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The spectroscopic properties of a spin-polarized two-dimensional hole gas are studied in modulation doped
Cd;_,Mn,Te quantum wells with variable carrier density up t& 50 cmi™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 d@raltyeffect, filling factors of the
Landau levels at high field, various manifestations of Moss-Burstein shifésdescribed 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 densifponzerg is, photoluminescence lines are due to the formation of charged excitons
in the singlet state. Spectral shifts in photoluminescence and in transmigsituding 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 defsigontrast to the splitting between the charged
exciton and the neutral exciton line§ he 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 statgwith a strong phonon repligand a direct transition to an excited state of the hole gas.
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I. INTRODUCTION volved in the spectroscopic transitions as well as the change

The spectroscopy of two-dimension@D) systems with of line shapes versus carrier density. Thus, recoil gives rise to
carriers has been studied intensively during past years. APW-energy tails while exciton-electron unbound states cause
low carrier density, optical spectra are dominated by a lined strong high-energy tail, which adds a large contribution to
related to the charged excitgtrion) transition® In the limit ~ the oscillator strength of the neutral excitén?® At even

of very low carrier density, the charged exciton is a three-higher densities, the neutral exciton line disappears and the
particle complex involving a preexisting carrier and the pho-charged exciton line progressively transforms into the Fermi
tocreated electron-hole pair, the two identical particles beingdge singularity, which marks the onset of the electron-hole
arranged in a singlet configuration. Some trion properties areontinuum?327.28All these effects point to a non-negligible
well understood. For example, many papers were devoted tioteraction of the charged exciton with the carrier gas.
theoretical and experimental studies on the binding energy We wish to discuss here selected problems related to the
under different conditions and in different materi&i&De-  photoluminescencgPL) of doped quantum well§QW'’s),
tailed investigations were also performed on the selectiothanks to new experimental results associated to a strong
rules—® and on the dynamic¥;121%in particular the forma- spin splitting in magnetic fields small enough to prevent Lan-
tion timet3->and spin relaxatiof!1” Most of those proper- dau quantization. This is obtained thanks to the giant Zeeman
ties are well established and can be used for identificatiogffect in Cd_,Mn,Te QW'’s, which are modulation-dopgx
purposes. type. The carrier density was adjusted through the design of
In high magnetic field, a triplet state has beenthe structure using either nitrogen acceptors or surface states,
described®—?%and its stability with respect to the singlet state and in some samples it was controlled either optically or
has been discussed in terms of orbital wave functions. Thtéhrough a bias applied acrosgd-n diode. A thorough cali-
range of higher carrier densities is less understood. As thbration of the carrier density was done.

carrier density increases, an increase of the energy splitting We show that for small values of the spin splitting
between the absorption lines of the charged and neutral ex<<3 meV), the PL line in both circular polarizations is due to
citon has been reported in various materf&s.2This effect ~ the singlet state of the charged exciton. However, a shift
does not necessarily mean that the binding energy changesappears between the absorption and PL fh&sand in-

is important to analyze both the initial and final states in-creases with the carrier density quite similarly to the Moss-
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TABLE |. 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” @ien diodes; numbers were chosen to approximately match the Mn
content.

QW thickness QW Mn content  Max. hole density

Sample (nm) (%) (10" cm?) Structure Growth name Figure
NO 8 none 0.3 N-doped M751 1
N2 8 0.18 3.1 N-doped M968 3(&, and 9a)
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(19, 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 15 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

Burstein shift of band-to-band transitions. This shift is dis-analyzed in terms of the initial and final states involved in
cussed in terms of excitations in the final states of thehe PL transition and used to further characterize the hole gas
transitions. It vanishes in~ polarization when the spin split- (density and polarization Some consequences of the obser-
ting is large enough that the hole gas be completely polarvation of these new features are discussed in Sec. V.
ized: the relevant value of the spin splitting is discussed with
respect to the Fermi energy. R IIl. SAMPLES AND EXPERIMENTAL SETUP

Then, above a certain value of the spin splitting, the low-
est initial state in the PL transition is no more the singlet Samples have been grown by molecular-beam epitaxy
state of the charged exciton, but a state where all holes are inrom CdTe, ZnTe, Te, Cd, Mg, and Mn sources, @91)-
the majority spin subband. That means that the singlet amlriented Cd_,Zn,Te substrates, most of them wi#+0.12,
rangement of the two holes involved in the charged excitorwith a buffer layer of similar composition an@€d,Zn,MgTe
is replaced by a parallel arrangement of their sginiplet  barriers. Characteristics of selected samples are summarized
statg. Contrary to the case of nonmagnetic quantum wellsjn Table I. All samples were grown pseudomorphically;
for which the triplet state of the charged exciton is stabilizedtherefore the lattice constant of the substrate governs the
by orbital effects at very high magnetic fiel32%31in the  uniaxial strain in the single QW: due to confinement and
present case the singlet state is destabilized by spin effectstrain, the heavy-hole state is the ground state in the valence
This gives rise to several features that agree with a mechaand, the light-hole band being 30 to 40 meV higher in en-
nism involving band-to-band transitiorslouble line, with  ergy.
the lower component having the ground state of the hole gas Most samples were modulation doped with nitrogen in the
as its final state and the upper one leaving the carrier gas iparriers®? In others, the hole gas was provided by proper
an excited state; and existence of a Moss-Burstein)shift adjustment of théCd,Mg)Te cap layer thickness, with sur-
Finally, different energy scales involved are discussed witface states playing the role of acceptors; our previous
reference to the Fermi energy. studie$® allowed us to optimize the structure of these

This paper is organized as follows. Section Il briefly de-samples in order to obtain the largest hole density, by placing
scribes the samples and the experimental setup. Section Il tee QW 25 nm below the surface and 200 nm away from the
devoted to an advanced characterization of the samples ant@d,ZnTe buffer layer. In both cases, illumination with light
of the mechanisms involved in the spectroscopic propertief energy larger than the energy gap of the barrier material
based on our previous knowledge pfdoped Cd_Mn,Te  results in the depletion of the hole g&s*#35This method
QW's: determination of the diamagnetic shift and of the nor-with a suitable calibratioff was used in order to tune the
mal Zeeman effect, measurement of the giant Zeeman effectrrier density in the QW from the maximum val(e few
and derivation of the exact density of free spins, behavior al0*! cm2) down to the low 1€° cm 2 range.
large values of the applied magnetic field, derivation of the The second way to control the carrier concentration was
position of the Landau levels and of the carrier density fromto insert the QW in g-i-n diode. In such a structur,the
the filling factors, and finally determination of the carrier back barrier doped with aluminurmn type) was 320 nm
density from Hall effect. Section IV is the core section of thisaway from the QW, and the spacer between the QW and the
paper: it describes the PL spectra that characterize p-doped layer was reduced to 10 nm. A 10 nm semitranspar-
Cd;_Mn,Te QW in the presence of holes, first in the low- ent gold film was evaporated on top of thé-n diodes, and
density limit where the spectra can be understood from th¢hen 2x2 mn? squares were formed by Ar-ion etching
competition between neutral and charged excitons, then aown to then-type layer, a procedure followed by the depo-
higher carrier density where new features are observed argition of In contacts. In these diodes, nonlinear current-
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Transmission (arb. units)

§ Energy (meV) g

voltage characteristics were observed up to room tempera- - B=15T 1ty - .
ture, and applying a small bias resulted in variations of the 6" . \Xx o ¢ 1’
carrier density from below 8 cm2 up to 4x 10" cm 2. In ]} 4 CdTeQwW 'y
all samples the hole densities are such that the carriers oc- s B=0T \ tx
cupy only the ground-state heavy-hole subband. \ A‘J
All properties discussed below were determined or \
checked by magneto-optical spectroscopy performed in the
Faraday configuratioimagnetic field and light propagation
perpendicular to the sample surfac&he samples were
mounted strain-free in a superconducting magnet and im- \ . i .
mersed in liquid helium for low-temperature measurements. 1620 1630 1640 20 -10 0 10 20
The experimental setup allowed us to perform typical cw Energy (meV) Magnetic field (T)
measurements such as reflectivity, PL, and PL excitation FIG. 1. () Tvpical transmission spectra aiid) maanetic field
(PLE). The CQgeZNo15Te SUbSt.rateS are transparent at thedependenc(e)0f>:ﬁe transition energiez, obsergg)d atgi.Q K on sample
relevant wavelengths so that in most cases we could als,g0 an 8 nm broad CdTe QW with GgeZno oMo 3Te barriers
perform trangmissior? experiments._ In PL, _the optical ex_ci_ta-mo'Olerately dopedp-type (two symmétricai N-ddped layers 'at
tion was achlevgd with a tunable T|-s_app.h|r.e Ia;er prpwdm%o nm. In (b), the right part(positive fields displays ther™ polar-
about 2 mW cm*, or a HeNe laser with similar intensity. A jzation data and the left pathegative fieldsthe o ones. Dashed
halogen lamp(filtered to avoid carrier depletion, or not in jines are quadratic fits; the solid line through the charged-exciton
order to induce a depletignvas used as a source of light for positions is obtained when taking into account the dependence of
reflectivity and transmission measurements. Time-resolveghe X/X* splitting on the hole polarization.
PL was excited by a picosecond tunable Ti-sapphire laser
with a 2 ps pulse Width‘ a repetition rate of 80 MHZ’_ and aMNand the lower-energy one to a charged exciton. Under mag-
averaged power density less than 100 mW<rithe signal e field, the neutral exciton is observed in both polariza-
was coIIectgd through a spectrometer by a 2D streak Cametahns, while the low-energy line progressively disappears in
with resolution better than 10 ps. The measurements in high+ polarization. This behavior is opposite to that of the nega-
magnetic fields were performed in the Grenoble High Fieldy ey charged excitorx™, so that it was attributed to the
Laboratory using a 20 T Bitter coil. positively charged exciton in Ref. 37, as confirmed and dis-
cussed quantitatively in the following.
lIl. BASIC SPECTROSCOPIC PROPERTIES AND Figure 1b) shows the magnetic field dependence of the
CHARACTERIZATION OF THE 2D HOLE GAS transition energies. By convention, we attribute positive field
range to they™ polarization. The neutral exciton energy fol-
In this section we summarize the characterization of oulows a quadratic dependence:

samples and of some of their spectroscopic properties, based
on the previous knowledge of undoped amdloped CdTe Eos = Ex + 8,|B| + agiaB
and Cd_Mn,Te QW’'s. We first determine the parameters,, i E,=1627 meV in the present samplea
describing the propgrties of the gxcitons_ under the dirgct in—=0_015 meV T, andag,=0.01057 meV T2 This valué éf
fluence of an applied magnetic fieldliamagnetic shift, o giamagnetic shift is reasonable: it corresponds to an ef-
Landé factoy in a nonmagnetic CdTe QW. Then we SROW fgtive radius of 6 nm, which is of the order of the Bohr
that by exploiting the giant Zeeman effect we achieve a gooqadius.
description of the excitons in a diluted magnetic QW at low
hole density. Finally we turn to a thorough determination Ofde
the hole density, using methods that do not depend on mate-
rials parameters, such as plotting the positions of integer fill- E(o") - E(0))
ing factors of Landau levels, or deriving the density from the X~ gl
Hall resistance.

Note the small value of the Zeeman slgtfie linear tern
fining the excitonic Landé factor as

MB|B|

we havegy=0.5, definitely smaller than in CdTe QW'’s of
similar width but with no strai#f or a small oné? Indeed, in
unstrained QW'’s the excitonic Landé factpr=-1.5 mostly
corresponds to the Landé factor of the electggr-1.4 (to
Figure Xa) shows typical transmission spectra measurede compared tg.=—1.6 in bulk CdTg, indicating an almost
at different values of the magnetic field on sample NO, whichvanishing Zeeman splitting in the valence band. In the
is a 8 nm thick CdTe QW, moderately dopedype(nitrogen  present samples, coherently strained on the ggaihy 1,Te
doping on both sides with 50 nm spacer layefihe whole  substrate, using the same valye—1.4 and our experimen-
structure(QW, Cd, gZNg.0dVIgg 23T€ barriers, CglgeZng 1oTe  tal valuegy=0.5, we obtairg,,=gx+9.=—0.9. We use here
buffer laye) is coherently strained on the ggZn, 15Te sub-  the spin Landé factor of the holes, i.e., the splitting between
strate, so that the light-hole—heavy-hole splitting is abouthe two components of the heavy holegjigugB. This finite
40 meV. At zero field, two lines are observed. As confirmedZeeman splitting of heavy holes is consistent with the mag-
below, the higher-energy line is related to the neutral excitometic circular dichroism of the trion, opposite to that of the

A. Excitonic regime: Normal Zeeman effect
and diamagnetic shift
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negatively charged exciton imtype CdTe QW's. Indeed, in 1650 ———r—————————— 5
similar samples with a low hole densityn the 13° cm™ F Cogs Moo Te QW

range showing well defined excitonic lines, we could di-

rectly estimateg,,=—1.2 from the field and temperature de- & !
pendence of the dichroism by assuming that the distribution g ool
; ; = 1640 T=17K
of carriers on the two spin states obeys the Maxwell- B i .
. . . G £ Ar ion laser excitation
Boltzmann statistics and that the trion intensityon polar- E

ization is proportional to the density ¢f ) holes3’
The transition energy of the charged excitonsinpolar- i
ization above 4 T obeys the same dependence as the neutral 1630 . . L
. : ; i ; 0 5 10 15
exciton (with a diamagnetic shift at most 5% larger Magnstic ficld (T)
3.4 meV lower in energy. This value indicates a moderate agnetic field (

but significant density of carriers, in the #@m range, if FIG. 2. Energy of the transmission line, as a function of applied
we compare to values measured (Bd,MnTe QW's?® It fie|d, at 1.7 K, for sample N5, p-doped, 8 nm wide, Cd,Mn, Te
was demonstrated there that teX* splitting in absorption  Qw. Ar-ion laser illumination strongly reduces the carrier density to
contains a contribution proportional to the density of the holethe low 13° cm2 range. Solid lines are drawn with the same pa-
gas in one spin subbarithe one promoting the trion forma- rameters as in Fig. 1 to describe the normal Zeeman effect and
tion). We use this result in order to describe the behavior otliamagnetic shift, and a Brillouin function witk,¢=0.0048(and

the trion in the present CdTe QW below 4 T anddh po-  x=0.0052,T,=0.17 K) to describe the giant Zeeman effect, and
larization, where a shift to high energy is observed. Atadjustable values for the zero-field energiesXaind X*.

3-4T in ¢" polarization, the binding energy tends to

2.0 meV, which is the value expected at vanishingly small-p 22 eV and\,8=-0.88 eV describe the spin-carrier cou-
population of the holes with the relevant spin. The solid linepjing in the conduction and the valence band, respectively.
represents the fit with thX-X* splitting equal to 2.0 meV The fitting parametekys (density of free spinsand T, are

plus a term proportional to the hole gas density in the relyejated to the Mn content by the following expressions,
evant spin subband. The spin polarization was calculated ugg|culated from Ref. 42

ing the Maxwell-Boltzmann distribution between the
Zeeman-split hole levelsvith g,,=—1.2). We obtain perfect Xett = X[0.2635 expp- 43.3%)
agreement, which is an additional support for our identifica- +0.729 expp- 6.19) + 0.00721
tion of the two lines.
The values of the Zeeman splitting and diamagnetic shift@nd
determined here will be used systematically in the following 35 3%
for excitonic states in DMS QW'’s, where the additional giant S ————
Zeeman effect is dominant. 1+2.75%

We did not include magnetization steps that are expected
at high field and very low temperatdf¢* and that would
The parameters describing the giant Zeeman effect ar@duce an additional linear increase of the magnetization at
easiest to determine on spectra obtained with above-barri¢he temperatures of interest in the present study. The Mn
illumination so that the hole density is reduced. Figure 2 iscontent in our QW's remains below 1%, so that the ampli-
an example of the position of the lines observed in transmistude of the steps remains small.
sion with additional Ar-ion laser light shining on the surface  Mn contents quoted below are determined from the fit of
of sample N5(with 0.53% Mn in the QW. Due to the re- the giant Zeeman effect. They were found to agree with those
sidual hole gas, we observe the neutral excitowfirpolar-  expected from growth conditions.
ization and the positively charged excitondn polarization;
the neutral exciton is also observed at high figidich stron- C. High-field Landau levels
ger than the field for filling facton=1) in ¢~ polarization: ) ) o )
this agrees with previous observations at high field in the Figure 3 displays transmission spectra of sample N2, i.e.,
presence of an electron gis* a Cdh g9sMng go1sTe QW with Cd 6dVido 272N o7T€ barriers
The field dependence of both the neutral and charged eXloPedp type on one side with a 20 nm spacer. In these
citon energies was fitted by adding the contribution from theSPectra, the smooth rise of the background at high energy is
giant Zeeman effect to the normal Zeeman effect and diadue to absorption in the GgeZny;Te substrate. At zero

B. Giant Zeeman effect

magnetic shift, with parameters from Ref. 42: field, one observes an asymmetric absorption feature, as ex-
pected in the presence of a significant density of carriers. In

5 this sample, in spite of the low Mn content, the giant Zeeman

EgM”"‘BB effect is large enough that the hole gas is fully polarized

5
E,+=Ex T aB+agB” ¥ No(a - ﬁ)EXefst/z already aB=0.6 T2 as a result, circularly polarized spectra
differ qualitatively.
where the parameters, and ag, were determined above, With applied field, theo™ spectra[Fig. 3b)] feature

Bs,» denotes the Brillouin function] the temperatureNgee ~ mostly a single, intense line. The intensity of this line in-

kg(T+Tp)
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(a)

Field (T)

Transition energy (meV)
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FIG. 3. (a) Optical density spectra obtained from transmission, 'é '
at 1.7 K and magnetic fields from 0 to 20 T,ail polarization, for 1620 '

a Cdy g9sMng go18T€ QW (sample N2; spectra have been shifted in 0 SMagneﬁclgel 4T 15
both directions to enhance the principal featuteysame asa), in
o~ polarization, from 0 to 10 T, shifts are different in order to

X FIG. 4. Position of the absorption lines vs applied magnetic
enhance the features of interest.

field. (a) Cdy gggMng go15T€ QW (sample N2, open symbols are for
! ).004 A + o
creases firstup to 0.6 T as the hole gas becomes more andSXPermental data in~ polarization, full symbols foe polariza
. . . tion; dotted lines assume excitonic-like variatignermal and giant
more polarized, so that the density of holes on the spin sub-

. . . 3 splitting and diamagnetic shjftwith the zero-field energy as only
band involved in the transitio(—3) heavy holesdecreases adjustable parameter; solid lines assume Landau levels with the

to zero; then the intensity stays practically constant up tQneoretical masses and the normal and giant Zeeman effects, with
10 T [Fig. 3(b)] and even 20 T(not shown. Above 0.6 T,  the zero-field energy as only adjustable parameter. The dotted line
the position of the line follows what is expected for an exci-with a higher slope is shifted from the excitondn polarization by
tonic transition[large open triangles in Fig(&)] in the pres-  the Landau fan splittingsum of cyclotron resonancedhe dashed
ence of the giant Zeeman effect. This confirms that this trantine shows the position expected for the absorption threshold at low
sition corresponds to a positively charged exciton, with thefield (it includes the normal and giant Zeeman effects and the Moss-
excitation of an electron-hole pair involving an emp&f;%) Burstein shift added to the zero-field energy of the Landau fan, with
heavy hole subband, in the presencéﬂg> heavy holes. no adjustable paramejeiThe lower part shows the intensity of each
A IeSS |ntense ||ne can be not|Ced at hlgher energy |n F|g||ne in U'+ pOIarization. The Ver-tical dashed lines show the magnetic
3(b), at intermediate field2 to 7 T). It shifts linearly with field values corre_spondlng to integer filling factofls) same aga),
the field [small open triangles in Fig.(d]. The distance O Sample N5, with & CglgaMno gosale QW.

between this line and th¥* line in o polarization is very higher energyFig. 4@)], and vanisisee the intensity in the
close to the sum of cyclotron energies of the electron and thgywer part of Fig. 4a)]. Finally a single line progressively

heavy hole(see below. Actually, this splitting is also very gains in intensity. We naturally ascribe this series of lines
close to that measured imdoped CdTe QWRef. 45 be- o the presence of the Fermi energy on successive Landau
tween theX™ line and a line shifting linearly with field, ob- |evels.
served ino” polarization while theX™ line is seen ino* The description of Landau levels in the valence band is a
polarization, and attributed to an “exciton-cyclotron reso-complicated matter. In the simplest approximation the in-
nance.” This exciton-cyclotron resonance implies the formaplane effective mass isy,,=my(y;—2y,)*. Taking Luttinger
tion of an exciton and the promotion of an electron to theparametersy, from Ref. 46, one obtainsy,,=0.17m,. Using
first excited Landau level, so that the shift is determined bya more complete model of the valence band, a slightly larger
the cyclotron energy of the electrgit is slightly larger due  value, m,,=0.25m,, was inferred”” This value will be used
to a recoil effect The same interpretatigiexciton-cyclotron  below, although it has not been confirmed experimentally. In
resonancecannot be applied to our case, since the splittingaddition, the transition energy is strongly affected by carrier-
for such a line in the presence of a hole gas should be closgarrier interactions: staying with II-VI compounds, examples
to the cyclotron energy of the heavy hole, which is definitelyof such effects have been described in details rfaype
smaller. The origin of this line in our case is still unclear. CdTe and(Cd,Mn)Te QW's*® However, the degeneracy of
The o* spectra are qualitatively different. The asymmetricthe Landau levels remains unchanged and it is independent
absorption line decreases as the density+a}) holes in-  of material parameters. As only-3) holes are involved, so
creases, but the threshold can be followed up to about 3 Tthat each jump occurs from one Landau level to the next one
Then sharper lines successively emerge, shift linearly tavith the same spin, we determine a filling factor 1 at B
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=125 T,v=2 atB=6.2 T, and so on, as shown by vertical = An example of carrier density as a function of the inverse
dashed lines in Fig. 4. The carrier density in this QW is thusof the temperature was given for four different samples in
determined to b@=3.1x 10'* cm™2. Ref. 32. A decrease of the measured carrier density observed
Figure 4a) shows as solid lines the field dependence exbetween 300 and 100 K is attributed to the freezing of the
pected for transitions between Landau levels, with an elecresidual holes in the barrig¢holes that have not been trans-
tron massm,=0.11Im; and a transverse hole mass,, ferred to the QW. Below 100 K and down to 15 K, a con-
=0.25m,, the normal Zeeman effect, and the giant Zeemarstant carrier density is observed and attributed to the conduc-
effect determined on the depleted QW. Using the zero-fieldion of the degenerate hole gas in the QW. In the four
energy as the only adjustable parameter, we obtain a reladamples studied, the values of the 2D hole gas carrier density
tively good agreement for the position of the lines when theyary between 2.4 10** cm™? and 3.2< 10* cmi?, in agree-
emerge atv=2, v=3, andv=4. Once again, this is a crude ment with the values deduced from optical spectrosgsps
approximation since it neglects the actual structure of the fadliscussion in Sec. ¥
of Landau levels in the valence bagout the larger contri- The Hall mobility increases almost linearly up to
bution is due to the conduction banand carrier-carrier in- 1000 cn?/V s with decreasing temperature from 300 K
teractiongbut these are minimal at integer filling factprd ~ down to 15 K. This leads to a typical mean free path of the
precise description of these transitions is out of the scope dID hole gas of the order of 10 nm. This is a lower bound,
this paper. however, since we observed a strong broadening of the PL
We will show below that the zero-field energy of this spectra of the samples prepared for Hall studies, which had
Landau fan nearly matches the energy of a PL line, whicho be glued on the sample holder and appear to be highly
appears to be close to the band to band recombinatién atstrained.
=0. The fact that this energy of a PL line at zero field is
smaller than the excitonic transition energy is not surprising, IV. PHOTOLUMINESCENCE: BAND-TO-BAND
since the PL band-to-band transitionkatO leaves an exci- VERSUS CHARGED EXCITON
tation in the system: the exciton initial state is lower in en- ) o o
ergy, even if the transition energy is larger. This paradox This section is devoted to the (_jt—:.-scnptmn.of the PL spectra
does not appear in transmission: Figu(e)4hows(dashed and the effect of Fhe Zeeman splitting: first, in Sec: IV A, we
line) what is expected for the band-to-band transition atshow the desta_t)|I|zat!on of the charged exciton—in fgvor of
Fermi wave vectok; it contains the normal and giant Zee- the neutral exciton—in a weakly doped QW. Then, in Sec.
man effects and the kinetic energies of the electron and th/ B, we show that a similar effect occurs in a QW with a
hole both atke (so that it is drawn through the middle point larger carrier density. Finally, we describe more precisely the
between the two relevant branches of the Landau fan at ead®Se of a partially polarized carrier gas in Sec. IV C.
integer filling factoy. We may note that it reasonably agrees
with the position of the absorption line measured in the field ~ A. Low concentration: charged and neutral excitons

range from 1 to 3 T. - _ We start the discussion of the PL spectra by the limit of
Figure 4b) displays the transition energies observed onyoy carrier density. Figure(8) shows PL spectra at different
sample N5, i.e., with a slightly larger Mn content; the carrieryajyes of the magnetic field, in both circular polarizations,
density is found to bg=3.8x 10! cm™. Both samples ex- gpserved on sample N3 with 0.37% Mn in the QWhich
hibit rather similar transmission spectra. We may notice thakjjows us to follow the PL lines over the whole field range
the transmission lines in the two polarizations at filling factoryithout overlap with the PL from the substrat&@he carrier
below unity are accidentally superimposed in sample@®2  gensity was decreased by illumination with an Ar laser
but are clearly separated by the larger Zeeman splitting "@Which at the same time excites the)RInd can be estimated
sample N&(b). to be below 2< 10*° cm 2 in the conditions of Fig. &). The
identification of the lines is based on the comparison be-
tween PL spectra and transmission spectra with white light
[see Fig. 1(v) for the comparison done on another sariple
Hall effect and mobility measurements have been peraAt zero field, the spectrum is dominated by a single line
formed on severgb-type doped CdTe an@Cd,Mn)Te quan- related to the charged exciton. A much weaker line due to the
tum wells with a six-contact Hall structure. Gold Ohmic con- neutral exciton appears as a shoulder on the high-energy
tacts to the buried QW’s have been obtained by growing &ide. When applying the magnetic field, the relative intensity
heavily-nitrogen-doped ZnT¢Cd,Zn,MgTe contact layer of both lines changes. la~ polarization, the neutral exciton
on top of the modulation-doped quantum well structures withine (the shoulder disappears completely above 0.3 T, and
a 20 nm space¥ Standard dc Hall effect and mobility mea- the intensity of the charged exciton line progressively de-
surements have been carried out in a helium flow cryostatreases; it disappears at 1 T. Figute)éhows the intensity
from 300 K down to 15 K and with magnetic fields up to of each line. Ing* polarization, the PL intensity of the neu-
1 T. The extremely high contact resistance below 15 K, dueral exciton increases with respect to tké one. The inten-
to freezing in the barriers, did not allow us to study thesities of both lines become comparable at 0.6 T, and at
transport properties at lower temperatures. The integrateldigher fields the neutral exciton line dominates the spectra.
carrier density was deduced from the slope of the Hall resis- We have checked on samples with different Mn contents
tance with respect to the magnetic field. (not shown that the transition from the charged to the neu-

D. Hall effect
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......... rrrrrrrTreTTTTrYY T rather small: in(Cd,Mn)Te, the giant Zeeman shift of the
(a) AX 5T (b)/\ 3T heavy hole is four times larger than the electron shift. The
Q bright state of the neutral exciton is composed of a hole and
§ JI\K 4 s 4 an electron with opposite spin directions, and the remaining
b hole is free; therefore the component with its two holes in the
8 Jl\\\ 3 /\\ 3 majority band (which emits in ¢ polarization shows a
: L ) 5 strong redshift under applied field, equal to the sum of the
S A individual shifts of the electron and the two holes. At zero
N /L 1 field, the charged exciton state is lower in energy since it is a
o xH\X 075 L~ LS bound state, and this remains true at low field. When the
E : Dla D,". Pl heavy-hole Zeeman splitting is equal to tké dissociation
z° 0.5 s ‘ energy[Figs. &a) and Gc)], the neutral exciton level crosses
AO'S the level of the charged exciton emitting in th& polariza-
‘ 0.25 tion, so that the neutral exciton level becomes lower in en-
X"ﬁ B=0 x* B=0 ergy. The mechanism is similar to the crossing induced by
| PPIPPPPRIR e P, - POVt B PR AT the giant Zeeman splitting between tA& bound excitons
1620 1630 1640 16501620 1630 1640 1650 and free excitons in bulk diluted magnetic semiconductdrs.
Energy (meV) The ratio of theX and X* intensities experimentally ob-

served[Fig. 6b)] varies smoothly, making it difficult to pre-
FIG. 5. (@ PL spectra, at 1.7 K, with various values of the cisely point out the crossing, which is expected when the
applied field, from a CglogedVino.0os77€ QW (sample N3; the PL  yajye of Zeeman splitting equals the binding energy of the
was excited using an Ar-ion laser, which almost completely depletegion [Fig. 6(c)]. Actually, the intensity ratio results from the
the QW. Solid lines are for* spectra and dotted line far™; (b) dynamics between th¥ and X* states, and, in addition, dis-
same asa), but with excitation with a Ti-sapphire laser with photon rder introduces a broadening of the densities of states. It
energy below the barrier gap, which has no effect on the density O\gl)vas already recognizétithat the dynamical nonequilibrium
the carrier gas. distribution between th& and X* populations leads to the

tral exciton is governed by the value of the giant Z(_)em(,mobservauon of some PL intensity from the upper level. In

splitting. This destabilization of the charged exciton in favorpart'CUIar’ at zero field, thg neu'tral exciton Iummescenge IS
of the neutral exciton can be understood as the result of thgbserved due_ o a format|o_n time of the chargeq exciton
different Zeeman splittings of the three-particle syst@no compa_rablg W't.h the decay t|m_e_of the neutral _excnoné?tT@s
holes and an electryreither arranged as a charged exciton,formaﬂon time Is sFropg[y sensitive fo the carrier denstty:

or containing a neutral exciton. A schematic diagram of théa‘S the carrier dens't.V.'S mcreased, it becomes shorter so that
three-particle levels is shown in Fig(e&d. When applying a amore abf“p‘ transition Is exp_ected. .

magnetic field the two states of the three-particle system ex- The main result of this section is that the giant Zeeman

perience different giant Zeeman shifts. In the fundamenta?pmting of the hole can be large enough to destabilize the
' inglet state of the charged exciton, in favor of tHeemit-

state of the charged exciton, the two holes are arranged in Ing neutral exciton, which is such that the two holes have
singlet state; therefore the Zeeman shift of the three-particl%)(,;l‘?aIIeI spins '

system is equal to the shift of the electron only, which is
B. Photoluminescence in the presence of a 2D hole gas

4 el + z 08 X
) g o6 C : The main features of the PL spectra at moderate Zeeman
Eof splitting have been described in Ref. 23. It was shown that,
® e g x X - X . X ) . .
X+hh g 02 g o+ ) 1 in o~ polarization, the PL line and the absorption line coin-
X*] & op==13 cide (but for a constant Stokes shift smaller than 1 meV
< 6 -§ © : over a well defined range of the applied field where the hole
# R x‘/ gas is fully pqlari;ed, an example is given by l‘dn‘espgctra
& 2f Valenos band ] (dasheq ling in Fig. 1(Ic).' It was sho'wn'alsp tha}t in the
1hole & Zeeman splitting same field range the PL line im* polarization is shifted by
E*= % o5 10 15 20 the excitonic Zeeman splitting. This suggests that both lines
pliting g9

E,  Zeem E ic Fi . ; :
1 CCTEY B Magnetic Field (T) are due to the charged exciton. We will come back to this

FIG. 6. (@) Three-carrier diagram of optical transitions. Single point—and to the shift that appears between the absorption

arrows show the electron spin and double arrows the hole spin; th@Nd PL lines at smaller field—in Sec. IV C. First we keep in
dash-dotted line marks the level crossity. Relative intensities of ~Mind this assignation of the PL lines at low Zeeman splitting
the X andX* photoluminescence lines measuredsinpolarization ~ t0 the charged exciton and we wish to introduce a new fea-
for sample N3, CglgosdMNg o0sTe QW, under illumination by an ture that appears at larger Zeeman splitting.

Ar-ion laser.(c) Comparison of the valence band Zeeman splitting
(points and solid ling and theX/X* splitting (dashed horizontal
line) for sample N3. Dot-dashed vertical lines mark the field at Figure §b) shows PL spectra, at different values of the
which theX/X* crossing occurs. applied magnetic field, in both circular polarizations ob-

1. Appearance of a double line at large Zeeman splitting
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FIG. 7. Time-resolved photoluminescence of sample N4

(Cdg.g9dMiNg goaTe QW) measured inr* polarization in a magnetic FIG. 8. Sample N4, GgbodVing goaTe QW (a) integrated PL de-

field of 0.5 T close to the crossing of the excited levels. SymbolsCay time measured it poiarizatibn, as a function of the magnetic
give the temporal profiles after excitation by the laser pétsid  fie|g: open squares denote the experimental values, stars represent
line), detected at different energie+s corresponding to differ_ent COMihe average of two timesty-=80 ps andrp, =7, 140 ps(ar-
ponents of the PimarkedDow, X', Digh On the spectrum in the o) weighted by the intensities of each of the two components of
insey. the PL spectra, plotted ifp). (b) Relative time-integrated intensities

) of the two components of photoluminescence spectra: double line
served on the same sample N3 as discussed before but M&R;,,/ Dhign (Square and excitonic line(circles measured ino*

sured with Ti-sapphire laser excitation, hence without abovepolarization, as a function of the magnetic field.
barrier illumination. The carrier density will be estimated as
explained below asp=4.2x 10" cm ™2 Similarly to the lution of the set up. A significantly larger rise time, larger
lower-density case, a single line is observed at zero field. Athan 3 ps, is measured on the single litraceX," in Fig. 7).
low field (see the spectra at 0.5, The giant Zeeman effectis When increasing the magnetic field the rise times of both
sizable; the high-energy line is polarized and reasonably components of the double line remain the same and very fast.
sharp, while the low-energy line, polarizetf, is broader, This we use as a first argument that the two components
with a weak tail on the low-energy side. We continue toDyg, and Dy, of the double line involve an initial state,
assign this PL to the charged excitthand we will come which is different from the initial state of the single line
back to this later. At higher field, the PL is fully polarized, observed at lower field.
with a typical double structure containing a high-energy line The values of the rise times also support the assignation
labeledDy,gy, in the following, and a low-energy line labeled of the single line to a state involving a two-hole singlet and
Diow- The transition from the single to the double linedti  the double line involving an initial state where all holes have
polarization occurs at about 0.6 T, close to the value causinthe same orientation as in the ground state. #Fholarized
the X/X* crossing at low carrier density. The shape of thelight creates an electron-hole pair where the hole has the
double line remains constant up to 3 T in Fighp Above  same spin orientation as those of the carrier @aajority
this field a progressive change of shape occurs, which wepin). Hence the charged exciton luminescence involves a
attribute to the emergence of the Landau levels as seen imeavy-hole spin flip in order to form the singlet hole pair. In
Fig. 4. fact the time of 3 ps compares well to the heavy-hole spin
We will discuss this evolution in the same spirit as the oneflip time observed inX~ statest”>! On the other hand, the
observed from charged to neutral excitons for low carrierfast rise of the double line suggests that no spin flip—and
density. More precisely, we will show that the double line hence no singlet hole pair—is involved in this double line.
involves a unique initial state, which crosses the charged The picture of a crossing of initial states is further sup-
exciton state when the Zeeman splitting exceeds some valuported by the variation of the decay time versus magnetic
First, the character of the optical transition involved infield. Figure &a) presents the dependence of the integrated
this double line was examined by time-resolved spectrosPL decay time versus magnetic field. This time increases by
copy. The inset in Fig. 7 shows a time-integrated spectrunalmost a factor of 2 when increasing the magnetic field from
taken ing™* polarization in a field of 0.5 T. This is the field 0 to 1 T, which coincides with the transition from the single
range for which both the single and the double lines ardPL line to the double line. The observed decay time coin-
observed, and the hole gas is already fully polarized. PL wasides exactly with the average of the decay times at 0 T and
excited with a ps pulse also witi" polarization. The decay 3 T, weighted by the relative intensities of the two PL com-
time of all three lines was found to be the same, abouponents, presented in Fig(t8. Such a behavior is predicted
100 ps. Rise times, however, were quite different. PL traceby a rate equation model if there are only two field-
related to the double linéracesDy,y, and Dy, in Fig. 7) independent channels for radiative decay, related to the two
exhibit a rise time faster than 2 ps and limited by the resoPL mechanisms giving rise to the single and double lines,
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FIG. 9. Comparison of the transition energy in Rlown tri-

angles vs transmissiorilines showing the fits used in Fig).ANote 1620 1625 1630 1635 1640 1645

that the PL and transmission scales have been shiesltexy. (a) Energy (meV )
Sample N2, C n e QW and (b) sample NS5, o
Cdo,gzﬁ\/ln0_005gl'eg%g\?vi,vla§'?glfzig. 4? ® P FIG. 10. Example of the transmission and PL spectra at zero

magnetic fielda and b and magnetic field 0.5 Tc) for sample N4,

. L . . (Cdp.99dMNg goaT€ QW). In (8) the sample was illuminated by a
respectively. The double line is associated with a decay Char%'trong blue light, which almost completely depleted the QWb

nel (140 ps slower than that of the_Charged exciton line 5,4 (c) there was no above barrier illumination so there was an
(80 p9, suggesting a weaker correlation. equilibrium density of carriers. Solid lines are fof spectra and
We conclude that the transition between the two kinds ofjashed lines for~. The data from(b) and (c) were used to draw
PL spectra(excitonic or double lingis related to the level Fig. 11.
crossing of the initial states, with one state involving a pair
of holes forming a singletcharged exciton recombination at field range, but that appears to be true also fordhéL at
low field), the other one with all hole spins having the samelow field (below 0.3 T in this samp)e Above this field
orientation. Here again, the field at which the transition takeyalue, the low-energy component of the PL double line
place is defined by a value of the valence band Zeeman splitDjo,) iS close to the position expected for the band-to-band
ting (see below the compilation over various samplesd transition(lower branch of the Landau fariThe high-energy
the transition will be more or less abrupt, depending on the&€omponent of ther* doublet(Dy,qr) is marked with smaller
relaxation processes between the two levels. It is worth mersymbols because its intensity is small in this san{piead-
tioning that, as expected, the transition is more abrupt in theition at this particular Mn content it overlaps with the sub-
cw experiment with very weak excitation than in the time- strate PL so that its energy was determined with less accu-
resolved experiment for which the system is excited fartheracy). Note also that the difference in radiative decay times
from quasiequilibrium conditions. observed on sample N4 in Fig(a88 (80 ps and 140 ps, re-
Now we come back to the analysis of the energies of thespectively is consistent with such an excitonic character of
PL lines in sample N5, for field values such that the hole gashe single dichroic line at low field versus a band-to-band
is fully polarized (above 0.2 T in this sample, see bejow character of the double IinBq,-Dygr The excitonic decay
Figure Qb) compares the positions of the transmission linesime is expected to be significantly shorter than the one mea-
[the fits from Fig. 4b)] to the positions of the PL lines in the sured in the band-to-band transition, which implies a weaker
same sample. Transmission spectra were measured in op&ctron-hole correlation.
run at the Grenoble High Field Laboratory while we used a The jump to the double line is induced by the giant Zee-
Ti-sapphire laser to excite the PL in a different run: to takeman splitting. This was checked on all samples with a Mn
into account the expected Stokes shiftsually at most content between 0.2% and 1%. For example, in sample N2 of
1 meV when transmission and PL were measured in th&ig. 4(a), with the lowest Mn content of our series, the jump
same rul and also to allow for a possible fluctuation of is not observedFig. Xa)] up to 10 T, although the hole gas
sample characteristics between the regions of the sample ofs fully polarized already at 0.6 T. A progressive change in
served during the two runs, the PL scale was shiffeg the slope of ther* PL energy versus field would agree with
2 meV), so that PL and transmission linesdn polarization  the same change of nature of the PL transition, from exci-
were made to coincide at one field where both are observedonic to band-to-band, but Landau levels cannot be ignored
As shown previousR? for sample N2, and below in Fig. 10 at such high fields. In this sample with a very low Mn con-
and Fig. 11a) for sample N4, this plot confirms that the PL tent the maximum Zeeman splitting is large enough to fully
transition ino™ polarization closely matches the position of polarize the hole gas, but too small to destabilize the charged
the charged exciton measured in transmission over a finitexciton singlet state.
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FIG. 11. (a) Positions of the transmission linéspen circley and PL lines(full circles) vs the applied magnetic field, in the low-field
range, for sample N4, G@odVinggosTe QW. Theo™ data are plotted at negative fields. The dotted line gives the Brillouin function
determined at high fieldb) Schematic diagram of the initial and final states and of the optical transitionExperimentally determined
energiegsee text of the final states of optical transitions, obtained from datgajndiamonds are for the double liri®q,,, Dpign), circles
for the excitonic line, and the solid lines are drawn using the energies of initial and final state platedrnall 3 panels, dashed vertical
lines indicate the field values for complete hole polarization, and the dash-dotted vertical line indicates the destabilixation of

Let us briefly summarize our findings at this point. In the pletely different situation takes place after the singlet-triplet
presence of a fully polarized hole gas with a density of severossing. Then only the* transition is possible from the
eral 13 cm™2, PL spectra exhibit a crossing of the excited lowest initial state. The opposite triplet state has an energy
states that behaves quite similarly to tiéX* crossing ob- higher by twice the value of the exciton splitting. This is in
served at low hole density. At fields below the crossing, weagreement with the PL polarization experimentally observed:
observe a single PL line in bot" and ¢~ polarizations. Its  The ¢~ line intensity remains almost the same as thatrin
position coincides with the charged excit¥h (which is ob-  below the jump, and it vanishes completely after the jump.
served to emerge in~ transmission from the charged exci-  The conclusion of this section is that the giant Zeeman
ton when the carrier density increagemd it has a short effect induces a crossing between an excited state that in-
decay timgas expected for an excitpand a long formation  volves a two-hole singlet and another one where all holes are
time (as expected for the singlet configuration of the twoin the majority spin subband. There are strong hints that the
holes in the charged excithnThus, the initial state of this first state is the singlet state of the charged excKénthe
transition is likely to be linked to the charged exciton statesecond one could be an uncorrelated electron-hole(jmair
well identified at low carrier density. Above the crossing, thetial state of band-to-band transitionsr a weakly correlated
giant Zeeman energy due to the two-hole singlet is too larg€'triplet state.” With these attributions in mind, we will con-
The excited state, which is now lower in energy, gives rise tdinue the analysis of the spectra.

a double PL lineDjyy-Dpigr 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- We now discuss the final states assuming the same field
nally, the position of the low-energy componéhy,, is close  dependence of the initial states as in the low-density case
to what we would expect for a band-to-band transitiork at (dependence determined by the spin singlet or spin triplet
=0. Some characteristic spectra are given in Fig. 10 for oneonfiguration of the two holgsWe will show that each of
sample, in PL and transmission. these initial states gives rise to two transitions: one toward

The crossing of singlet and triplet levels plays also anthe ground state, and another one leaving the hole gas in an
important role in the polarization of the total PL signal. The excited state. In order to describe the PL in the case of a large
two-hole singlet states, which are the initial states of PLdensity of the hole gas, we redraw the three-particle scheme
transitions in both circular polarizations, differ only by the introduced to describX and X* [Fig. 6a)], now measuring
spin of the electron. Thus the splitting of this level is only all energies with respect to the ground state of the hole gas
1/5 of the exciton Zeeman splitting. Such a small splitting[Figs. 1Xb) and 13.
leads to comparable occupations of both states and hence to The simplest transition takes place én polarization at
comparable PL intensities in both polarizations. Additionally,sufficiently high magnetic field, so that the hole gas is fully
the spin flip time of the electron is relatively long and evenpolarized. For each field, below the destabilization of the
comparable to theX* lifetime.X°0 This prevents fast spin singlet state wherer™ PL disappears, both the PL and ab-
relaxation between the charged exciton singlet states. A consorption exhibit a singler™ sharp line, at almost the same

2. Final states in PL transitions
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I_:IG. 12. _Schematic (_jiagram of the initial and final states inTherefore the final state @high is also the ground state of
optical transitions from Fig. 11. the heavy-hole gafFig. 12d)], while Dy, leaves it in an

: excited statdFig. 12e)].
energy(but for a small, constant, Stokes shiftherefore we . i .
attribute this line to the transitions between the ground state NOte that in a band-to-band description of this double
of the carrier gas and some exciton complex. Due to than€: the transitiorDy,, is a direct one involving an electron
selection rules in transmission this complex is identified as gnd. a hole both aK=0 (thus leaving th? hole gas in an
charged exciton with a two-hole spin singlet and hefec-  orole0,SXaLE Of energy equal o the Fermi energy of the spin-

olarized gas, B¢, keeping the notatio or the Fermi

tron. Ino~ PL, the 4 electron recombines with the minority b J iy hS ¢

3 ' : Y energy at zero field while Dy,y, is an indirect one where the
(upper energy—; hole of the singlet, leaving all the holes in g|ectron recombines with a hole at Fermi level, leaving the

the lower, majority spin subband. The final state is thengle gas in the ground state. This indirect transition might be
ground state, Fig. 1B). In o™ polarization, the absorption ajiowed due to disorder or many body effects. In fact we
trgn5|t|on mvolvmg.the singlet charggd gxcﬂoq state is for-gpserve that the relative intensity of this lilg;g, with re-
bidden. However, if the electron spin flips to;~the PL  spect toD,,, varies from sample to sample. The indirect
transition is allowed ino™* polarization, but does not lead to character is further supported by the observation of the LO-
the ground state of the hole gas: Th§e1ectron recombines phonon replica: In the magnetic field " polarization, a
with a +§ hole, leaving one %hole in the opposite subband. clear phonon replica is observed only ©f;y, [Fig. 13b)].
Therefore the final state is an excited state of energy equal &this is characteristic for transitions that are indirectkin
least to the hole Zeeman splittifig. 12c)]. space, so that the replica includes the phonon wave vector in
When the two excited states cross each other, the initishe conservation rule.
state of the transition changes its character. Experimentally, a From a purely experimental point of view, the splitting of
PL jump is observed i polarization, where the single PL the double line gives the energy of the excited state of the
line turns to a double one. We now identify the final states othole gas towards which the transition takes place in the case
the transitions related to the double line by considering thef the lower component. The variation of this energy versus
crossing. At this particular field, the initial statesdfi po-  carrier concentration will be discussed later in Sec. V B.
larization are degenerate, and the only difference between The ordering of the transition energies may be different
the two singlet initial states io* and ¢~ polarization is the from the ordering of the initial states involved in the transi-
Zeeman splitting of the electron. We already know that thetion: the difference is due to the energy of the final state,
final state ino™ is the ground state of the hole gas. Accordingwhich of course is not necessarily the ground state. Hence,
to our measurements for all samples, at the crossing, than excitonic transition may appear at an energy higher than a
upper component of the PL double lirig,,,, has almost the band-to-band transition. This is the case here if we compare
same energy as the transition[see Fig. 189)]: the differ-  the charged-exciton line i~ polarization(which has the
ence, around 1 meV, is partly due to the electron Zeemaground state as the final statend the intense low-energy
energy(of the order of 0.5 meV at the jumpand what re- component of the double line, which leaves the hole gas in
mains might be due to the different shapes of the two linesan excited state.
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Note also that the hole Zeeman splitting, for the destabiity spin subband and a hole k0 in the empty spin sub-
lization field (the field at which the level crossing takes band: the excitation energy is equal to the Zeeman splitting
place, is a measure of the binding energy of the singlet statef the valence band,E whereE; is the Zeeman shift, as
at zero field. We found this energy to lie between 2 meV andexperimentally foundFig. 11(c), above 0.2 T.

3 meV for all measured samples, independently of the carrier Similarly, we can calculate the energies of the final state
density(Fig. 15). also for the incompletely polarized hole gas. We still assume

Summarizing this part, the PL has an excitonic charactethat the electron is left at the top of the valence band. Then
for o~ polarization, and ir* at low field. At high field inc*  the energy of the final states afg+E, for o* polarization
polarization, a double line is observed. This change is due tandEg—E; for ¢~ polarization, wherd is the Fermi energy
a level crossing between the charged-exciton state that cowf the hole gas measured from the top of the valence band at
tains two holes in a singlet configuration, and an initial statezero field. These energies are plotted schematically in Fig.
of the double line where all holes are in the majority spinl1l(b), and compared to the experimental values below 0.2 T
subband: due to the strong Zeeman energy, the hole paiin Fig. 11(c). Figure 11c) shows also that, as described in
involved in the charged exciton flips from the singlet con-Sec. IV B 2, the final states of the double line are, to a good
figuration to a triplet. Several characteristics of this doubleapproximation, the ground state and an excited state of field-
line (including its shape, but also the dynamics and the coindependent energy.
incidence in energy of the lower component with the energy It is interesting to note that according to the proposed
between first Landau levels extrapolated Be0) suggest level diagram, the distance from the charged-exciton line to
that this transition is quite similar to a band-to-band transithe upper component of the double linedti polarization is
tion. The upper component of the double line involves theequal to the binding energy of the singlet. Thus, this binding
transition to the fundamental state of the hole gas. In a bancenergy(which was deduced above as being equal to the Zee-
to-band picture, such a transition is an indirect one since thenan splitting at the field where the jump occuzan be
electron recombines with a hole at Fermi level. The lowemrmeasured directly on the spectra at the jump, as the splitting
component of the double line is related to a transition to-between two lines.
wards an excited state of the hole gas. This excitation in-
volves no spin flip(all holes are in the majority spin sub- V. CHARACTERISTIC ENERGY SCALES
band. In a band-to-band picture, it is the state after OF THE SYSTEM
recombination ak=0, in which one electron is left at the top ] o ) ] o
of valence band. Deviation from the band-to-band picture, This section is devoted to discussion of characteristic en-

showing that some correlation exists in the electron hole pai€rdies related to the carrier gas. First, in Sec. V A, we com-
will be described in Sec. V B. 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-
C. Low fields: Incomplete hole gas polarization pletely polarize the hole gas, and its Fermi energy. Finally, in

L Sec. VC, we describe the the evolution of the charged-
For low magnetic fields, the dependence of the PL energy. ion dissociation energy with carrier density
on magnetic field significantly deviates from the curve de- ‘

scribing the giant Zeeman effect {(€d,Mn)Te. An example
is given in Fig. 11a) for sample N4. The transition energy
measured at zero field is 1 meV below the Zeeman curve In this section we wish to complete our set of methods of
[dotted line in Fig. 1{a)]. This difference decreases for both characterizing the hole gas in a QW. The carrier density is
polarizations when increasing the magnetic field, and vaneften determined from the shift between the PL and PLE or
ishes for a field stronger than a certain value, equal to 0.2 Bbsorption lines: this is the so-called Moss-Burstein shift,
in sample N4. Above this field, the PL line i polarization ~ which in the case of band-to-band transitions is the sum of
coincides with the absorption lindut for a small constant the kinetic energies of holes and electron&atTo increase
Stokes shift. This lets us conclude that this point is a point the accuracy, these measurements can be carried out in a
of complete polarization of the hole gas. magnetic field, in which the hole gas is completely spin po-
This can be used to obtain an information on the finallarized, so that the magnitude of the shift is doubled. Here
state involved in the transition. This is done by assuming, asve profit from the samples for which the carrier concentra-
above, that the energy of the initial statbe charged exci- tion was determined by direct techniques, Hall effect in one
ton) involves only the electron Zeeman shift, so that the ensample and filling factors at high field in two samples. These
ergy of the final stat¢Fig. 11(c)] is deduced from the tran- three samples were also characterized by standard magneto-
sition energy. As expected, i~ polarization, the final state optics, and the so-called Moss-Burstein shift was obtained.
is the ground state of hole gas. & polarization, the same First we compare the values of the density obtained from
transition leads to an excited state of the hole gas, with onélling factors of Landau levels in transmission and from Hall
hole transferred from the majority spin subband of the vaimeasurements, to the shift between the lower component of
lence band, to the empty spin subband. This excited state istae double line in PLP,,,, and the absorption ia* polar-
spin excitation of the hole gas. Theselection rule is obeyed ization [Fig. 14a)]. The slope is very close to the value
if this excitation is a spin wave &=0 or, in an independent- expected for the Moss-Burstein shitz in a single-particle
carrier description, there is one electrorkat in the major-  approach,

A. Spectroscopic determination of the carrier density
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SIS ] [ as, an e band-to-band transition, which does not include

F ] 2 g d the band-to-band transit hich d t includ

DeF @) * 1. [ © ¢ a singlet state and is observeske Fig. 4 at field values up

R 3 " n ] o a few teslas. However, the intensity of the two absorption

° 3f '”‘QZ to a few teslas. H the intensity of the two absorpt

T 2E _ is st h ines, the charged-exciton transition ifi polarization an

T S | the charged-exciton transition érf polarizat d

g me0Am, 'E ~ the band-to-band transition, is too low, in a single QW

o 12 F y Bolr }’ m, =0.25] sample, to allow a detailed study.

2 T o) g . ] To sum up, we have several well-justified determinations

2 10f 3 5 ] of the carrier densityfilling factors, Hall effect, shi

5 “F . f th densityfilling factors, Hall effect, MB shift

£t & 1 Lt ° 1 betweerD,, and transmission but the most convenient one

; °F E VI ] is to measure the “excitonic mb shift” between the charged-

oo i d B ] exciton luminescence and the transmission line. This can be
0 5101520253 0 2 4 8 done at zero field, or, with a better accuracy, at moderate

MB-triplet (meV) density p (10" cm™)

field; a preliminary calibration is needéBig. 14). It implies

FIG. 14.(a) The hole gas density determined from filling factors that the carrier densities quoted in our previous stddies
in the Landau fan, or from Hall resistance, versus the polarizedvere underestimated by a factor of 1.5.
Moss-Burstein shift between the absorption line and the lower com- One could think that the Zeeman effect needed to fully
ponent of the double PL lin®y,, in o* polarization; the solid line polarize the hole gas could be another way of determining its
is the calculated slope using the electron and hole masses as déensity. We will show below that this involves a strong con-
scribed in the text(b) “Excitonic mb shift” (measured in* polar-  tribution from carrier-carrier interactions.
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 ~ As discussed above, the analysis of the PL in magnetic
line DpigirDiow—the energy of the final state involved in thy;y,  field allowed us to determine different characteristic energies
component—vs the carrier density. Note that two samples havef the completely or partially polarized hole gas. First of all,
been measured at different carrier densities, changed either opticalthe reliable determination of the hole density allows us to
(sample N4, trianglgsor through an electrostatic gateample D3,  calculate the Fermi energy at zero field in the single-particle
circles and sample D50, diamond©pen diamonds represent the approach:
valence band Zeeman splitting at complete hole gas polarization;

B. Energy scales in the hole gas

gray area is the Fermi energy of the polarized hole gas. E.= ﬂ'ﬁzp
F— .
Mhh
p= My  MgMhn E In the fully polarized gas, it isE-. As mentioned in Sec.
27h2 M+ My MB- Ill, depending on the description of the valence band, the

heavy-hole effective mass might vary from Oniy/up to

This confirms that the double line is very close to a band-to0.25m,. The range of possible values of the Fermi energy is
band transition. Therefore this is in principle the bettermarked by the gray area in Fig. (t4
choice for a spectroscopic determination of the carrier den- The splitting of the double lin€Dy,iqi-Dy,y) gives the en-
sity. ergy of the excited state of the hole gas, which is the final

However, the shift between the charged-exciton PL andtate in the transition related to the lower comporepy,.
the absorption line, at intermediate field, is usually muchThis excitation involves no spin flip, i.e., all carriers are in
easier to measure. Here again, it can be measured in a matipe majority spin subband. This energy increases with the
netic field high enough to fully polarize the hole gas, butcarrier density, as shown in Fig. @4 In a single-particle
below the jump to the double lirfé.We will call this shift  band-to-band description, an electrorkat0 may recombine
“the excitonic mb shift.” We find it to be a linear function of with any hole with wave vector betwedt=0 and k=kg,
the real Moss-Burstein shift and of the carrier den§itig.  particularly if the rule of conservation of the wave vector in
14(b)]. In the present case this “excitonic Moss-Bursteinthe optical transition is relaxed by disorder. In a nonpolarized
shift” is smaller than the calculated Moss-Burstein shift by agas, the intensity is enhanced at the low-energy edge due to
factor of 1.5. Hence we confirm that this proceddrpro-  a larger recombination rate, and at the high-energy edge due
vides an accurate evaluation of the relative hole density, antb the so-called Fermi edge singularity. Then the width of the
even of its absolute value once a proper calibration has bedime is equal to the Fermi energy of the hole gas. One could
done. imagine to have similar effects in a polarized gasth a

The final state in thes* absorption process has to be width equal to E¢ for a fully polarized gap
discussed, probably by considering an excitation of the hole It is clear in Fig. 14c) that at low carrier density the
gas in the presence of the bound stégmglet trion. The  splitting of the double line is larger than the Fermi energy of
intensity of this line rapidly decreases " polarization, the hole gas, and it appears to deviate from linearity. Recom-
since it needs the presence of a minority spin hole to fornbination of electrons with a finite wave vect@ue to slow
the two-hole singlet state. Note that, for this reason, a clearelaxatior) would add to that the kinetic energy of electrons
distinction has to be made between the excitonic transitionyp to ke. This is, however, unlikely since the double line
observed in the presence of the incompletely polarized holappears as a whole at the crossing, with a uniform lifetime
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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 ggsdasmon, combination of
single particle excitations, many body excitations, %}c.
with a total wave vector equal tq-. At large carrier density,
the Dpigi-Diow splitting tends to match the Fermi energy, as
expected for simple band-to-band transitions. iy
It is thus difficult to obtain the precise nature of the initial 0 1 2 3
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- G, 15. Dissociation energy of the charged exciton, determined
ably involved. It is not clear whether a triplet state of the from the level crossingsquares vs the carrier density; the solid

charged exciton could be stabilized by the Zeeman energyne shows thex-X* splitting determined from absorption spectra in
Up to now, triplet states have been described in nonmagnetiges. 23.

QW's at field values large enough to alter the orbital motion

of the carrierd®-20:3%:3which is not the case here. At large . o _
carrier densities, these bound states will become more ana d the Fermi energy is given in Fig.(t4 We find that the

e e _single-particle Fermi energy is over two times larger than the
more difficult to distinguish from an uncorrelated electron valence band splitting at complete polarization. Such an en-

?ho;ehpi)a;]r_,etr)]uetrfor g;emfac()::“tergt_m tshheoﬁﬁjs?gr:‘?sﬁf I\?&:r?g\'/c;nshancement of the susceptibility of a carrier gas is known to
g ay P high ' be the result of many-body interactiotis®® It is usually

found that the relative intensity of the two components of the .
double line changes from sample to sample. In the case of %ilicﬂlst:g dfgirre?:rt] ir?ls?c;[]rtotr:) ?h?)ss.e(g?f:acstgsitr?r; h%ll\(/eesaz very
band-to-band transition in the presence of a nonpolarizeH \7Vith this in mind itgis worth to come back to the%iséus—
gas, the high-energy component is expected to be enhanced !

. . ; . o
by disorder and by the formation of the Fermi edge singular—smn of the final state involved in the* transition from the

ity at low carrier densitywhich eventually evolves into the charged exciton. This state was described in terms of single-

charged-exciton transitignThe situation is different in the particle excitations in Sec. IV C. However, one should note

9 . hat this description holds only if one applies to the energy of
present case of a polarized gas. We clearly and systema hese excitations the same reduction factor as for the Zeeman
cally observe that the intensity of this high-energy compo-

nent increases when the carrier density is decreased in oﬁ@“ttmg needed to get full polarizatiofie., the inverse of

sample(by barrier illumination or by using p-i-n structure. the enhancement of spin susceptibility
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- The dissociation energy of the charged exciton can be
citon, as discussed abgve measured as the charged-exciton—neutral-exciton splitting at
We have no indication of a relationship with disorder very low carrier density. At moderate carrier densities, it was
(which could be induced by alloy fluctuations at larger Mnfound that the distance between the charged exciton and the
content or by the electrostatic disorder known to be presenteutral exciton varies with the carrier concentration. This
in the p-i-n samples In such disordered samples, we gener-variation has been studied in absorption experiments for both
ally find that the charged exciton persists at larger values oK* and X~ in CdTe-based QW23 It is linear with the
the spin splitting. This might be an indication that in thosedensity of carriers in the spin subband promoting the forma-
samples, disorder more severely affects the bound stateon of the charged exciton. Similar results have been found
likely to be easier to localize. This is in particular the case offor GaAs (Ref. 21) and ZnSe-base(Ref. 2 QW's.
samples with a larger Mn content, which display carrier- In this work we have shown that the jump from the single
induced ferromagnetic interacti6h.In such samples, we X' line and the doubl®y,gr-Dyoy lines, observed i po-
have indeed observed the jump from the charged-exciton Plarization, measures the binding energy of the charged exci-
to the double line: it could be induced not only by the giantton (the Zeeman splitting of the valence band at this field
Zeeman splitting under applied magnetic field, as in thegives directly the zero-field splitting of the levgl§his dis-
present study, but also by the splitting due to the spontaneowsbciation energy is plotted versus the carrier density in Fig.
magnetization. 15. No significant variation was observed, the splitting stay-
Another characteristic energy is the valence band Zeemaing between 2 and 3 meV for all measured samples.
splitting for which the hole gas is completely polarized. Itis  The apparent discrepancy between the line splitting in ab-
determined by the analysis of the evolution of the position ofsorption spectra and this result of an analysis of the level
the PL and absorption lines. At this particular field, and in acrossing leads to the conclusion that in absorption, the sys-
single-particle approach, the Zeeman splitting of the valencéem is left in an excited state that is at higher energy than the
band is equal to the Fermi energy. The comparison betweegnergy of the neutral exciton alone. This is in agreement with
the Zeeman splittingwhich is well known in(Cd,Mn)Te]  theoretical work¥-2° that demonstrate that the increase of

X" dissociation energy (meV)

density p (10" em®)

C. Spectroscopy and energies related to the charged exciton
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the line splitting measured on the spectra is due to a transfgrerimentally find that, in the range of hole densities explored
of oscillator strength to a high-energy tail of the exciton line, (from 0.5x 10! to 4X 10* cm™), it increases with the car-
which contains exciton-carrier scattering stagesunbound  rier density, but remains smaller than ttdoubled Fermi
states of the trion Note that in the present study, we have anenergy. This enhancement of the spin susceptibility is by a
unambiguous determination of the binding energy of thefactor at least larger than 2. However, in agreement with
charged exciton, but no real determination of the excitedKohn’s theorem(which might not apply in the valence
state, with respect to which this binding energy is measuredhand, the observed spectroscopic splitting is not changed.
We simply know that this excited state contains holes all in  The double line observed in* polarization at a large-
the majority spin subband, and is close to the neutral excitoenough spin splitting displays several features of a band-to-
at low carrier density and to uncorrelated electron-hole paiband transition. The high-energy componé&h,, has the

at high carrier density. 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 &0 in the conduction band
recombining with a hole at Fermi wave vector in the valence

We have studied a series of £gMn,Te QW’s, with X l:_)and,_ so that _the final state is the ground state. This transi-
below 0.01, containing a hole gas of density up to 5%ion, indirect in the reciprocal space, can be made to be
X 101 cmi2, In all samples, we observe either a dichroic ”nesllghtly allowe_d by q|sorder and carrier-carrier interactions
(one line in each of the'*/ o~ polarizations, with a splitting  (Fermi edge singularity but also by the creation of a phonon
related to the giant Zeeman effgatt low values of the hole With @ wave vector equal tke. The high-energy component
spin splitting, and a double line in* polarization only, at  Dhigh leaves some excitation in the carrier gas: in the band'-
large spin splitting. In the first case, the spectra continuouslye-Pand description, this final state corresponds to the exci-
emerge from theX" charged-exciton lines as the carrier den-tation of a hole fromk=0 to ke, the single-particle energy
sity increases, and keep several characteristic features of tfing équal to B¢ in our notation(i.e., the Fermi energy of

trion PL. In the other case, they resemble spectra due ti1€ fully polarized hole ggsWe note that this line is ob-
band-to-band PL transitions. served close to the energy extrapolated at zero field for the

The jump from the trionlike spectra to the double line is fransitions between Landau levels, and also that a weak but
due to a crossing of the initial levels of the transitions. Thedistinct absorption line is seen it polarization at complete
charged exciton contains two holes arranged in a sing|e|fI0|e polarization, with a shift with respect to the present
state, which costs an energy equal to the hole spin splittind®Wer component of the PL doublet nearly equal to the cal-
When the hole spin is larger than the dissociation energy ogulated Moss-Burstein shift. Hence _the absorption line, .the
the charged exciton, the charged exciton is destabilized iffWer component of the double PL line, and the absorption
favor of a state where all holes are in the majority spin Subj_mes at integer filling factors_ can be qualitatively understood
band. We note that such large values of the spin splitting af? terms of electron-hole pairs. o
low field can be achieved only in diluted magnetic semicon- However new features appear when a more quantitative
ductors with a hole gas: In the case of an electron gas, &€scription is attempted. The main discrepancy is the split-
least four times larger Mn contents would have to be useding between the two components of the double line. It is
We find that the dissociation energy of the charged excitoii€finitely larger than the Fermi energgoubled since at full
coincides with theX/X* spectral splitting only at low carrier Polarizatior) expected for the single- particle excitation pro-
density. At moderate carrier density, the spectral splitting infnoting a hole from fronk=0 to kg. This is particularly evi-
creases with the carrier densiip agreement with the results dent at intermediate carrier density while at the higher den-
of theoretical studies which consider excitations accompanySities achieved, and considering the larger fluctuation of our
ing the creation of the excitopswhile the dissociation en- data, it approaches the expectei-2value. As we have
ergy stays constant. s_hown _th_at the dyn_an_mcs of the qlouble line implies that a

At very low spin splitting, the PL line and the absorption single mmal_state is mvolv_ed,l this energy has to be ac-
line do not coincide in energy‘excitonic Moss-Burstein ~counted for in terms of excitations of the hole gasgle-
shift”). This we ascribe to the fact that the position of theParticle excitations or combinations of them, or plasmons,
absorption line involves the creation of excitations of thet@king into account the effect of carrier-carrier interactjons
hole gas in the presence of a charged exciton at Fermi wavEehe previous dlscuss!o_n of this double line as being close to
vector, and that the position of the PL line involves excita-2 band-to-band transition suggests that the final state has a
tions of the partially polarized hole gas resulting from thetotal wave vector equal 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 ACKNOWLEDGMENTS
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