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The coherent spin dynamics of electrons in tunnel-coupled CdTe and(Cd,Mn)Te quantum wells
(QWs) is studied by time-resolved pump-probe Kerr rotation. The coupled QWs have different
thicknesses, the narrow one is doped by Mn?T magnetic ions. A short range proximity effect between
them is observed: the Zeeman splitting of electrons in the wide QW is given besides the intrinsic
electron g factor additionally by the exchange interaction with the Mn?* ions mediated by electron
tunneling into the narrow QW. The exchange interaction strength scales with the Cdo.ssMgo.12Te
barrier thickness separating the QWs. The Kerr rotation signal measured on the wide QW shows
two close frequencies of electron spin Larmor precession in a transverse magnetic field. These
components have very different spin dephasing times, 50 ps and 1 ns. The two frequencies originate
from electrons in the wide QW being either part of an exciton or being resident. The proximity effect
of the exciton-electron is smaller due to the binding by Coulomb interaction which decreases the
tunneling to the narrow well. The experimental data are in good agreement with model calculations.

I. INTRODUCTION

The possibility of long-term storage of temporal coher-
ence and ultrafast spin control in semiconductor struc-
tures defines one of the most important areas of modern
spintronics!. An important related issue is the search
of objects suitable for implementation of these features.
There are various ways of solving these problems. Firstly,
one could embed magnetic ions such as Mn, Co, Fe etc
into the semiconductor structure. In this case, the spin
dynamics of the carriers and magnetic ions is determined
by the strong s/p-d exchange interaction?. This exchange
interaction between spins of free carriers and magnetic
ions in diluted magnetic semiconductors (DMS) and their
heterostructures has been intensively studied?2. The re-
lated surge of interest is due to the observed spin polar-
ization effects that could potentially serve as a basis for
spin generation and orientation techniques in spintronics.
One of the important parameters in DMS structures is
the concentration of the magnetic ions. For high and low
concentrations, the mechanisms of spin relaxation can be
different®2. Diluted magnetic semiconductors based on
II-VI materials, like (Cd,Mn)Te and (Zn,Mn)Se, have of-
ten been used as model systems to study spin related
phenomena. They demonstrate giant magneto-optical
effects, e.g. the giant Zeeman splitting caused by the
s/p-d exchange 19 Materials of that kind can be used
as spin injectors in modern nanoelectronic devices! 14,
In that way, incorporation of magnetic ions in semicon-
ductor heterostructures facilitates control of the electron
spin polarization. The interaction with magnetic ions

also can stabilize the spin orientation of localized carri-
ers by forming magnetic polaronst®i7,

Secondly, control of the spin dynamics of carriers (con-
trol of their magnetization) can be efficiently provided in
hybrid structurest®4820 There are various types of such
structures composed of different materials, for exam-
ple: two semiconductor layers separated by a ferromag-
netic layer; a ferromagnetic layer and a semiconductor
QW, separated by a nanometer-thick barrier; two cou-
pled QWs of different widths separated by a thin barrier,
where one QW contains magnetic ions. Hybrid structures
could allow one not only to combine the functionalities of
the individual constituents, but also to perform mutual
control of their properties. An overview about the hybrid
structures and their capabilities can be found in Ref. 20.
Such structures are typically used as direct spin injection
devices, where spin-polarized carriers are injected from a
ferromagnet into a semiconductori®. One can consider
the generation of spin-polarized carriers as result of spa-
tial separation of carriers with opposite spins caused by
the influence of the magnetic ions.

In this paper we propose and implement another possi-
bility of wave function engineering based on the modifica-
tion of the overlap of electron and manganese wave func-
tions. Namely, by changing the thickness of the several
monolayers-thick spacer between tunnel-coupled QWs (a
wide CdTe well and a narrow (Cd,Mn)Te well), the pen-
etration depth of the electron wave function confined in
the wide QW into the narrow QW is tuned. This mod-
ifies the exchange interaction strength of the electrons
with the manganese ions in the narrow QW (short range
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FIG. 1. Schematic energy diagram of the studied structures
containing two tunnel-coupled CdTe and (Cd,Mn)Te quan-
tum wells separated by a (Cd,Mg)Te spacer with thickness
d.

proximity effect). As a result, a pronounced dependence
of the electron Zeeman splitting (treated in terms of an
effective electron g factor) on the spacer thickness and the
sample temperature is observed. Time-resolved pump-
probe Kerr rotation is used to measure the time-evolution
of the optically excited electron spin coherence for differ-
ent experimental conditions. A theoretical model that
describes the experimentally observed effects is devel-
oped.

II. EXPERIMENTAL DETAILS

The studied QW structures were grown on (100)-
oriented GaAs substrates by molecular-beam epitaxy
overgrown by a 4 um CdggsMgg.12Te buffer layer to
reduce the strain induced by II-VI on III-V heteroepi-
taxy. The heterostructures consist of two quantum
wells of CdTe and Cdg.9s4Mng.g16Te of 20nm and 8 nm
width, respectively, separated from each other by a thin
Cdo.ssMgo.12Te spacer of thickness d (Fig. [dl). Only the
spacer thickness differs in the samples: 1) 5 monolay-
ers (ML) (= 1.64nm), 2) 7ML (~ 2.30nm), 3) 9ML
(= 2.95nm) and 4) 11ML (= 3.50nm). The narrow
quantum well (NQW) and thus the entire structure was
capped by a Cdg.ggMgp.12Te layer of 50 nm width. The
wide quantum well (WQW) of 20 nm thickness was not
intentionally doped, but nevertheless showed some back-
ground doping. The NQW was exclusively doped with
manganese.

For optical experiments the samples are placed in a
cryostat offering the possibility to vary the sample tem-
perature from 1.6 up to 300K and to apply magnetic
fields up to 6 T. The light wave vector was parallel to
sample growth axis. In the Voigt (Faraday) geometry the
magnetic field By (By) is applied perpendicular (paral-
lel) to the growth axis.

The time-resolved, degenerate pump-probe Kerr rota-
tion (TRKR) technique?2! is used to study the coherent
carrier spin dynamics. The pulsed emission from a mode-
locked Ti:Sapphire laser (pulse duration of 1.5 ps with a
repetition period Tg = 13.2ns) is split into the pump
and probe beam. The polarization of the pump is modu-
lated at 50 kHz between left (¢1) and right (o) circular
helicity by a photo-elastic modulator (PEM). The pump-
induced spin coherence is detected in reflection geometry
through the Kerr rotation (KR) of the linearly polarized
probe beam. The spot diameter of the pump beam on the
sample was 350 ym, that of the probe beam was slightly
smaller. The probe power is 0.5 mW, the pump power is
varied in the range 1.5+ 20mW. The photon energies of
pump and probe are degenerate and tuned to be in res-
onance with the exciton states in the NQW and WQW
in the spectral range of hwe, = 1.55 + 1.70eV. The KR
signals are measured in Voigt geometry By up to 3T
at different temperatures. Note that the used technique
does not allow us to determine the sign of the g factor,
but it is well known that the electron g factor is negative
in bulk CdTe and CdTe/(Cd,Mg)Te QWs2.

The photoluminescence (PL) spectra are excited by
a continuous wave (cw) laser with a photon energy of
2.34eV. The reflection spectra are measured using a halo-
gen lamp. All spectra are recorded using an 0.5m spec-
trometer interfaced with a charge-coupled-device detec-
tor.

III. EXPERIMENTAL RESULTS
A. Photoluminescence and reflectivity

The PL spectra of all studied samples are shown in
Fig. Pl(a). At T = 1.6K and B = 0T each spectrum
consists of two lines, which are attributed to the exciton
(Xwqw) and to the trion (Twqw) recombination in the
WQW22, Under these conditions, PL from the NQW is
not observed, which suggests that charge carriers (highly
likely electrons) photoexcited in the NQW rapidly tun-
nel into the WQW through the thin spacer. The studied
samples vary only with respect to the spacer width be-
tween the QWs. Therefore, their spectra shift slightly in
energy.

In order to identify the states in the NQW we measure
a magnetic field series of ot and o~ circularly polarized
reflectivity spectrum in Faraday configuration. As one
can see in Fig.Rl(b-c), the reflectivity spectraat T = 1.6 K
shows a narrow resonance for Bp = 0T with energy of
1.602eV and a weak shoulder at 1.66eV, which corre-
spond to the excitons in the WQW and NQW, respec-
tively. With increasing magnetic field the Zeeman split-
ting of the excitons is observed. For the exciton in the
NQW it is much larger than in the WQW. The exci-
ton resonances are superimposed on an oscillating back-
ground originating from interference effects due to the
layer sequence of the sample. The shifts of the WQW and



Photoluminescence
Normalized

1.596 1.598 1.6 1.602
Energy (eV)

8
s
3
=
5]
m - -
c
.|.|)|(WQ.W|.|.|.|.6
1.6 1602 1.604 16 1.62 164 166 1.68 1.7
Energy (eV) Energy (eV)
1.68
1.67 (@
_ Le6 XNQW +
> 1.65 E—
— 1.64
> L
21.6037 T
= r X
= 1,602 | o
1.601 [ L | L | L | L | L | L |
0 1 2 3 4 5 6
B, (T)
FIG. 2. (a) Photoluminescence spectra of the studied sam-

ples. B = 0T. (b) Reflectivity spectra of the 11 ML sample
measured for o~ (black line) and o (red line) polarizations
at Bp = 0 and 6 T in the spectral range of the exciton in the
WQW. (c) The same spectra as in (b) in the wider spectral
range covering the WQW and NQW excitons. (d) Magnetic
field dependence of the exciton energy in the WQW and NQW
for opposite circular polarizations. T = 1.6 K.

NQW exciton energies in magnetic field By are shown in
Fig. BI(d) for the opposite polarizations. From the gi-
ant Zeeman splitting of the NQW excitons we evaluate
the manganese concentration of x = 0.016. Here we ne-
glect the rather small leakage of the wave function of the
NQW exciton into the barriers and WQW, which does
not exceed 5 % and use the equation for the giant Zeeman
splitting in bulk Cd;_,Mn,Te?

AEé( = QXNBB + NO(O( — ﬁ)$<sz(B,T)>Mn (1)

Here the first term on the right-hand side describes the
intrinsic Zeeman splitting of the excitons without ac-
counting for their interaction with the Mn?T ions. gx is
the exciton g factor and pup is the Bohr magneton. The
second term is specific for DMS. It is proportional to the
average spin polarization of the Mn?* ions (S, (B, T))mn-
Nya and Ny are the exchange constants for the conduc-
tion band electrons and valence band holes, respectively.
In Cd;_,Mn,Te, Noa = 0.22 eV and N3 = —0.88 eV32,

One can see in Fig. 2l d) that the exciton Zeeman split-

ting in the NQW saturates in strong fields reach a value
of about 39 meV, that strongly exceeds the typical val-
ues of the splittings in nonmagnetic semiconductors, that
are smaller than one meV in the applied magnetic field
range. This evidences that the exchange part of the split-
ting dominates for the excitons in the NQW, which is
also in line with the fact that the lower in energy exciton
component is o1 circularly polarized.

The exciton of the WQW in the 11 ML sample has
very small overlap with the Mn?" ions in the NQW. As
a result, the WQW exciton Zeeman splitting is mainly
controlled by the intrinsic exciton ¢ factor, gx. It
increases about linearly with magnetic field, reaching
0.27 meV at B =6 T. Also, the lower in energy compo-
nent is 0~ circularly polarized, which is characteristic for
CdTe/(Cd,Mg)Te QWs22. Tt is important to note that
for the WQW exciton the exchange term in the Zeeman
splitting is contributed by the hole and electron wave
functions penetrating into the NQW, but in a different
way. Therefore, the exchange term in Eq. () has to
be multiplied by the coefficients characterizing the pen-
etration. In the following, we present experimental data
of pump-probe Kerr rotation experiments in which the
coherent spin precession of the electrons is measured.
Therefore, we give here only the equation for the elec-
tron giant Zeeman splitting

AE7 = geppB + NOO‘x|\IJean|2<Sz(BvT)>Mn =
= ge,eff(B7T)/J’BB' (2)

The first term on the right-hand side describes the in-
trinsic Zeeman splitting of the electrons with g factor ge.
The second exchange term is proportional to |W. _,|%,
which is the square of the overlap integral of the elec-
tron wave function with the Mn?* ions. It is about equal
to unity for the electron excited in the NQW and it is
much smaller than unity for the electron confined in the
WQW. In some cases it is convenient to introduce the ef-
fective g factor, ge em(B,T), which accounts for both the
intrinsic and exchange effects. As a consequence, ge g
depends on temperature (not only through the band gap,
but also through the average Mn-polarization) and mag-
netic field. In the pump-probe experiments we use rela-
tively weak magnetic fields of 0.5 or 1 T, where the field
dependence of g o is very small, but the g. g tempera-
ture dependence is evident. We will use it for evaluating
the exchange contribution. In order to simplify the no-
tation, we will omit below the indices ”e” and ”eff” for
the electron g factors.

B. Time-resolved Kerr rotation

In transversal magnetic field By the KR signal con-
tains several superimposed oscillating components, each
of which corresponds to different Larmor precession fre-
quency, spin dephasing time, amplitude, and initial phase
which originate from different spin ensembles. However,
the diversity of signals can be divided into two groups
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FIG. 3. Kerr rotation signals from the NQW in the 11 ML
sample at By = 0.47T. The components included in the fit
are shifted vertically for clarity (solid red lines). fAwex =
1.657eV, T = 5K, and Ppump = 5mW.

depending on the excitation energy. The signals have
significantly different KR components when excited with
an energy corresponding to the NQW exciton, where elec-
tron and manganese components are observed (Fig. Bl),
and with an energy corresponding to the WQW exciton,
where only electron components are detected (Fig. HI).
We fit the Kerr rotation signals with the following equa-
tion:

KR = ZAi exp (—Tt

- ) sin (wL_,it + gf)l) . (3)
2,i

Here the index ¢ designates the contributing components
with the following parameters: A; is the amplitude, 75,
is the dephasing time, wy; = ppg;B/h is the Larmor
precession frequency with the Landé factor g;, h is the
Planck constant, and ¢; is the phase.

Figure Blshows a typical KR signal for the 11 ML sam-
ple excited in the NQW with Awex = 1.657eV, measured
at By = 0.47T. The signal consists of two oscillating
components, whose g factors are calculated from the Lar-
mor frequencies. One of these components corresponds
to gvm = 2 and does not depend on temperature, spacer
thickness and magnetic field strength. Therefore, we as-
sign the oscillations with gy, to the Larmor precession
of the Mn?" spins. Having in mind the large exciton
Zeeman splitting in the NQW as shown in Fig. 2l(d),
we expect to have an electron component with large
lg] >> 10. However, we do not observe it, which can
be explained by a very fast dephasing of this component
within 10 + 30 ps®2. Surprisingly, the KR signal has
a component with a Larmor frequency corresponding to
lg1] = 1.53. We assign this precession to electrons con-
fined in the WQW. Their spin beats are detected due
to the exchange coupling with energetically higher lying
states in the NQW. The corresponding mechanism and
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FIG. 4. Kerr rotation signals obtained from the WQW in the
11 ML (a) and 5ML (b) samples. The components included
in the fit are shifted vertically for clarity (solid red lines).
Larmor frequency dependences on magnetic field By for the
first (short 75) (c) and the second (long 7%) (d) oscillating
components. fwex = 1.599eV, T'= 5K, and Ppump = 5mW.

the consequences for the electron spin dynamics will be
discussed below. Note that very similar results are ob-
tained also for the other NQW samples with different
spacer thicknesses.

The situation changes significantly for excitation in
the WQW at 1.599eV. As shown in Fig. ll(a) for the
11 ML sample and all other spacer thicknesses the sig-
nal no longer contains the component of the manganese
spin precession with gy, = 2. Instead two electron com-
ponents, which are very different in amplitude and spin
dephasing times, are observed. Independent of spacer
thickness the first component has the larger amplitude
(Figs. H(a) and Hl(b)), which is more than one order of
magnitude larger than the one of the second component,
and the shorter spin dephasing time 75, ~ 35ps. The
second component shows 75, ~ 1ns at weak magnetic
fields. In the 11 ML sample, |g1| = 1.60 and |go| = 1.62
are measured. These g-factor values correspond to elec-
trons in the CdTe WQW which undergo a small renor-
malization due to confinement in comparison to the CdTe



bulk value of —1.642¢. As mentioned, the electron g fac-
tor in CdTe is negative. Because the exchange contri-
bution in the WQW is rather small, it does not over-
come the intrinsic g. so that we assign negative signs to
the measured values in the following. In contrast to the
11 ML sample, in the 5 ML sample the g values measured
for the WQW are different: |g1] = 1.53 and |g2| = 1.37
(Fig.H(b)). We attribute these changes to the short range
proximity effect. In case of a small spacer between the
QWs, the electron wave function confined in the WQW
exhibits a nonzero overlap with the Mn?* spins in the
NQW.

The dependencies of the g factors of both components
on the spacer thickness are shown in Fig. Bl(a), where
clear monotonic behaviors are seen. Figure Blb) shows
the dependencies of the spin dephasing times on the
spacer thickness. In contrast to the first (fast) compo-
nent, for the second component a strong dependence of
the spin dephasing time on d is observed. With the de-
creasing thickness the 75, time decreases sevenfold due
to the increasing ensemble inhomogeneity by increasing
the wavefunction overlap with Mn?*.

When measuring the g factors at different tempera-
tures for the samples with varying spacers, we find pro-
nounced temperature dependencies (Fig. [6). This is the
expected behavior because the exchange contribution to
the electron Zeeman splitting is expected to decrease for
increasing temperatures at which the Mn?* spins become
depolarized. The dependencies are qualitatively similar
for the first and second components, but quantitatively
the decrease is more pronounced for the second one. For
the 5 ML sample, the temperature increase from 5 to 40 K
leads to a decrease in g; from —1.53 to —1.60 (Fig.[Bla)),
while go changes from —1.37 to —1.57 (Fig. [B(d)). For
samples with a larger spacer thickness the temperature
dependence of both components is much weaker. In
particular, it is practically absent in the 11 ML sample
(Figs. Bl(c) and [Bf)).

The presence of two components with different ampli-
tudes, decay times and frequencies in the oscillating KR
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signal indicates that resonant excitation of the WQW
results in spin polarization of two different electron sub-
ensembles. The trion line in the PL spectrum in Fig. Pl(a)
indicates that the resonant photogeneration of excitons
is accompanied by the formation of trions, which is possi-
ble only if there are resident charge carriers in the WQW.
Since we observe oscillations with g1 2 ~ —1.6, while the
heavy-hole g factor in the QW plane is negligibly small22
(we do not observe a hole component in the KR signal),
we conclude that the resident carriers are electrons. The
presence of two electron components can be explained as
follows: we suggest that the first (fast decaying) compo-
nent with larger amplitude is due to the spin precession
of electrons bound within excitons. Its spin dephasing
time is limited to the exciton lifetime, given by its re-
combination or binding to a trion). The second (slowly
decaying) component originates from the Larmor preces-
sion of resident electrons?®, which lifetime is not limited
by recombination. Therefore, the spin dephasing time
in this case is limited by the spin relaxation of resident
electrons.

To clarify the origin of the g factor dependencies, ad-
ditional pump-probe Kerr rotation measurements in the
two-color regime are performed. We use an experimental
configuration where the WQW is excited and detection is
set to the NQW. Results for the 5 ML and 11 ML samples
are given in Fig. [l Note that although the energy lev-
els of the tunnel-coupled QW system have to be treated
as joint levels, the lowest energy state can be attributed
mostly to the WQW, while the higher energy state can
be assigned dominantly to the NQW.

In the 5 ML sample (Fig. [[(a)) three oscillating com-
ponents are found with parameters g1 = —1.41, T3, =
30ps; g2 = —1.49, T35 = 170ps; gun = 2, and 15y, =
340 ps. The dynamics obtained with the two color tech-
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nique differ not too much from that measured for reso-
nant excitation of the NQW, see Fig. Note that the
coherent spin dynamics of the WQW electrons can be
detected via probing exciton states in the NQW which is
possibly by the finite probability of electron wavefunction
tunneling from the NQW into the WQW. More impor-
tant, the overlap of the wavefunctions of the photogen-
erated carriers in the WQW with the Mn-ions localized
in the NQW is sufficient to introduce an exchange field
which is triggering the precession of the Mn? spins.

In contrast, in the 11 ML sample (Fig. [[(b)) the os-
cillation of the Mn?* spins is absent. Only two Lar-
mor components are found with the following parameters

—1.60, 75, = 22ps; g2 = —1.57, and T5 5 = 160 ps.
By increasing the spacer thickness by a factor of about 2
the tipping exchange field leading to the Mn?* spin pre-
cession vanishes, so that only spin precession of electrons
similar to the case in Fig. @ shows up.

As can be seen from the dependencies shown in this
section, the parameters of the electrons in the WQW
strongly depend on the spacer thickness. For a thin
spacer, the electron wave function more strongly pen-
etrates from the WQW into the NQW leading to a
stronger interaction with manganese. In particular, this
leads to a decrease of the spin relaxation time of the
second precession component in the sample with 5 ML
spacer (Fig. B(b)) and the appearance of a manganese
component in the KR signal in the two-color measure-
ment (Fig.[[(a)). We emphasize that the exchange inter-
action of the electrons bound in excitons with the man-
ganese ions is expected to be weaker than for the resident
electrons. This is result of the additional localization
caused by the Coulomb interaction within the exciton,
more details are given in Sec. [Vl

IV. THEORETICAL MODEL

To reveal the role of the Mn-doping of one of the
QWs, we describe the heterostructure by means of the
envelope function model?? for the electrons. Within the
envelope function approach, the effective single electron
Hamiltonian is written in terms of a position-dependent,
piecewise-constant effective mass m*(z) and an external
potential V(z). In each of the heterostructure layers, the
effective mass is given by the bulk effective mass of the
corresponding material, while its band gap defines V(z).
We include holes in the model to describe the ground
exciton state by considering an additional electron con-
finement due to the adiabatic Coulomb potential created
by the hole in the exciton. To analyze the results for
resident electrons we neglect any contributions caused by
the holes and consider the exchange interaction between a
resident electron and manganese ions to be stronger than
the corresponding interaction for an electron bound in an
exciton state. Following the results obtained in Ref. 228,
the electron-hole Coulomb interaction decreases the pen-
etration of the electron wave function into the barriers
by about 20%. The wave function of an resident electron
is more extended compared to an electron in an exciton.
Therefore, the exchange interaction between a resident
electron and the manganese ions is stronger than for an
electrons in an exciton. In our calculations we consider
an exchange interaction increase for a resident electron
by 15%.

The Hamiltonian of the model consists of two terms,

H=H, + H,. (4)

The first term H. describes a I'¢ conduction band elec-
tron in the heterostructure, whose energy levels are
Zeeman-split in the external magnetic field B,

2 A~

+E,+V(2)+ geuB%B. (5)

g - P
T 2me(2)

Here, pp is the Bohr magneton, and &, is the Pauli
matrix acting in the electron spin space. The poten-
tial V(z) is derived from the z-dependent band gap,
V(z) = [E(z) — E4]/2 (the gaps of all constituent ma-
terials are centered around the same level). The zero
energy point is chosen to be at the top of the valence
band of CdTe, and E; = 1.606 eV denotes its band gap.

Assuming the 1nterfaces to be mathematically abrupt,
one can write F(z) as a piecewise-constant function with
the corresponding values of E(z) for CdgssMgp.12Te
(1.817 eV)22, while for CdTe and Cdg.ggaMng o16Te
(1.638 eV)22. In the NQW, some of the cadmium atoms
are substituted with Mn?* ions each of which carries a
localized magnetic moment Sy, = 5/2 arising from the
d® electrons. The Zeeman splitting of the I's conduction
band in magnetic field caused by the exchange interac-
tion with the manganese ions can be described on the
mean-field level as a Zeeman splitting with a strongly en-
hanced Landé factor. Within this approach the exchange



Hamiltonian He is given by

H, = Noaaj—(S’ (B, T))Mn, (6)
where Ng is the number of unit cells per unit volume,
(S’ )Mn is the thermal average of the Mn?" spin compo-
nent along the z-direction. The value Noaw = 0.22 eV
is commonly accepted for Cd;_,Mn, Te for varying mole
fraction 222, The thermal average (S )y is calculated as
a weighted sum over the components of the Zeeman-split
ground multiplet

& 5 gMn,UJBB
z B,T n2 - - a1 /m . my b
(S.(B,T))yimes = —SoBs)s (2 kB(T+TO)) )

where B5/5(y) is the Brillouin function of order 5/2.
The phenomenological parameters Sy (effective spin) and

o (effective temperature) account for the Mn-Mn in-
teraction within the Mn-ion system. In Cd;_,Mn,Te
with © = 0.016 they assume the values Sy = 1.97 and
To=1 K3235,

By recollecting all Hamiltonian terms emerging from
the approximate treatment of the magnetic impurities,
we rewrite the initial Hamiltonian H as

N p2

= gy V) 5)

with the spin-dependent potential

f/g(z) =E,+V(2)+

o ~

+ 2 [gennBy ~ Noaa(S.)b(z € NQW)] , (9)
where 0(z € NQW) = 1 inside the NQW and is equal to
zero elsewhere. This Hamiltonian is to be solved inde-
pendently for o = +1.

A. Envelope function approach: energy spectrum
spin splitting and proximity effect

The envelope function method is based on expanding
the wave function ¥ (r) as

U(r) = f(r)ug(r), (10)

where uig (r) is the Bloch function of the conduction band
electrons (assumed to be the same in all layers of the het-
erostructure), and f(r) is the so-called envelope function
that changes slowly on the atomic scale. We neglect the
anisotropy of the exchange interaction, as it is negligi-
ble in (Cd,Mn)Te, where the spin-orbit splitting at the
I'-point is smaller than the energy gap. Furthermore, we
assume the heterostructure to be translational invariant
in the layer plane, which means that f(r) can be fac-
torized into a transversal plane wave and a z-dependent
function,

flri,z) = %exp(ikﬂux@)a (11)

where the symbol | indicates vectors oriented perpendic-
ular to the heterostructure growth axis (® is the area of
the sample cross-section). The analogue of the Hamilto-
nian (8)) for the envelope function x(z) in the simple case
of a single parabolic band is called the Ben Daniel-Duke
model. Its corresponding eigenproblem reads

RPd 1 d h2k?

T s A ) = EXU(Z;)

Here, m.(z) is the effective electron mass of bulk mate-
rials. Similarly to V,(2), m.(z) is a piecewise-constant
function of z with discontinuities at the interfaces. The
effective mass m, = 0.12my in the spacer and barrier re-
gions, while m. = 0.095m in the WQW and NQW. (The
small fraction of manganese in CdTe has nearly no effect
on the electron effective mass)323¢. Note, in order to cal-
culate the exciton ground state ml\mg into account the
contribution of the holes, we have renormalized the ini-
tial potential for the electrons by adjusting (increasing)
the barrier width. This adjustment accounts
tional electron confinement due to the adiabatic Coulomb
potential created by the hole within the exciton.

The Ben Daniel-Duke eigenproblem is subject to addi-
tional continuity conditions, namely

1 dxs(2)
d me(z) dz

for an addi-

Xo (%) an (13)
must be continuous at each interface. Following a stan-
dard textbook procedure, we look for a solution within
each layer in the form of either a free wave or an evanes-
cent state. The continuity conditions will then be used to
recast the eigenproblem into a system of transcendental
equations for the adjustable parameters (the wave num-
bers) of our ansatz.

The system of linear equations has a non-trivial solu-
tion defined up to a normalization constant if the deter-
minant of its matrix M, (g) turns to zero. det M,(¢) =0
is a complicated transcendental equation when solved
with respect to the energy e. Its solution gives the en-
ergy levels e, 5, of the system, and can only be obtained
numerically.

To analyze the eigenstates of the conduction band
electrons in our system of two coupled QWs under the
influence of the external magnetic field, we first solve
det M, (g) = 0 for both spin projections o and thus cal-
culate the energy levels e, ,,(B) in the practically relevant
range 0 < B < 6 T. When the magnetic field is applied to
the heterostructure, the energy levels exhibit a nonlinear
spin splitting. An additional contribution to the level
splitting is present in the NQW, where the manganese
ions are located. Figure [§] demonstrates the calculated
ground exciton state in the WQW (panel (b)) and the
state in the NQW (panel (a)), which directly reflect the
Brillouin-like behaviour as a function of magnetic field.
The calculations were performed for a spacer width of 11
ML and a temperature T' = 1.6 K. The red curves cor-
respond to o polarization and the black curves demon-
strate o~ polarization. As shown in Fig. ] the presence



FIG. 8. Calculated state spectrum of a tunnel-coupled QW
structure. Calculations were performed for the spacer width
11 ML at the temperature 7' = 1.6 K. Red curves correspond
to o7 polarization and black curves to o~ polarization.

of the Mn?" ions in the NQW qualitatively modifies the
simple linear Zeeman effect. In fact, the linear in B split-
ting can still be seen at small fields, but it is massively
overpowered by the exchange interaction contribution as
the field gets stronger. The non-uniform growth of the
splitting in the middle range of field strengths (up to
1 —2T) is result of the subtle interplay between the ex-
change interaction and the spatial redistribution of the
electron density. By looking at the splitting of the ground
state (Fig.BI(b)), one finds that the energy dependence on
the field strength for the spin down electrons saturates at
a certain value of magnetic field (about 2 T'), while for the
spin up electrons the influence of the ions is negligible.
The saturation effect is result of the Mn?*t ion polariza-
tion. We attribute the difference between the measured
(Fig. Bld)) and the calculated (Fig. B(b)) WQW exciton
splitting to the used calculation procedure. To simplify
the calculations, we have included effect of the holes into
the model only on the phenomenological level by con-
sidering an additional electron confinement due to the
adiabatic Coulomb potential created by the hole within
the exciton. Indeed, in strong magnetic fields the local-
ized ion momenta align with the field. Accordingly, the
Brillouin function in Ref.3!, which describes the magne-
tization of the Mn?T ions, reaches a plateau.

The present calculations were performed using the pa-
rameters of the material given above (effective masses
m*(z), effective spin Sy, effective temperature T, ex-
change constant and number of unit cells per unit aNy,
the mole fraction of manganese ) and the structural pa-
rameters of the double quantum well system (widths of
barrier, WQW and NQW, energy gaps for all materials).
In the frame of our theoretical model we calculated the
square of the overlap integral of the wave functions of
the electron with the manganese ion (|W._ps,|?), which
directly determines the strength of exchange interaction
and differs for the resident electrons and the electrons

bound in excitons.

We calculated the effective Lande factors as function
of temperature and spacer width for both the resident
and exciton electrons. A comparison of the theoretical
results with experimentally measured data is shown in
Figs. [ Bl and[Bl The experimentally obtained values of
the g factors are well described by the proposed theoret-
ical model. An exception is the value of the g factor for
the second component at the lowest temperature.

V. CONCLUSIONS

The coherent spin dynamics of electrons has been stud-
ied in tunnel-coupled double quantum well structures
(composed of a wide CdTe well and a narrow (Cd,Mn)Te
well) with a narrow spacer between the wells using time-
resolved pump-probe Kerr rotation. It has been shown
that the spin dynamics of electrons in the wide QW is de-
termined by the electrons wave function penetration into
the narrow QW and, consequently, by the strength of ex-
change interaction between the electrons and manganese
ions in the narrow QW (short range proximity effect).
The presence of two electron g-factor components has
been revealed, both of which depend on barrier thick-
ness (proximity effect) and temperature. The observed
difference in g factors is associated with two different
subensembles of electrons and is caused by the stronger
interaction of the resident electrons with manganese ions
due to the weaker spatial localization of their wave func-
tion in comparison with the electrons bound in excitons.
Despite the small penetration of the exciton wave func-
tion from the wide quantum well to the narrow one, the
exciton interaction with the Mn?+ ions in the narrow
quantum well was sufficient to launch their coherent spin
precession.
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