentra
tions with and without illumination, anda and b are
structure-dependent parameters defining the relation betw
the illumination and the electron current as well as the pr
ability of the tunneling from the barrier into the quantu
well. We expectb5(8/9me2Ls

3/\2««0)1/2'331027 m in
this simple model of a triangular barrier. Actually, the p
rametersa and b were used as fitting parameters@see Fig.
2~b!#. We had to useb5431027 m, which is in reasonable
agreement with this crude model. These parameters w
used for the extrapolation of the hole gas concentration
low the region where we can determine the carrier conc
tration from the Moss-Burstein shift. Our lowest hole dens
obtained with the halogen lamp~100% illumination! and
estimated using this extrapolation is approximate
231010 cm22. Lower hole densities were obtained with th
Ar-ion laser illumination.

IV. IDENTIFICATION OF X AND X1

AT LOW HOLE GAS CONCENTRATION

Figure 3 shows some transmission spectra for differ
hole densities. Two narrow lines are well resolved at
lowest concentration displayed,'231010 cm22. When the
carrier concentration increases, the low-energy line beco
more intense while the other one weakens and finally dis
pears at a hole concentration of about 631010 cm22. At the
same time the lower-energy line changes its shape, an
significant broadening is observed for higher carrier conc
trations. For low hole concentration, the distance betw
the two lines approaches 2.7 meV, i.e., the same value as
reported for the difference between the energies of excitoX
and trion X1 in CdTe-Cd12zZnzMgyTe quantum wells of
similar characteristics.6 This finding, as well as the behavio
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of intensities of the two lines at low hole concentration
suggests that their origin is related to creation of neutral~X!
and positively charged excitons (X1), respectively. We ex-
pect that the presence of carriers will attenuate the neu
exciton line, due to screening and phase-space filling, w
the presence of carriers, necessary for creation of cha
excitons, should enhance theX1 line with respect to theX
line. A further test of this assignment can be performed
studying the influence of a magnetic field. Figure 4~a! shows
transmission spectra at the lowest hole concentration, ta
at several magnetic fields in both circular polarizations. W
observe a characteristic population effect on the low-ene
line: Its intensity increases with field ins2 polarization,
while it decreases ins1. At a field of about 0.3 T, thes1

component disappears completely. Ins1 polarization, the
creation of aX1 exciton in its singlet state involves a pho
tocreated spin-up hole and a preexisting spin-down h
Thus, this observation reflects the absence of such spin-d
holes.3 Note, however, that in a CdxMn12xTe quantum well,
the giant Zeeman effect in the conduction band leads to
same circular dichroism for the negatively charged excit

FIG. 3. Zero-field transmission spectra for different hole g
concentrations~as controlled by additional blue light illumination!.

FIG. 4. Transmission~ln of incident intensity/transmitted inten
sity! in magnetic field, obtained for low hole gas concentrati
~under 100% blue light illumination! at temperature 1.3 K:~a! spec-
tra and~b! integrated line intensities
,
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For an unambiguous identification, we use a quantitative
based on the fact that the giant Zeeman splitting is four tim
larger in the valence band than in the conduction band. F
we fit the measured exciton splitting using the phenome
logical expressions given in Ref. 16 for bulk material, usi
the exact Mn contentx as adjustable parameter and assum
that the temperature of the Mn spinsTS may be slightly
higher than the nominal temperature~see Table I!. A good fit
is obtained forx50.0018. We then analyze the intensity
both transitions by fitting two Gaussian functions to the a
sorption spectra. The integrated intensity of respective li
is represented versus magnetic field in Fig. 4~b!. At constant
total hole concentrationp, we expect the intensity of theX1

line to be roughly proportional to the population of hol
with the appropriate spin, i.e.,p6 in s7 polarization, respec-
tively. Using a Maxwell-Boltzmann distribution between th
Zeeman split subbands to describe the hole concentration
obtain for the intensity,

A6~Dz!5A~`!
1

11exp~7Dz /kBTh!
, ~2!

whereDz denotes the valence-band Zeeman splitting and
taken to be positive for one spin and negative for the ot
one,Th is the carrier gas temperature, andkB is the Boltz-
mann constant.A(`) is the maximum intensity, achieved a
total hole spin polarization. Indices1 and2 of the intensity
denote the two circular polarizations of light. To calcula
the intensity, we assume for the conduction-to-valence-b
splitting the ratio 1:4, which applies for bulk heavy-ho
excitons,17 and we treat the temperature of the carrier g
and the maximum intensityA(`) as fitting parameters. Re
sults shown in Fig. 4~b! confirm the proportionality of the
X1 intensity to the population of holes with the releva
spin. Similarly good fits are achieved at 4.2 K or at high
hole density, as shown in Fig. 5. The carrier gas tempera
Th obtained from the fit is slightly higher than the temper
ture of the localized spinsTS ~Table I!. The observed differ-
ence may be related to the fact that the sample remains u
stationary conditions with a continuous diffusion of photoe
cited electrons that neutralize the hole gas but may also
the carrier gas in the quantum well. Note also that we u
the Maxwell-Boltzmann distribution to describe the popu
tion ratio at low hole density where the holes are likely to
localized.4,18,19The same assumption was done in Ref. 6
a CdTe quantum well. At higher density the full Fermi-Dira
distribution should be used.

The change of theX1 oscillator strength is accompanie
by a significant change of theX exciton line intensity. This

s

TABLE I. Parameters used to fit the intensity transfer at lo
hole density~partial hole polarization calculated with a Maxwel
Boltzmann distribution!.

Relative power
of the

Helium
bath

Spin
temperature

Carrier
temperature

illumination temperature Ts Th

10% 1.360.1 K 1.4860.1 K 1.8760.1 K
10% 4.260.1 K 4.5260.1 K 4.5460.1 K
100% 1.360.1 K 1.7760.1 K 1.960.1 K
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change can also be described by Eq.~2! with the same carrier
gas temperature. Actually, the two changes are proportio
to each other if the total hole populationp is kept constant
~see Fig. 5 and below Fig. 6!. This effect cannot be explaine
as a result of theX line width variation as suggested in Re
20: As shown in Fig. 4~a!, the exciton linewidth remains
almost constant in the whole range of applied magnetic fie
~full width at half maximum equals 2 meV!. In the present
sample, a broadening on the high-energy side is obse
only at higher hole densities.

FIG. 5. Integrated intensity of transmission lines versus the h
concentration in one spin subband. Squares representX1, circlesX,
and solid lines are a fit with Eq.~2!. Total hole concentration wa
231010 cm22 ~open symbols! and 3.731010 cm22 ~full symbols!.
The hole polarization was controlled by a magnetic field vary
from 20.5 T to 0.5 T.

FIG. 6. Correlation between theX and X1 intensities. Lines
result from the model, full symbols are data at 1.3 K, and op
symbols are data at 4.2 K. Squares are measured at zero fie
varying the total hole density~blue light illumination!; with respect
to these data, symbols on the right~respective left! side represent
data in s2 ~respectives1) polarization. Circles are data ins2

polarization at complete hole polarization~corresponding data in
s1 would sit on the vertical axis!. Triangles represent magnet
field scans under constant illumination of different intensity.
al

s

ed

V. X AND X1 AT INCREASED CARRIER DENSITY

A. Phenomenological description of the absorption intensities

When the relevant population of holes is increased,
observe an increase of the trion intensity and a decreas
the neutral exciton intensity. To describe this opposite
havior, the idea of ‘‘intensity stealing’’ has bee
suggested,3,11 which could be justified by the existence of
sum rule in a closed system formed by the neutral exci
and the charged exciton. However, the total intensity~in a
given polarization! is generally observed to vary as the ca
rier population changes, which suggests that some inten
is transferred, e.g., to band-to-band transitions. Here we
change the population of each spin subband so that we ob
complementary information.

~i! When we change the total hole density, at const
applied field, the exciton intensity decreases faster than
trion intensity increases, i.e., the sum of the two intensit
decreases. This is clear on the spectra in Fig. 3 at zero
and most directly evidenced in Fig. 6, where we plot t
intensity of the neutral exciton against the trion intensity11

In this plot, data at zero field~open squares at 4.2 K and fu
squares at 1.3 K! and data at full hole polarization ins2

polarization~circles! both exhibit a slope higher than unity
which reflects the decrease of the summed intensity.

~ii ! When we change the hole polarization at constant
tal density~by applying a field!, it is the trion intensity that
increases faster than the neutral exciton decreases. Th
observed qualitatively on the spectra in Fig. 4, on the pl
assuming the Maxwell-Boltzmann distribution@Figs. 4~b!
and 5#, and once again most directly in Fig. 6 where the d
at two different hole densities~triangles! both exhibit a slope
smaller than unity.

It is well known that the exciton intensity is reduced
the presence of carriers, due to various effects such
screening and phase-space filling. This reduction has b
widely studied in nonmagnetic quantum wells, as a funct
of the total carrier density.11,21,22 In our phenomenologica
description of the transition intensities, we introduce a red
tion factorh(p,p6), for which we assume a dependence
the total carrier concentrationp, regardless of its distribution
between the spin subbands, and a dependence on the
pation of the valence states participating in the exciton f
mation,p6 .

In addition, we have to introduce the possibility of crea
ing a charged exciton.

~i! The presence of carriers in the initial state is necess
for the creation ofX1. It applies to the spin subband oppo
site to that participating in the optical transition. As a fir
approximation, this would make the trion oscillator streng
in s2 polarization proportional top1 ~respectively top2 in
s1 polarization!, see Refs. 3, 10, and 11; hence we take
oscillator strength to be proportional top7hcx(p,p6), where
any deviation from a linear dependence on population
taken into account in the reduction factor~equal to 1 at van-
ishing hole densities!.

~ii ! The oscillator strength of the neutral exciton is r
duced, and this appears to be correlated to the possibilit
forming the charged exciton in the same polarization. A
first approximation, we would assume this intens
stealing3,11 to be proportional to the population in the re
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evant hole spin subband, i.e.,p1 in s2 polarization andp2

in s1 polarization. Hence we take

A6
X ~p,p1 ,p2!5A0

Xhx~p,p6!~12sp7! ~3!

and

A6
CX~p,p1 ,p2!5A0

CXsp7hcx~p,p6!, ~4!

where the ‘‘cross section for intensity stealing’’s could de-
pend on populations but shall be assumed to be cons
Note that we have introduceds in the trion absorption, so
thatA0

X andA0
CX can be compared directly: Their ratio bea

information on the extension of the wave functions in t
two forms of the exciton.

The intensity effects described previously for the low
hole concentration persist within the range of experimen
conditions, where the spectra exhibit well-defined absorp
lines. In particular, Fig. 5 and Fig. 6 show an identical b
havior at a higher total hole density~10% illumination!.

We established that to a reasonable approximation the
oscillator strengths, measured at constant total hole con
tration p, are linear functions ofp6 : This is clearly demon-
strated in Fig. 5 for low hole density. This statement is ind
pendent of assumption of a Maxwell-Boltzmann distributi
of holes on the two spin states, since we observe a doub
of the trion intensity ins2 polarization when applying a
field, with respect to the trion intensity at zero field, i.
hcx(p,p15p)5hcx(p,p15p/2). We conclude that the re
duction factorhcx(p,p6) depends only on the total popula
tion and not on its distribution on the two spin states. W
assume that the same is true for the neutral exciton reduc
factor hx(p,p6). As a consequence, the two oscillat
strengths become

A6
X ~p,p1 ,p2!5A0

Xhx~p!~12sp7! ~5!

and

A6
CX~p,p1 ,p2!5A0

CXsp7hcx~p!. ~6!

Of course, the observed linear relation between the
oscillator strengths for a given total hole concentration f
lows directly from the above equations:

A6
X ~p,p1!5A0

Xhx~p!2
A0

Xhx~p!

A0
CXhcx~p!

A6
CX~p,p1!. ~7!

The parameters entering Eqs.~5! and~6! were determined
on spectra with fully polarized hole gas. From the ratio
neutral exciton intensities ins1 and s2 polarization, as a
function of hole density@Fig. 7~a!#, we obtain the cross sec
tion for intensity transfers215531010 cm22. The un-
screened absorptions and the characteristic decay of sc
ing are obtained from the plot ofA1

X andA2
CX @with use of

phenomenological functionshx5exp(2p/px) and hcx
5exp(2p/pcx)]. We obtain for the neutral exciton an un
screened intensityA0

X50.9 meV and a screening with a cha
acteristic densitypx53.931010 cm22, and for the charged
exciton A0

CX51.3 meV and a characteristic density f
screeningpcx54.731010 cm22. Using these values, we ca
calculate theX intensity as a function of theX1 intensity, not
nt.
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only at full polarization, but also at zero field (p15p2

5p/2), or at constant hole density. These curves agree q
well with the experimental data~Fig. 6!, showing the consis-
tency of our empirical description.

B. Transition energy

The energies of bothX andX1 transitions as a function o
the magnetic field are shown in Fig. 8 for various total ho
concentrations. For the neutral excitonX, the shape of the
magnetic-field dependence does not vary with hole conc
tration and agrees well with the modified Brillouin functio

FIG. 7. Integrated intensity as a function of the hole gas c
centration obtained for holes fully polarized by the magnetic fi
~squares,s1 polarization; circles,s2 polarization!. ~a! Full sym-
bols represent theX line and open symbols theX1 line. ~b! X1

intensity per hole.

FIG. 8. Energies of the absorption lines versus magnetic fi
~left side, s1 polarization; right side,s2 polarization!, measured
under different blue light illumination. Dashed lines represent
giant Zeeman effect.
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This means that no phase-space filling effects influence thX
energy, in agreement with the conclusions from the oscilla
strength analysis. A slight variation of the absolute valu
~an increase with hole concentration! should be therefore un
derstood as an influence of screening on the exciton bind
energy,23,24 partially balanced by band-gap renormalizati
and by a variation of the electrostatic potential in this asy
metric modulation doped quantum well.

Much more interesting is the dependence of the char
exciton energy. At relatively high magnetic fields ins2 po-
larization, the energy ofX1 varies with field almost paralle
to that of the neutral exciton, but the distanceX-X1 ~theX1

dissociation energy! increases linearly with the hole conce
tration ~Fig. 9, closed symbols!. An extrapolation to vanish-
ing hole concentration gives a value of 2.5 meV. This
slightly smaller than the value 2.7 meV measured on sam
with a low ~but nonzero! doping.6 At lower field, the disso-
ciation energy suddenly gets smaller. This appears belo
characteristic field that increases with the hole density
corresponds to the field necessary to fully polarize the h
gas. If we plot the dissociation energy as a function of
population of the subband containing carriers necessary
formation ofX1 ~Fig. 9!, it comes out to be common for a
the values of subband hole concentration. This is observe
full polarization of holes~closed symbols:p15p, p250),
without applied field at any total hole population~big open
symbols,p65p/2), and at low hole density when using th
Maxwell-Boltzmann distribution to calculate the hole pola
ization ~small open symbols!. The deviation observed at th
maximum hole density displayed most probably indica
that the full Fermi-Dirac distribution should be used.

VI. DISCUSSION

The use of a strongly diluted magnetic semiconductor
the QW allows us to easily control the population of ea

FIG. 9. ~a! Charged exciton dissociation energy~difference be-
tween theX andX1 energy! as a function of the hole gas conce
tration in the spin subband promoting theX1 formation ~full sym-
bols, complete polarization of holes; big open symbols, no app
field; small open symbols, partial hole polarization calculated wit
Maxwell-Boltzmann distribution!. ~b! Possible mechanism.
r
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spin subband in the 2D hole gas. This is done by applyin
small magnetic field—the highest field value necessary
fully polarize the hole gas at the highest hole density we
is B50.6 T, which corresponds to a magnetic leng
(\/qB)5330 Å , much larger than the exciton Bohr radiu
'60 Å in such a QW, and to a cyclotron energy'0.3 meV
if we assume a hole mass 0.25m0. Hence, we can ignore an
effect directly induced by the applied field, such as localiz
tion or Landau-level splitting. The only effect of the applie
field is to change the relative populations of the two sp
subbands. This is achieved at constant total hole den
since the Zeeman shifts in the valence band, a few meV,
more than one order of magnitude smaller than the Q
depth. Thus, independently, we control the hole spin po
ization and the total hole density~optically, using blue light
illumination of the barriers!.

At vanishing hole density, we extrapolate the integra
absorption by neutral exciton toA0

X50.9 meV. This com-
pares favorably with the value 2pG0, with G0'0.12 meV as
usually measured in similar CdTe QW’s.25 However, as an
emissionlike signal is observed in reflectance~not shown!,
we would expect a constructive interference with the surfa
and an enhancement of the QW absorption up to 2pG0(1
2r c), where the effect of surface reflectivity is introduce
by the amplitude reflectivityr c5(12nc)/(11nc)'20.5
assuming a refractive indexnc'3 for the cladding layer. We
certainly underestimate the line area by choosing to fit it w
a Gaussian line shape, but more appropriate line shapes~e.g.,
including a Lorentzian component at vanishing carrier d
sity, or a high energy tail'(\v)2a at higher density! would
be too sensitive to small, badly defined features in the wi
of the line. When slightly increasing the hole density, w
measure a strong intensity transfer from the neutral exc
line to the charged exciton line, in the circular polarizati
where it exists~both at low field,s2 at higher field!. The
increase in intensity of the charged exciton line is faster th
the corresponding decrease of the neutral exciton line, b
factor A0

CX/A0
X'1.5, which bears information on the exte

sion of theX1 wave function. The transfer is complete fo
carrier densities larger thans21'531010 cm22, i.e., the
cross sections is characterized by a radiusAs/p'250 Å
much larger than the Bohr radius. It may be worth stress
that, for densities just above 631010 cm22, transmission
~and reflectance! spectra feature a single exciton line in bo
polarizations, which must be attributed to the neutral exci
in s1 polarization and to the charged exciton ins2 polar-
ization.

For still higher densities, theX1 line—not the neutral
exciton—merges with the Fermi edge singularity, as alrea
shown in the case ofX2 in CdTe QW’s~Refs. 26 and 27!
and in GaAs QW’s.28,4 We also demonstrate here that th
excitonic feature, which appears at high density~a few
1011 cm22) on one circular polarization when the carrier g
is fully polarized ~i.e., in s2 polarization in ap-doped
CdxMn12xTe QW!, has to be related to the charged excito
not to the neutral exciton. Of course, this should occur a
in similar cases, such as magnetoexcitons and light-hole
citons observed in the presence of a gas of heavy holes28

Quite similar screening factorsh(p), dependent on the
total population, are measured here forX andX1. They ap-
pear at low density, much lower than expected for pha

d
a
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space filling (1/pa0'1012 cm22). It is not the aim of this
paper to address this problem, but one probable sourc
screening in the present structure is the built-in electric fie
since the QW is mainly doped on one side only.

Finally, the most appealing result of this study is the
crease of theX-X1 energy difference as the hole dens
increases. On one hand, that means that sufficient care
be taken when evaluating the binding energy of the trion
comparing to calculations that are valid in the limit of va
ishing density. Our present extrapolation, 2.5 meV,
slightly smaller than the energy measured previously at sm
but finite energy.6

The observed increase of theX1 dissociation energy with
the concentration of holes with the relevant spin~preexisting
carriers only! requires a deeper analysis. Theoretical res
of Hawrylak and co-workers29,30 predict, in fact, an increas
of the splitting between neutral and charged exciton, as
population increases, in the absence of spin splitting. I
simple intuitive picture, both the neutral exciton and t
charged exciton are due to the existence of a bound level
appears in the 2D gas in the presence of a carrier of oppo
sign~i.e., a hole in the case of an electron gas as describe
Havrylak and co-workers, an electron in the present case
hole gas!. The neutral exciton then corresponds to a sin
occupancy of this level. The charged exciton involves,
addition to the creation of the exciton, the transfer of a c
rier of opposite spin from the Fermi level down to the bou
level. If we assume that the bound level exhibits the sa
giant Zeeman splitting as the band, we obtain@see Fig. 9~b!#,

E6~X1!5E6~X!2S \2kF7
2

2m*
1EBD , ~8!

i.e., theX-X1 splitting exhibits, in addition to the binding
energyEB , an energy proportional to the population of th
subband of preexisting carriers. However, the theory
scribed in Refs. 29 and 30 has been developed principally
an electron gas and dispersionless holes; it would need t
extended to the case where the photocreated carrier h
finite mass~and in the present case it is smaller than the m
of the majority carriers! and to include spin splitting.

We also want to point out that very similar observatio
~in particular, the increase of the binding energy of the ne
tive trion X2 and its evolution towards the Fermi edge s
gularity! are currently made onn-type modulation doped
i-

et
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CdTe-based QW’s,27 which calls for a coherent theoretica
description of both the electron and the hole gas in s
structures.

VII. CONCLUSIONS

We present a systematic study of optical transitions i
modulation doped Cd12xMnxTe quantum well with variable
concentration of the hole gas. At low hole concentratio
absorption lines due to neutral and positively charged e
tons were detected. At high concentrations when the e
tonic effects are eliminated by carriers, Moss-Burstein s
was used to measure the hole concentration. The data
successfully described using a simple model of carr
concentration control by light.

Using semimagnetic Cd12xMnxTe as the QW material
allowed us to control independently the total hole concen
tion ~by light! and its distribution between the two spin su
bands~by a small magnetic field, negligibly perturbing th
electronic wave functions!. Therefore, we were able to ana
lyze population effects, as opposed to the direct influence
the magnetic field, present in most studies of similar syste
In particular, we distinguish the influence of spin
independent effects~screening! from spin-dependent one
~phase-space filling and oscillator strength stealing!.

At constant total carrier density, we observe an incre
of the charged exciton oscillator strength and a reduction
neutral exciton oscillator strength, both proportional to t
respective subband concentration. The observed variatio
the oscillator strengths can be accounted for assuming
the influence of phase-space filling is negligible and
variation of oscillator strength due to screening was found
be similar for both exciton species. While no influence
phase-space filling was found on the energy of the neu
exciton, the charged exciton dissociation energy increa
linearly with the population of carriers that have the go
spin to promote the trion formation in a given circular pola
ization.
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