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The magnetization dynamics in diluted magnetic semiconductor heterostructures based on (Zn,Mn)Se and
(Cd,Mn)Te were studied optically and simulated numerically. In samples with inhomogeneous magnetic ion
distribution, these dynamics are contributed by spin-lattice relaxation and spin diffusion in the Mn spin system.
A spin-diffusion coefficient of 7 X 107® cm?/s was evaluated for Zn( goMny ¢;Se from comparison of experi-
ment and theory. Calculations of the exciton giant Zeeman splitting and the magnetization dynamics in ordered
alloys and digitally grown parabolic quantum wells show perfect agreement with the experimental data. In both

structure types, spin diffusion contributes essentially to the magnetization dynamics.
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I. INTRODUCTION

Heterostructures based on II-VI diluted magnetic semi-
conductors (DMSs), like Cd,_,Mn,Te or Zn,_Mn,Se, are
considered as model systems for spintronic devices."? Opti-
cal spectroscopy techniques have been conveniently used for
investigating their properties due to the strong optical transi-
tions in the vicinity of the band gap observable in, e.g., ab-
sorption, reflection, and emission. DMS materials are known
for giant magneto-optical effects originating from the strong
exchange interaction of free carriers with the localized mag-
netic moments of Mn** ions.>*

The spin dynamics of free carriers in DMS are con-
trolled by spin and energy transfer in the coupled system
of carriers, magnetic ions, and phonon bath (lattice).>”’
The fast exchange scattering of carriers on magnetic ions
(107'2-107"" s) provides efficient transfer into the Mn sys-
tem but the further transfer from the Mn spin system to the
phonon bath is decelerated by the relatively slow spin-lattice
relaxation (SLR) rate in materials with low Mn concentra-
tions of a few percent. Control of dynamical properties of the
Mn spins, described by the SLR time, is essential because
they may show a bottleneck for high-speed applications.

In II-VI DMS, the SLR time of the localized Mn spins,
TgLr» 18 controlled by concentration-dependent exchange in-
teractions between the Mn?* ions. It varies by several orders
of magnitude from millisecond down to nanosecond with
increasing Mn concentration x from 0.004 to 0.11, see Fig.
1(c).%8 In absence of SLR for isolated Mn ions such a strong
dependence is explained by relaxation within Mn clusters.’
With increasing Mn concentration, the number of clusters
grows as does the cluster size. This shortens the characteris-
tic length for spin transfer from a single Mn ion to a cluster
and also accelerates the spin-relaxation processes inside a
cluster. It was shown that digital growth of ordered DMS
alloys enables redistribution of cluster statistics for the same
Mn concentration, thus increasing the role of these clusters.19
Cluster formation results in a considerable enhancement of
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SLR confirming their leading role in magnetization relax-
ation dynamics.

There are some experimental evidences that spin diffusion
in the Mn spin system plays an important role in the magne-
tization dynamics of II-VI DMS. First, the strong depen-
dence of SLR time on Mn concentration can be explained
by a nonlocal model of SLR in DMS where the spin diffu-
sion from single Mn?* ions to Mn clusters provides fast
SLR.!' Second, a direct experimental proof of the
spin-diffusion contribution to the magnetization relaxation
in heteromagnetic DMS structures was reported for
Zng 9oMny o1 Se/Beg 93Mn o;Te structures with different Mn
concentrations in the adjacent layers.'?> The slow SLR in the
Zny 9oMny o, Se layer is bypassed by spin diffusion through
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FIG. 1. (a) and (b) Schematic band diagrams of

Zn;_Mn,Se/Be;_yMn,Te quantum wells with type-II band align-
ment. Dashed arrows show spatially direct (DT) and indirect (IT)
optical transitions. Presence of the Mn ions in the Be;_Mn,Te
layers, see panel (b), opens a new channel for magnetization relax-
ation in the ZnygoMngySe layer via spin diffusion into the
Be,_,Mn,Te layers, see text. (c) Spin-lattice relaxation time as a
function of Mn content in II-VI DMS structures based on
Cd;_Mn,Te (closed circles) and Zn;_Mn,Se (open circles) (Ref.
6); the solid line gives the interpolation of these dependences.
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the Mn spin system to the Bej 3Mn o;Te layer with a much
faster relaxation rate. Neither experimental nor theoretical
reports on a quantitative evaluation of the spin-diffusion pa-
rameters in DMS have been published, yet.

The goal of this paper is to provide a detailed experimen-
tal study of spin diffusion in the Mn spin system of II-VI
DMS and to evaluate the spin-diffusion coefficient. We ex-
ploited the potential offered by Zn,_,Mn,Se/Be;_,Mn,Te
heteromagnetic structures for isolating the spin-diffusion
contribution to magnetization relaxation. We also developed
a numerical approach to describe the magnetization dynam-
ics in structures with a modulated profile of Mn concentra-
tion and approved its validity for CdTe/Cd;_Mn,Te digital
superlattices and parabolic quantum wells.

II. EXPERIMENTALS

Time-resolved magneto-optical studies of the magnetiza-
tion dynamics were performed for various Zn,_Mn Se- and
Cd,_Mn,Te-based heterostructures grown by molecular-
beam epitaxy on (100)-oriented GaAs substrates. Details of
the structure designs are given in the sections where the cor-
responding experimental data are presented. In this paper, we
include results for (i) three Zn,_Mn,Se/Be;_,Mn,Te mul-
tiple quantum well (MQW) structures with a type-II band
alignment, (ii) three CdTe/Cd,_,Mn,Te digital superlattices,
and (iii) two CdTe/Cd,_Mn,Te parabolic QWs. The
CdTe/Cd;_Mn,Te structures were fabricated by the digital
growth technique.'3

We used an all-optical experimental technique to measure
the magnetization dynamics,%’ exploiting the internal ther-
mometer of the Mn spin temperature Tyy,. The giant Zeeman
splitting of excitons (band states) is very sensitive to the
polarization of the magnetic Mn ions in external magnetic
field. The changes in the spectral position of the photolumi-
nescence (PL) line AEp; (B) are proportional to the mag-
netization changes AM(B), and therefore we obtain by a
magneto-optical technique direct information about the mag-
netization dynamics in DMS. For that purpose, the studied
DMS heterostructures were placed in a magnetic field. A
pulsed laser was used for heating the Mn spins and the re-
sulting dynamical shift of the PL line with time resolution.

The relaxation of the heated Mn spin system back to bath
temperature is described by the magnetization relaxation
time 7yg Which is contributed by spin-lattice relaxation (with
characteristic time 7g z) and spin diffusion. The relaxation
times are equal (myr=7g ) for disordered DMS alloys
and/or in case, when spatial inhomogeneity in Mn heating
does not contribute to the magnetization relaxation. These
conditions have been suggested implicitly or explicitly to
apply to most of the experiments, but this is not the case for
our study, since the structures were designed to promote spin
diffusion.

The samples were immersed in pumped liquid helium at
T=1.8 K, and external magnetic fields B up to 10 T were
applied. The magnetic field of a superconducting split-coil
solenoid was applied parallel to the structure growth axis (z
axis). The photoluminescence signal was detected for right-
handed (o*) circular polarization, which is the strongest
component in magnetic field.
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A pump-probe technique with time-resolved detection of
the PL excited by the probe-laser pulses was implemented
experimentally. A pulsed neodymium-doped yttrium alumi-
num garnet laser with photon energy of 3.49 eV (wavelength
of 355 nm) was used as pump to heat the Mn spin system,
emitting pulses with 5 ns duration at a repetition frequency
from 100 Hz up to 5 kHz. Excitation power densities up to
=200 kW/cm? could be reached. A semiconductor laser
(photon energy 3.06 eV, wavelength 405 nm) with external
amplitude modulation served as probe laser, that emitted
pulses with duration from 0.5 up to 1 ms synchronized with
the pump pulses. The time delay between the pump and
probe pulses was varied by a digital delay generator from O
up to 100 us. The excitation density of the probe laser was
kept below 0.1 W/cm? in order to minimize its contribution
to heating the Mn spin system. Time-resolved PL spectra
were recorded by a gated charge-coupled-device camera with
a resolution of <2 ns. Spatially inhomogeneous excitation
was avoided by overlapping the pump and probe excitation
spots, each with a diameter of ~500 wm, and collecting the
PL from the central part of this spot with a diameter of
~50 pm.

III. MAGNETIZATION DYNAMICS IN TYPE-II
DMS HETEROSTRUCTURES

The DMS heterostructures Zn,_Mn,Se/Be;_,Mn,Te
have type-II band alignment with a potential-energy mini-
mum for conduction-band electrons in the Zn,;_Mn, Se lay-
ers and for valence-band holes in the Be;_,Mn,Te layers.
The large difference in band gaps, which are about 2.8 eV for
Zn;_,Mn,Se and 4.5 eV for Be;_,Mn,Te, and huge band off-
sets of =2 and ~1 eV for conduction and valence bands,
respectively, prevent penetration of the electron and hole
wave functions into the neighboring layers. Details of the
growth, band structure, and optical properties of these struc-
tures can be found in previous publications.'*!3

We studied three MQW samples with type-II band align-
ment: sample #l with parameters ZnggoMngy;Se/BeTe
(20/10 nm thicknesses), sample #2 with
Zng 9oMny o;Se/Beg 93Mny ;Te (20/10 nm), and sample #3
with Zng 9oMng g;Se/Beg 93Mng o7 Te (10/5 nm). Each sample
has ten periods of these layer sequences. Sample #1 does not
contain Mn in the BeTe layers and serves as reference for
sample #2, which only differs by the presence of Mn in the
Bej 93Mn o; Te layers. The main difference between samples
#2 and #3 is the thickness of the ZngqMngySe layer of
20 nm and 10 nm, respectively. This results in different dis-
tances for spin diffusion from the center of these layers to the
interfaces with Be o;Mn o7 Te.

In Figs. 1(a) and 1(b), the band diagrams for the studied
type-1I structures are shown. The spatially direct (DT) and
indirect (IT) optical transitions are indicated by arrows. In
the photoluminescence spectra, they appear as emission lines
at ~2.8 eV and ~1.8 eV, respectively, as can be seen in the
insets of Fig. 2. In our experiment, the photons from both the
pump and probe laser are absorbed by the Zn,_,Mn,Se layers
only. Hence, the indirect emission line is attributed to holes
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FIG. 2. Giant Zeeman shift of the spatially direct PL line in
different Zn;_Mn,Se/Be;_,Mn,Te QWs. Experimental data are
shown by symbols, the solid line is a fit for sample #1 with param-
eters given in the text. In the insets, the photoluminescence spectra
of samples #2 and #3 are shown.

scattered from the Zn,_,Mn,Se into the Be,;_,Mn,Te layers
after photogeneration. This hole relaxation process is fast
and depends strongly on the width of the Zn;_Mn,Se
layer.'®17 As a result, the relative intensities of the direct and
indirect emission lines in the samples #2 and #3 (note the
multiplication factor for the DT line of sample #3) differ
considerably. Since we are interested in the magnetization
dynamics of the Zn;_Mn,Se layers, we will focus on the
giant Zeeman shift of the DT line in the following.

Due to the strong exchange interaction of the free carriers
with the localized spins of the Mn?* ions, the exciton transi-
tions in DMS show a giant Zeeman shift in external mag-
netic fields. This shift equals to one half of the giant Zeeman
splitting of the exciton commonly described by the modified
Brillouin function, for details see, e.g., Egs. (1) and (2) in
Ref. 6. The experimental data for the giant Zeeman shift in
the three studied samples are shown in Fig. 2. The samples
show similar shifts saturating at a level of ~18—-20 meV,
which confirms that the static magnetic properties of the
Zny 9oMn o;Se layers are not affected by the presence or ab-
sence of Mn ions in the adjacent layers. This is expected, as
the Mn-carrier exchange interaction has a short-range char-
acter and the carrier wave functions are strongly localized in
the Zn, 9oMn, 5, Se layers.!”!® The solid line in Fig. 2 is a fit
of the experimental data by the modified Brillouin function
for sample #1, using the following parameters: S.;=2.26,
To=1 K, and x=0.011. Similar fits for samples #2 and #3
show that the Mn concentrations in the Zn;_ Mn Se layers of
all three samples differ by less than 8%. Therefore, their
dynamical behaviors can be directly compared with each
other.

The dynamics of magnetization relaxation after pump
pulse heating are illustrated for the three samples in Figs. 3
and 4. In sample #1, the relaxation time 7 =200 us coin-
cides well with the SLR time measured for Zng9oMn y;Se
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FIG. 3. Temporal evolution of the changes in spectral position
of the PL line AEpy in the Zng goMnyg ;Se/BeTe (20/10 nm) MQW,
sample #1.

QWs. Indeed, for this sample no contribution of spin diffu-
sion to the magnetization relaxation is expected, as only the
Zn; 9oMn, o, Se layers contain Mn ions.

In comparison with sample #1, a strong reduction in 7R
down to 6 us is found in sample #2. Obviously, this
is due to spin diffusion from the ZnjgMnj,Se to the
Bej 93sMng o; Te layers, where the spin-lattice relaxation time
is expected to be short (=200 ns), see Fig. 1(c). Note, that
similar results were observed for similar samples in experi-
ments, in which pulses of nonequilibrium phonons were used
for heating the Mn spin system.!?

A further shortening of nyg down to 1.7 ws in sample #3
(by a factor of about 4 compared to sample #2) originates
from a twice smaller distance for spin diffusion between the
centers of the ZnygMngy;Se layers and the interfaces to
Bej 93sMng o, Te. We conclude from these experimental data
that the spin diffusion in ZnygMng;Se can provide spin
transfer over distances exceeding 10 nm. We will show in the
following Sec. IV that the results of Figs. 3 and 4 are suffi-
cient for evaluating the spin-diffusion coefficient, which
makes heteromagnetic structures well suited for quantitative
studies of spin diffusion in DMS.

7 Zng goMn o, Se/Be gsMny o, Te
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FIG. 4. Temporal evolutions of the changes in spectral position
of PL line AEp in two ZnggoMng o;Se/BeggsMng o7 Te structures
with different layer thicknesses: 20/10 nm (sample #2—open
circles) and 10/5 nm (sample #3—closed circles).
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IV. NUMERICAL SIMULATIONS OF MAGNETIZATION
DYNAMICS

The magnetic relaxation time 7y, extracted from the dy-
namical shift of the PL line, can be considered as spin-lattice
relaxation time 7g z only in case of uniformly distributed
disordered magnetic ions. As discussed in Sec. III, the spin
diffusion in structures with a nonuniform Mn distribution
may strongly accelerate the magnetic relaxation. Generally,
when the Mn concentration x(z) varies along the growth di-
rection z, the magnetization M(z), and the Mn spin tempera-
ture Ty,(z) also depend on z during magnetization relax-
ation. Hence, the spectral position of the PL line, Epp, is
determined by the spatially varying magnetization averaged
over the wave functions of the carriers involved in the re-
combination. In this case, information about the temporal
changes in the spatial Ty, profile and, thus, about the local
magnetization is important for an adequate description of the
experimentally obtained dynamics AEp; (7). We have devel-
oped a numerical model allowing direct comparison with
experiment on the different samples.

A. Concentration dependence of SLR dynamics

The experimental results for the SLR dynamics of the Mn
spin system are summarized in Fig. 1(c), where the SLR time
is plotted versus Mn concentration. The open circles are data
for Zn;_,Mn,Se-based structures, the data for Cd,;_Mn,Te
are given by the closed symbols.® The SLR times cover five
orders of magnitude from 107> down to 107 s as the Mn
concentration varies from 0.004 to 0.11. Such a strong de-
pendence evidences that Mn-Mn interactions play a key role
in the SLR dynamics. The results for both materials closely
coincide, thus demonstrating that the SLR of the Mn2* ions
is rather insensitive to the ion host material.

We turn now to the mechanisms responsible for the strong
dependence of the SLR time 7 z(x) on the Mn concentra-
tion. It is known that an isolated Mn>* ion does not couple to
the lattice in a perfect II-VI semiconductor crystal'® and,
therefore, the SLR time should be extremely long. This ex-
pectation is based on the following: the electric field of
phonons does not act on the magnetic moments of 3d elec-
trons and also the magnetic field, induced by temporal varia-
tion in the electric field, is relativistically small. In principle,
gradients of the electric field may interact with the quadru-
pole moment of the magnetic ion which, in turn, interacts
with the spin. But for Mn?* ions, the d shell is half-filled
with electrons so that its quadrupole moment vanishes. In
this case, the dominating mechanism of spin-phonon interac-
tion is caused by the phonon modulation of the spin-spin
interaction between neighboring Mn ions. The phonons
modulate the distance between these ions. Hence, the local
exchange field of an ion fluctuates, known as the Waller
mechanism,'® which is obviously strongly dependent on the
concentration of magnetic ions. Only the anisotropic ex-
change interaction is relevant because its operator does not
commute with the Zeeman interaction.

The spin-spin interactions between Mn”* ions are pro-
vided by three mechanisms: the exchange interaction, the
Dzyaloshinsky-Moriya interaction,’’?! and the magnetic di-
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pole interaction. All of them decrease with increasing dis-
tance between Mn ions, where the magnetic dipole interac-
tion is longest ranged. Therefore, despite being relatively
weak, it gives the dominant contribution to SLR dynamics in
the limit of small Mn concentrations. The exchange and
Dzyaloshinsky-Moriya interactions gain importance for
higher Mn contents, when the formation of Mn clusters be-
comes more probable. Both the number of Mn spins in clus-
ters as well as the typical cluster size steadily increase with
growing Mn concentration.?? This is the reason for the strong
dependence of SLR time on Mn concentration.”?3>?* In the
frame of a simple model which accounts for spin diffusion
from Mn ions to Mn clusters, where the spin undergoes re-
laxation, it can be shown that the SLR rate 1/7q R has a
strong dependence on the Mn content with a power law be-
tween x> and x* (Ref. 11). This is in good qualitative agree-
ment with the experimental data in Fig. 1(c).

According to Fig. 1(c), one can conclude that for fixed
external conditions the Mn concentration x mainly deter-
mines the SLR dynamics. This establishes a relationship be-
tween static and dynamic magnetization, e.g., between the
giant Zeeman splitting and the SLR time, both depending on
Mn content. This restrictive interdependence can be relaxed
or even canceled by growth of heterostructures with modu-
lated Mn content and/or modulation doping by donors or
acceptors providing free carriers. In Sec. V, examples of such
structures are discussed, where the magnetization dynamics
has been considerably accelerated without changing the
static magnetization.

B. Model

The magnetization M(B,Tyg,) in DMS is a function of
magnetic field and the Mn spin temperature,’

5gusB
ZkB[TMn+To(x>]}' W)

Here N, is the inverse unit-cell volume, Bs, is the modified
Brillouin function, g=2.01 is the g factor of Mn?* ions, kg
is the Boltzmann constant and ug is the Bohr magneton.
Seir(x) is the effective spin and Ty(x) is the effective tempera-
ture. These two parameters account for the antiferromagnetic
Mn-Mn interactions  contributing to the overall
magnetization.?>? In equilibrium, the Mn spin temperature
is equal to the temperature of the phonon bath: Ty;,=T;.

The model should take into account the processes of spin
diffusion and spin-lattice relaxation in the Mn spin system. It
should also describe the relaxation the magnetization
changes |AM(ATy,)|=|M(Ty,)-M(T)| induced by an ex-
ternal perturbation in a magnetic field. In this nonequilibrium
situation, the spin temperature difference is given by ATy,
=Tyvn—T1.- In DMS with a homogeneous Mn concentration x,
which does not vary spatially, the magnetization dynamics in
the one-dimensional case can be described by

M(B,Tyy,) = g upxN, OSeff(X)BS/z{

|AM|

TsLr(X) '

d &
0_t|AM| = Kdiff(x)a_zz|AM| - (2)

Here Kg(x) is the spin-diffusion coefficient. For dipole-
dipole interaction between the Mn>* spins, the dependence of
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K¢ on the Mn concentration x can be expressed as
Kigr(x) = Ko, (3)

where K, is the spin-diffusion constant, see Eq. (3.25) in
Ref. 27.
Using Eq. (1), Eq. (2) can be written in terms of ATy,

A -1
|AMm| {dAZ(TMn)} W
TMn

J s

atATMn = Kdlft(-x) ﬁzzATMn TSLR(X)
For small deviations from equilibrium and/or if M is a linear
function of Ty, the last term is equal to ATy, /7ggr. It
should be noted that for the ranges of B and Ty, relevant for
the present publication, the relation between the magnetiza-
tion changes AM and ATy, is close to linear. Therefore, we
suggest that the relaxation of ATy, is simply determined by
TSLR-

Equation (4) can be generalized to the case of nonuniform

Mn distributions x(z) along the growth direction z of the
heterostructure,

J J J
— ATy, = — | Kgige(z) —AT, -
ot Mn 3Z|: dlff( )0')2 Mn:|

ATy,

TsLr(2) .

(5)

In the model we suggest that the spin-diffusion coefficient
Kige(z) is determined by the local Mn concentration x(z) ac-
cording to Eq. (3). An additional assumption is that the SLR
time is determined by the local Mn concentration x(z). For
the dependence 7gg(x), we used the interpolation function
shown in Fig. 1(c) by the solid line.

In order to compare the experiment and theory, the calcu-
lations were performed in two steps. First, we solved numeri-
cally the one-dimensional partial differential Eq. (5), which
describes the dynamics of the spatial Ty, distribution in
samples with nonuniform concentration of magnetic ions, as
an initial boundary-value problem. We chose an uniform-in-
space distribution of Ty, as initial condition. The solution
gives us information about Ty, at different points in space
and different moments in time. An example of such calcula-
tion, which will be discussed in detail below, is shown in Fig.
6.

The second step comprises the numerical solution of the
Schrodinger equations for electrons and holes. The potential
profiles for carriers in DMS depend on the external magnetic
field strength and Mn spin temperature due to the giant Zee-
man effect. The corresponding energy shifts of conduction
and valence bands are described by

Qo(p)

AEe(h)(B’ TMn) = M(B7 TMn) > (6)

MBE
where Ny, and Ny, are the exchange constants for conduc-
tion and valence band. In Zn;_ Mn Se they are equal to 0.26
and —1.31 eV, and in Cd;_,Mn,Te they are equal to 0.22 and
-0.88 eV, respectively.* The Mn spin temperature distribu-
tion Ty,(z,1), obtained by numerical solution of Eq. (5), al-
lows us to determine the exact potential profiles for electrons
and holes in external magnetic field at different times after
pulsed heating of the Mn spin system. For every moment of
time, we solved numerically the Schrodinger equations to
obtain the electron and hole energies. This, in turn, allows us
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FIG. 5. Calculated dependence of magnetic relaxation time 7yr
on diffusion coefficient Ky in the ZngygoMngoSe layer of the
ZnggoMng o;Se/Bey 9sMng o;Te (20/10 nm) QW. In the limiting
cases of small and large K the magnetic relaxation time is deter-
mined by 7g g in ZnggoMny 5;Se and Bej 93Mn o;Te, respectively.
Dashed line shows experimental value of ryg=6 us.

to calculate the changes in the spectral position of the PL line
and to compare it with the experimental data for AEp (7).

C. Numerical results for type-II DMS heterostructures

In this section, we present the results of numerical simu-
lations of magnetic relaxation dynamics in the type-II
Zng9oMnyg o;Se/Beg g3Mng o7 Te (20/10 nm) MQW (sample
#2). The experimental data for this structure are shown in
Fig. 4. The Mn profile x(z) in this structure, which we used
to solve Eq. (5), is a steplike function with values of 0.01 and
0.07 in the adjacent layers. The SLR times 7gp in
ZnggoMng ;Se(~200 ws) and BeggzMngo;Te(<200 ns)
differ by more than 3 orders of magnitude. In that case the
Bey93Mn o, Te layers serve as an efficient SLR channel for
spin excitations arriving there by diffusion from the
Znj 9oMn, (1 Se layers. The results of numerical simulations
are nearly independent of spin diffusion inside the
Bej93Mng o;Te layers and are predominantly controlled by
K it in the Zng goMny ;Se layers. Therefore, this type of het-
eromagnetic heterostructure offers a reliable tool for evalu-
ating Kdiff‘

In Fig. 5, the calculated dependence of 7r on Ky is
shown by the thick solid line. The magnetic relaxation times
for this dependence were used as characteristic times for the
calculated AEp () dynamics. These times were determined
at the points where the normalized AEp (¢) is reduced to
1/e=0.37 of its original value. Thus, the results in Fig. 5 can
be directly compared with experiment. As expected, the ex-
treme values of Kgy— 0 and — reflect the identity myr
=TSLR in the ZnO.ggMHOIOISC and Beo_g3Mn0_()7Te layel‘s, re-
spectively. The dashed arrow in Fig. 5 indicates the experi-
mental value for ryr=6 us, measured for sample #2 (see
Fig. 4). From its crossing point with the solid line, we evalu-
ate the spin-diffusion coefficient in ZnggoMngo;Se with
rather high accuracy to Ky~ (7= 1.5) X 107® cm?/s. Con-
sequently, according to Eq. (3) the diffusion constant is K
~3.5% 107> cm?/s. To the best of our knowledge, experi-
mental evaluation of the spin-diffusion parameters in DMS
had not been achieved so far.
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Mn spin temperature (K)

Grow

FIG. 6. Calculated temporal and spatial distribution of Mn spin
temperature in the Zng goMng ;Se/Beg ¢3sMng o7 Te QW (20/10 nm).
Initially, T,=10 K is uniform in space, the final temperature is
Tyvin=T1.=2 K, Kgr=7X 1078 cm?/s in the ZnygoMnySe layer.
Thick solid lines show temperatures close to the interfaces.

Let us take now a closer look at the calculated spatial and
temporal profiles of Ty, in the heteromagnetic structure #2
(see Fig. 6). The initial condition for this numerical problem
was that the Mn spin system of the whole sample is heated
homogeneously up to Ty;,=10 K, which can be seen by the
flat temperature level at short time delays. In our experi-
ments such heating was provided by interaction of Mn ions
with photogenerated carriers. The subsequent magnetic re-
laxation in the Mn spin system is provided by SLR and spin
diffusion. The latter is responsible for the spatially inhomo-
geneous cooling of the Mn spin system in the Zn, 9oMn o;Se
layer, clearly visible in Fig. 6. At time delays exceeding
20 ws all Mn spins reach the equilibrium temperature of the
phonon bath, which was chosen to be 77, =2 K.

For more detailed insight the spatial profiles of Ty,(z) at
different time delays are shown in Fig. 7(a). In fact, these
profiles are cross sections of Fig. 6 at fixed time delays rang-
ing from 0.1 to 100 us. In order to demonstrate the impor-
tance of spin diffusion for magnetic relaxation in this struc-
ture we present in Fig. 7(b) the calculated results for absence
of spin diffusion, i.e., for Ky=0. It is equivalent with inde-
pendent relaxation of Ty, in the adjacent layers with the
corresponding SLR times. The temperature profiles in each
layer are flat. Also, the relaxation of Ty, for Mn ions located,
e.g., in the vicinity of the center of the Zn,9oMng ;Se layer
is considerably slower than for a finite diffusion coefficient,
as shown in Fig. 7(a).

Figure 8 demonstrates the dynamics of Ty, in the center
of the Zng 9oMny o;Se layer, which strongly depends on K¢
in this layer. For Ky;=0 spin diffusion is absent so that the
relaxation process is solely controlled by the SLR time in the
ZnygoMng o1 Se layer, which is approximately 200 us. In
contrast, if the value of Kyg—, and, thus, the spin-
diffusion time does not restrict the magnetic relaxation time,
the Mn spin temperature drops very fast to the bath value of
Tvin=T.=2 K, and is controlled only by the SLR time
(=200 ns) in the Beyg3Mn, n;Te layers. The calculated dy-
namics of Ty, with Kyr=7 X108 ¢cm?/s, which corre-
sponds to the experimental situation for sample #2, is shown
by the dashed line in Fig. 8.
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FIG. 7. (Color online) Calculated spatial distribution of Mn spin
temperature in the ZnggoMng ;Se/Beg93sMng o;Te QW (20/10 nm)
at different time delays after pump pulse. Panels (a) and (b) corre-
spond to different values of K¢ in the Zng goMng o;Se layer. Initial
and final temperatures are 10 K and 2 K, respectively.

V. MAGNETIZATION DYNAMICS IN CdTe/CdMnTe
STRUCTURES TAILORED BY DIGITAL GROWTH

The digital growth technique has achieved about atomic
precision by using molecular-beam epitaxy. It has been
implemented for GaAs/AlAs heterostructures, for which dur-
ing growth wide-band-gap AlAs layers with a certain thick-
ness (frequently submonolayer) are introduced into narrow-
band-gap GaAs layers.”® This technique allows a high
variability of the shape of the confining potential in quantum
well structures. Also, by growing periodic structures with
layer thicknesses of the order of a single monolayer (ML) a
digital alloy (DA) can be fabricated, whose properties can
significantly differ from the properties of common disor-
dered alloys, e.g., Al,Ga;_,As.

- Zng goMny o, Se/Be g3Mny o Te (20/10 nm)

—
(=]

K

digg =0

[oe]
eeedecees
.-

N

~e
Seoma

Mn spin temperature (K)
[\ [e)}
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FIG. 8. Temporal evolution of Mn spin temperature in the center
of the Zng 99oMng o Se layer calculated for different values of diffu-
sion coefficient K. Initial and final temperatures are 10 and 2 K,
respectively.
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Digital growth was successfully established also for DMS
heterostructures.'*? For the CdTe/Cd,_,Mn,Te material
system, digital alloys and parabolic quantum wells were
grown.'%3 In these structures, the band-gap profile is con-
trolled by implementation of Mn ions, and, thereby, the mag-
netic properties become also modulated. It was shown ex-
perimentally that the partial smoothing of the digitally grown
Mn profile considerably reduces the possible modifications
of the static magnetic properties due to Mn intermixing with
neighboring CdTe layers.3':32 Typically, the latter are mea-
sured optically via the giant Zeeman splitting of excitons.
However, the magnetization dynamics can be changed
drastically.' Such a difference in static and dynamical mag-
netization properties can be explained by different underly-
ing mechanisms. The static magnetization is mainly contrib-
uted by the paramagnetic Mn spins while the magnetization
dynamics critically depends on the concentration of Mn clus-
ters serving as spin-relaxation centers.

In this section, we analyze the Mn spin dynamics in two
types of CdTe/Cd;_Mn,Te heterostructures: digital alloys
and parabolic QWs. We demonstrate that spin diffusion in
the Mn spin system plays a key role in its dynamics, which
can be confirmed by numerical simulations.

A. CdTe/CdMnTe digital alloys

Let us analyze the experimental results for three samples
with CdTe/Cd;_Mn,Te digital alloys presented in Ref. 10.
In these samples, 23-nm-thick Cd, 9sMn osTe/CdTe DA lay-
ers (corresponding to about 70 monolayers) are placed be-
tween nonmagnetic CdygMg,Te barriers. According to the
thicknesses of magnetic and nonmagnetic layers (given in
monolayers), the structures are labeled in the following way:
the first sample 1 X3 DA consists of 18 periods of 1 ML/3
ML, the second sample 2 X6 DA has 9 periods of 2 ML/6
ML, and the third sample 3 X9 DA has 6 periods of 3 ML/9
ML. This choice of layer thicknesses provides the same av-
erage Mn concentration xp, =0.013 in the three samples.

The experimental data for excitonic giant Zeeman shifts
and magnetic relaxation dynamics, measured in Ref. 10, are
shown by symbols in Figs. 9(a) and 9(b), respectively. The
Zeeman shifts of the three samples follow closely each other
with rather small differences in the saturation levels at high
magnetic fields. This reflects that the static magnetization is
mainly controlled by the average Mn concentration in the
DAs.

In contrast, the magnetic relaxation dynamics in the DAs
strongly depends on the details of the real, smoothed Mn
profiles. As one can see in Fig. 9(b), the magnetic relaxation
times shorten from 9.5 us in 1 X3 DA to 2.5 us in 3X9
DA. They considerably deviate from the relaxation time of
27 ws, measured in the disordered CdggsMng5Te refer-
ence alloy.!?

We simulated numerically the magnetic relaxation dy-
namics in these DAs. For that purpose, we smoothed the
nominal technological profile by accounting for Mn inter-
mixing, i.e., we took the convolution of this profile with an
exponential broadening function,’!
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FIG. 9. (a) Giant Zeeman shift vs magnetic field and (b) dy-
namical shift of the exciton PL lines AEp; () during magnetic re-
laxation in three digital alloy samples. The sample design is shown
schematically in the inset. Experimental data in both panels, shown
by symbols, were taken from Ref. 10. Solid lines are results of
numerical calculations. For the modeling values of the diffusion
coefficient Kg=3.5X 107x*3 [cm?/s] and Mn intermixing length
lp=0.3 nm were used. The dashed line in panel (b) represents cal-
culated results for the 2 X6 DA sample, neglecting spin diffusion
(Kqigr=0).

o(0)= {exp(z/lo -1, z< o

O, ZZZ().

Then we solved Eq. (5) by using the diffusion coefficient Eq.
(3) with Ky=3.5X 107 cm?/s, as estimated in Sec. IV. We
realized that the Mn intermixing length [, strongly controls
the relative ratio of the 7y in the three different DA
samples, which allows a high-precision evaluation of
lp=0.3 nm. It is important to stress here, that even though
the magnetic relaxation in the DAs does not follow a single
exponential law, it can still be rather well fitted by such a
form, compare solid lines and symbols in Fig. 9(b). It is also
interesting that, despite the small layer thicknesses in the
DAs, consideration of spin diffusion in the Mn spin system
was important. The dashed line in Fig. 9(b) shows the calcu-
lated result for the 2 X6 DA sample in absence of spin dif-
fusion (Kg=0). It considerably deviates from the experi-
mental data.

Using the Mn intermixing length /,=0.3 nm, evaluated
from the best fit of magnetic relaxation dynamics, we calcu-
lated the giant Zeeman shift and obtained good accordance
with experimental data, as the solid lines and symbols in
Fig. 9(a) show. This makes us confident that the used nu-
merical approach properly accounts for the main factors con-
trolling the static and dynamic magnetization in the studied
DAs.

035211-7



MAKSIMOV et al.

x/x

1 . I
-10 0 10
Growth direction, z (nm)

FIG. 10. (a) The thin line represents the designed profile of the
Mn concentration in 25.4-nm-thick CdTe/Cd;_Mn,Te parabolic
QW. The effective averaged Mn concentration is given by the thick
line (see text). (b) Effective conduction- and valence-band profiles
for parabolic QW with x,,,,,=0.68. Gray areas show squared moduli
of the ground-state wave functions of electrons and heavy holes.

B. CdTe/CdMnTe parabolic QWs

The digital growth technology enables fabrication of
structures with continuously varying the Mn concentration
and potential profile along the growth direction. An
interesting example of these possibilities is a parabolic
CdTe/Cd,_Mn, Te QW, where the confinement potential for
the QW carriers can be described by a parabola along growth
direction. Details about growth and magneto-optical proper-
ties of such QWs can be found in Refs. 30, 33, and 34.

We measured the magnetic relaxation dynamics for two
parabolic QWs with different maximal Mn contents x,,,, of
0.13 and 0.68. Both QWs have a thickness of 25.4 nm, which
corresponds to 82 monolayers (one monolayer of CdTe has
0.324 nm thickness). The Mn shutter was continuously
opened for growth of the barriers and periodically shut and
opened during growth of the parabolic QW. The QW growth
was divided into 41 steps. In each step the Mn cell was
opened for the time needed to obtain a certain Mn concen-
tration, more details can be found in Ref. 30. The targeted
Mn profile averaged over each monolayer is shown by the
thin solid line in Fig. 10(a). After smoothing one obtains a
parabolic profile represented by the thick line. In real struc-
tures, the Mn intermixing is not sufficient to reach the con-
tinuous Mn distribution shown by the solid line, only the
sharp boundaries in the nominal Mn profile are smeared.

The carrier wave functions, for both electrons in the con-
duction band and heavy holes in the valence band, penetrate
through the digital layers. As a result, their quantum-well
confinement potentials can be well approximated by the pa-
rabolas shown in Fig. 10(b) by thick lines. The squared
moduli of the ground-state wave functions, calculated in re-
alistic potentials for x,,,=0.68 and Mn intermixing length
lo=0.3 nm, are shown by gray areas in Fig. 10(b). The elec-
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FIG. 11. Magnetic relaxation dynamics in 25.4-nm-thick
CdTe/Cd;_Mn,Te parabolic quantum wells with different
Xmax- Solid lines are calculated results with

Kigr=3.5%x107x*3 [cm?/s] and l,=0.3 nm. Dashed line shows
calculated results for the sample with x,,,, =0.68 without taking into
account spin diffusion (Kgg=0).

trons and holes are localized close to the center of the para-
bolic QW. Details about carrier energy levels and exciton
giant Zeeman splitting in CdTe/Cd;_,Mn,Te parabolic QWs
are given in Refs. 33 and 34.

Experimental results on the magnetic relaxation dynam-
ics, measured through the dynamical shift of the exciton PL
line AEp;, are shown by the symbols in Fig. 11. The charac-
teristic times myg for the samples with x,,,=0.13 and 0.68
differ considerably, being ~1 ws and ~100 ns, respec-
tively. This difference can be explained by Mn clustering,
controlling 7g; g, and by Mn spin diffusion.

One should expect that in these relatively thick structures
with gradual variation in the magnetic properties from the
QW center to its edges spin diffusion in the Mn spin system
plays an important role for magnetic relaxation. In fact, its
significance for the sample with x,,,,=0.68 is pointed out by
comparing the calculations with (solid line in Fig. 11) and
without (dashed line) spin diffusion. The very long relaxation
tail without spin diffusion (note the logarithmic time scale) is
due to long SLR times in the region of low Mn concentration
nearby the QW center. This region is essential for the dynam-
ics of exciton giant Zeeman shift, as the electron and hole
wave functions are primarily concentrated there, see Fig.
10(b).

Further, the numerical results presented in Fig. 11 coin-
cide with the experimental data for the parabolic QWs with
very different x,,,,=0.68 and 0.13 without changing the pa-
rameters (Ky=3.5X107x*3 [cm?/s], [,=0.3 nm). This
fact is very promising for describing the magnetic relaxation
dynamics in such complicated structures in the frame of a
relatively simple model without fitting parameters. This also
makes us confident that the suggested functional dependence
Eq. (3) of the diffusion coefficient on Mn content is well
suited for modeling the magnetization dynamics.

VI. DISCUSSION AND CONCLUSIONS

Note, that even in bulk disordered DMS samples with a
homogeneous distribution of Mn ions spin diffusion can have
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a significant role for the magnetic relaxation dynamics. This
can be attributed to at least two reasons: (i) spatially inho-
mogeneous heating of the Mn spin system, e.g., by a tightly
focused laser beam. Based on typical parameters for the stud-
ied materials, we estimate that the length scale of such an
inhomogeneity should be smaller than 1 wm. (ii) Intrinsic
instabilities in the highly excited Mn spin system, which may
lead to formation of domains with “hot” and ‘“cold” spin
temperatures, whose size and dynamics are governed by spin
diffusion.>>37 These conclusions are similarly true for het-
erostructures containing layers with only one Mn concentra-
tion, e.g., DMS quantum wells confined by nonmagnetic bar-
riers.

It is known that the SLR dynamics of Mn ions is strongly
accelerated by an increase in lattice temperature®>® and also
becomes faster in stronger external magnetic fields.®
Clearly, such effects modify the magnetic relaxation dynam-
ics in heteromagnetic heterostructures, which strongly de-
pends on Tg .

In addition to that spin diffusion can be a dominating
factor for the magnetic relaxation dynamics in epitaxially
grown DMS quantum dots. Such quantum dots are typically
grown on top of a (about one monolayer thick) wetting layer,
whose effective Mn concentration (due to the small thick-
ness, see discussion in the section on digital alloys) is con-
siderably smaller than in the quantum dots. Experimental
data available for such dots show a strongly nonexponential
magnetic relaxation, which has been tentatively explained by
spin diffusion between the Mn spin systems of the quantum

PHYSICAL REVIEW B 82, 035211 (2010)

dots and the wetting layer.3* DMS quantum dots have a
faster SLR compared to the wetting layer but they are char-
acterized by a very limited capacity of the spin reservoir. In
this case, spin diffusion would control the heating of the Mn
spin system in contrast to the cooling scenarios considered in
the present paper.

In conclusion, we performed detailed experimental and
theoretical investigations of the magnetic relaxation dynam-
ics in different types of DMS quantum wells. We showed
that spin diffusion in the Mn spin system plays an important
role in these dynamics, which is especially evident for struc-
tures with nonuniform Mn distribution. The diffusion coeffi-
cient Ky=7X 1078 cm?/s was measured for
Znj 9oMny o Se. The results for parabolic QWs suggest that
the functional dependence of the diffusion coefficient on Mn
content, Kgi=~3.5X107x*3 [cm?/s] as obtained from the
theoretical approach in Ref. 27, is well suited for modeling
in a wide range of Mn concentrations.
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