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A theoretical analysis of the intersubband dynamics in undoped quantum wells is presented where spin-
oriented carriers are initially generated by circularly polarized interband excitations. Subsequent resonant
intersubband excitations induce Rabi rotations between the subbands resulting in a fast periodic modulation of
the spin orientation in each subband. It is investigated whether pure spin modulations can be performed where
the charge density of the subbands is kept constant when initially equal occupations of the two lowest con-
duction subbands with opposite spin orientations have been prepared. While this is the expected behavior for
a three-band model of noninteracting particles it turns out that when the Coulomb interaction is taken into
account the spin modulations are typically accompanied by corresponding modulations of the subband occu-
pations. It is demonstrated that under realistic conditions it should nevertheless be feasible to realize a pure
spin rotation in a given subband provided the intersubband excitations are sufficiently short or the carrier
density is sufficiently low. Successive spin rotations are shown to decrease the degree of spin polarization even

when spin-relaxation processes are neglected.
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I. INTRODUCTION

Optically induced intersubband dynamics in semiconduc-
tor quantum wells attract much attention as it is a key ingre-
dient for many ultrafast optoelectronic devices. Prominent
examples are the quantum cascade laser' or quantum-well
infrared or THz photodetectors.*> But also coherent aspects
of the dynamics, many-body effects, and the identification of
relevant relaxation mechanisms have been issues of
interest.~!® For intersubband experiments, where the carriers
in the conduction bands are provided by doping, the avail-
able spin orientations are initially equally occupied. With
these initial conditions optical spin orientation can be
achieved in intersubband transitions that are driven by circu-
larly polarized in-plane fields.!”~!® However, such spin ori-
entation effects result only from rather weak residual light-
matter interactions which are typically about three orders of
magnitude weaker than the strong couplings via the direct
allowed intersubband dipole moments oriented along the
growth direction.!® The latter can, however, not be used to
induce a spin orientation. Intersubband dynamics are there-
fore usually insensitive to spin degrees of freedom in con-
trast to interband excitations, where circularly polarized
pulses are routinely used to prepare charge densities with
well-defined spin polarizations.?° Recently, also the coherent
ultrafast manipulation of spins in a modulation-doped quan-
tum well by means of interband excitations has been demon-
strated by performing coherently a complete electron-spin
flip.?!

In the present paper we analyze theoretically the laser-
induced intersubband dynamics in undoped quantum wells
where spin-oriented carriers have been created by circularly
polarized interband excitations. With a suitable initial pulse
sequence it can be achieved that the occupations of the two
energetically lowest conduction subbands are initially equal
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and have opposite spins. The aim of the paper is to explore
the subsequent spin-dependent intersubband dynamics in-
duced by laser pulses in resonance with the transition be-
tween these two conduction subbands. A main focus is the
question whether the spin degrees of freedom in a given
subband can be coherently manipulated independently from
the charge degrees of freedom. It will turn out that many-
body effects due to the Coulomb interaction have a decisive
impact on the resulting dynamical properties. In particular,
we find that under realistic conditions it is by no means
trivial to drive the intersubband transitions in such a way that
the spin expectation value in a given subband can be ma-
nipulated without affecting the corresponding total charge
density. The identification of basic operations where spin and
charge degrees of freedom can be controlled separately is,
however, of central importance for the development of new
applications where such basic operations may serve as build-
ing blocks, e.g., of spintronic devices.

II. MODEL

Our aim is to simulate the preparation of spin-polarized
carriers by optical interband excitations (IB pulses) and the
subsequent intersubband dynamics driven by laser pulses in
resonance with the intersubband transitions (ISB pulses). We
shall consider a generic semiconductor model which captures
the main features of the physical situation that we want to
describe. The parameters are chosen to be typical for GaAs-
type materials. To be specific we model a quantum well of
width d=25 nm with infinitely high barriers. We account for
two spin degenerate conduction subbands (c;,c,) and one
twofold-degenerate valence subband (v) of heavy-hole type
(i.e., with total angular momentum components m ;= * %).
All subbands are assumed to have parabolic dispersions.
The effective in-plane masses in the conduction subbands
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have been parameterized according to Ref. 22: m,,
=mpl 1+(2a’ +B')€], where myy, is the bulk conduction-
band mass, &’ and B’ are nonparabolicity parameters, and €
is the confinement energy. Taking GaAs parameters with
a'=0.642 1/eV and B'=0.697 1/eV the resulting values
for our structure are: me =0.068m, and m02=0.071m0, where
my is the bare electron mass. For the effective mass of the
valence band we have taken an in-plane heavy-hole mass of
m,=0.11m. Our main concern in this paper is the intersub-
band dynamics between the two lowest conduction sub-
bands. For excitations near the band edges of these subbands
the assumption of parabolic bands is quite realistic. The
valence-band structure is usually more involved. Of course,
the separation between the highest heavy-hole subbands and
light-hole or splitoff subbands can be made large enough,
e.g., by strain, such that these subbands are not excited by
optical pulses in resonance with the transition between the
uppermost valence- and the lowest-conduction subband.
However, due to the large effective heavy-hole mass and the
resulting small subband splitting in a real 25 nm quantum
well more than one heavy-hole subband will contribute to
optical transitions generated by IB pulses of 300 fs duration
which are considered here. For simplicity and in order to
reduce the numerical load we nevertheless model only a
single valence subband, as for our scheme it is only impor-
tant that it is possible to generate a certain density of spin-
polarized carriers selectively in the lowest conduction sub-
band. It does not matter from which valence subband the
carriers originate. Furthermore, we have tested that the sepa-
ration of the conduction subbands (25 meV for our param-
eters) is large enough to efficiently suppress excitations from
the highest valence subband into the second conduction sub-
band by spectral selection, even if such transitions were di-
pole allowed. For these reasons we expect that accounting
for a larger number of valence subbands should only margin-
ally affect the results presented in this paper. The quasi-two-
dimensional Coulomb interaction between the carriers
occupying the subband states of our model is accounted for
on the mean-field level which describes many-body effects
such as the depolarization shift and the Coulomb
enhancement.'%23-2 Furthermore, we keep the dominant di-
pole couplings with the usual selection rules, i.e., a coupling
to light circularly polarized in the x-y plane which drives the
interband transitions between the valence and the lowest
conduction band as well as a coupling to light polarized lin-
early in the growth direction which induces intersubband
transitions between the two conduction subbands. For the IB
transitions the rotating-wave approximation (RWA) is ap-
plied which is valid in this case because of the large separa-
tion of time scales between carrier wave and envelope. For
the ISB transitions this condition is less well satisfied. Thus,
the RWA is not used here.

To explore the dynamics of the system we adopt a mo-
mentum space density-matrix approach where equations of
motion are solved for the following dynamical variables of
interest,

C.(k) := <6Z,kéc,k> electron subband occupation,
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D,(k) := <‘Alz,k30,k> hole subband occupation,

Yi(Kk) := (cAlv’_kcA‘C,Q interband coherence,

Ci(k) = <CAZr,kCAc,k> intersubband coherence ¢ # ¢’,

where élk(glz,k) are Fermi operators that create an electron
(hole) in subband c(v) with in-plane momentum 7K;

cAC,k(cAlv’k) are the corresponding destruction operators. On the
mean-field level closed coupled equations of motion are ob-
tained for the above dynamical variables by standard proce-
dures [cf. Egs. (24) and (75)—(77) of Ref. 26]. In addition to
the Hamiltonian contributions to the dynamics of these vari-
ables relaxation processes are accounted for by suitable rates.
Unless otherwise stated we use an interband dephasing time
of Ty=0.5 ps and an intersubband decoherence time of
Tc=3 ps. As mentioned before, the well width of 25 nm
corresponds in our model to a separation of the lowest two
conduction bands of AE-=25 meV. It is important for our
study that AE. is well below the energy of longitudinal-
optical phonons E;y (36.4 meV for GaAs) because for
AE > E; o occupations of the second conduction subband ¢,
rapidly relax to the lowest subband ¢; by LO phonon emis-
sion. In this case, typical intersubband occupation relaxation
times range from below 1 ps up to at most about 10 ps.2’-30
Obviously, such short relaxation times are unfavorable for
coherent manipulations of the subband occupations. In con-
trast, for AE-<Eq the intersubband scattering times are
typically above 100 ps and may reach several hundred pico-
seconds at low temperatures.?®31=33 On the short-time scales
that we shall discuss in the present paper, scattering times of
a few hundred picocseconds can safely be ignored. Thus, in
our case it is justified to neglect the interband relaxation of
the occupation. We account, however, for spin-relaxation
rates describing spin flips within the subbands. In particular,
hole spin-relaxation times in wide quantum wells are typi-
cally of the order of only a few picoseconds**~3¢ while for
narrow wells these times can be much longer.*>2” Here we
use a value of 7;P"=4 ps as was measured in Ref. 34 for the
hole spin-relaxation time. Electron-spin-relaxation times
strongly depend on geometry, well width, and temperature.
Typical values for GaAs-type quantum wells grown along
the [001] direction are in the range between some tens to
some hundreds of picoseconds*®*? while for samples grown
along the [110] direction values in the nanosecond range
have been reported.®4!=43 Here we shall use a value of
TP"=150 ps which is well within the reported range but not
too short for spin manipulations.

III. SPIN-SENSITIVE INTERSUBBAND DYNAMICS

Figure 1 sketches the scenario that will be analyzed in the
present paper. The evolution through the states (a)—(d) is the
preparation phase which aims at the preparation of equal
carrier densities in the lowest two conduction subbands with
opposite spin orientations. This is achieved by a sequence of
three pulses. First, a circularly o*-polarized IB pulse creates
a density of spin-down electrons selectively in the lowest
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FIG. 1. (Color online) Preparation and manipulation scheme.

conduction subband (the quantization axis for the spin is the
growth direction, which is taken to be the z direction). Then
a linearly z-polarized ISB pulse is used to transfer these car-
riers to the second conduction subband by performing a 7
Rabi rotation. The third pulse is a circularly o~ -polarized IB
pulse which is adjusted in such a way to generate an equal
amount of spin-up carriers in the lowest conduction subband
resulting in the desired final state shown in Fig. 1(d). At first
glance it might seem that a three pulse scheme is unneces-
sarily complicated and the desired preparation could be real-
ized more easily by using two IB pulses with opposite circu-
lar polarizations, one tuned to the first and one to the second
conduction subband. However, in such a setup the pulse
tuned to the band edge of the second conduction band would
inevitably also excite carriers in states with large k vectors in
the lowest conduction band with the same spin orientation.
Thus, equal carrier densities in the subbands with opposite
spins could not be generated in this way.

When the preparation is finished additional ISB pulses
may be used to further manipulate the carriers. As an ex-
ample, in Fig. 1 this is indicated by a single additional pulse
which performs a Rabi rotation in such a way that the spin
orientation in each conduction subband is inverted. This op-
eration would constitute an effective spin manipulation inde-
pendent from charge manipulations as long as the charge
density in each subband could be kept constant. We will
come back to such spin-switching dynamics below.

Figure 2 shows results of simulations of the spin and
charge dynamics where in the first part (up to about 5 ps) the
system is prepared in a state with equal densities of carriers
of opposite spin in the two lowest conduction subbands ac-
cording to the scheme described above. Then a coherent spin
manipulation is performed by applying an ISB pulse of 2 ps
duration and a nominal pulse area of 67r. The top panel sche-
matically indicates the envelopes of the pulses used. The
panel in the middle displays the occupations of the lowest
conduction subband calculated for a three-band model with-
out Coulomb interaction while in the bottom panel corre-
sponding results are shown where the Coulomb interaction
has been taken into account. In both cases the IB pulses have
been tuned in resonance to the band edge between the va-
lence and the lowest conduction band while the ISB pulses
were in resonance with the transition between the lowest two
conduction subbands. The different curves represent occupa-
tions with spin up (7, dashes), spin down (|, dash dotted),
and the total electron density (1+], solid). It is clearly seen
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FIG. 2. (Color online) Top: pulse sequence. The durations of the
pulses are [full width at half maximum (FWHM) of the intensity]:
300 fs for the IB pulses, 160 fs for the first ISB pulse, and 2 ps for
the second ISB pulse. Middle and bottom occupations of the lowest
conduction subband calculated with or without Coulomb interac-
tion, respectively. The symbol (] ) specifies the density with spin
up (down) while T+ marks the total subband density. Parameters:
Ty=0.5 ps, T¢=3 ps, TP"=150 ps, and TP"=4 ps.

that in both simulations with and without Coulomb interac-
tion, after the preparation phase the lowest conduction sub-
band contains practically only spin-up electrons, while all
spin-down electrons that have been created by the first IB
pulse have been transferred to the second subband, i.e., the
desired preparation was successful, independently whether
the calculations have been performed with or without Cou-
lomb interaction. It should be noted that due to the fast hole
spin relaxation, which takes place on the same time scale as
the preparation process, the hole states with angular momen-
tum component m Jz—% are already noticeably occupied
when the second IB pulse arrives although the first IB pulse
generated with its o™ polarization only holes with m J=+%.
This reduces the absorption of the second IB pulse due to
Pauli blocking effects. Thus, to obtain roughly equal densi-
ties of opposite spins in both subbands it is necessary to
slightly increase the strength of the second IB pulse com-
pared to the first one in order to compensate for these effects.
Furthermore, we note that in the calculation where the Cou-
lomb interaction has been neglected the total generated den-
sity is only roughly half as large as for the same IB pulse
intensity in the full calculation. This is due to the well-
known Coulomb enhancement in the absorption process. In
order to make the preparation phase fast and efficient we
have considered an ISB pulse of a total duration of 160 fs
with a pulse area of 7. For a pulse in resonance with the ISB
transition, i.e., at 25 meV in our case, this corresponds
roughly to a single cycle pulse with THz frequency. Due to
substantial progress in laser technology it has recently be-
come possible to generate intense single cycle pulses that are
widely tunable in the THz regime.**~#¢ Thus, the realization
of the preparation phase according to the protocol described
above should be feasible.
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Once spin-polarized carriers have been prepared in the
conduction subbands one can try to manipulate the spin ori-
entations in each subband with further ISB pulses. Let us
first analyze Rabi rotations of the spin densities induced by
an ISB pulse of 2 ps duration with pulse area 6. The time
evolution of the resulting densities in the lowest subband are
shown in Fig. 2. For both calculations with and without Cou-
lomb interaction it is found that the occupations of spin-up
and spin-down electrons in the lowest subband indeed ex-
hibit fast modulations reflecting the Rabi rotations induced
by the ISB pulse. If a Rabi rotation starts with equal occu-
pations of opposite spins in each subband it is tempting to
assume that the number of carriers rotated from the lower to
the upper band should equal the number of carriers that ro-
tates down from the upper to the lower band. This is indeed
the case in the calculation without Coulomb interaction, as
seen in the middle panel of Fig. 2. Interestingly, however, the
simulation where the Coulomb interaction has been included
exhibits a qualitatively different behavior. Here, the modula-
tion of the spin densities is accompanied by a modulation of
the total subband occupation with the frequency of the Rabi
oscillation.*” This result can be understood by noting that the
Coulomb interaction gives rise to k-dependent renormaliza-
tions of the ISB transition energies. An ISB pulse tuned to
the onset of subband-to-subband transitions can thus not be
in resonance with all transitions involved. Two further as-
pects are important: (a) the renormalizations induced by a
given spin species (T or |) that arise from the Fock terms
affect only the transition energies of that species; (b) the
renormalizations depend on the subbands that are occupied
because the occupations that enter the renormalizations are
weighted with subband-dependent Coulomb matrix
elements.20*® As a result, the renormalization seen by a
spin-up (spin-down) electron is different when the spin-up
(spin-down) electron is in the upper or in the lower conduc-
tion subband. Thus the fraction of imperfect Rabi rotations
due to detunings from the resonance condition depends on
whether the carriers are rotated from the lower to the upper
band or vice versa. This explains why the Coulomb interac-
tion leads to a modulation of the total subband occupation
during Rabi rotations between the lowest two conduction
subbands even when the subbands are initially equally filled.

Besides giving rise to energy renormalizations the Cou-
lomb interaction leads to a renormalization of the transition
dipole moment. As can be seen from Fig. 2, in the case of
ISB transitions this effectively modifies the pulse area. While
in the case without Coulomb interaction the spin densities
exhibit the behavior similar to the one expected for a 67
pulse, i.e., three more or less complete Rabi rotations, in the
case with Coulomb interaction we observe only two and a
half Rabi rotations corresponding to a 57 pulse.

Unlike the Coulomb-related modifications of the linear
absorption spectra of undoped samples, the renormalizations
of the ISB-transition energies scale with the carrier density.
The carrier densities estimated for many typical existing ISB
experiments are above 10'" 1/cm?283! The excitation used
for the calculations in Fig. 2 obviously yields carrier densi-
ties of that order. Thus, the curves shown so far correspond
to typical and realistic conditions. However, according to the
above interpretation it should be possible to suppress the
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FIG. 3. (Color online) Occupations of the lowest conduction
subband calculated as in Fig. 2 with Coulomb interaction but for
lower intensities of the interband pulses.

oscillations of the total subband density by decreasing the
excitation density. This is demonstrated in Fig. 3 where the
strengths of the IB pulses have been reduced such that the
resulting occupation of the lowest subband drops from
~7x10'" 1/cm? as in Fig. 2 by more than a factor of
10 to ~0.65% 10'° 1/cm?. All other parameters have been
left unchanged. Now, also with Coulomb interaction the sub-
band occupation exhibits only weak oscillations. Further-
more, we now also recover the three Rabi rotations expected
for a 67 pulse. A systematic analysis of the density depen-
dence (not shown) reveals that the density used for the simu-
lation in Fig. 3 roughly marks the onset of a low-density
regime: a further decrease in the density has practically no
impact on the shape of the curves while with rising density
the amplitude of the oscillations of the total subband occu-
pation starts to grow continuously and the effective pulse
area deviates increasingly from the nominal one.

Our interpretation of the origin of the oscillations of the
total subband occupation has further implications. If the os-
cillations are due to Coulomb-induced detunings from the
resonance condition then it should be possible to reduce the
amplitude of the oscillations also by using shorter ISB pulses
because due to the increasing spectral width of the shorter
pulses transitions with an increasing amount of renormaliza-
tion can be resonantly driven. To show that also this impli-
cation holds we have performed calculations where the car-
rier system generated by the same preparation protocol as
above is now manipulated by a sequence of two 160 fs ISB
pulses, each with a pulse area of 7. All the other parameters
are the same as in Fig. 2. Thus we now have a switching
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FIG. 4. (Color online) Occupations of the lowest conduction
subband calculated as in Fig. 2 with Coulomb interaction except
that the spin manipulation is performed with THz pulses of 160 fs
duration (FWHM of the intensity).
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FIG. 5. (Color online) Occupations of the lowest conduction
subband calculated with Coulomb interaction as in Fig. 4 except
that the spin relaxations have been turned off and a larger number of
spin switches is performed.

scenario similar to the one shown schematically in Fig. 1.
The corresponding results are plotted in Fig. 4. Clearly, now
it is possible to switch the spin orientation of the lowest
subband on a sub-picosecond time scale practically without
affecting its total occupation.

An other aspect seen both in Figs. 3 and 4 is the fact that
the degree of spin polarization decreases with time. It is in-
teresting to note that this decrease does not merely reflect the
electron-spin-relaxation time of T5""=150 ps that was used
in our simulation. In order to highlight this aspect we have
performed calculations where the spin relaxation of electrons
and holes have been completely switched off. Furthermore,
instead of only two pulses a pulse train consisting of 160 fs
ISB pulses has been used to manipulate the spin densities.
The result is shown in Fig. 5. It is seen that with these short
ISB pulses the spin orientation may be switched frequently
with only minor impact on the total subband density. In be-
tween the ISB pulses there is now no longer any spin-
relaxation mechanism in the model. Thus, the degree of spin
polarization can change only during a switching process. In-
deed, it decreases continuously with each additional switch-
ing step due to a combination of ISB decoherence present
during the action of the pulses and residual detunings from
the resonance condition. Both effects lead to imperfect Rabi
rotations in the subspace of both spin species and, as a con-
sequence, to an assimilation of the two spin densities.

IV. PUMP-PROBE SIGNALS

A standard method to monitor the dynamics of spin-
dependent carrier densities is to perform pump-probe-type
experiments with circularly polarized IB test pulses.** The
idea is that the spin-dependent occupation leads to a blocking
of the corresponding transition and is therefore reflected in
the absorption of the test pulse. However, pump-probe sig-
nals measure nonlinear optical polarizations that are affected
by various different influences. In addition to blocking-type
contributions, which reflect the occupation dynamics, such
signals may be influenced by coherent signal components
arising from Coulomb-induced nonlinearities.’*? For an ex-
perimental verification of the spin manipulation scheme pro-
posed in the present paper it is thus of utmost importance to
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FIG. 6. (Color online) Absorption of a weak IB test pulse (300
fs FWHM of the intensity) as a function of the delay from the first
interband pulse. (a) For excitations as in Fig. 2 (with Coulomb
interaction) and (b) for excitations as in Fig. 4. The curves are
normalized to the absorption of the unexcited sample.

know whether under the excitation condition considered here
the predicted spin dynamics can be monitored in a pump-
probe experiment. We have therefore performed simulations
of experiments that measure the absorption of a weak test
pulse arriving at the sample with a delay time 7 with respect
to the first IB pulse. We have considered a test pulse of 300
fs duration in resonance with the IB transition between the
band edges of the highest valence and the lowest conduction
subband. Such pulses are spectrally sufficiently narrow to
exclude contributions from the second conduction subband
which in a real quantum-well structure could occur due to
transitions to lower-lying valence bands. The calculated ab-
sorption is plotted in Fig. 6 as a function of the delay time 7
for three different polarizations of the test pulse: linearly x
polarized (solid), circularly o* polarized (dash dotted), and
circularly o~ polarized (dashed). Part (a) of the figure refers
to the excitation conditions used for Fig. 2 (with Coulomb
interaction) while part (b) corresponds to the conditions used
for Fig. 4. It is clearly seen that the absorption of o= light
closely follows the dynamics of the T and | occupations of
the lowest conduction subband. The absorption of linear po-
larized light essentially reflects the behavior of the total sub-
band occupation, except that the Rabi-type modulations are
less pronounced in the absorption signal in Fig. 6(a) than in
the corresponding density in Fig. 2. For the short ISB switch-
ing pulses this relation is reversed. Here, the absorption dy-
namics in Fig. 6(b) reacts more strongly to the switching
pulses than the occupation in Fig. 4.

V. CONCLUSIONS

We have simulated the intersubband dynamics of spin-
polarized carriers in an undoped semiconductor quantum
well. It has been demonstrated that with a suitable sequence
of two interband excitations with opposite circular polariza-
tions and one linearly polarized intersubband excitation it
should be possible to prepare a situation where the lowest
conduction subbands are equally populated with carriers of
opposite spin orientations. Further intersubband pulses can
then be used to drive spin-sensitive intersubband dynamics.
We have shown that with long ISB pulses a periodic modu-
lation of the spin density in a given subband can be achieved.
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However, due to Coulomb-induced renormalizations of the
dynamics these modulations are typically accompanied by
oscillations of the total subband density. It turned out that for
low carrier densities or short ISB pulses it becomes never-
theless feasible to switch the spin orientations essentially
without changing the total occupations of the subbands. In
addition to the occupation dynamics we have simulated
pump-probe-type experiments. The predicted spin rotations
are shown to be experimentally accessible in such pump-
probe measurements with circularly polarized probe pulses

PHYSICAL REVIEW B 80, 155310 (2009)

tuned in resonance with the lowest interband transition. Our
simulations of such experiments show that the fast spin
modulations remain clearly visible under realistic conditions.
By using linearly polarized test pulses one can monitor also
the total subband occupation and thus decide experimentally
whether spin and charge degrees of freedom have been con-
trolled independently. According to our simulations it should
be possible to realize a system where long-lived spin polar-
izations could be manipulated on short-time scales without
significantly affecting the corresponding charge density.
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