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The spectroscopic properties of a spin-polarized two-dimensional hole gas are studied in modulation doped
Cd1−xMnxTe quantum wells with variable carrier density up to 531011 cm−2. The giant Zeeman effect, which
is characteristic of diluted magnetic semiconductors, induces a significant spin splitting even at very small
values of the applied field. Several methods of measuring the carrier density(Hall effect, filling factors of the
Landau levels at high field, various manifestations of Moss-Burstein shifts) are described and calibrated. The
value of the spin splitting needed to fully polarize the hole gas shows a strong enhancement of the spin
susceptibility of the hole gas due to the carrier-carrier interaction. At small values of the spin splitting,
whatever the carrier density(nonzero) is, photoluminescence lines are due to the formation of charged excitons
in the singlet state. Spectral shifts in photoluminescence and in transmission(including an “excitonic Moss-
Bustein shift”) are observed and discussed in terms of excitations of the partially or fully polarized hole gas. At
large spin splitting, and without changing the carrier density, the singlet state of the charged exciton is
destabilized in favor of a triplet state configuration of holes. The binding energy of the singlet state is thus
measured and found to be independent of the carrier density(in contrast to the splitting between the charged
exciton and the neutral exciton lines). The state stable at large spin splitting is close to the neutral exciton at
low carrier density, and close to an uncorrelated electron-hole pair at the largest values of the carrier density
achieved. The triplet state gives rise to a characteristic double-line structure with an indirect transition to the
ground state(with a strong phonon replica) and a direct transition to an excited state of the hole gas.
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I. INTRODUCTION

The spectroscopy of two-dimensional(2D) systems with
carriers has been studied intensively during past years. At
low carrier density, optical spectra are dominated by a line
related to the charged exciton(trion) transition.1 In the limit
of very low carrier density, the charged exciton is a three-
particle complex involving a preexisting carrier and the pho-
tocreated electron-hole pair, the two identical particles being
arranged in a singlet configuration. Some trion properties are
well understood. For example, many papers were devoted to
theoretical and experimental studies on the binding energy
under different conditions and in different materials.2–6 De-
tailed investigations were also performed on the selection
rules7–9 and on the dynamics,10–12,16in particular the forma-
tion time13–15 and spin relaxation.11,17 Most of those proper-
ties are well established and can be used for identification
purposes.

In high magnetic field, a triplet state has been
described18–20and its stability with respect to the singlet state
has been discussed in terms of orbital wave functions. The
range of higher carrier densities is less understood. As the
carrier density increases, an increase of the energy splitting
between the absorption lines of the charged and neutral ex-
citon has been reported in various materials.2,21–23This effect
does not necessarily mean that the binding energy changes: it
is important to analyze both the initial and final states in-

volved in the spectroscopic transitions as well as the change
of line shapes versus carrier density. Thus, recoil gives rise to
low-energy tails while exciton-electron unbound states cause
a strong high-energy tail, which adds a large contribution to
the oscillator strength of the neutral exciton.24–26 At even
higher densities, the neutral exciton line disappears and the
charged exciton line progressively transforms into the Fermi
edge singularity, which marks the onset of the electron-hole
continuum.23,27,28All these effects point to a non-negligible
interaction of the charged exciton with the carrier gas.

We wish to discuss here selected problems related to the
photoluminescence(PL) of doped quantum wells(QW’s),
thanks to new experimental results associated to a strong
spin splitting in magnetic fields small enough to prevent Lan-
dau quantization. This is obtained thanks to the giant Zeeman
effect in Cd1−xMnxTe QW’s, which are modulation-dopedp
type. The carrier density was adjusted through the design of
the structure using either nitrogen acceptors or surface states,
and in some samples it was controlled either optically or
through a bias applied across ap-i-n diode. A thorough cali-
bration of the carrier density was done.

We show that for small values of the spin splitting
s,3 meVd, the PL line in both circular polarizations is due to
the singlet state of the charged exciton. However, a shift
appears between the absorption and PL lines23,29 and in-
creases with the carrier density quite similarly to the Moss-
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Burstein shift of band-to-band transitions. This shift is dis-
cussed in terms of excitations in the final states of the
transitions. It vanishes ins− polarization when the spin split-
ting is large enough that the hole gas be completely polar-
ized: the relevant value of the spin splitting is discussed with
respect to the Fermi energy.

Then, above a certain value of the spin splitting, the low-
est initial state in the PL transition is no more the singlet
state of the charged exciton, but a state where all holes are in
the majority spin subband. That means that the singlet ar-
rangement of the two holes involved in the charged exciton
is replaced by a parallel arrangement of their spins(triplet
state). Contrary to the case of nonmagnetic quantum wells,
for which the triplet state of the charged exciton is stabilized
by orbital effects at very high magnetic field,19,30,31 in the
present case the singlet state is destabilized by spin effects.
This gives rise to several features that agree with a mecha-
nism involving band-to-band transitions(double line, with
the lower component having the ground state of the hole gas
as its final state and the upper one leaving the carrier gas in
an excited state; and existence of a Moss-Burstein shift).
Finally, different energy scales involved are discussed with
reference to the Fermi energy.

This paper is organized as follows. Section II briefly de-
scribes the samples and the experimental setup. Section III is
devoted to an advanced characterization of the samples and
of the mechanisms involved in the spectroscopic properties,
based on our previous knowledge ofp-doped Cd1−xMnxTe
QW’s: determination of the diamagnetic shift and of the nor-
mal Zeeman effect, measurement of the giant Zeeman effect
and derivation of the exact density of free spins, behavior at
large values of the applied magnetic field, derivation of the
position of the Landau levels and of the carrier density from
the filling factors, and finally determination of the carrier
density from Hall effect. Section IV is the core section of this
paper: it describes the PL spectra that characterize a
Cd1−xMnxTe QW in the presence of holes, first in the low-
density limit where the spectra can be understood from the
competition between neutral and charged excitons, then at
higher carrier density where new features are observed and

analyzed in terms of the initial and final states involved in
the PL transition and used to further characterize the hole gas
(density and polarization). Some consequences of the obser-
vation of these new features are discussed in Sec. V.

II. SAMPLES AND EXPERIMENTAL SETUP

Samples have been grown by molecular-beam epitaxy
from CdTe, ZnTe, Te, Cd, Mg, and Mn sources, on(001)-
oriented Cd1−zZnxTe substrates, most of them withz=0.12,
with a buffer layer of similar composition and(Cd,Zn,Mg)Te
barriers. Characteristics of selected samples are summarized
in Table I. All samples were grown pseudomorphically;
therefore the lattice constant of the substrate governs the
uniaxial strain in the single QW: due to confinement and
strain, the heavy-hole state is the ground state in the valence
band, the light-hole band being 30 to 40 meV higher in en-
ergy.

Most samples were modulation doped with nitrogen in the
barriers.32 In others, the hole gas was provided by proper
adjustment of the(Cd,Mg)Te cap layer thickness, with sur-
face states playing the role of acceptors; our previous
studies33 allowed us to optimize the structure of these
samples in order to obtain the largest hole density, by placing
the QW 25 nm below the surface and 200 nm away from the
(Cd,Zn)Te buffer layer. In both cases, illumination with light
of energy larger than the energy gap of the barrier material
results in the depletion of the hole gas:23,34,35This method
with a suitable calibration23 was used in order to tune the
carrier density in the QW from the maximum value(a few
1011 cm−2) down to the low 1010 cm−2 range.

The second way to control the carrier concentration was
to insert the QW in ap-i-n diode. In such a structure,36 the
back barrier doped with aluminum(n type) was 320 nm
away from the QW, and the spacer between the QW and the
p-doped layer was reduced to 10 nm. A 10 nm semitranspar-
ent gold film was evaporated on top of thep-i-n diodes, and
then 232 mm2 squares were formed by Ar-ion etching
down to then-type layer, a procedure followed by the depo-
sition of In contacts. In these diodes, nonlinear current-

TABLE I. Characteristics of selected samples. Samples with “N” are doped using nitrogen acceptors on both sides of the QW, samples
with “S” are doped from surface states, and samples with “D” arep-i-n diodes; numbers were chosen to approximately match the Mn
content.

Sample
QW thickness

(nm)
QW Mn content

(%)
Max. hole density

s1011 cm−2d Structure Growth name Figure

N0 8 none 0.3 N-doped M751 1

N2 8 0.18 3.1 N-doped M968 3, 4(a), and 9(a)

N3 8 0.37 4.2 N-doped M1038 5, 6, and 14

N4 8 0.40 3.2 N-doped M1305 7, 8, 10, 11, and 13–15

N5 8 0.53 3.8 N-doped M1132 2, 4(b), 9(b), 14, and 15

N4b 8 0.4 5.2 N-doped M1131 14

S7 10 0.7 2.8 Surface doped M1269 13–15

S8 10 0.7 1.5 Surface doped M1290 14 and 15

D3 8 0.3 2.8 p-i-n diode M1329 14 and 15

D50 8 5 1.8 p-i-n diode M1346 14
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voltage characteristics were observed up to room tempera-
ture, and applying a small bias resulted in variations of the
carrier density from below 1010 cm−2 up to 431011 cm−2. In
all samples the hole densities are such that the carriers oc-
cupy only the ground-state heavy-hole subband.

All properties discussed below were determined or
checked by magneto-optical spectroscopy performed in the
Faraday configuration(magnetic field and light propagation
perpendicular to the sample surface). The samples were
mounted strain-free in a superconducting magnet and im-
mersed in liquid helium for low-temperature measurements.
The experimental setup allowed us to perform typical cw
measurements such as reflectivity, PL, and PL excitation
(PLE). The Cd0.88Zn0.12Te substrates are transparent at the
relevant wavelengths so that in most cases we could also
perform transmission experiments. In PL, the optical excita-
tion was achieved with a tunable Ti-sapphire laser providing
about 2 mW cm−2, or a HeNe laser with similar intensity. A
halogen lamp(filtered to avoid carrier depletion, or not in
order to induce a depletion) was used as a source of light for
reflectivity and transmission measurements. Time-resolved
PL was excited by a picosecond tunable Ti-sapphire laser
with a 2 ps pulse width, a repetition rate of 80 MHz, and an
averaged power density less than 100 mW cm−2. The signal
was collected through a spectrometer by a 2D streak camera
with resolution better than 10 ps. The measurements in high
magnetic fields were performed in the Grenoble High Field
Laboratory using a 20 T Bitter coil.

III. BASIC SPECTROSCOPIC PROPERTIES AND
CHARACTERIZATION OF THE 2D HOLE GAS

In this section we summarize the characterization of our
samples and of some of their spectroscopic properties, based
on the previous knowledge of undoped andp-doped CdTe
and Cd1−xMnxTe QW’s. We first determine the parameters
describing the properties of the excitons under the direct in-
fluence of an applied magnetic field(diamagnetic shift,
Landé factor) in a nonmagnetic CdTe QW. Then we show
that by exploiting the giant Zeeman effect we achieve a good
description of the excitons in a diluted magnetic QW at low
hole density. Finally we turn to a thorough determination of
the hole density, using methods that do not depend on mate-
rials parameters, such as plotting the positions of integer fill-
ing factors of Landau levels, or deriving the density from the
Hall resistance.

A. Excitonic regime: Normal Zeeman effect
and diamagnetic shift

Figure 1(a) shows typical transmission spectra measured
at different values of the magnetic field on sample N0, which
is a 8 nm thick CdTe QW, moderately dopedp type(nitrogen
doping on both sides with 50 nm spacer layers). The whole
structure(QW, Cd0.69Zn0.08Mg0.23Te barriers, Cd0.88Zn0.12Te
buffer layer) is coherently strained on the Cd0.88Zn0.12Te sub-
strate, so that the light-hole–heavy-hole splitting is about
40 meV. At zero field, two lines are observed. As confirmed
below, the higher-energy line is related to the neutral exciton

and the lower-energy one to a charged exciton. Under mag-
netic field, the neutral exciton is observed in both polariza-
tions, while the low-energy line progressively disappears in
s+ polarization. This behavior is opposite to that of the nega-
tively charged excitonX−, so that it was attributed to the
positively charged exciton in Ref. 37, as confirmed and dis-
cussed quantitatively in the following.

Figure 1(b) shows the magnetic field dependence of the
transition energies. By convention, we attribute positive field
range to thes− polarization. The neutral exciton energy fol-
lows a quadratic dependence:

Es± = EX 7 azuBu + adiaB
2

with EX=1627 meV in the present sample,az
=0.015 meV T−1, andadia=0.01057 meV T−2. This value of
the diamagnetic shift is reasonable: it corresponds to an ef-
fective radius of 6 nm, which is of the order of the Bohr
radius.

Note the small value of the Zeeman shift(the linear term):
defining the excitonic Landé factor as

gX =
Ess+d − Ess−d

mBuBu

we havegX=0.5, definitely smaller than in CdTe QW’s of
similar width but with no strain38 or a small one.39 Indeed, in
unstrained QW’s the excitonic Landé factorgX=−1.5 mostly
corresponds to the Landé factor of the electronge=−1.4 (to
be compared toge=−1.6 in bulk CdTe), indicating an almost
vanishing Zeeman splitting in the valence band. In the
present samples, coherently strained on the Cd0.88Zn0.12Te
substrate, using the same valuege=−1.4 and our experimen-
tal valuegX=0.5, we obtainghh=gX+ge=−0.9. We use here
the spin Landé factor of the holes, i.e., the splitting between
the two components of the heavy holes isghhmBB. This finite
Zeeman splitting of heavy holes is consistent with the mag-
netic circular dichroism of the trion, opposite to that of the

FIG. 1. (a) Typical transmission spectra and(b) magnetic field
dependence of the transition energies, observed at 1.9 K on sample
N0, an 8 nm broad CdTe QW with Cd0.69Zn0.08Mg0.23Te barriers,
moderately dopedp-type (two symmetrical N-doped layers at
50 nm). In (b), the right part(positive fields) displays thes− polar-
ization data and the left part(negative fields) the s+ ones. Dashed
lines are quadratic fits; the solid line through the charged-exciton
positions is obtained when taking into account the dependence of
the X/X+ splitting on the hole polarization.
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negatively charged exciton inn-type CdTe QW’s. Indeed, in
similar samples with a low hole density(in the 1010 cm−2

range) showing well defined excitonic lines, we could di-
rectly estimateghh=−1.2 from the field and temperature de-
pendence of the dichroism by assuming that the distribution
of carriers on the two spin states obeys the Maxwell-
Boltzmann statistics and that the trion intensity ins− polar-
ization is proportional to the density ofu+ 3

2l holes.37

The transition energy of the charged exciton ins− polar-
ization above 4 T obeys the same dependence as the neutral
exciton (with a diamagnetic shift at most 5% larger),
3.4 meV lower in energy. This value indicates a moderate
but significant density of carriers, in the 1010 cm−2 range, if
we compare to values measured in(Cd,Mn)Te QW’s.23 It
was demonstrated there that theX-X+ splitting in absorption
contains a contribution proportional to the density of the hole
gas in one spin subband(the one promoting the trion forma-
tion). We use this result in order to describe the behavior of
the trion in the present CdTe QW below 4 T and ins+ po-
larization, where a shift to high energy is observed. At
3–4 T in s+ polarization, the binding energy tends to
2.0 meV, which is the value expected at vanishingly small
population of the holes with the relevant spin. The solid line
represents the fit with theX-X+ splitting equal to 2.0 meV
plus a term proportional to the hole gas density in the rel-
evant spin subband. The spin polarization was calculated us-
ing the Maxwell-Boltzmann distribution between the
Zeeman-split hole levels(with ghh=−1.2). We obtain perfect
agreement, which is an additional support for our identifica-
tion of the two lines.

The values of the Zeeman splitting and diamagnetic shifts
determined here will be used systematically in the following
for excitonic states in DMS QW’s, where the additional giant
Zeeman effect is dominant.

B. Giant Zeeman effect

The parameters describing the giant Zeeman effect are
easiest to determine on spectra obtained with above-barrier
illumination so that the hole density is reduced. Figure 2 is
an example of the position of the lines observed in transmis-
sion with additional Ar-ion laser light shining on the surface
of sample N5(with 0.53% Mn in the QW). Due to the re-
sidual hole gas, we observe the neutral exciton ins+ polar-
ization and the positively charged exciton ins− polarization;
the neutral exciton is also observed at high field(much stron-
ger than the field for filling factorn=1) in s− polarization:
this agrees with previous observations at high field in the
presence of an electron gas.40,41

The field dependence of both the neutral and charged ex-
citon energies was fitted by adding the contribution from the
giant Zeeman effect to the normal Zeeman effect and dia-
magnetic shift, with parameters from Ref. 42:

Es± = EX 7 azB + adiaB
2 7 N0sa − bd

5

2
xef fB5/21

5

2
gMnmBB

kBsT + T0d
2

where the parametersaz and adia were determined above,
B5/2 denotes the Brillouin function,T the temperature,N0a

=0.22 eV andN0b=−0.88 eV describe the spin-carrier cou-
pling in the conduction and the valence band, respectively.
The fitting parameterxef f (density of free spins) and T0 are
related to the Mn contentx by the following expressions,
calculated from Ref. 42:

xef f = xf0.2635 exps− 43.34xd

+ 0.729 exps− 6.190xd + 0.00721g

and

T0 =
35.37x

1 + 2.752x
K.

We did not include magnetization steps that are expected
at high field and very low temperature43,44 and that would
induce an additional linear increase of the magnetization at
the temperatures of interest in the present study. The Mn
content in our QW’s remains below 1%, so that the ampli-
tude of the steps remains small.

Mn contents quoted below are determined from the fit of
the giant Zeeman effect. They were found to agree with those
expected from growth conditions.

C. High-field Landau levels

Figure 3 displays transmission spectra of sample N2, i.e.,
a Cd0.9982Mn0.0018Te QW with Cd0.66Mg0.27Zn0.07Te barriers
doped p type on one side with a 20 nm spacer. In these
spectra, the smooth rise of the background at high energy is
due to absorption in the Cd0.88Zn0.12Te substrate. At zero
field, one observes an asymmetric absorption feature, as ex-
pected in the presence of a significant density of carriers. In
this sample, in spite of the low Mn content, the giant Zeeman
effect is large enough that the hole gas is fully polarized
already atB=0.6 T;23 as a result, circularly polarized spectra
differ qualitatively.

With applied field, thes− spectra [Fig. 3(b)] feature
mostly a single, intense line. The intensity of this line in-

FIG. 2. Energy of the transmission line, as a function of applied
field, at 1.7 K, for sample N5, ap-doped, 8 nm wide, Cd1−xMnxTe
QW. Ar-ion laser illumination strongly reduces the carrier density to
the low 1010 cm−2 range. Solid lines are drawn with the same pa-
rameters as in Fig. 1 to describe the normal Zeeman effect and
diamagnetic shift, and a Brillouin function withxef f=0.0048(and
x=0.0052,T0=0.17 K) to describe the giant Zeeman effect, and
adjustable values for the zero-field energies ofX andX+.
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creases first(up to 0.6 T) as the hole gas becomes more and
more polarized, so that the density of holes on the spin sub-
band involved in the transition(u−3

2l heavy holes) decreases
to zero; then the intensity stays practically constant up to
10 T [Fig. 3(b)] and even 20 T(not shown). Above 0.6 T,
the position of the line follows what is expected for an exci-
tonic transition[large open triangles in Fig. 4(a)] in the pres-
ence of the giant Zeeman effect. This confirms that this tran-
sition corresponds to a positively charged exciton, with the
excitation of an electron-hole pair involving an emptyu−3

2l
heavy hole subband, in the presence ofu+ 3

2l heavy holes.
A less intense line can be noticed at higher energy in Fig.

3(b), at intermediate fields2 to 7 Td. It shifts linearly with
the field [small open triangles in Fig. 4(a)]. The distance
between this line and theX+ line in s− polarization is very
close to the sum of cyclotron energies of the electron and the
heavy hole(see below). Actually, this splitting is also very
close to that measured inn-doped CdTe QW(Ref. 45) be-
tween theX− line and a line shifting linearly with field, ob-
served ins− polarization while theX− line is seen ins+

polarization, and attributed to an “exciton-cyclotron reso-
nance.” This exciton-cyclotron resonance implies the forma-
tion of an exciton and the promotion of an electron to the
first excited Landau level, so that the shift is determined by
the cyclotron energy of the electron(it is slightly larger due
to a recoil effect). The same interpretation(exciton-cyclotron
resonance) cannot be applied to our case, since the splitting
for such a line in the presence of a hole gas should be close
to the cyclotron energy of the heavy hole, which is definitely
smaller. The origin of this line in our case is still unclear.

Thes+ spectra are qualitatively different. The asymmetric
absorption line decreases as the density ofu+ 3

2l holes in-
creases, but the threshold can be followed up to about 3 T.
Then sharper lines successively emerge, shift linearly to

higher energy[Fig. 4(a)], and vanish[see the intensity in the
lower part of Fig. 4(a)]. Finally a single line progressively
gains in intensity. We naturally ascribe this series of lines
to the presence of the Fermi energy on successive Landau
levels.

The description of Landau levels in the valence band is a
complicated matter. In the simplest approximation the in-
plane effective mass ismhh=m0sg1−2g2d−1. Taking Luttinger
parametersgi from Ref. 46, one obtainsmhh=0.17m0. Using
a more complete model of the valence band, a slightly larger
value,mhh=0.25m0, was inferred.47 This value will be used
below, although it has not been confirmed experimentally. In
addition, the transition energy is strongly affected by carrier-
carrier interactions: staying with II-VI compounds, examples
of such effects have been described in details forn-type
CdTe and(Cd,Mn)Te QW’s.48 However, the degeneracy of
the Landau levels remains unchanged and it is independent
of material parameters. As onlyu+ 3

2l holes are involved, so
that each jump occurs from one Landau level to the next one
with the same spin, we determine a filling factorn=1 at B

FIG. 3. (a) Optical density spectra obtained from transmission,
at 1.7 K and magnetic fields from 0 to 20 T, ins+ polarization, for
a Cd0.9982Mn0.0018Te QW(sample N2); spectra have been shifted in
both directions to enhance the principal features;(b) same as(a), in
s− polarization, from 0 to 10 T; shifts are different in order to
enhance the features of interest.

FIG. 4. Position of the absorption lines vs applied magnetic
field. (a) Cd0.9982Mn0.0018Te QW(sample N2); open symbols are for
experimental data ins− polarization, full symbols fors+ polariza-
tion; dotted lines assume excitonic-like variations(normal and giant
splitting and diamagnetic shift), with the zero-field energy as only
adjustable parameter; solid lines assume Landau levels with the
theoretical masses and the normal and giant Zeeman effects, with
the zero-field energy as only adjustable parameter. The dotted line
with a higher slope is shifted from the exciton ins− polarization by
the Landau fan splitting(sum of cyclotron resonances). The dashed
line shows the position expected for the absorption threshold at low
field (it includes the normal and giant Zeeman effects and the Moss-
Burstein shift added to the zero-field energy of the Landau fan, with
no adjustable parameter). The lower part shows the intensity of each
line in s+ polarization. The vertical dashed lines show the magnetic
field values corresponding to integer filling factors.(b) same as(a),
for sample N5, with a Cd0.9941Mn0.0053Te QW.

PHOTOLUMINESCENCE OFp-DOPED QUANTUM WELLS… PHYSICAL REVIEW B 70, 195337(2004)

195337-5



=12.5 T,n=2 at B=6.2 T, and so on, as shown by vertical
dashed lines in Fig. 4. The carrier density in this QW is thus
determined to bep=3.131011 cm−2.

Figure 4(a) shows as solid lines the field dependence ex-
pected for transitions between Landau levels, with an elec-
tron mass me=0.11m0 and a transverse hole massmhh
=0.25m0, the normal Zeeman effect, and the giant Zeeman
effect determined on the depleted QW. Using the zero-field
energy as the only adjustable parameter, we obtain a rela-
tively good agreement for the position of the lines when they
emerge atn=2, n=3, andn=4. Once again, this is a crude
approximation since it neglects the actual structure of the fan
of Landau levels in the valence band(but the larger contri-
bution is due to the conduction band) and carrier-carrier in-
teractions(but these are minimal at integer filling factors). A
precise description of these transitions is out of the scope of
this paper.

We will show below that the zero-field energy of this
Landau fan nearly matches the energy of a PL line, which
appears to be close to the band to band recombination atk
=0. The fact that this energy of a PL line at zero field is
smaller than the excitonic transition energy is not surprising,
since the PL band-to-band transition atk=0 leaves an exci-
tation in the system: the exciton initial state is lower in en-
ergy, even if the transition energy is larger. This paradox
does not appear in transmission: Figure 4(a) shows(dashed
line) what is expected for the band-to-band transition at
Fermi wave vectorkF; it contains the normal and giant Zee-
man effects and the kinetic energies of the electron and the
hole both atkF (so that it is drawn through the middle point
between the two relevant branches of the Landau fan at each
integer filling factor). We may note that it reasonably agrees
with the position of the absorption line measured in the field
range from 1 to 3 T.

Figure 4(b) displays the transition energies observed on
sample N5, i.e., with a slightly larger Mn content; the carrier
density is found to bep=3.831011 cm−2. Both samples ex-
hibit rather similar transmission spectra. We may notice that
the transmission lines in the two polarizations at filling factor
below unity are accidentally superimposed in sample N2(a),
but are clearly separated by the larger Zeeman splitting in
sample N5(b).

D. Hall effect

Hall effect and mobility measurements have been per-
formed on severalp-type doped CdTe and(Cd,Mn)Te quan-
tum wells with a six-contact Hall structure. Gold Ohmic con-
tacts to the buried QW’s have been obtained by growing a
heavily-nitrogen-doped ZnTe/sCd,Zn,MgdTe contact layer
on top of the modulation-doped quantum well structures with
a 20 nm spacer.32 Standard dc Hall effect and mobility mea-
surements have been carried out in a helium flow cryostat
from 300 K down to 15 K and with magnetic fields up to
1 T. The extremely high contact resistance below 15 K, due
to freezing in the barriers, did not allow us to study the
transport properties at lower temperatures. The integrated
carrier density was deduced from the slope of the Hall resis-
tance with respect to the magnetic field.

An example of carrier density as a function of the inverse
of the temperature was given for four different samples in
Ref. 32. A decrease of the measured carrier density observed
between 300 and 100 K is attributed to the freezing of the
residual holes in the barrier(holes that have not been trans-
ferred to the QW). Below 100 K and down to 15 K, a con-
stant carrier density is observed and attributed to the conduc-
tion of the degenerate hole gas in the QW. In the four
samples studied, the values of the 2D hole gas carrier density
vary between 2.431011 cm−2 and 3.231011 cm−2, in agree-
ment with the values deduced from optical spectroscopy(see
discussion in Sec. V).

The Hall mobility increases almost linearly up to
1000 cm2/V s with decreasing temperature from 300 K
down to 15 K. This leads to a typical mean free path of the
2D hole gas of the order of 10 nm. This is a lower bound,
however, since we observed a strong broadening of the PL
spectra of the samples prepared for Hall studies, which had
to be glued on the sample holder and appear to be highly
strained.

IV. PHOTOLUMINESCENCE: BAND-TO-BAND
VERSUS CHARGED EXCITON

This section is devoted to the description of the PL spectra
and the effect of the Zeeman splitting: first, in Sec. IV A, we
show the destabilization of the charged exciton—in favor of
the neutral exciton—in a weakly doped QW. Then, in Sec.
IV B, we show that a similar effect occurs in a QW with a
larger carrier density. Finally, we describe more precisely the
case of a partially polarized carrier gas in Sec. IV C.

A. Low concentration: charged and neutral excitons

We start the discussion of the PL spectra by the limit of
low carrier density. Figure 5(a) shows PL spectra at different
values of the magnetic field, in both circular polarizations,
observed on sample N3 with 0.37% Mn in the QW(which
allows us to follow the PL lines over the whole field range
without overlap with the PL from the substrate). The carrier
density was decreased by illumination with an Ar laser
(which at the same time excites the PL) and can be estimated
to be below 231010 cm−2 in the conditions of Fig. 5(a). The
identification of the lines is based on the comparison be-
tween PL spectra and transmission spectra with white light
[see Fig. 10(a) for the comparison done on another sample].
At zero field, the spectrum is dominated by a single line
related to the charged exciton. A much weaker line due to the
neutral exciton appears as a shoulder on the high-energy
side. When applying the magnetic field, the relative intensity
of both lines changes. Ins− polarization, the neutral exciton
line (the shoulder) disappears completely above 0.3 T, and
the intensity of the charged exciton line progressively de-
creases; it disappears at 1 T. Figure 6(b) shows the intensity
of each line. Ins+ polarization, the PL intensity of the neu-
tral exciton increases with respect to theX+ one. The inten-
sities of both lines become comparable at 0.6 T, and at
higher fields the neutral exciton line dominates the spectra.

We have checked on samples with different Mn contents
(not shown) that the transition from the charged to the neu-
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tral exciton is governed by the value of the giant Zeeman
splitting. This destabilization of the charged exciton in favor
of the neutral exciton can be understood as the result of the
different Zeeman splittings of the three-particle system(two
holes and an electron) either arranged as a charged exciton,
or containing a neutral exciton. A schematic diagram of the
three-particle levels is shown in Fig. 6(a). When applying a
magnetic field the two states of the three-particle system ex-
perience different giant Zeeman shifts. In the fundamental
state of the charged exciton, the two holes are arranged in a
singlet state; therefore the Zeeman shift of the three-particle
system is equal to the shift of the electron only, which is

rather small: in(Cd,Mn)Te, the giant Zeeman shift of the
heavy hole is four times larger than the electron shift. The
bright state of the neutral exciton is composed of a hole and
an electron with opposite spin directions, and the remaining
hole is free; therefore the component with its two holes in the
majority band (which emits in s+ polarization) shows a
strong redshift under applied field, equal to the sum of the
individual shifts of the electron and the two holes. At zero
field, the charged exciton state is lower in energy since it is a
bound state, and this remains true at low field. When the
heavy-hole Zeeman splitting is equal to theX+ dissociation
energy[Figs. 6(a) and 6(c)], the neutral exciton level crosses
the level of the charged exciton emitting in thes+ polariza-
tion, so that the neutral exciton level becomes lower in en-
ergy. The mechanism is similar to the crossing induced by
the giant Zeeman splitting between theA0X bound excitons
and free excitons in bulk diluted magnetic semiconductors.49

The ratio of theX and X+ intensities experimentally ob-
served[Fig. 6(b)] varies smoothly, making it difficult to pre-
cisely point out the crossing, which is expected when the
value of Zeeman splitting equals the binding energy of the
trion [Fig. 6(c)]. Actually, the intensity ratio results from the
dynamics between theX andX+ states, and, in addition, dis-
order introduces a broadening of the densities of states. It
was already recognized11 that the dynamical nonequilibrium
distribution between theX and X+ populations leads to the
observation of some PL intensity from the upper level. In
particular, at zero field, the neutral exciton luminescence is
observed due to a formation time of the charged exciton
comparable with the decay time of the neutral exciton. This
formation time is strongly sensitive to the carrier density:50

As the carrier density is increased, it becomes shorter so that
a more abrupt transition is expected.

The main result of this section is that the giant Zeeman
splitting of the hole can be large enough to destabilize the
singlet state of the charged exciton, in favor of thes+ emit-
ting neutral exciton, which is such that the two holes have
parallel spins.

B. Photoluminescence in the presence of a 2D hole gas

The main features of the PL spectra at moderate Zeeman
splitting have been described in Ref. 23. It was shown that,
in s− polarization, the PL line and the absorption line coin-
cide (but for a constant Stokes shift smaller than 1 meV)
over a well defined range of the applied field where the hole
gas is fully polarized, an example is given by thes− spectra
(dashed line) in Fig. 10(c). It was shown also that in the
same field range the PL line ins+ polarization is shifted by
the excitonic Zeeman splitting. This suggests that both lines
are due to the charged exciton. We will come back to this
point—and to the shift that appears between the absorption
and PL lines at smaller field—in Sec. IV C. First we keep in
mind this assignation of the PL lines at low Zeeman splitting
to the charged exciton and we wish to introduce a new fea-
ture that appears at larger Zeeman splitting.

1. Appearance of a double line at large Zeeman splitting

Figure 5(b) shows PL spectra, at different values of the
applied magnetic field, in both circular polarizations ob-

FIG. 5. (a) PL spectra, at 1.7 K, with various values of the
applied field, from a Cd0.9963Mn0.0037Te QW (sample N3); the PL
was excited using an Ar-ion laser, which almost completely depletes
the QW. Solid lines are fors+ spectra and dotted line fors−; (b)
same as(a), but with excitation with a Ti-sapphire laser with photon
energy below the barrier gap, which has no effect on the density of
the carrier gas.

FIG. 6. (a) Three-carrier diagram of optical transitions. Single
arrows show the electron spin and double arrows the hole spin; the
dash-dotted line marks the level crossing.(b) Relative intensities of
the X andX+ photoluminescence lines measured ins+ polarization
for sample N3, Cd0.9963Mn0.0037Te QW, under illumination by an
Ar-ion laser.(c) Comparison of the valence band Zeeman splitting
(points and solid line) and theX/X+ splitting (dashed horizontal
line) for sample N3. Dot-dashed vertical lines mark the field at
which theX/X+ crossing occurs.
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served on the same sample N3 as discussed before but mea-
sured with Ti-sapphire laser excitation, hence without above-
barrier illumination. The carrier density will be estimated as
explained below asp=4.231011 cm−2. Similarly to the
lower-density case, a single line is observed at zero field. At
low field (see the spectra at 0.5 T), the giant Zeeman effect is
sizable; the high-energy line is polarizeds− and reasonably
sharp, while the low-energy line, polarizeds+, is broader,
with a weak tail on the low-energy side. We continue to
assign this PL to the charged exciton,23 and we will come
back to this later. At higher field, the PL is fully polarizeds+,
with a typical double structure containing a high-energy line
labeledDhigh in the following, and a low-energy line labeled
Dlow. The transition from the single to the double line ins+

polarization occurs at about 0.6 T, close to the value causing
the X/X+ crossing at low carrier density. The shape of the
double line remains constant up to 3 T in Fig. 5(b). Above
this field a progressive change of shape occurs, which we
attribute to the emergence of the Landau levels as seen in
Fig. 4.

We will discuss this evolution in the same spirit as the one
observed from charged to neutral excitons for low carrier
density. More precisely, we will show that the double line
involves a unique initial state, which crosses the charged
exciton state when the Zeeman splitting exceeds some value.

First, the character of the optical transition involved in
this double line was examined by time-resolved spectros-
copy. The inset in Fig. 7 shows a time-integrated spectrum
taken ins+ polarization in a field of 0.5 T. This is the field
range for which both the single and the double lines are
observed, and the hole gas is already fully polarized. PL was
excited with a ps pulse also withs+ polarization. The decay
time of all three lines was found to be the same, about
100 ps. Rise times, however, were quite different. PL traces
related to the double line(tracesDhigh and Dlow in Fig. 7)
exhibit a rise time faster than 2 ps and limited by the reso-

lution of the set up. A significantly larger rise time, larger
than 3 ps, is measured on the single line(traceXs

+ in Fig. 7).
When increasing the magnetic field the rise times of both
components of the double line remain the same and very fast.
This we use as a first argument that the two components
Dhigh and Dlow of the double line involve an initial state,
which is different from the initial state of the single line
observed at lower field.

The values of the rise times also support the assignation
of the single line to a state involving a two-hole singlet and
the double line involving an initial state where all holes have
the same orientation as in the ground state. Thes+-polarized
light creates an electron-hole pair where the hole has the
same spin orientation as those of the carrier gas(majority
spin). Hence the charged exciton luminescence involves a
heavy-hole spin flip in order to form the singlet hole pair. In
fact the time of 3 ps compares well to the heavy-hole spin
flip time observed inX− states.17,51 On the other hand, the
fast rise of the double line suggests that no spin flip—and
hence no singlet hole pair—is involved in this double line.

The picture of a crossing of initial states is further sup-
ported by the variation of the decay time versus magnetic
field. Figure 8(a) presents the dependence of the integrated
PL decay time versus magnetic field. This time increases by
almost a factor of 2 when increasing the magnetic field from
0 to 1 T, which coincides with the transition from the single
PL line to the double line. The observed decay time coin-
cides exactly with the average of the decay times at 0 T and
3 T, weighted by the relative intensities of the two PL com-
ponents, presented in Fig. 8(b). Such a behavior is predicted
by a rate equation model if there are only two field-
independent channels for radiative decay, related to the two
PL mechanisms giving rise to the single and double lines,

FIG. 7. Time-resolved photoluminescence of sample N4
(Cd0.996Mn0.004Te QW) measured ins+ polarization in a magnetic
field of 0.5 T close to the crossing of the excited levels. Symbols
give the temporal profiles after excitation by the laser pulse(solid
line), detected at different energies corresponding to different com-
ponents of the PL(markedDlow, Xs

+, Dhigh on the spectrum in the
inset).

FIG. 8. Sample N4, Cd0.996Mn0.004Te QW (a) integrated PL de-
cay time measured ins+ polarization, as a function of the magnetic
field; open squares denote the experimental values, stars represent
the average of two times:tX+=80 ps andtDlow

=tDhigh
140 ps(ar-

rows), weighted by the intensities of each of the two components of
the PL spectra, plotted in(b). (b) Relative time-integrated intensities
of the two components of photoluminescence spectra: double line
Dlow/Dhigh (squares), and excitonic line(circles) measured ins+

polarization, as a function of the magnetic field.
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respectively. The double line is associated with a decay chan-
nel s140 psd slower than that of the charged exciton line
s80 psd, suggesting a weaker correlation.

We conclude that the transition between the two kinds of
PL spectra(excitonic or double line) is related to the level
crossing of the initial states, with one state involving a pair
of holes forming a singlet(charged exciton recombination at
low field), the other one with all hole spins having the same
orientation. Here again, the field at which the transition takes
place is defined by a value of the valence band Zeeman split-
ting (see below the compilation over various samples), and
the transition will be more or less abrupt, depending on the
relaxation processes between the two levels. It is worth men-
tioning that, as expected, the transition is more abrupt in the
cw experiment with very weak excitation than in the time-
resolved experiment for which the system is excited farther
from quasiequilibrium conditions.

Now we come back to the analysis of the energies of the
PL lines in sample N5, for field values such that the hole gas
is fully polarized (above 0.2 T in this sample, see below).
Figure 9(b) compares the positions of the transmission lines
[the fits from Fig. 4(b)] to the positions of the PL lines in the
same sample. Transmission spectra were measured in one
run at the Grenoble High Field Laboratory while we used a
Ti-sapphire laser to excite the PL in a different run: to take
into account the expected Stokes shift(usually at most
1 meV when transmission and PL were measured in the
same run) and also to allow for a possible fluctuation of
sample characteristics between the regions of the sample ob-
served during the two runs, the PL scale was shifted(by
2 meV), so that PL and transmission lines ins− polarization
were made to coincide at one field where both are observed.
As shown previously23 for sample N2, and below in Fig. 10
and Fig. 11(a) for sample N4, this plot confirms that the PL
transition ins− polarization closely matches the position of
the charged exciton measured in transmission over a finite

field range, but that appears to be true also for thes+ PL at
low field (below 0.3 T in this sample). Above this field
value, the low-energy component of the PL double line
sDlowd is close to the position expected for the band-to-band
transition(lower branch of the Landau fan). The high-energy
component of thes+ doubletsDhighd is marked with smaller
symbols because its intensity is small in this sample(in ad-
dition at this particular Mn content it overlaps with the sub-
strate PL so that its energy was determined with less accu-
racy). Note also that the difference in radiative decay times
observed on sample N4 in Fig. 8(a) (80 ps and 140 ps, re-
spectively) is consistent with such an excitonic character of
the single dichroic line at low field versus a band-to-band
character of the double lineDlow-Dhigh: The excitonic decay
time is expected to be significantly shorter than the one mea-
sured in the band-to-band transition, which implies a weaker
electron-hole correlation.

The jump to the double line is induced by the giant Zee-
man splitting. This was checked on all samples with a Mn
content between 0.2% and 1%. For example, in sample N2 of
Fig. 4(a), with the lowest Mn content of our series, the jump
is not observed[Fig. 9(a)] up to 10 T, although the hole gas
is fully polarized already at 0.6 T. A progressive change in
the slope of thes+ PL energy versus field would agree with
the same change of nature of the PL transition, from exci-
tonic to band-to-band, but Landau levels cannot be ignored
at such high fields. In this sample with a very low Mn con-
tent the maximum Zeeman splitting is large enough to fully
polarize the hole gas, but too small to destabilize the charged
exciton singlet state.

FIG. 9. Comparison of the transition energy in PL(down tri-
angles) vs transmission(lines showing the fits used in Fig. 4). Note
that the PL and transmission scales have been shifted(see text). (a)
Sample N2, Cd0.9982Mn0.0018Te QW and (b) sample N5,
Cd0.9947Mn0.0053Te QW, as in Fig. 4. FIG. 10. Example of the transmission and PL spectra at zero

magnetic field(a and b) and magnetic field 0.5 T(c) for sample N4,
(Cd0.996Mn0.004Te QW). In (a) the sample was illuminated by a
strong blue light, which almost completely depleted the QW. In(b)
and (c) there was no above barrier illumination so there was an
equilibrium density of carriers. Solid lines are fors+ spectra and
dashed lines fors−. The data from(b) and (c) were used to draw
Fig. 11.
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Let us briefly summarize our findings at this point. In the
presence of a fully polarized hole gas with a density of sev-
eral 1011 cm−2, PL spectra exhibit a crossing of the excited
states that behaves quite similarly to theX/X+ crossing ob-
served at low hole density. At fields below the crossing, we
observe a single PL line in boths+ ands− polarizations. Its
position coincides with the charged excitonX+ (which is ob-
served to emerge ins− transmission from the charged exci-
ton when the carrier density increases) and it has a short
decay time(as expected for an exciton) and a long formation
time (as expected for the singlet configuration of the two
holes in the charged exciton). Thus, the initial state of this
transition is likely to be linked to the charged exciton state
well identified at low carrier density. Above the crossing, the
giant Zeeman energy due to the two-hole singlet is too large.
The excited state, which is now lower in energy, gives rise to
a double PL line,Dlow-Dhigh; it does not contain a two-hole
singlet, so that its formation time is shorter, and the electron-
hole correlation is weaker so that the lifetime is longer. Fi-
nally, the position of the low-energy componentDlow is close
to what we would expect for a band-to-band transition atk
=0. Some characteristic spectra are given in Fig. 10 for one
sample, in PL and transmission.

The crossing of singlet and triplet levels plays also an
important role in the polarization of the total PL signal. The
two-hole singlet states, which are the initial states of PL
transitions in both circular polarizations, differ only by the
spin of the electron. Thus the splitting of this level is only
1/5 of the exciton Zeeman splitting. Such a small splitting
leads to comparable occupations of both states and hence to
comparable PL intensities in both polarizations. Additionally,
the spin flip time of the electron is relatively long and even
comparable to theX+ lifetime.11,50 This prevents fast spin
relaxation between the charged exciton singlet states. A com-

pletely different situation takes place after the singlet-triplet
crossing. Then only thes+ transition is possible from the
lowest initial state. The opposite triplet state has an energy
higher by twice the value of the exciton splitting. This is in
agreement with the PL polarization experimentally observed:
The s− line intensity remains almost the same as that ins+

below the jump, and it vanishes completely after the jump.
The conclusion of this section is that the giant Zeeman

effect induces a crossing between an excited state that in-
volves a two-hole singlet and another one where all holes are
in the majority spin subband. There are strong hints that the
first state is the singlet state of the charged excitonX+; the
second one could be an uncorrelated electron-hole pair(ini-
tial state of band-to-band transitions) or a weakly correlated
“triplet state.” With these attributions in mind, we will con-
tinue the analysis of the spectra.

2. Final states in PL transitions

We now discuss the final states assuming the same field
dependence of the initial states as in the low-density case
(dependence determined by the spin singlet or spin triplet
configuration of the two holes). We will show that each of
these initial states gives rise to two transitions: one toward
the ground state, and another one leaving the hole gas in an
excited state. In order to describe the PL in the case of a large
density of the hole gas, we redraw the three-particle scheme
introduced to describeX andX+ [Fig. 6(a)], now measuring
all energies with respect to the ground state of the hole gas
[Figs. 11(b) and 12].

The simplest transition takes place ins− polarization at
sufficiently high magnetic field, so that the hole gas is fully
polarized. For each field, below the destabilization of the
singlet state wheres− PL disappears, both the PL and ab-
sorption exhibit a singles− sharp line, at almost the same

FIG. 11. (a) Positions of the transmission lines(open circles) and PL lines(full circles) vs the applied magnetic field, in the low-field
range, for sample N4, Cd0.996Mn0.004Te QW. Thes− data are plotted at negative fields. The dotted line gives the Brillouin function
determined at high field.(b) Schematic diagram of the initial and final states and of the optical transitions.(c) Experimentally determined
energies(see text) of the final states of optical transitions, obtained from data in(a); diamonds are for the double linesDlow,Dhighd, circles
for the excitonic line, and the solid lines are drawn using the energies of initial and final state plotted in(b). In all 3 panels, dashed vertical
lines indicate the field values for complete hole polarization, and the dash-dotted vertical line indicates the destabilization ofX+.
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energy(but for a small, constant, Stokes shift). Therefore we
attribute this line to the transitions between the ground state
of the carrier gas and some exciton complex. Due to the
selection rules in transmission this complex is identified as a
charged exciton with a two-hole spin singlet and a +1

2 elec-
tron. In s− PL, the +1

2 electron recombines with the minority
(upper energy) −3

2 hole of the singlet, leaving all the holes in
the lower, majority spin subband. The final state is the
ground state, Fig. 12(b). In s+ polarization, the absorption
transition involving the singlet charged exciton state is for-
bidden. However, if the electron spin flips to −1

2, the PL
transition is allowed ins+ polarization, but does not lead to
the ground state of the hole gas: The −1

2 electron recombines
with a +3

2 hole, leaving one −32 hole in the opposite subband.
Therefore the final state is an excited state of energy equal at
least to the hole Zeeman splitting[Fig. 12(c)].

When the two excited states cross each other, the initial
state of the transition changes its character. Experimentally, a
PL jump is observed ins+ polarization, where the single PL
line turns to a double one. We now identify the final states of
the transitions related to the double line by considering the
crossing. At this particular field, the initial states ins+ po-
larization are degenerate, and the only difference between
the two singlet initial states ins+ ands− polarization is the
Zeeman splitting of the electron. We already know that the
final state ins− is the ground state of the hole gas. According
to our measurements for all samples, at the crossing, the
upper component of the PL double line,Dhigh, has almost the
same energy as thes− transition[see Fig. 13(a)]: the differ-
ence, around 1 meV, is partly due to the electron Zeeman
energy(of the order of 0.5 meV at the jump), and what re-
mains might be due to the different shapes of the two lines.

Therefore the final state ofDhigh is also the ground state of
the heavy-hole gas[Fig. 12(d)], while Dlow leaves it in an
excited state[Fig. 12(e)].

Note that in a band-to-band description of this double
line, the transitionDlow is a direct one involving an electron
and a hole both atK=0 (thus leaving the hole gas in an
excited state of energy equal to the Fermi energy of the spin-
polarized gas, 2EF, keeping the notationEF for the Fermi
energy at zero field), while Dhigh is an indirect one where the
electron recombines with a hole at Fermi level, leaving the
hole gas in the ground state. This indirect transition might be
allowed due to disorder or many body effects. In fact we
observe that the relative intensity of this lineDhigh with re-
spect toDlow varies from sample to sample. The indirect
character is further supported by the observation of the LO-
phonon replica: In the magnetic field ins+ polarization, a
clear phonon replica is observed only forDhigh [Fig. 13(b)].
This is characteristic for transitions that are indirect ink
space, so that the replica includes the phonon wave vector in
the conservation rule.

From a purely experimental point of view, the splitting of
the double line gives the energy of the excited state of the
hole gas towards which the transition takes place in the case
of the lower component. The variation of this energy versus
carrier concentration will be discussed later in Sec. V B.

The ordering of the transition energies may be different
from the ordering of the initial states involved in the transi-
tion: the difference is due to the energy of the final state,
which of course is not necessarily the ground state. Hence,
an excitonic transition may appear at an energy higher than a
band-to-band transition. This is the case here if we compare
the charged-exciton line ins− polarization (which has the
ground state as the final state) and the intense low-energy
component of the double line, which leaves the hole gas in
an excited state.

FIG. 12. Schematic diagram of the initial and final states in
optical transitions from Fig. 11.

FIG. 13. (a) cw PL spectra of sample N4 at level crossing(linear
scale); the solid line gives the experimental PL spectrum ins+

polarization and the dashed line the experimental spectrum ins−

polarization; the dotted lines give the proposed decomposition of
the s+ line into the double linesDhigh-Dlowd and the excitonic one.
(b) Typical spectra ins+ polarization for samples N4(at 1 T, solid
line), and S7(QW doped from surface states, at 0.5 T, dotted line);
the energy scale is with respect to the position of the upper compo-
nent of the PL double line,Dhigh, and the intensity scale is a log
scale.

PHOTOLUMINESCENCE OFp-DOPED QUANTUM WELLS… PHYSICAL REVIEW B 70, 195337(2004)

195337-11



Note also that the hole Zeeman splitting, for the destabi-
lization field (the field at which the level crossing takes
place), is a measure of the binding energy of the singlet state
at zero field. We found this energy to lie between 2 meV and
3 meV for all measured samples, independently of the carrier
density(Fig. 15).

Summarizing this part, the PL has an excitonic character
for s− polarization, and ins+ at low field. At high field ins+

polarization, a double line is observed. This change is due to
a level crossing between the charged-exciton state that con-
tains two holes in a singlet configuration, and an initial state
of the double line where all holes are in the majority spin
subband: due to the strong Zeeman energy, the hole pair
involved in the charged exciton flips from the singlet con-
figuration to a triplet. Several characteristics of this double
line (including its shape, but also the dynamics and the co-
incidence in energy of the lower component with the energy
between first Landau levels extrapolated toB=0) suggest
that this transition is quite similar to a band-to-band transi-
tion. The upper component of the double line involves the
transition to the fundamental state of the hole gas. In a band-
to-band picture, such a transition is an indirect one since the
electron recombines with a hole at Fermi level. The lower
component of the double line is related to a transition to-
wards an excited state of the hole gas. This excitation in-
volves no spin flip(all holes are in the majority spin sub-
band). In a band-to-band picture, it is the state after
recombination atk=0, in which one electron is left at the top
of valence band. Deviation from the band-to-band picture,
showing that some correlation exists in the electron hole pair,
will be described in Sec. V B.

C. Low fields: Incomplete hole gas polarization

For low magnetic fields, the dependence of the PL energy
on magnetic field significantly deviates from the curve de-
scribing the giant Zeeman effect in(Cd,Mn)Te. An example
is given in Fig. 11(a) for sample N4. The transition energy
measured at zero field is 1 meV below the Zeeman curve
[dotted line in Fig. 11(a)]. This difference decreases for both
polarizations when increasing the magnetic field, and van-
ishes for a field stronger than a certain value, equal to 0.2 T
in sample N4. Above this field, the PL line ins− polarization
coincides with the absorption line(but for a small constant
Stokes shift). This lets us conclude that this point is a point
of complete polarization of the hole gas.

This can be used to obtain an information on the final
state involved in the transition. This is done by assuming, as
above, that the energy of the initial state(the charged exci-
ton) involves only the electron Zeeman shift, so that the en-
ergy of the final state[Fig. 11(c)] is deduced from the tran-
sition energy. As expected, ins− polarization, the final state
is the ground state of hole gas. Ins+ polarization, the same
transition leads to an excited state of the hole gas, with one
hole transferred from the majority spin subband of the va-
lence band, to the empty spin subband. This excited state is a
spin excitation of the hole gas. Thek selection rule is obeyed
if this excitation is a spin wave atk=0 or, in an independent-
carrier description, there is one electron atk=0 in the major-

ity spin subband and a hole atk=0 in the empty spin sub-
band: the excitation energy is equal to the Zeeman splitting
of the valence band, 2EZ whereEZ is the Zeeman shift, as
experimentally found[Fig. 11(c), above 0.2 T].

Similarly, we can calculate the energies of the final state
also for the incompletely polarized hole gas. We still assume
that the electron is left at the top of the valence band. Then
the energy of the final states areEF+EZ for s+ polarization
andEF−EZ for s− polarization, whereEF is the Fermi energy
of the hole gas measured from the top of the valence band at
zero field. These energies are plotted schematically in Fig.
11(b), and compared to the experimental values below 0.2 T
in Fig. 11(c). Figure 11(c) shows also that, as described in
Sec. IV B 2, the final states of the double line are, to a good
approximation, the ground state and an excited state of field-
independent energy.

It is interesting to note that according to the proposed
level diagram, the distance from the charged-exciton line to
the upper component of the double line ins+ polarization is
equal to the binding energy of the singlet. Thus, this binding
energy(which was deduced above as being equal to the Zee-
man splitting at the field where the jump occurs) can be
measured directly on the spectra at the jump, as the splitting
between two lines.

V. CHARACTERISTIC ENERGY SCALES
OF THE SYSTEM

This section is devoted to discussion of characteristic en-
ergies related to the carrier gas. First, in Sec. V A, we com-
pare different methods of determination of the carrier den-
sity. Then in Sec. V B, we discuss the energies of excitations
of the carrier gas, the Zeeman energy necessary to com-
pletely polarize the hole gas, and its Fermi energy. Finally, in
Sec. V C, we describe the the evolution of the charged-
exciton dissociation energy with carrier density.

A. Spectroscopic determination of the carrier density

In this section we wish to complete our set of methods of
characterizing the hole gas in a QW. The carrier density is
often determined from the shift between the PL and PLE or
absorption lines: this is the so-called Moss-Burstein shift,
which in the case of band-to-band transitions is the sum of
the kinetic energies of holes and electrons atkF. To increase
the accuracy, these measurements can be carried out in a
magnetic field, in which the hole gas is completely spin po-
larized, so that the magnitude of the shift is doubled. Here
we profit from the samples for which the carrier concentra-
tion was determined by direct techniques, Hall effect in one
sample and filling factors at high field in two samples. These
three samples were also characterized by standard magneto-
optics, and the so-called Moss-Burstein shift was obtained.

First we compare the values of the density obtained from
filling factors of Landau levels in transmission and from Hall
measurements, to the shift between the lower component of
the double line in PL,Dlow, and the absorption ins+ polar-
ization [Fig. 14(a)]. The slope is very close to the value
expected for the Moss-Burstein shiftEMB in a single-particle
approach,
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p =
m0

2p"2

memhh

me + mhh
EMB.

This confirms that the double line is very close to a band-to-
band transition. Therefore this is in principle the better
choice for a spectroscopic determination of the carrier den-
sity.

However, the shift between the charged-exciton PL and
the absorption line, at intermediate field, is usually much
easier to measure. Here again, it can be measured in a mag-
netic field high enough to fully polarize the hole gas, but
below the jump to the double line.23 We will call this shift
“the excitonic mb shift.” We find it to be a linear function of
the real Moss-Burstein shift and of the carrier density[Fig.
14(b)]. In the present case this “excitonic Moss-Burstein
shift” is smaller than the calculated Moss-Burstein shift by a
factor of 1.5. Hence we confirm that this procedure23 pro-
vides an accurate evaluation of the relative hole density, and
even of its absolute value once a proper calibration has been
done.

The final state in thes+ absorption process has to be
discussed, probably by considering an excitation of the hole
gas in the presence of the bound state(singlet trion). The
intensity of this line rapidly decreases ins+ polarization,
since it needs the presence of a minority spin hole to form
the two-hole singlet state. Note that, for this reason, a clear
distinction has to be made between the excitonic transition,
observed in the presence of the incompletely polarized hole

gas, and the band-to-band transition, which does not include
a singlet state and is observed(see Fig. 4) at field values up
to a few teslas. However, the intensity of the two absorption
lines, the charged-exciton transition ins+ polarization and
the band-to-band transition, is too low, in a single QW
sample, to allow a detailed study.

To sum up, we have several well-justified determinations
of the carrier density(filling factors, Hall effect, MB shift
betweenDlow and transmission), but the most convenient one
is to measure the “excitonic mb shift” between the charged-
exciton luminescence and the transmission line. This can be
done at zero field, or, with a better accuracy, at moderate
field; a preliminary calibration is needed(Fig. 14). It implies
that the carrier densities quoted in our previous studies23

were underestimated by a factor of 1.5.
One could think that the Zeeman effect needed to fully

polarize the hole gas could be another way of determining its
density. We will show below that this involves a strong con-
tribution from carrier-carrier interactions.

B. Energy scales in the hole gas

As discussed above, the analysis of the PL in magnetic
field allowed us to determine different characteristic energies
of the completely or partially polarized hole gas. First of all,
the reliable determination of the hole density allows us to
calculate the Fermi energy at zero field in the single-particle
approach:

EF =
p"2p

mhh
.

In the fully polarized gas, it is 2EF. As mentioned in Sec.
III, depending on the description of the valence band, the
heavy-hole effective mass might vary from 0.17m0 up to
0.25m0. The range of possible values of the Fermi energy is
marked by the gray area in Fig. 14(c).

The splitting of the double linesDhigh-Dlowd gives the en-
ergy of the excited state of the hole gas, which is the final
state in the transition related to the lower componentDlow.
This excitation involves no spin flip, i.e., all carriers are in
the majority spin subband. This energy increases with the
carrier density, as shown in Fig. 14(c). In a single-particle
band-to-band description, an electron atk=0 may recombine
with any hole with wave vector betweenk=0 and k=kF,
particularly if the rule of conservation of the wave vector in
the optical transition is relaxed by disorder. In a nonpolarized
gas, the intensity is enhanced at the low-energy edge due to
a larger recombination rate, and at the high-energy edge due
to the so-called Fermi edge singularity. Then the width of the
line is equal to the Fermi energy of the hole gas. One could
imagine to have similar effects in a polarized gas(with a
width equal to 2EF for a fully polarized gas).

It is clear in Fig. 14(c) that at low carrier density the
splitting of the double line is larger than the Fermi energy of
the hole gas, and it appears to deviate from linearity. Recom-
bination of electrons with a finite wave vector(due to slow
relaxation) would add to that the kinetic energy of electrons
up to kF. This is, however, unlikely since the double line
appears as a whole at the crossing, with a uniform lifetime

FIG. 14. (a) The hole gas density determined from filling factors
in the Landau fan, or from Hall resistance, versus the polarized
Moss-Burstein shift between the absorption line and the lower com-
ponent of the double PL line,Dlow, in s+ polarization; the solid line
is the calculated slope using the electron and hole masses as de-
scribed in the text.(b) “Excitonic mb shift” (measured ins+ polar-
ization between the absorption line and the excitonic PL line, at a
field such that the hole gas is completely polarized, but which is
lower than the value where the level crossing occurs. The solid line
is a linear fit.(c) Full symbols represent the splitting of the double
line Dhigh-Dlow—the energy of the final state involved in theDhigh

component—vs the carrier density. Note that two samples have
been measured at different carrier densities, changed either optically
(sample N4, triangles) or through an electrostatic gate(sample D3,
circles and sample D50, diamonds). Open diamonds represent the
valence band Zeeman splitting at complete hole gas polarization;
gray area is the Fermi energy of the polarized hole gas.
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measured in time-resolved PL. This suggests that the initial
state is unique, one possibility being the triplet state of the
exciton, which is thought to have in some cases a small but
finite binding energy with respect to the free carrier con-
tinuum. The energy in the final state should be discussed in
terms of excitations of the hole gas(plasmon, combination of
single particle excitations, many body excitations, etc.52)
with a total wave vector equal tokF. At large carrier density,
the Dhigh-Dlow splitting tends to match the Fermi energy, as
expected for simple band-to-band transitions.

It is thus difficult to obtain the precise nature of the initial
state of the double line, but for the fact that it involves holes
sitting all on the majority spin subband. At very low carrier
density, we have shown that the neutral exciton is most prob-
ably involved. It is not clear whether a triplet state of the
charged exciton could be stabilized by the Zeeman energy.
Up to now, triplet states have been described in nonmagnetic
QW’s at field values large enough to alter the orbital motion
of the carriers,18–20,30,31which is not the case here. At large
carrier densities, these bound states will become more and
more difficult to distinguish from an uncorrelated electron-
hole pair, but for the fact that in the absence of interactions,
the high-energy componentDhigh should vanish. We have
found that the relative intensity of the two components of the
double line changes from sample to sample. In the case of a
band-to-band transition in the presence of a nonpolarized
gas, the high-energy component is expected to be enhanced
by disorder and by the formation of the Fermi edge singular-
ity at low carrier density(which eventually evolves into the
charged-exciton transition). The situation is different in the
present case of a polarized gas. We clearly and systemati-
cally observe that the intensity of this high-energy compo-
nent increases when the carrier density is decreased in one
sample(by barrier illumination or by using ap-i-n structure).
But the intense line that subsists alone at very small carrier
density is not the singlet state of the charged exciton, but the
neutral exciton(or possibly a triplet state of the charged ex-
citon, as discussed above).

We have no indication of a relationship with disorder
(which could be induced by alloy fluctuations at larger Mn
content or by the electrostatic disorder known to be present
in the p-i-n samples). In such disordered samples, we gener-
ally find that the charged exciton persists at larger values of
the spin splitting. This might be an indication that in those
samples, disorder more severely affects the bound states,
likely to be easier to localize. This is in particular the case of
samples with a larger Mn content, which display carrier-
induced ferromagnetic interaction.57 In such samples, we
have indeed observed the jump from the charged-exciton PL
to the double line: it could be induced not only by the giant
Zeeman splitting under applied magnetic field, as in the
present study, but also by the splitting due to the spontaneous
magnetization.

Another characteristic energy is the valence band Zeeman
splitting for which the hole gas is completely polarized. It is
determined by the analysis of the evolution of the position of
the PL and absorption lines. At this particular field, and in a
single-particle approach, the Zeeman splitting of the valence
band is equal to the Fermi energy. The comparison between
the Zeeman splitting[which is well known in(Cd,Mn)Te]

and the Fermi energy is given in Fig. 14(c). We find that the
single-particle Fermi energy is over two times larger than the
valence band splitting at complete polarization. Such an en-
hancement of the susceptibility of a carrier gas is known to
be the result of many-body interactions.53–56 It is usually
calculated for an electron gas. Our system gives a very
unique and direct insight to those effects in a hole gas.

With this in mind, it is worth to come back to the discus-
sion of the final state involved in thes+ transition from the
charged exciton. This state was described in terms of single-
particle excitations in Sec. IV C. However, one should note
that this description holds only if one applies to the energy of
these excitations the same reduction factor as for the Zeeman
splitting needed to get full polarization(i.e., the inverse of
the enhancement of spin susceptibility).

C. Spectroscopy and energies related to the charged exciton

The dissociation energy of the charged exciton can be
measured as the charged-exciton–neutral-exciton splitting at
very low carrier density. At moderate carrier densities, it was
found that the distance between the charged exciton and the
neutral exciton varies with the carrier concentration. This
variation has been studied in absorption experiments for both
X+ and X− in CdTe-based QW’s.22,23 It is linear with the
density of carriers in the spin subband promoting the forma-
tion of the charged exciton. Similar results have been found
for GaAs (Ref. 21) and ZnSe-based(Ref. 2) QW’s.

In this work we have shown that the jump from the single
X+ line and the doubleDhigh-Dlow lines, observed ins+ po-
larization, measures the binding energy of the charged exci-
ton (the Zeeman splitting of the valence band at this field
gives directly the zero-field splitting of the levels). This dis-
sociation energy is plotted versus the carrier density in Fig.
15. No significant variation was observed, the splitting stay-
ing between 2 and 3 meV for all measured samples.

The apparent discrepancy between the line splitting in ab-
sorption spectra and this result of an analysis of the level
crossing leads to the conclusion that in absorption, the sys-
tem is left in an excited state that is at higher energy than the
energy of the neutral exciton alone. This is in agreement with
theoretical works24,25 that demonstrate that the increase of

FIG. 15. Dissociation energy of the charged exciton, determined
from the level crossing(squares) vs the carrier density; the solid
line shows theX-X+ splitting determined from absorption spectra in
Ref. 23.
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the line splitting measured on the spectra is due to a transfer
of oscillator strength to a high-energy tail of the exciton line,
which contains exciton-carrier scattering states(or unbound
states of the trion). Note that in the present study, we have an
unambiguous determination of the binding energy of the
charged exciton, but no real determination of the excited
state, with respect to which this binding energy is measured.
We simply know that this excited state contains holes all in
the majority spin subband, and is close to the neutral exciton
at low carrier density and to uncorrelated electron-hole pair
at high carrier density.

VI. SUMMARY

We have studied a series of Cd1−xMnxTe QW’s, with x
below 0.01, containing a hole gas of density up to 5
31011 cm−2. In all samples, we observe either a dichroic line
(one line in each of thes+/s− polarizations, with a splitting
related to the giant Zeeman effect) at low values of the hole
spin splitting, and a double line ins+ polarization only, at
large spin splitting. In the first case, the spectra continuously
emerge from theX+ charged-exciton lines as the carrier den-
sity increases, and keep several characteristic features of the
trion PL. In the other case, they resemble spectra due to
band-to-band PL transitions.

The jump from the trionlike spectra to the double line is
due to a crossing of the initial levels of the transitions. The
charged exciton contains two holes arranged in a singlet
state, which costs an energy equal to the hole spin splitting.
When the hole spin is larger than the dissociation energy of
the charged exciton, the charged exciton is destabilized in
favor of a state where all holes are in the majority spin sub-
band. We note that such large values of the spin splitting at
low field can be achieved only in diluted magnetic semicon-
ductors with a hole gas: In the case of an electron gas, at
least four times larger Mn contents would have to be used.
We find that the dissociation energy of the charged exciton
coincides with theX/X+ spectral splitting only at low carrier
density. At moderate carrier density, the spectral splitting in-
creases with the carrier density(in agreement with the results
of theoretical studies which consider excitations accompany-
ing the creation of the excitons), while the dissociation en-
ergy stays constant.

At very low spin splitting, the PL line and the absorption
line do not coincide in energy(“excitonic Moss-Burstein
shift”). This we ascribe to the fact that the position of the
absorption line involves the creation of excitations of the
hole gas in the presence of a charged exciton at Fermi wave
vector, and that the position of the PL line involves excita-
tions of the partially polarized hole gas resulting from the
recombination of a charged exciton at the center of the Bril-
louin zone. Hence a new picture emerges from the present
study for the neutral and charged excitons at moderate carrier
density, with a constant binding energy of the trion, and vari-
ous excitations of the hole gas involved in the transitions.
The presence of this “excitonic Moss-Burstein shift” can be
used to determine the carrier density(once a calibration has
been performed), but also to determine the spin splitting that
provokes the complete polarization of the hole gas. We ex-

perimentally find that, in the range of hole densities explored
(from 0.531011 to 431011 cm−2), it increases with the car-
rier density, but remains smaller than the(doubled) Fermi
energy. This enhancement of the spin susceptibility is by a
factor at least larger than 2. However, in agreement with
Kohn’s theorem(which might not apply in the valence
band), the observed spectroscopic splitting is not changed.

The double line observed ins+ polarization at a large-
enough spin splitting displays several features of a band-to-
band transition. The high-energy componentDhigh has the
ground state as the final state, and it is associated with a
strong LO-phonon replica: in a band-to-band picture, this
involves an electron relaxed atk=0 in the conduction band
recombining with a hole at Fermi wave vector in the valence
band, so that the final state is the ground state. This transi-
tion, indirect in the reciprocal space, can be made to be
slightly allowed by disorder and carrier-carrier interactions
(Fermi edge singularity), but also by the creation of a phonon
with a wave vector equal tokF. The high-energy component
Dhigh leaves some excitation in the carrier gas: in the band-
to-band description, this final state corresponds to the exci-
tation of a hole fromk=0 to kF, the single-particle energy
being equal to 2EF in our notation(i.e., the Fermi energy of
the fully polarized hole gas). We note that this line is ob-
served close to the energy extrapolated at zero field for the
transitions between Landau levels, and also that a weak but
distinct absorption line is seen ins+ polarization at complete
hole polarization, with a shift with respect to the present
lower component of the PL doublet nearly equal to the cal-
culated Moss-Burstein shift. Hence the absorption line, the
lower component of the double PL line, and the absorption
lines at integer filling factors can be qualitatively understood
in terms of electron-hole pairs.

However new features appear when a more quantitative
description is attempted. The main discrepancy is the split-
ting between the two components of the double line. It is
definitely larger than the Fermi energy(doubled since at full
polarization) expected for the single- particle excitation pro-
moting a hole from fromk=0 to kF. This is particularly evi-
dent at intermediate carrier density while at the higher den-
sities achieved, and considering the larger fluctuation of our
data, it approaches the expected 2EF value. As we have
shown that the dynamics of the double line implies that a
single initial state is involved, this energy has to be ac-
counted for in terms of excitations of the hole gas(single-
particle excitations or combinations of them, or plasmons,
taking into account the effect of carrier-carrier interactions).
The previous discussion of this double line as being close to
a band-to-band transition suggests that the final state has a
total wave vector equal tokF.
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