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Collective and single-particle spin-flip excitations of a two-dimensional
electron gas in a semimagnetic Cdi_Mn,Te quantum well are observed by
resonant Raman scattering. Application of a magnetic field splits the spin-
-subbands and a spin-polarization is induced in the electron gas. Above
some critical field, a collective spin-flip mode, which disperses with in-plane
wave vector, dominates the spectra. The energy of this mode is given by
the bare Zeeman energy at vanishing wave vector as predicted by Larmor’s
theorem and its in-plane dispersion is well described by a model of the in-
teracting polarizability of a spin polarized electron gas when both exchange
and correlation are taken into account.

PACS numbers: 72.25.Dc, 73.21.-b, 75.70.-, 78.30.—j

1. Introduction

High-mobility electron gases confined in semiconductor heterojunctions re-
veal new physics associated with electron—electron interactions in two dimensions.
Spin-polarized electron gas systems are of particular interest, both because of the
new information they are expected to provide about the respective contributions
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of the exchange and correlation parts in the Coulomb interaction, and also be-
cause of their importance for spin-based electronics. Under an external magnetic
field B, a spin polarized two-dimensional electron gas (2DEG) can be achieved
in which strong modifications of the exchange interactions are expected. How-
ever, most experimental investigations on 2DEG systems have been reported in
the GaAs/GaAlAs system in which the g-factor, which governs the magnitude
of the Zeeman spin splitting, is very small. Therefore in this system spin ef-
fects are only accessible with large external fields, at which point strong orbital
quantization dominates the energy spectrum. Indeed, in the Raman scattering
measurements of the electronic excitations of spin polarized electron gases con-
fined in GaAs/GaAlAs heterostructures [1], both magnetoplasmons and spin-flip
transitions appear simultaneously.

Semimagnetic quantum wells based on Cd;_,Mn,Te materials allow a com-
pletely new approach to this problem. A giant Zeeman splitting Z is induced in
these materials by exchange interactions between the conduction electrons and
those localized on Mn ions [2]. Under the application of moderate magnetic fields
spin effects dominate over orbital quantization and the reverse situation to that of
GaAs becomes accessible, with large filling factors and significant spin polarization.
Moreover, exchange-correlation interactions are expected to be more significant in
Cdy—,Mn, Te because of the smaller Bohr radius in this compound (6 nm in CdTe
instead of 10 nm in GaAs). Due to exchange correlations, the spin subband sep-
aration is renormalized in the presence of carriers and the effective splitting Z*
becomes larger than the bare value Z. The aim of this lecture is to present a
theoretical model corresponding to this new situation and to demonstrate that it
provides an excellent description of spin-flip excitations under external magnetic
field, which become accessible to the Raman scattering measurements thanks to
the recent availability of high quality semimagnetic modulation doped quantum
wells. In particular, we will show that the main features predicted within this
model — coexistence of single particle and collective excitations, in-plane disper-
sion of spin-flip excitations and Larmor’s theorem — are successfully demonstrated
in our experiments.

Even though the electron mobility in semimagnetic quantum wells remains
below that in GaAs systems, modulation doped quantum wells with a reasonable
quality have been achieved in the past few years [3] and we have reported recently
[4] the observation by electronic Raman scattering of the single-particle excitations
(SPE) and collective charge excitations (plasmons) of 2DEGs in Cd;_;Mn,Te
modulation doped quantum wells, as reported previously in GaAs quantum wells
[5]. This novel result demonstrated that degenerate electron gases exist at low
temperature in semimagnetic quantum wells, despite the relatively large disorder
induced, in particular, by alloy fluctuations. Raman scattering is a well-established
method for the investigation of the elementary excitations of electron gases in semi-
conductors and their dispersion with the in-plane wave vector ¢ [5]. The Raman
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scattering line shape associated with electronic transitions within the lowest con-
duction subband can be described by the imaginary part of the 2D polarizability.
Assuming non-interacting electrons, the variations of the non-interacting polariz-
ability P(w,q,s) with B can be simply understood on the basis of the Zeeman
splitting in the conduction band of the Cd;_,Mn,Te quantum well. The quantity
s is the effective polarization rate of the electron population in the presence of the
effective splitting Z*.

2. Theoretical description

At vanishing magnetic field, the SPE line extends from 0 up to maximum
energy hw, which increases with increasing ¢ (hw = hvpq where vp is the Fermi
velocity of the 2D gas). Under magnetic field, the lowest conduction subband
splits into two spin subbands. The single SPE spectrum observed at 0 T is thus
expected to split at non-vanishing field into four new structures associated with
spin conserving (11 and |]) and spin flip (1] and [1) transitions, which were
degenerate at 0 T. Spin conserving transitions are expected to vary smoothly
due to the increase in the Fermi velocity v; of the majority spin subband, and
decrease in vé of the minority spin subband. On the contrary, spin flip transitions
are expected to display large variations with the field. In particular, the SPE
spectrum related to excitations from the majority to the minority spin subbands
is a broad line centered at the effective Zeeman splitting Z* and extending between
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Fig. 1. In-plane dispersion of the SPE (hatched surfaces) and SF (thick line) excita-
tions for two different values of the external field. For each field, experimental energies
of the SF line (squares) are compared to the calculated energies in their wave vector
range of existence.
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4 — Tw;q and Z* + hv}q; this energy range is shown in Fig. 1 for two different
values of the Zeeman splitting.

This behavior is significantly modified when exchange-correlation interac-
tions are taken into account. The interacting polarizability tensor 1 (w, ¢, s) under
magnetic field can be deduced from extensions of the well-known random phase ap-
proximation, which applies to the collective charge excitation of spinless fermions.
In the latter case, the polarizability tensor reduces to a scalar charge density po-
larizability Il,.(w, g, s) which reads

P(w,q,s =0)

Hee , 4, =0)= 3
(5= 0) = T P qs = 0)

where v(g) is the Coulomb interaction.
For polarized electron gases, the polarizability tensor takes the following
general form [6]:

Io(qyw,8) Iy O 0
I, Iy 0 0
0 0 I, 0

0 0 0 I_

II(q,w,s) =

in which the spin flip components are decoupled and are written

P, P
_ T and IT. — 11
1- 2U(Q)GTTPT1 1— QU(Q)GlTPlT

17, (1)
while the charge density and spin density components become coupled together
for non-vanishing polarization rate and are written

I, = [PTT + P+ 2U(Q)(GT7 + GI)PTT + Pu} /D,
I = P11 + Py = 20(0)(2 = G +G[)Piy P /D,
Moy = — {Pm — Py +20(q) Py P (G — GT_)} /D

e = — {Pm — P +2v0(q) P11 Py (G — GM /D,

in which G?, G;, Gf, GI, G;T’ and GIT, are different exchange-correlation
matrix elements, Py, Py, P;|, and Pj; the non-interacting polarizability for the
four possible transitions.

We will focus our discussion in this paper on the spin-flip interacting polar-
izability I, given in Eq. (1). Due to exchange correlations, a new pole appears in
the polarizability when the denominator vanishes. This is the collective spin-flip
(SF) excitation which, because the interaction potential is negative, is expected to
lie below the single particle energies by an “excitonic correction”, as illustrated in
Fig. 1. The SPE becomes strongly screened and the Raman spectra are dominated



Single Particle and Collective Spin Fxcitations . .. 315

by the collective mode. Moreover, the spin-flip collective line displays downward
energy dispersion when the in-plane wave vector is increased. At some finite value
of q it enters the energy range for SPE and becomes strongly damped, at which
point one then recovers a broad Raman response similar to the SPE line, but with
a line shape modified by exchange-correlation interactions. According to Larmor’s
theorem, one should expect that the SF energy coincides with the bare Zeeman
splitting Z at ¢ = 0.

3. Experiment and discussion

We demonstrated recently [7] the validity of the above model based on the
Raman spectra on a 10 nm thick Cd;_,Mn,Te quantum well with a Mn concen-
tration x = 1.65%. The barriers were made of Cdy_,Mg,Te with 15% of Mg and
modulation doping is achieved by introducing iodine within the top barrier only.
The spacer thickness was 40 nm and the electron density n = 2.25 x 10*! cm~2.
We report here new Raman results on a sample with less manganese and more
carriers. Due to the smaller Mn concentration, full polarization of the electron
gas cannot be achieved contrary to the first sample, but the lower alloy disorder
allows us to obtain a much more detailed determination of the excitations. The Ra-
man spectra were measured from a sample immersed in superfluid helium using a
Ti-sapphire laser with a power density below 1 W/cm? to avoid heating the Mn2*
system. With a laser energy close to 1.65 eV, a strong resonance was achieved
with the E;Hy absorption edge [5]. The sample was mounted in the bore of a
superconducting solenoid providing a magnetic field in the plane of the quantum
well up to 4.5 T. The resonance position does not move significantly over this mag-
netic field range. To measure the dispersion of the excitations, we have performed
measurements at four different angles of incidence on the sample surface.

In Fig. 2, we show the Raman spectra obtained at different applied magnetic
fields for a given finite ¢ = 11.8 um™!. At zero field, the spectra display a single
line close to the laser energy, assigned to the SPE. At very small field, the SPE
line splits into two components, one increasing and decreasing in energy. When
the energy of the lower line vanishes, a narrow peak emerges. For larger fields the
narrow peak completely dominates the spectra. At other values of ¢, the same
field variation is observed, the transition between the low field SPE and the large
field SF taking place at different magnetic fields, increasing with q.

In Fig. 3, we show the field dependence of the measured SF energies at the
four different wave vectors considered. In excellent agreement with Larmor’s the-
orem, the variation at ¢ = 0 is well reproduced with a Brillouin function assuming
x = 0.75% and T,g = 2.7 K. Based on this fit, we have calculated, using the
spin-flip interacting polarizability, the effective Zeeman energy Z* as well as the
SF energies at different ¢ as a function of B. We show the measured SF energies
as a function of ¢ in Fig. 1, for B = 1 and 2 T respectively, which we compare
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Fig. 2.

Fig. 3.
gies at four different wave vectors (symbols). The thick full line represents a Brillouin

Raman spectra as a function of the external magnetic field at ¢ = 11.8 pm™".
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with the calculated dispersions of both the SPE and the SF energies. This fig-
ure further illustrates the good description of the Raman data provided by the
spin-flip interacting polarizability. In particular, the critical wave vector at which

the SF enters the SPE band and becomes overdamped compares well with the

experimental observations.
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4. Conclusions

In conclusion, our Raman scattering investigation of 2D electron gases in
semimagnetic quantum wells provided a detailed picture of the emergence of col-
lective spin-flip excitations from the continuum of single particle transitions with
increasing magnetic field. We have clearly demonstrated the collective nature of
the narrow Raman line, which dominates the Raman response at finite B, and
have been able to describe well its in-plane dispersion. Though restricted to a
paramagnetic quantum well, our study provides a powerful indication that col-
lective spin-flip excitations should be the dominant excitation mechanism in both
paramagnetic and ferromagnetic low-dimensional semiconductors.
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