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We present a study of time-dependent transmission spectra of a modu-
lation-doped Cdi_;Mn,Te/Cdi_y—.7Zn,Mg.Te quantum well with variable
hole gas concentration. We study the influence of pump pulses on exci-
tonic absorption in subpicosecond time scale. A spectrally broad probe pulse
of duration of 40 femtoseconds was used to record the absorption spectra
at controlled delay. Studies of temporal evolution of exciton energies re-
vealed coherence decay of linearly polarized excitons and thermalization of
non-equilibrium exciton states. We found that a characteristic timescale for
thermalization of non-equilibrium populations of photocreated excitons is
between 0.8 and 3.6 ps. The timescale of this process depends on the hole
concentration in quantum well: for higher hole concentration the decay is
faster. Long-lived photo-induced magnetization accompanied by heating of
the magnetic system was also observed.

PACS numbers: 78.40.Fy, 78.47.4p, 78.67.De

1. Introduction

The spectroscopy of quantum wells containing moderate concentration of
carriers has been studied extensively during last years. It is known that the optical
spectra near energy gap are dominated by two sharp lines related to neutral and
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charged excitons [1-7]. These transitions are observed in different experimental
configurations such as absorption, photoluminescence, Faraday rotation, four wave
mixing (FWM), etc. So far extensive studies of their properties were carried out in
both continuous wave (CW) [1-3, 7] and time-resolved experiments [8, 9, 6, 10].

The time-resolved studies were mostly focused on the timescale from several
to hundred of picoseconds. Such range is a proper scale for charged exciton forma-
tion from neutral excitons and carriers [11] as well as the radiative recombination
[9, 10] or spin flip processes. In the present work we focused on subpicosecond
timescale. In order to obtain such temporal resolution we performed pump-probe
experiment with the laser pulse of duration of 40 fs.

2. Sample and experiment

The present study was carried out on a modulation doped structure consist-
ing of a single 80 A quantum well (QW) of Cdy_yMn,Te (z ~ 0.0018) embed-
ded between Cdy geZng 27Mgg o7 Te barriers grown pseudomorphically on a (100)
Cdg.ssZng 12 Te substrate. Modulation p-doping was assured by a nitrogen-doped
layer placed at 200 A from the QW. The hole gas concentration in the QW was
controlled by an additional illumination provided by a tungsten halogen lamp with
a blue filter. The mechanism of the hole gas concentration control in the QW is
described in detail in [3]. The experiment was performed in a typical pump-probe
configuration (see Fig. 1). Pump and probe femtosecond pulses separated by a con-
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Fig. 1. Pump-probe experiment. Two femtosecond pulses are focused on the sample.
The strong one (pump pulse) is blocked after the sample and the spectrum of the
weaker one (probe pulse) is recorded as a function of delay between both pulses, which
is controlled independently. Duration of the pulse is about 40 fs; the spectrum of width
22 nm (FWHM) is centered at 760 nm.

trolled delay were focused on the sample to a common spot of a diameter smaller
than 100 gm. The angle between the two beams was about 5°. The pulses were
generated by a Ti®t:Al;03 laser at a repetition rate of 100 MHz. They had dura-
tion of 40 fs, spectral width 22 nm, and were centered at 765 nm. The power of
both pulses was controlled independently, the pump-to-probe ratio being at least
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Fig. 2. Transmission spectra for four different delays between pump and probe pulses.
Two upper spectra are for negative delays — the probe pulse precedes the pump pulse.
Two absorption lines related with neutral and charged exciton are clearly visible. At

zero delay both pulses reach the sample at the same time.

20:1. The average power of the pump beam was typically 16 mW which is equiv-
alent to creation of about 6 x 10'” ¢cm™2 excitons in each pulse. The spectrum
of the probe pulse transmitted through the sample was recorded as a function of
delay between pump and probe pulses. Time resolution was 40 fs. The sample was
mounted strain-free in a superconducting magnet and immersed in superfluid he-
lium. The temperature was 1.8 K. The measurements in magnetic field were done
in the Faraday configuration. Typical spectra for four different delays are shown
in Fig. 2.

In some experiments the pump beam was polarized circularly. The circular
polarization of the pump pulse selects different transitions between spin subbands:
polarization o1 creates electrons in conduction band with spin value —1/2 and
holes in valence band with angular momentum value +3/2. For opposite circular
light polarization also the values of the hole and electron angular momentum are
opposite. The probe beam was polarized linearly and detected after the sample at
both circular polarizations. Linear polarization of the pump pulse was also used
in some other experiments.

3. Temperature of the manganese system

The intense pump pulses warm up the sample. Due to this fact we found the
temperature of the manganese ions varying as a function of power of the pump
pulse. To determine the temperature of the Mn spins, measurements of the Zeeman
effect were done with a CW light source. Standard transmission of light obtained
from the halogen lamp was measured under illumination with a strong pump beam.
The Zeeman effect reflects averaged magnetization of CdMnTe material in QW
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Fig. 3. Zeeman splitting for different powers of the pump pulse: 16 mW (rectangles)
and 1 mW (circles). The inset shows the dependence of the temperature of the Mn ions

on power of the pump pulse.

[12-14]. In Fig. 3 the energy of the neutral exciton versus magnetic field (Zeeman
effect) is presented. The magnetic field was changed between +1 T and -1 T. The
presented data were obtained for different powers of the pump beam. We found the
temperature of the Mn ions about 4.9 K at 16 mW pump beam power (rectangles
in Fig. 3) and ~ 2 K at 1 mW (circles). The Mn spin temperature is plotted in
the inset in Fig. 3 versus pump beam power.

4. Photoinduced magnetization

It is known that circularly polarized light can induce magnetization in di-
luted magnetic semiconductors [15]. Due to this fact for a circularly polarized
pump beam a Zeeman splitting should be observed for both excitonic absorption
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Fig. 4. Faraday rotation versus photon energy at delay of —4 ps (a). Transmission of

the sample (b). The continuous lines were obtained from fitting.
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lines between the two circular polarizations of the probe beam. To find the value of
this photoinduced magnetization the Faraday effect was measured [7]. This mea-
surement was done for delay —4 ps (the probe pulse was reaching the sample 4 ps
before the pump pulse and about 10 ns after the previous one). At that moment
all carriers created by the previous pump pulse have already recombined [9] and
there is no direct modification of absorption by the photocarriers.

Figure 4 shows the Faraday rotation as a function of photon energy (upper
panel) and the average ot /o~ transmission spectrum (lower panel). The rotation
is observed due to the Mn magnetization created by the previous pump pulse.
From Faraday rotation we found the splitting and difference between oscillator
strength of neutral and charged exciton between the two circular polarizations of
the probe beam. We use the X-splitting to determine the photoinduced magnetiza-
tion, obtaining 0.56% in units of saturation magnetization at 16 mW pump power.

5. Evolution of X energy — blue shift

The behavior of both excitonic absorption lines was investigated for linear
polarization of the pump beam and the same polarization of the probe beam. At
zero delay a significant blue shift of both exciton lines was observed, gradually dis-
appearing thereafter. Gaussian fits of both lines allowed us to determine temporal
evolution of their energy positions and intensities. Figure 5 represents neutral ex-
citon energy versus delay of the probe pulse relative to the pump pulse, measured
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Fig. 5. Energy shift versus delay for neutral exciton. The open squares are the exper-
imental data. Solid lines represent fitted exponential functions. p denotes hole concen-
tration: (a) p < 2x 10° cm™2, (b) p =4 x 10" ecm™2, (c) p = 7 x 10'° cm™2. 7 is the

characteristic decay time found from fitting exponential functions to the data.
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for different hole concentrations ((a) p < 2 x 10! em=2, (b) p = 4 x 101% cm=2,
(¢) p=7x101% em=2).

The X energy shift decays exponentially with characteristic time smaller than
1 ps independently of the hole concentration. The linearly polarized pump pulse
excites a coherent combination of both excitonic spin states. Decay of coherence
of these states contributes to the observed decay of the blue shift.

6. Exciton thermalization

A similar experiment was performed for circular polarization of the pump
pulse. The initially linearly polarized probe pulse was detected in both circular po-
larizations. The difference between two circular polarizations of the probe pulse in
neutral exciton line position — the X splitting — for different hole concentrations
is presented in Fig. 6 versus delay.
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Fig. 6. Exciton splitting versus delay between pump and probe pulses for different hole
concentrations: (a) p < 2 x 10° ecm™2, (b) p =4 x 10" ecm™2, (c) p = 7 x 10%° cm™2.
The points are the experimental data. Solid lines represent fitted exponential functions.

7 18 characteristic decay time obtained from fits.

For negative delays the value of X splitting is constant and related to the
photoinduced magnetization, previously discussed. For delay equal to zero the
splitting grows up rapidly, and then decays exponentially with time constant
decreasing with hole concentration from 3.6 ps to about 0.8 ps. The origin of
the X splitting can be explained in the following way: the pump pulse creates a
non-equilibrium population of excitons. When the polarizations of pump and probe
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pulses are the same, phase space blocking makes the binding energy of excitons
smaller. For opposite polarizations of pump and probe pulses only (polarization
independent) screening effects remain. The decay of the X splitting is a relaxation
of non-equilibrium population of excitons created in the QW by the pump pulse.
The observed strong influence of the carrier concentration suggests important role
of the Coulomb interactions with carriers present in the QW.

7. Conclusions

We observed a strong influence of the pump pulse on excitonic absorption in
the quantum well on subpicosecond timescale. Long-lived photoinduced magneti-
zation accompanied by heating of the magnetic system was also observed. Studies
of temporal evolution of exciton energies revealed coherence decay of linearly po-
larized excitons and thermalization of non-equilibrium exciton states.
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