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We compare resonant electronic Raman scattering and photoluminescence measurements for the character-
ization of a spin-polarized two-dimensional electron gas embedded in Cd;_,Mn,Te single quantum wells. From
Raman scattering by single-particle excitations in a zero magnetic field, we measure the Fermi velocity and
then obtain the Fermi energy (as well as the electron density), which is comparable to that extracted from
photoluminescence for moderate electron densities, assuming a bare band-edge mass. At large electron densi-
ties, the Fermi energies derived from Raman scattering and photoluminescence differ. For an applied in-plane
magnetic field and zero wave vector transferred to the electron gas, Raman scattering spectra show peaks at
both the Zeeman energy Z, resulting from collective excitations of the spin-polarized electron gas, and the one
electron spin-flip energy Z*. Magnetophotoluminescence spectra show conduction band splitting that are
equivalent to Z, suggesting that collective effects are present in the photoluminescence spectra. Assuming an
uncorrected band-edge mass, the degree of spin polarization ¢ determined from the magnetophotoluminescence
line shape is found to differ from that derived from the magnetic field dependent Raman scattering measure-
ments for large electron densities. We attribute the discrepancy in measuring { and the Fermi energy to the

renormalized mass resulting from many-body electron-electron interactions.
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I. INTRODUCTION

Over the past couple of decades, two-dimensional elec-
tron gases (2DEGs) embedded in quantum wells have pro-
vided a unique means for understanding many-body ex-
change and correlation effects (of the Coulomb interaction).
However, direct study of spin-polarized two-dimensional
electron gases, important for the understanding of spin phys-
ics, only began in the past decade. This is due in part to
advances in growth techniques of dilute semimagnetic quan-
tum wells with high electron mobilities,! especially those of
II-VI materials which serve as ideal systems to study the
spin-polarized case, and in part to applications in spin-
tronics—the use of electron spin in semiconductor devices as
opposed to electron charge.?

In II-VI paramagnetic heterostructures, spin polarization
of the 2DEG is achieved through the application of an exter-
nal magnetic field. This produces a large Zeeman splitting,
induced through exchange interaction between the conduc-
tion band electrons of the quantum well and the Mn?* ions.?
This means that in small magnetic fields, spin quantization
dominates over orbital quantization, leading to a spin-
polarized 2DEG rather than quantum Hall states as found in
GaAs quantum wells.*> Further, for the same electron den-
sity n,, the dimensionless coupling constant r;, which de-
scribes the strength of many-body electron-electron interac-
tions, defined as 1/ag\mmn,, is large due to the small Bohr
radius ap that these materials exhibit. Corrections due to ex-
change correlations, therefore, become important and will
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inevitably renormalize the electron mass®® and the Zeeman
splitting,” and hence, affect the manner in which the spin-
polarization degree and the Fermi energy of an electron gas
are determined by spectroscopy.

In this work, we present a quantitative comparative study
of fundamental parameters—the Zeeman energies, the spin-
polarization degree, the electron density, and the Fermi ener-
gy—of a spin-polarized 2DEG embedded in Cd,_Mn,Te
single quantum wells using resonant electronic Raman scat-
tering and photoluminescence (PL) in both zero and applied
magnetic fields in the Voigt configuration. We will demon-
strate that our PL results show collective behavior, allowing
us to extract the bare Zeeman energy instead of the renor-
malized one, while Raman scattering measurements show
both. Additionally, we will show that for the range of densi-
ties accessible to us (r, between 1.8 and 3), an understanding
of the renormalization of mass due to exchange-correlation
effects is needed to explain the difference we observe in our
measurements for the spin polarization and the Fermi energy
for large electron densities using both Raman scattering and
PL.

PL is a widely used spectroscopic tool for probing inter-
band electronic excitations.!®"!7 In a zero magnetic field, PL
corresponds to electrons excited by absorption of photons
above the absorption edge of the 2DEG: an electron is ex-
cited into the conduction band and a hole is created in the
valence band. The hole then relaxes to the top of the valence
band where it becomes localized due to ionized impurities
and potential fluctuations, while electrons thermalize with
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the Fermi sea. This is followed by a recombination of the
conduction band electrons with the localized holes. Wave
vector conservation is relaxed, allowing for recombination of
all electrons with any finite wave vector. The result is a broad
line shape, the spectral width of which corresponds to the
Fermi energy (neglecting Coulomb interaction of the recom-
bining electron and hole). In an applied magnetic field, both
electron and hole bands split into two spin subbands, and
recombination processes occur between these bands (see Sec.
IV B 2).

Raman scattering is also a well-established tool for study-
ing low energy intraband elementary excitations of electron
gases embedded in semiconductors. In the polarized configu-
ration, in which the incoming and the outgoing light have the
same polarization, Raman scattering probes charge-density
fluctuations (plasmons) and single-particle excitations of an
electron gas.*>!82! In the depolarized configuration, in
which the incoming and outgoing light polarizations are or-
thogonal to each other, it probes, in zero applied magnetic
field, spin-density excitations* and single-particle excita-
tions,?? and in an applied magnetic field, it also probes spin-
flip excitations.>?32

This paper is arranged as follows. We describe and define
the various excitations of a spin polarized two-dimensional
electron gas, the bare and the renormalized Zeeman splitting
energies, and the spin polarization in Secs. II A and II B. In
Sec. I C, we compare a few methods for obtaining the Fermi
energy and the carrier density. The samples and experimental
setup are presented in Sec. III. Experimental results are given
in Sec. IV for both Raman scattering and PL. measurements
in two parts: Sec. IV A presents the zero magnetic field re-
sults for the determination of the Fermi energy, and Sec.
IV B presents the magnetic field dependent measurements
for deducing the degree of spin polarization, the bare and
renormalized Zeeman splitting, Z and Z*, respectively. We
will discuss our results in depth in Sec. V, beginning with a
comparison of the obtained Fermi energy values in Sec. V A.
An interpretation of the PL line shape and the Raman scat-
tering results in terms of collective and single-particle behav-
iors is given in Sec. V B. In Sec. V C, we end with a discus-
sion of the spin-polarization values obtained from PL and
Raman scattering. Finally, we conclude in Sec. VI.

II. SPIN-POLARIZED TWO-DIMENSIONAL ELECTRON
GAS AND THE CARRIER DENSITY

A. Single-particle excitations and the Zeeman energies

Single-particle excitations (SPEs) correspond to the ki-
netic energy change due to the transfer of a wave vector to an
electron gas by an exciting light source. To access the true
excitation spectrum of single electrons across the Fermi disk,
Raman scattering in the polarized configuration is used since
screening mechanisms due to plasmons are killed under
strong resonance conditions.?? Thus, in a zero magnetic field,
the dependence of the SPE spectra on the in-plane wave
vector gives the Fermi velocity. From the Fermi velocity and
independent knowledge of the effective mass,?® the electron
density and the Fermi energy can be deduced for an electron
gas (see Sec. IV A).
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In an applied magnetic field and for zero wave vector
transferred to the electron gas, the energy of the collective
spin-flip excitation, corresponding to all electrons simulta-
neously flipping their spin from spin down to spin up, and
vice versa, has been shown to follow Larmor’s theorem?’
and to equal the bare Zeeman energy Z [see Fig. 3(a)].>?* In
the presence of electron-electron interactions, the energy of
the single electron spin-flip excitation, corresponding to a
single electron flipping its spin, is shifted from Z by a local
exchange-correlation field and leads to a renormalized Zee-
man energy Z [see Fig. 3(b)].%24?8

B. Spin polarization

The degree of spin polarization of an electron gas is de-
fined as

{=(ny—n)lng +n)) = (ke —kp )k + k5, (1)

where 7, (n)) is the density of spin-up (spin-down) electrons,
and kg (kg)) is the Fermi wave vector for the spin-up (spin-
down) electrons. Assuming the same effective mass for the
spin-up and spin-down subbands, which are split by Z" [refer
to the insets of Fig. 3], { can also be expressed as

{=-Z"12EL0), (2)

where Ep(0) [=h%mn/m", m" is the effective mass] is the
Fermi energy in zero magnetic field.

A few groups have considered the spin-polarization de-
gree of 2DEGs in quantum wells. For example, in a previous
study, Lemaitre et al. pointed out the full spin-polarization
state of electrons embedded in Cd ;,Mn o3 Te quantum wells
using magnetoabsorption studies in the Faraday geometry.?
Independently, Astakhov et al’® also deduced the spin-
polarization degree from the oscillator strength of charged
excitons in CdMnTe quantum wells using magnetoreflectiv-
ity measurements. In the first case, the spin-polarized physics
is dominated by Landau quantization effects in the Faraday
configuration. In the second case, low electron densities were
considered with trion and exciton states dominating. For a
degenerate electron gas out of Landau quantization, it is im-
portant to find an alternative means of obtaining the Cou-
lomb modified spin polarization. We will show that this pos-
sibility is afforded by both Raman scattering and PL.

C. Density and Fermi energy measurements

Carrier density, and essentially the Fermi energy by the
definition above, in modulation-doped quantum wells has
been measured by several means in the past. We discuss a
few of these methods as follows. For low (~10'° cm™?) to
very low electron densities (~10? cm™2), optical detection of
(dimensional) magnetoplasma resonance was used to deter-
mine electron densities in III-V quantum wells,3! and for
high mobility carriers and concentrations, magnetotransport
methods have been used for I1I-V materials.’> However, due
to low mobility carriers in II-VI systems as compared to
III-V systems, it is difficult to measure the carrier density by
these means since the cyclotron frequency is smaller than the
inverse of the relaxation time to be observed by far-infrared
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or microwave spectroscopy. We note that although our
samples have high carrier mobilities and concentrations, the
presence of Mn impurities renders transport measurements
difficult. For such systems, carrier concentrations have been
determined by other means: for example, by measuring the
Moss-Burstein shift, in which the difference between the PL
maximum and the absorption peak is determined;!""!” by fill-
ing factors of Landau levels in transmission,'"!3 and through
magnetoreflectivity spectra of charged excitons.’® Measure-
ment of the Moss-Burstein shift requires knowledge of the
electron and hole masses. Additionally, for low carrier con-
centrations, the shift is difficult to measure since excitonic
effects dominate the spectra. Measurement of Landau level
filling factors provides information on large carrier densities,
while magnetoreflectivity of charged excitons is less sensi-
tive to high carrier densities.

An additional way of extracting carrier concentration,
which has worked for II-VI and III-V systems, is the mea-
surement of the PL linewidth;!*33 however, due to disorder
effects and wave vector breakdown, this method can some-
times provide inaccurate information (as we will show later
in Sec. IV A 2). An adequate fitting model is necessary to
determine the density from the PL line shape.’* Another
method for extracting carrier densities in quantum wells is
dispersive Raman scattering of intrasubband plasmons,
which has been demonstrated for both III-V systems® and
II-VI systems.'® Dispersive Raman scattering by plasmons,
while shown to provide an excellent estimation of the elec-
tron density, also suffers from drawbacks. The observation of
the plasmon mode in certain materials is limited by disorder,
and it becomes difficult to access by Raman scattering.® In
this paper, we will focus on the determination of the electron
density and the Fermi energy from an analysis of the PL line
shape and by Raman scattering of single-particle excitations.
With the exception of a few reports,>3’3° the above means
of measuring the density (the Fermi energy) have not con-
sidered the influence of the mass renormalization due to
many-electron interaction, which we will show is important.

III. SAMPLES AND EXPERIMENTAL SETUP

Raman scattering and PL. measurements were carried out
on several samples with differing Mn?* concentration and
electron density. The structures were grown by molecular
beam epitaxy on GaAs substrates.! The samples each com-
prise a 15 nm thick Cd,_Mn,Te quantum well. The barriers
of our quantum wells were made of Cd,_ Mg Te with y
=15% Mg. Modulation doping was achieved by introducing
iodine within the Cd,;_,Mg Te top barrier with a spacer
thickness of 40 nm. The Mn** concentration ranged from
0.46% to 1.1% and was determined from Raman scattering
measurements (see Sec. IV B 1). As a representative, one
sample that we will constantly refer to for our comparative
study, sample B, had a Mn?* concentration of x=0.75%. Our
samples were immersed in superfluid helium (~1.5 K). A
tunable Ti: sapphire laser (pumped by an Ar* laser), with
power densities below 0.1 W/cm? to avoid heating the Mn?**
ions, was used as the exciting laser source. The laser was
tuned to resonate close to the transitions between the first
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FIG. 1. (a) Raman scattering spectra (dots) by SPEs for different
wave vectors ¢, and line fit using the Lindhard dielectric function
(solid lines), for sample B. A background contribution is also in-
cluded in the spectral line fits. (b) Peak positions of the SPE lines
shown in (a), plotted as a function of g. The Fermi velocity is
obtained from the slope in (b). The density and the Fermi energy
Ep Raman(0) of the electron gas are then extracted from the line

fitting in (a) and the Fermi velocity in (b) using the uncorrected
mass (see text).

conduction band and the first heavy-hole band of the quan-
tum well (E,H, absorption edge) at =1.62 eV. For magnetic
field dependent studies, our samples were mounted in the
center of a 4.5 T superconducting solenoid producing a mag-
netic field in the plane of (Voigt configuration) and perpen-
dicular to (Faraday configuration) the quantum well. Raman
scattering measurements were carried out in the backscatter-
ing geometry.

IV. EXPERIMENTAL RESULTS
A. Zero magnetic field

In this section, we will determine the Fermi energy and
the electron density of our 2DEG systems using both Raman
scattering and PL. We will begin with the determination of
the Fermi velocity and then the Fermi energy Ep gyman(0) by
dispersive Raman scattering of SPEs. Later, we will present
results on the PL line shape and deduce the Fermi energy
Epp(0).

1. Fermi velocity determination from Raman scattering by
single-particle excitations

Figure 1(a) shows Raman scattering spectra by SPEs in
the polarized configuration, at various in-plane wave vectors
for sample B. For a given wave vector g, the intensity of the
SPE line extends from zero to a maximum with peak at
hvrq, where v is the Fermi velocity. The linear dependence
of its frequency (=vpq+#fg®/2m") on the corresponding g,
for small g values, results in a slope which is proportional to
vp. We obtain vy in two ways. In the first, we take the value
of the peak position of the SPE lines, shown in Fig. 1(a) for
various wave vectors, and plot them as a function of ¢ in Fig.
1(b). The slope of the resulting line gives vy. Using the bare
band-edge mass*® m,(=0.105m,) obtained from cyclotron
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TABLE I. Sample parameters. Values of Uz ramans s> @d Ep raman(0) were determined from the Lindhard
line shape fits, as described in Sec. IV A 1. The values of Ef gaman peak(0) Were determined from the SPE
peak position described in Sec. IV A 1. The determination of Ef p;(0) and Ep py, peax(0) is described in Sec.
IV A 2. The manganese concentration is determined from the Raman measurements, described in Sec.

IVB 1.
ng xMn UF,Raman Epraman(0)  Erraman peak(0)  Eppr peax(0)

Sample (X10" ecm™) (%) (X10°cm/s) (meV) (meV) (meV) Erp(0)
F 1.6 0.82 11.1 3.6 3.2 3.0 4.2
H 1.9 0.96 12.1 4.4 4.0 3.6 4.6
C 2.1 0.79 12.7 4.8 4.5 3.5 4.6
| 2.2 0.96 13.0 5.0 49 3.3 4.6
D 2.3 0.78 13.3 5.3 4.9 4.1 5.3
G 2.3 0.84 13.4 5.4 5.0 4.3 5.4
J2 1.10 2.8 4.2
E 2.7 0.81 14.3 6.1 5.5 3.8 5.2
B 2.9 0.75 14.9 6.5 6.2 7.2 8.5
A 3.0 0.46 15.1 6.8 6.7 7.0 8.2

% could not be obtained from Raman scattering.

measurements, we determine the electron density n, and the
Fermi energy, which we define as

Epraman(0) = (1/2)myv* = B2 Jmy,. 3)

In the second approach for obtaining vy, we use the
Lindhard dielectric response function, including a broaden-
ing parameter (~0.12 meV) to phenomenologically account
for the finite lifetime of the electron states, and numerically
integrate over the Fermi disk as outlined in Refs. 13 and 40.
We again use m,, in our fit. Note that the values deduced from
the Lindhard fits [shown in Fig. 1(a) as solid lines] serve as
checks for the values obtained from the SPE peak position.
In Fig. 1(a), we describe the background upon which the
SPE line rides, associated with the upper tail of the lumines-
cence, as an exponential function, increasing toward lower
absolute outgoing photon energies. This background was
then added to the Lindhard function to enable a fit to our
data, shown in the figure. From each fit, a value for vy was
determined and an average was taken over the range of wave
vectors explored. Er gaman(0) and ng were then obtained us-
ing Eq. (3). These values, from the Lindhard fit, are given in
Table I for all samples studied. The values of the Fermi en-
ergy obtained from the SPE peak position, labeled
EF Raman peak(0), are also given in Table 1. In the case of
sample B, from the Lindhard fit, n; and Epgaman(0) were
found to be 2.9 10'"! cm™2 and 6.5 meV, respectively. The
values determined from the SPE peak position, for the same
sample, for n; and Ep gaman peak(0) Were 2.7 X 10" cm=2 and
6.2 meV, respectively, such that there is a good agreement
between the two methods. The peak position coincides with
the maximum of the Lindhard dielectric response function
and, hence, the good agreement with the line fitting is as
expected for all samples, except sample E: Epg,man(0) ob-
tained from the Lindhard fit was 6.1 meV, while that ob-
tained from the peak position was 5.5 meV (see Sec. V A for

further discussion and comparison with the Fermi energy
value determined from the PL line shape).

2. Fermi energy determination from the photoluminescence
line shape

We now consider extracting Epp; (0) from the PL line
shapes shown in Fig. 2(a). The PL line shape shows a char-
acteristic peak or maximum, which without disorder is asso-
ciated with the energy gap recombination. The intensity de-
creases gradually with increasing photon energy to form a
shoulder and then an edge positioned at the energy gap plus
the Fermi energy. By naively taking the difference between
the PL maximum and the PL edge, as illustrated in Fig. 2(a)
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FIG. 2. (a) (Color online) Normalized PL spectra for several
chosen samples with different Mn?* concentrations and electron
densities. The Fermi energy values are extracted from the PL line
shape as explained in the text. The PL line shape for sample B
shows an approximate measure of the Fermi energy value (vertical
dotted line) given as Ep pppeqc(0) in Table I and the PL line shape
fitting (blue dashed line). (b) Schematics of the conduction band
(CB) and valence band (VB) used in our fitting model given in Eq.
(4). A sample PL spectrum is shown, depicting contributions to the
various components in the expression (see text).
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for sample B, one obtains Fermi energy values that are less
than those predicted by the Raman scattering measurements.
These values are given in Table I and labeled EF,preak(O).
For example, for sample C, we obtained Ep pypea(0)
=3.5 meV as compared t0 Ergyman(0)=4.8 meV. The large
error in estimating the Fermi energy is due to the precise
determination of the fundamental band gap from the PL
spectra. Broadening due to disorder causes the energy gap to
be different (shift to lower energy) from the PL maximum;
therefore, an adequate model is needed to extract Ef py(0)
from the PL line shape.3**!*> We perform such a PL line
shape fitting analysis using a phenomenological model de-
scribed below.

Christen and Bimberg* reported a detailed calculation on
PL profiles of quantum wells by considering, separately,
free-electron, free-hole, and excitonic recombination pro-
cesses, and by accounting for broadening effects due to ther-
mal distribution of carriers and interface roughness or com-
position fluctuations and final state recombination processes.
In addition, the authors considered both wave vector conser-
vation and nonconservation. In the same spirit, we present a
phenomenological model that describes the PL line shape of
our 2DEG systems. We assume a parabolic band throughout
this paper, neglect lifetime broadening due to final state re-
combination processes, and assume an infinite heavy-hole
mass (so that the valence band is flat with respect to the
conduction band) as the holes are localized. Note that for the
electron densities considered in this paper, Coulomb interac-
tion between the Fermi disk and the hole state, known to
affect the PL line shape for very low electron densities,'> has
been shown to be inhibited by screening and phase space
filling; thus, the PL spectrum reproduces single-particle oc-
cupancy of the density of states.'®* We can, therefore, dis-
regard excitonic effects in the PL line shape. We treat sepa-
rately potential and energy fluctuations due to disorder
effects and assume that the Fermi energy is constant. For
nonconservation of wave vector, an analogous form of Eq.
(18b) of Ref. 34 for our PL line shape is

I(E)=Af(E-Ey~E,) f dxe® = E1CYIQ(E — x) e EVEs,
0

(4)

Going from left to right of Eq. (4), A is a proportionality
constant and f(E—Ep—E,) is the Fermi distribution function,
where E, is the average energy gap, Ep is the Fermi energy,
and E is the photon energy. The Gaussian envelope function
with y accounts for broadening due to disorder effects on the
low energy side of the PL spectrum, and it corresponds to the
width of the fluctuations in energy of the hole band due to
disorder. The hole state, because of its heavy mass, is readily
sensitive to electrostatic potential fluctuations caused by dis-
order effects, resulting in hole localization. Since the electron
mass is smaller than the hole mass and screening effects
dominate in the electron plane, we assume zero potential
fluctuation for electrons.** The integral parameter x is the
local energy gap, the modified gap as a result of the fluctu-
ating hole energy states. The unit step function @(E-x) is
included to account for the electron and hole joint density of
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states. We have assumed an exponential decay function
eE=YE5 for the wave vector breakdown since this function
gives a better description of the high energy portion of the
PL line shape compared to a Lorentzian or Gaussian
function.¥ Eis a constant associated with wave vector non-
conservation and it relates to the localization of the hole
band in k space due to in-plane potential fluctuations.**
These contributions are depicted in Fig. 2(b).

The adjustable parameters used in fitting our data [shown
in Fig. 2(a)] in Eq. (4) are A, v, E,, Es, and Ep. We empha-
size that the influence of these parameters on the line shape
fitting model is well separated so that each parameter is
uniquely determined. We have used 7,=7,=T=1.5 K as the
experimental temperature. A sample fit is displayed in Fig.
2(a) as a blue dashed line for sample B. The discrepancy
between the fit and experiment at the Fermi edge results
from the presence of a Fermi edge singularity. The values
obtained for E p; (0) are given in Table I for all samples. The
values for Ej, E,, and 7y range from ~2 to ~5 meV, from
1602 to 1617 meV and from ~0.7 to ~1.2 meV, respec-
tively. For such a simplified fitting model, we find that
Erpr(0) and Efpaman(0) are identical except for samples A,
B, and E. For sample B, Epp;(0)=8.3 meV, much larger
than Er paman(0)=6.5 meV. We will discuss the results fur-
ther in Sec. IV A. Next, we analyze the PL line shape.

3. Further analysis of the photoluminescence line shape

We comment on additional features of the PL line shape.
First note that, in Fig. 2(a), the energy gap (near the PL
maximum) increases in energy with increasing Mn** concen-
tration, going from sample A to sample J. The fitted values
evolve from 1602 to 1617 meV. The dependence of the en-
ergy gap on Mn”* concentration has been reported by Mat-
suda et al.>” on CdMnTe systems, and independently by Ko-
ssut and Dobrowolski.*®

Secondly, the PL line shape gradually changes from
sample A (large density) to sample J (low density), showing
a gradual smearing of the shoulder near the Fermi edge.
Similar observations were made on Cd,_Mn,Te quantum
wells, for example, in Refs. 18 and 15. The behavior was
qualitatively attributed to potential fluctuations which cause
nonvertical recombination between conduction electrons and
photogenerated holes. Depending on the amplitude of the
potential fluctuation, related to E 4 in our model, the PL line
peaks at the zone center (as is the case for sample A) or
extends to the PL edge (as is the case for sample J).!>!8 This
effect increases with decreasing electron density as observed
from sample A to J due to increasing sensitivity of electrons
to the potential fluctuation. We, therefore, fit the PL line
shape considering potential fluctuations in the electron plane.
For sample A, we obtained E s~ 2 meV, and for sample J, we
obtained Es~5 meV.

B. Magnetic field effects

We now present the magnetic field dependent results. As
in the previous section, we will start with Raman scattering
measurements and later present the magneto-PL results.
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FIG. 3. Raman scattering measurements on sample B for vari-
ous in-plane magnetic fields (Voigt configuration). Two lines corre-
sponding to the collective and individual spin-flip excitations asso-
ciated with the bare Zeeman splitting Z and the renormalized
Zeeman splitting Z”, respectively, are shown, in accordance with
Larmor’s theorem at zero wave vector. (a) and (b) show the spin
splitting of the conduction band with two spin populations: spin up
ny and spin down n|. (a) shows the collective spin flip of electrons
from the spin-down subband to the spin-up subband, and (b) shows
a single electron flipping its spin from spin-down to spin-up sub-
band. The corresponding separation between the spin subbands
yields Z".

1. Zeeman energies from Raman scattering

Under a small magnetic field, the lowest conduction sub-
band splits into two spin bands as shown in the insets of Fig.
3. In the depolarized configuration, the SPE spectrum con-
sists of excitations from the majority (electrons having spin
down with density ) to the minority spin subbands (elec-
trons having spin up with density 7). The spin-flip Raman
spectra in Fig. 3 show two features below 6 meV: at g=0,
these lines are attributed to the collective spin-flip excitation
[Fig. 3(a)] and the single-particle spin-flip excitation [Fig.
3(b)], corresponding to the bare Zeeman splitting Z and the
renormalized Zeeman splitting Z*, respectively.®>* The en-
ergy value of Z* is greater than Z because of the renormal-
ization of the spin subband separation due to exchange-
correlation interactions.>#?® The difference in linewidth
between the two excitations originates from several contrib-
uting factors: broadening due to inhomogeneous and homo-
geneous effects, and the strength of the Coulomb interaction.
Inhomogeneous effects are caused by magnetic disorder,
which in the case of collective spin-flip excitations is aver-
aged over space, while for single-particle spin-flip excita-
tions, it is locally probed. Homogeneous effects are due to
the respective lifetimes of the excitations. Further, single-
particle spin-flip excitations are memory effects of the non-
interacting electron system and are, therefore, short lived in
the presence of strong Coulomb interactions (low electron
density).” These effects result in a broad linewidth for
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FIG. 4. Z values (spheres) obtained from Fig. 3 and plotted as a
function of the magnetic field for sample B. The black curve is a
Brillouin function fitted to the data points. At a saturation magnetic
field of 4T, the Mn>* concentration extracted=0.75%, Z
=3.5 meV, and the temperature 7,,=1.5 K.

single-particle spin-flip excitations and a narrow linewidth
for the spin-flip excitations (see Fig. 3). With a knowledge of
Z" and the Fermi energy obtained in Sec. IV A, the degree of
spin polarization in our quantum wells can be determined.
Also, knowing Z, the Mn?* content of our quantum wells can
be obtained. We shall discuss the spin-polarization values
deduced from Raman scattering in Sec. V C.

In Fig. 4, we show the extraction of the Mn2* concentra-
tion for sample B using the modified Brillouin function. The
Brillouin function describes the thermodynamic average of
the spin state of Mn?* ions and is related to Z by Z
=—Nyax(S.(B,T)), where « is the exchange integral, N, is
the number of unit cells per unit volume, (S.(B,T))

(512)gusBY . . . . .
:SOBS/Z(/MT—?;;) is the Brillouin function, x is the mole

fraction of Mn2*, the spin value is ~5/2 for our Mn?* con-
centration, up is the Bohr magneton, g=2, and S, and T, are
parameters associated with the manganese atoms.? The mag-
netic field dependence of Z is well reproduced by the Bril-
louin curve (shown as a solid line) in the figure; this fit gives
a Mn?* concentration of 0.75% and a temperature of 1.5 K
for sample B. The manganese concentrations determined in
this way are given in Table I for all samples.

2. Zeeman splitting from magnetophotoluminescence

In an applied magnetic field, electron and hole bands split;
however, in the Voigt configuration, Zeeman splitting within
the heavy-hole band is vanishingly small in small magnetic
fields due to the hole spin alignment in the growth
direction.*’ Figure 5 shows magneto-PL spectra on sample B
in the Voigt configuration. Significant components of Fig. 5,
at high magnetic field, are features associated with each spin
population: Fig. 5(a), the majority spin-split subband for the
spin-down electrons, and Fig. 5(b), the minority spin-split
subband for the spin-up electrons. We access these spin sub-
bands by changing the polarization of the detected photons.
To access the spin-down population, the outgoing laser beam
polarization (E,) is orthogonal to the applied magnetic field
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s,
£
=)
=
2 B(T) FIG. 5. PL spectra in the Voigt configuration
< .- 0.0 on sample B at various magnetic fields and
«? qg 1.5 K: (a) spectra from the majority spin-split
a :;ng)’ subband taken with the in-plane magnetic field
F-é %g perpendicular to the polarization of the outgoing
: i3 emission; (b) spectra from the minority spin-split
o 600 1605 610 1615 4.5 subbands taken with the in-plane magnetic field
1600 Tooe wie 1813 arallel to the outgoing emission. (¢) Schematic
Energy (meV) p gong
) £ 1615 diagram showing the electronic transitions. d)
o (] [ ] [ ] 1 -
o
Y } Z 0 0 ogg .o Points extracted from (a) and (b) for the follow
\; 0 ing transitions: oy, 0o, T, 7|, Oeqee ANA Tegye
i E31610} ¢ depicted in (c). The 7, (o) transitions are repli-
1) e o .. .
S = edge cas of the oq () transitions shown in (a) [(b)].
7 & OO0 . .
//////4%/ O'edge L;] v 5 v - Z“I O My The difference between the m and the oy transi-
Ul .S 16051 > Bm > tions gives Zp (refer to Fig. 3).
T, |o,| edee = d) > > o PL
hh1 i g . : : : b
= 0 1 2 3
= Z from Raman (meV)

(B). This is the o polarization shown in Fig. 5(a) for various
magnetic fields. For the spin-down population, the outgoing
polarization is parallel to the applied magnetic field, shown
in Fig. 5(b). The latter is the 7 polarization. The schematic
diagram shown in Fig. 5(c) is a depiction of the spin sub-
bands and the electronic transitions corresponding to the
spectra shown in Figs. 5(a) and 5(b). The edges of the PL are
labeled o qg. and g,

For an understanding of Fig. 5, consider recombination
processes occurring between the first heavy-hole band and
the electrons. The valence band state for the heavy hole can
be expressed in terms of four component states:*’

hhy) =2 ajld). (5)
J

where J==1 and 3, and |,|? are the probability amplitudes
of the hole states relating to the transition amplitude and
normalizing factors of the electron-hole recombination pro-
cesses, calculated using the envelope function approximation
and plotted in Fig. 6. In Fig. 6, the quantization axis is cho-
sen along the x direction, and the growth direction is in the z
direction. At high magnetic fields, the heavy-hole state aligns
parallel to the field since the best quantization is along the
field direction.*’ The heavy-hole wave function is then de-
scribed by |hh)=a_;p|~3)+asp|3), where a_, and a3,
are shown in Fig. 6. Using well-known electric dipole tran-

sition selection rules for o and 7 photons,*’
' |P77|J> = 21751,-1’ s (6)
Py =p(8)_yr + 368, _31), (7)

where p is a constant and J' = i%, we expect to see the fol-
lowing recombination processes (electrons to holes):
1 1 1 1 1 3 1
=)=l-2) oo=l-)=0), q=l-)=13) and oy=[3)
=|-3). The luminescence line is dominated by o}, and ,
recombination processes at high and low magnetic fields. o

has a lower contribution than oy according to our calcula-

tions shown in Fig. 6. For intermediate magnetic fields, con-
tributions from a_;, and a3/, increase, and we expect to
have additional processes ’7Tl=|—%>:>|%> occurring and a re-
inforcement of o, =|3)=|-3) occurring. The o7, and 7| tran-
sitions are mirror images of the 7, and oy, transitions, respec-
tively, arising from the fact that the hole spin state is impure.
These processes are in very good agreement with our data
shown in Figs. 5(a) and 5(b).

The transition energies extracted from Figs. 5(a) and 5(b)
are plotted in Fig. 5(d) as a function of the bare Zeeman
energy obtained from Raman scattering (from Fig. 4). Note
that the PL edges in both ¢ and 7 polarizations and the
values for o () and m, (o) nearly overlap, showing good
agreement. The separation between the spin-up and spin-
down subbands is equivalent to the Zeeman energy, as de-
picted in Fig. 5(c). The difference between the transition oy
and 7, is expected to equal Z* (for an interacting electron

1.0 ™ T T T
TRyl Quantization || X
0.8 ol
B [t A
a —o o 3/2‘2 /./.—/00___.
—_— L
3~ 0.6F o 4
gk
B 04 F Poq -
B 1 ‘O\O\o\
e v O\O\OJOL
S 0
0.2 i -
\ T ,O
1270
%ﬂ..-o-o—o——o—o——c—o
0.0 oook, 2 1 .
0 1 2 3 4

Magnetic Field along X (T)

FIG. 6. (Color online) Decomposition of heavy-hole states in an
applied magnetic field for sample B, calculated for the Voigt con-
figuration and a temperature 7=1.5 K. Each curve represents the
probability amplitude of heavy-hole states in our quantum wells.
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gas). In Fig. 5(d), however, the energy separation between
the peak position o and the peak position 7 is equivalent to
Z and not Z*, contrary to our expectation.

To check the consistency of our observation for the Zee-
man energy, measurements were taken in the Faraday geom-
etry on sample B, and this is shown in Fig. 7(a). In the
Faraday configuration, the magnetic field is parallel to the
growth axes, and photoluminescence from the heavy-hole
and light-hole bands is known to split symmetrically into two
circularly polarized components, o and o~ components.*’ In
Fig. 7(a), these spectra, unlike the Voigt spectra, are mixed
with Landau oscillations. The characteristic separation be-
tween the ¢* and the o~ photoluminescence is equivalent to
the heavy-hole splitting energy of 15.7 meV at 4 T [Fig.
7(b)]. From experimentally determined values for the con-
duction band exchange integral (Nya=0.22 eV) and that for
the valence band exchange integral (Ny,B=-0.88 eV
=4Nya), the heavy-hole splitting is equivalent to five times
the conduction band splitting and, therefore, is expected to
equal 5Z°.3 However, the Zeeman energy value obtained
from Fig. 7(b) is identical to Z, as was the case in the Voigt
configuration. We will discuss the implication of this obser-
vation in Sec. V A and compare our measured values to the
Raman scattering results.

V. DISCUSSION
A. Fermi energy values

To investigate the Fermi energy values obtained from the
PL and Raman scattering measurements, we plot in Fig. 8 the
ratio Eppr(0) t0 Epgaman(0) as a function of vz* obtained
from Raman scattering (refer to Table I). Recall that in Sec.
IV A, the Fermi energy values are the same for most of our
samples except for samples A, B, and E. The uncertainties in
measuring the ratio of Fermi energies (by the Lindhard and
the PL line shape fitting analyses) are shown in Fig. 8 as
vertical error bars. The error is larger at low and large den-
sities. Dispersive Raman scattering measurements are limited
by disorder, and for low electron densities (<1.5X 10"
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q% energies extracted from (a).
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cm™2), the SPE Raman line is not discernible since it is too
close to the excitation line, and this will also affect the line
shape fitting. Although the PL line shape fitting could not
perfectly fit the high density samples near the Fermi edge,
we can determine the Fermi energy with an error of less than
5%.

For samples A and B, the Ep gyn.(0) values are smaller
than those obtained from the PL line shape, while for sample
E, the Ef ruman(0) value is larger. For sample E, due to the
large disorder evident in the PL line shape (with Eg
~4 meV, and this is also the case for sample J), the SPE line
was difficult to fit by the Lindhard model. The peak position
values from Raman scattering, however, gave an Er gaman(0)
value of 5.5 meV which agrees with Ey p; (0)=5.2 meV. For
samples A and B, the estimated error in obtaining Eyp; (0) is
less than the difference between the values for Er gaman(0)
and Erp; (0); we note that the measured densities from both
Raman scattering and PL are large.

PL provides information on the entire curvature of the
electron band. Hence, information on the renormalized mass

1.6+
_ 14t B
¢ A
- 12p F H %
= % c. DG
~ $ 1
2 1.0p-ede L B
t ) E
Sn @ F
0.8}
120 160 200 240

sz x 10" (cmz/s2)

FIG. 8. Ratio of Fermi energy values obtained from Raman
scattering and the PL line shape fitting as a function of the Fermi
velocity from Raman scattering. The vertical error bars are esti-
mated from both PL and Raman scattering. The two results are
identical for most samples except for samples A, B, and E. The
dashed line in the figure shows identical results for both Raman
scattering and PL.
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should be accounted for in the PL line shape. This means that
Erpr(0) includes the mass correction and should provide an
accurate estimation of the Fermi energy within the parabolic
band approximation (and assuming negligible contributions
from Coulomb interaction between electrons and hole).!®
The Raman scattering process probes a limited region of the
electronic band close to the Fermi energy, meaning that Ra-
man scattering measurements are accurate in the determina-
tion of vp.

In Fig. 8, the ratio Ey p (0)/Ep Raman(0), assuming Eq. (3)
for Ef gaman(0) and Egp (0)=(1/2)m"vz?, is equal to the ra-
tio m"/my. In Cd,_,Mn,Te quantum wells, the available in-
formation on the electron mass is that measured for CdTe by
cyclotron resonance experiments, my,. This mass does not
include additional corrections due to many-body electron-
electron interaction and gives only the bare mass.*® As we
have assumed a value for this bare mass (m,=0.105m,), the
absolute values found for m"/m,, are unclear, but the quali-
tative behavior of m"/m, with a minimum around v,=13.4
(ry=2.3) resembles calculations of Fig. 10 in Ref. 8. None-
theless, we estimate less than 20% increase in mass for
samples A and B.

Our results also reaffirm that extracting the Fermi energy
from the PL. maximum and the Fermi edge of quantum wells
gives inaccurate results, and that a good line shape fitting
analysis is essential. Further, if we correct the values for the
densities in Table I, deduced from vy assuming a bare mass,
with the mass renormalization found in Fig. 8, we find for
sample B 1n,=4.9 X 10'! cm™2 instead of 2.9 X 10'! cm™2.

B. Collective and single-particle behavior

We have shown in Sec. IV B 1 that the Raman scattering
measurements identify both collective and single-particle be-
haviors of a spin-polarized 2DEG, whereas for the
magneto-PL measurements given in Sec. IV B 2, only the
bare Zeeman splitting Z was extracted. Values of Z obtained
from the PL lineshape in the Voigt and Faraday configura-
tions, as well as Z* from Raman scattering, are plotted in Fig.
9 as a function of Z from Raman scattering. In that figure, the
Z values extracted from the PL measurements are consistent
with the Raman scattering values. The analysis was repeated
for the samples listed in Table I and the results were found to
be consistent; that is, the PL line shape gives only Z and not
Z'. As Z is associated with a spin-flip energy related to col-
lective excitations, we might conclude that collective effects
influence the PL behavior.

To understand the magneto-PL behavior, let us consider
the various transition processes that occur. We follow the
evolution of the PL profile, shown in Fig. 10 following the
work of Kossacki et al. for holes.!" This figure shows the
representation of many-body states in a quantum well. In the
initial state, shown in Fig. 10(1), a photon is absorbed by an
electron, creating a hole in the first heavy-hole spin-split sub-
band. In the final state, Fig. 10(2), a photon is emitted with
two possibilities arising: (a) an electron in the spin-up band
recombines with the hole or (b) an electron in the spin-down
band recombines with the hole, leaving an unfilled space in
either spin-up or spin-down bands. The difference between
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FIG. 9. Energy values for Z" (solid squares) from the Raman
scattering spectra shown in Fig. 3 and Zp; from the PL line shape in
the Voigt configuration (open circles) from Fig. 5 and in the Fara-
day configuration (open squares) from Fig. 7 for sample B, plotted
against Z from Raman scattering (see Fig. 3). The Zp values lie on
the solid line, indicating that they are equivalent to Z from Raman
scattering.

the energies of the spin-up (E;) and spin-down (E)) transi-
tions, which are shown experimentally in Fig. 5(b) for the
transition and in Fig. 5(a) for the oy transition, is exactly the
bare Zeeman splitting energy. This is possible if the final
state in the transition E| is an excited state of a ¢=0 spin-flip
wave whose energy is Z. Hence, the difference between the
transitions for the spin-up and spin-down subbands yields Z
and not Z". We, therefore, conclude that the PL spectra are
insensitive to the exchange modified spin splitting Z* but
exhibit collective recombination processes. Additionally, we
conclude that Raman scattering provides a better measure of
both the Zeeman splitting Z and the modified Zeeman energy
due to Coulomb interactions Z*.%2428

Y
)/
E
! n - *

/\E*

FIG. 10. Schematic diagram of the optical transition processes
occurring in Fig. 5. (1) is the initial state and (2) is the final state.
Electrons are represented by solid spheres, and holes are repre-
sented by open circles.
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FIG. 11. (Color online) { values obtained from PL and Raman
scattering for (a) sample C and (b) sample B. o guman
=Zgaman! 2EF Raman> gRamanz(Zx)Raman/zEF,Raman and {p; was ob-
tained from the width of the PL in the o and the 7 configuration
(see Fig. 5). £, and ¢ (solid black lines) are the theoretical values
for the interacting and bare spin-polarization degrees, respectively.
Lremew a0d o e, (orange dot-dash curve and black dotted line) are
the corrected values obtained using the mass correction of Fig. 8.

C. Determination of the spin-polarization degree from
Raman scattering and photoluminescence

We now turn to the determination of the spin-polarization
degree ¢ from Raman scattering and PL. Consider the
magneto-PL measurements in Fig. 5. Assuming a two-
dimensional parabolic band for each spin-split subband and
the same mass renormalization for each, then from the PL
line shape, the density of spin-up electrons n; o E; and that
for spin-down electrons n|<E|, where E|=0,4,,—0)— oW
and E;=1,4,,— )~ 6w, are the PL linewidths in the o and 7
polarizations, respectively. Here, w (=PL peak —E,) broad-
ens due to disorder effects on the low energy side of the
magneto-PL spectra [see Figs. 5(a) and 5(b)]. For an in-plane
magnetic field, the hole orbit is not quantized, implying that
the localization length is unchanged. This assumes that
broadening due to disorder, localized in the hole band, is
independent of the applied magnetic field, while localization
occurs in plane.** Since the heavy-hole splitting is small in
the Voigt configuration, we can assume the same disorder
effect for both heavy-hole spin-split bands. We, therefore,
approximate the width contribution éw to 7y (the energy fluc-
tuation parameter for zero magnetic field disorder contribu-
tion to the PL width obtained in Sec. IV A).

From Eq. (1) in the Introduction, { can be rewritten as

(E;—E)IE, +E|). (8)

The values of { obtained by this means, labeled {p;, assume
an equal mass renormalization for both spin populations, in-
dependent of the spin-polarization degree. This is certainly
valid for intermediate spin-polarization degree.*” These val-
ues are plotted in Fig. 11(a) for sample C and in Fig. 11(b)
for sample B as a function of the bare Zeeman energy Z from
Raman scattering. We also define a spin-polarization degree
based on Raman scattering values as §Raman=—Z;aman/

2EF Raman(0), and spin-polarization degree based on both Ra-
man scattering and PL defined as {"=Z"/2Epp(0), where
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we have used the Fermi energy value obtained from the PL
line shape fitting and Z° from Raman scattering. Here,
ErRaman(0) [and similarly Exp(0)] are the zero magnetic
field values obtained in Sec. IV A. ¢ is shown as blue solid
triangles in Fig. 11(b) and is found to be comparable to {p; in
both samples.

To gain insight, we make a comparison with an exact
theory of the spin-polarization degree.>*?® For this, we define
the bare spin polarization {,=-Zm,/h*(2mn,) of a noninter-
acting electron gas and its corresponding value £, for the
interacting case. The former quantity is expected to match
g(),Raman=ZRaman/2EF,Raman(O) as EF,Raman(O) iS deﬁned uSing
the bare mass. The latter quantity (. is the real spin-
polarization degree of the spin-polarized 2DEG, and is
known to be enhanced due to exchange and correlation ef-
fects, and corrected for finite thickness of the quantum
well.’%>! We compare in Fig. 11 the theoretical values for the
spin-polarization degrees {,. and {, with the experimental
ones as a function of Z. To calculate the theoretical ratio
{1 &y, we have used the model of Ref. 28 and the densities
given in Table L.

In Fig. 11(a) for sample C, the PL values (as well as the
Raman values) for the spin-polarization degree agree well
with the model. The good agreement validates the fact that
the Fermi energy values obtained from Raman scattering and
PL are identical for sample C. In the case of sample B in Fig.
11(b), the p;, values are lower than the Raman scattering
values and all values (including the {g,ma.n Values) are in poor
agreement with the model. We suspect the strong mass renor-
malization found in Fig. 8 for this sample (and sample A) to
be at the origin of this inconsistency. Indeed, densities given
in Table I are determined from vz, which does not take into
account the mass renormalization found in Fig. 8. If we now
correct all densities for the mass, hence the new density
nyp=(m"/m,)’n,, and recalculate the spin-polarization de-
grees with the new densities, we find no change for sample
C, but significant changes for sample B (shown as an orange
dot-dashed line labeled ... ,.,, and a black dotted line labeled
Lonew in Fig. 11), such that the results become consistent.
Hence, the calculated renormalized spin-polarization degree
is now comparable with {p; and .

We conclude that Zp; and £ are reliable estimations of the
spin-polarization degree. Furthermore, our results suggest
that the Fermi energy values obtained from the PL line shape
fitting analysis can be trusted. On the other hand, the Raman
scattering determination of the Fermi energy and { using the
bare mass has to be corrected for the mass renormalization.

Finally, we point out that in Fig. 11 and for the same
manganese concentration, the spin-polarization degree shows
an inverse relationship with the electron density when com-
paring Figs. 11(a) and 11(b) on the same vertical scale. This
behavior is predicted rather well by the Raman scattering and
PL results.

VI. CONCLUSIONS

We have performed a comparative study on a spin-
polarized 2DEG using resonant electronic Raman scattering
and PL. Three key observations were made after measuring
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the Fermi velocity, the Fermi energy, the Zeeman energies,
and the spin-polarization degree. First, assuming a parabolic
band, the Fermi velocity and the Fermi energy measured
from Raman scattering were comparable to those measured
from the PL line shape for moderate electron densities,
whereas for large electron densities, the values differ unless a
renormalized mass was introduced. Secondly, a discrepancy
in the spin-polarization degree ¢ also occurs for the samples,
showing this difference in the Fermi energy value. The dis-
crepancies are attributed to the mass renormalization, which
we have defined as the ratio between the Fermi energies
extracted from PL and that deduced from Raman scattering.
We checked the consistency of this result by a comparison
with an exact model of the spin polarization. Good agree-
ment was obtained after the density, extracted from vy, was
corrected for the mass renormalization. Our results suggest
that the effective mass is modified in the presence of many-
body electron-electron interaction for the range of r, values
studied, though this range is small. Thirdly, the magneto-PL
line shape gives Z instead of Z", contradictory to what we

PHYSICAL REVIEW B 76, 155416 (2007)

expected. Using a phenomenological analysis, we showed
that the PL line shape is insensitive to the exchange modified
spin splitting Z*, but is influenced by collective effects.

From the above analysis, we conclude that Raman scat-
tering determines vy and directly measures the bare and the
renormalized Zeeman splitting accurately, while PL provides
accurate determination of the Fermi energy and the bare Zee-
man splitting energy. In addition, the PL line shape gives a
good estimate of the renormalized spin polarization for low-
spin-polarized systems, while for the high-spin-polarized
case, determination of the spin-polarization degree requires
knowledge of Z" from Raman scattering and the Fermi en-
ergy from PL.
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