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cw hot photoluminescencesPLd complemented by transient PL measurements is employed to evaluate
momentum and spin relaxation of heavy holesHHd excitons in ZnMnSe/CdSe superlattices. The rate of
acoustic-phonon assisted momentum relaxation is concluded to be comparable to the total rate of exciton decay
processes, abouts2–3d31010 s−1, independent of applied magnetic fields. In magnetic fields when the Zeeman
splitting D of the exciton states is below the energy of the longitudinal opticalsLOd phonon s"vLOd, a
surprisingly strong suppression of spin relaxation rate from the bottom of the upper spin band is observed,
which becomes comparable to that of momentum scattering via acoustic phonons. On the other hand, dramatic
acceleration of the spin relaxation process by more than one order of magnitude is found for the excitons with
a high momentumK. The findings are interpreted as being due to electron and hole spin flip processes via
exchange interaction with isolated Mn2+ ions. Experimental evidence for the efficient interaction between the
hot excitons and Mn impurities is also provided by the observation of spin flip transitions within Mn2+-
Mn2+ pairs that accompany the momentum relaxation of the hot HH excitons. In higher magnetic fieldsD

ù"vLO, abrupt shortening of the spin flip time is observed. It indicates involvement of a new and more
efficient spin relaxation process and is attributed to direct LO-assisted exciton spin relaxation with a subpico-
second spin relaxation time.

DOI: 10.1103/PhysRevB.71.165203 PACS numberssd: 75.50.Pp, 78.20.Ls, 78.55.Et

INTRODUCTION

A promising trend in semiconductor device evolution lies
in addition of spin-dependent functionality to existing prin-
ciples of operations. Proof-of-principle all-semiconductor
spin injection devices have recently been demonstrated,1–3

where diluted magnetic semiconductorssDMSsd were em-
ployed to provide spin-polarized carriers. The success of fu-
ture spintronic devices requires precise knowledge about
ways to create spin-polarized carriers and to control their
relaxation dynamics. Spin dynamics of carriers/excitons is
often addressed by using time-resolved photoluminescence
sPLd spectroscopy, capable of directly measuring spin-flip
times.4–14However, radiative recombination processes moni-
tored in these studies are most efficient for “cold” excitons/
carriers which has zero momentumK, to satisfy the momen-
tum conservation requirement. Therefore the main body of
experimental information available so far on the spin relax-
ation is related toK=0 excitons. On the other hand, injection
of carriers/excitons in spin-functional structures is often ac-
complished via high energy band states, i.e., with substantial
kinetic energy. Spin dynamics under such conditions, even
though theoretically predicted to be significantly influenced
either by carrier motion15,16or by band-mixing effects,17–20is
rarely addressed experimentally, especially in the case of
DMS-based structures.

An alternative approach, which has in the past been suc-
cessfully used21,22 to investigate spin-preserving momentum

relaxation of excitons in polar semiconductors subject to
strong Fröhlich interaction, is the so-called hot PL technique.
This technique relies on observation of sharp PL lines from
hot excitons which are formed during exciton energy relax-
ation via cascade emission of longitudinal opticalsLOd
phonons. Since energy distribution of the hot excitons is de-
termined by the photoexcitation energy, it can therefore be
very narrowsdetermined by a spectral width of a laserd. This
is in sharp contrast to time-resolved PL measurements which
inevitably suffer from a broad spectral width of ultrashort
excitation pulses, due to the uncertainty principle. As the
energy positions of the hot excitons can be finely tuned by
changing the excitation energy, the hot PL approach allows
the study of the momentum dependences of various exciton-
related processes such as energy transfer, transport of optical
excitations, etc. The major drawback of this approach, how-
ever, is its incapability of providing exact rates of monitored
relaxation processes.

In this work we employ the hot PL technique comple-
mented by time-resolved PL measurements to investigate en-
ergy and spin relaxation of hot excitons in ZnMnSe/CdSe
superlatticessSLsd. Taking full advantage of spin injection
device structures only recently available, hot PL arising from
nonthermal excitons generated by resonant optical pumping
can be greatly enhanced by controlling exciton spin injection
from the DMS to an adjacent spin detectorsZnCdSe quan-
tum well in this cased. Moreover, the giant Zeeman effect in
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the DMS ZnMnSe provides a rare possibility of wide-range
tuning in the energy separation between exciton spin states
by applying an external magnetic field, to the extent even
exceeding the LO phonon energy or exciton binding
energy—a regime where very little is known about spin-
dependent processes in a semiconductor. On the other hand,
by tuning excitation photon energy dependence of spin relax-
ation processes on exciton wave vectorK can be assessed.

The paper will be organized as follows. In Sec. II, we
shall describe the samples under study and the details of the
hot PL and transient PL experiments. In Sec. III, we shall
briefly summarize general ideas underlying the hot exciton
approach, and shall also highlight new information provided
by the approach in a DMS. A detailed account of experimen-
tal results on spin-preserving momentum relaxation and de-
cay processes of hot excitons will be presented in Sec. IV.
The main body of the paper will be devoted to properties of
spin relaxation processes in the investigated structures, in-
cluding their dependence on exciton kinetic energy and Zee-
man splitting of the excitonic states. A discussion of the ob-
tained results will be given in Sec. V, where possible
mechanisms for exciton spin relaxation will also be ana-
lyzed. Experimental evidence for strong coupling between
the hot excitons and magnetic Mn2+ ions will be provided in
Sec. VI. The main conclusions of the present study will be
summarized in Sec. VII.

II. EXPERIMENTAL

The structures under study were grown by molecular
beam epitaxy on as100d GaAs substrate with a ZnSe buffer
layer. They consisted of a ZnMnSes4 nmd /CdSes0.8 MLd
superlatticesSLd and a 70-Å-thick ZnCdSe quantum well
sQWd, separated by a ZnSe spacer. The whole structure was
cladded between ZnSSe barrier layers to avoid the leakage of
carriers from the active regions. The concentration of Mn in
the ZnMnSe layers was,4% which enables a control of the
energy distance between the exciton spin subbands undergo-
ing a giant Zeeman splitting of the range of 0–65 meV
within the magnetic field range of 0–3 T. The ZnCdSe QW
with a lower exciton energy was incorporated in order to
provide an effective “sink” for the SL excitons and therefore
to ensure the observation of intense hot PL lines related to
the SL.

All measurements were carried out in the Faraday con-
figuration in external magnetic fields up to 3 T with the aid
of an Oxford split-coil magnet cryostat system. A dye laser
tunable in the spectral range of 430–470 nm, was used as an
excitation source in cw-PL measurements. The PL signal was
dispersed by a Spex 0.85 m double spectrometer and de-
tected by a GaAs photomultiplier. Temperature-dependent
PL measurements were carried out in the range of 2–100 K.
Time-resolved PL experiments were performed at 4 K. In
this case, PL was excited by second-harmonic pulses of a
mode-locked Ti:sapphire laser, with a pulse duration of
150 fs and a repetition rate of 80 MHz. The resulting tran-
sient PL was recorded by a streak camera system through a
spectrometerswith a time resolution of about 15 psd. In all
measurements the incident laser beam was linearly polarized

unless specified. The circular polarization of the PL was re-
corded with the aid of a quarter wave retardation plate and a
linear polarizer. PL polarization degree is defined in percent-
age byP=100ss+−s−d / ss++s−d.

III. HOT EXCITON RELAXATION: APPROACH

Hot exciton spectroscopy is known to be a valuable tool
for tackling various energy relaxation processes in semicon-
ductors. Below we will briefly summarize general ideas un-
derlying the hot exciton approach, and will highlight new
information which becomes accessible in DMS.

A. B=0

Absorption of excitation light with energy higher than the
forbidden energy gap can create as an immediate result large-
momentum excitons, by simultaneous emission of one LO
phononsFig. 1d. Kinetic energy distribution of the excitons is
then established as a result of a balance between various
energy relaxation processes including emission of acoustic
and optical phonons and exciton decay, as discussed in detail
in Ref. 21. For II-VI semiconductors with strong Fröhlich
interaction, the energy relaxation of the hot excitons pre-

FIG. 1. In the left panel a schematic illustration of various re-
laxation processes within an exciton band are shown by solid ar-
rows, such as a fast exciton cascade involving emission of optical
phononsW0 and slower momentum relaxation assisted by acoustic
phononsWa. The latter process becomes important at the bottom of
the excitonic branch. Exitonsphotond dispersionEsKd is shown by
the solidsdashedd line. Dashed arrowsWd illustrate all decay pro-
cesses from the exciton state. In the right panel, exciton populations
at various energies following a monochromatic optical excitation
are shown. Narrow peakss“levels”d in the exciton distribution are
created due to the fast energy relaxation via emission of the LO
phononssdenoted asNm wheremù1 is counted from the bottom of
the exciton stated. Population of the thermalized excitonssN0d at the
bottom of the exciton branch is established via interactions with
acoustic phonons.
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dominantly occurs via emission of LO phonons. This is due
to a high s,1012–1013 s−1d probability of the LO-assisted
energy relaxationsW0d, which dominates over all other pro-
cesses. This relaxation process creates population of the hot
excitons at energiess“levels”d that are displaced from the
excitation photon energys"voptd by an integer number of
LO-phonon energys"vLOd—Fig. 1. At zero magnetic field,
the hot exciton distribution can be obtained from the follow-
ing rate equations:21

dNm/dt = Gopt − NmsWd + W0d, s1d

dNm−1/dt = NmW0 − Nm−1sWd + W0d, s2d

dN1/dt = N2W0 − N1sWd + Wad, s3d

whereGopt is the optical generation rate,Nm is the population
of the quasilevelm scounting from the bottom of the exciton
branchd, W0 is the probability of the LO-assisted energy re-
laxation, Wd is the probability of all decay processes from
the exciton branch including exciton dissociation, recombi-
nationsboth radiative and nonradiatived and trapping. In our
structures a new process, i.e., exciton escape from the DMS
SL to the QW through the ZnSe spacer, is introduced and
should be included inWd. Interactions of the hot excitons at
the bottom of the band with acoustic phonons will eventually
result in equilibriumsor thermalizedd exciton populationN0:

dN0/dt = N1Wa − N0Wd. s4d

In a steady-state condition, all quasilevels have been shown21

to have a comparable population of hot excitons except for
the one at the bottom of the excitonic bandN1 which has
much higher exciton density—Fig. 1. Moreover, the ratio
between the population of thermalized and hot excitons at
the bottom of excitonic band is determined from Eq.s4d by
the probabilities of acoustic phonon relaxation and exciton
decay:

N1

N0
=

Wd

Wa
. s5ad

The exciton distribution can be experimentally monitored
by measuring light emission from the corresponding states.
Radiative recombination of the thermalized excitons will
lead to a broad PL band, whereas emissions of the hot exci-
tons are seen as a series of hot PL lines displaced by an
integer number of LO-phonon energy from the excitation
photon energy. Strictly speaking, the emission of 2 LO
phonons is required for the hot PL observation, to satisfy
momentum conservation. However, in systems with a high
degree of disorder this requirement becomes softened and the
1-LO hot PL line is often seen.21,23,24

In-depth analysis of the hot PL allows one to evaluate
probabilities of various relaxation processes in the investi-
gated samples. For example, observation of the hot PL lines
evidences that the rate of the exciton relaxation via emitting
LO phonons is higher than that for the exciton decay. Fur-
thermore, relative intensities of the thermalized exciton
emissionsI0d and the lastsi.e., close to the bottom of the
excitonic branchd hot PL linesI1d reflect relative importance

of the acoustic-phonon assisted momentum relaxation and
the exciton decay. As the later can be directly measured from
the PL transient studies, efficiency of momentum relaxation
via emission of acoustic phonons can be easily determined.
Naturally, excitons can also be created as a result of free
carrier absorption. In this case thermalization of photocreated
carriers can precede their binding into the exciton. Such pro-
cess will increase the population of the thermalized excitons,
enhancing intensity of the corresponding PL. Therefore, the
equality s5ad should be replaced by the inequality

I1

I0
ø

Wd

Wa
, s5bd

where I0 and I1 are experimentally measured intensities of
the thermalized and the last hot PL line, respectively.

B. BÅ0

Information on exciton spin relaxation can be obtained by
analyzing the hot PL properties in an applied magnetic field.
Indeed, a magnetic field lifts spin degeneracy of exciton
states, which results in a splittingD of the exciton branches,
as shown schematically in Fig. 2 for the heavy-holesHHd
exciton in ZnMnSe.sFor simplicity, only optically active HH
exciton states are shown.d Under optical excitation with lin-
early polarized light, both spin-split excitonic states become
populated. Subsequent energy relaxation of the hot excitons
can occur via phonon-assisted intraband scattering preserv-
ing spin orientation of the excitons or via interband spin-flip
transitions between the two exciton branches. Contributions
of spin relaxation processes should become more important
for the excitons near the bottom of the upper spin-split
branch. This is because the spin-flip transitions between the
two exciton branches at highK, which may accompany fast

FIG. 2. Exciton dispersion and energy relaxation processes in an
applied magnetic fieldB sthe left part of the figured. For simplicity,
only the optically active exciton states of the heavy hole exction are
shown. In addition to spin-conserving momentum relaxation pro-
cesses as illustrated in Fig. 1, interband spin-flip transitions between
the two exciton branches become importantsshown by the thick
solid arrowd. The right side of the figure shows the population dis-
tributions of the two exciton states in the presence of magnetic
fields.
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LO-assisted momentum relaxation,6 will partly cancel each
other. Therefore the populations of the spin-split exciton
states under applied magnetic fields become

dN0
l /dt = N1

l Wa + N0
uWSF

− − N0
l Wd − N0

l WSF
+ ,

dN0
u/dt = N1

uWa − N0
uWSF

− − N0
uWd + N0

l WSF
+ , s6d

where the subscriptusld denotes the upperslowerd exciton
state.WSF

7 is the rate of spin flip transition from the corre-
sponding state:16

WSF
± =

1

tSFf1 + exps±D/kBTdg
. s7d

Here tSF denotes the spin relaxation time andkB is the
Boltzmann constantWSF

+ is negligible forD@kBT, i.e., for a
range of magnetic fields used in the present study. This sim-
plifies Eq.s6d such that under the steady state condition

I1
u

I0
u =

Wd
u + WSF

−

Wa
. s8d

Evidently, relative intensities of the thermalized and hot ex-
citon PL from the upper spin state critically depend on the
spin relaxation rate. This enables us to evaluate efficiency of
this process as a function of energy spacingD between the
spin-split exciton statesse.g., by varying applied magnetic
fieldsd, and also its dependence on exciton wave vectorK
se.g., by tuning excitation photon energyd.

IV. SPIN-CONSERVING MOMENTUM RELAXATION OF
HOT EXCITONS

A representative PL spectrum of the ZnMnSe/CdSe SL is
shown in Fig 3sad. It consists of a broad band and sharp
lines, arising from the radiative recombination of the exci-
tons from the HH-exciton branch in the DMS SL. The broad
band, of which the line shape is independent of the excitation
energy, corresponds to the recombination of the excitons that
are thermalized at the bottom of the exciton band. The cor-
responding transition can be independently monitored by
measuring PL excitation spectra of the adjacent nonmagnetic
QW, where the observation of the HH DMS exction reflects
exciton injection from the DMS to the QWsRef. 25d—Fig.
3sbd. On the other hand, the sharp emission lines are dis-
placed from the excitation photon energy by an integer num-
ber of LO phonon energy of 31.6 meV. All sharp lines have
comparable intensities with the exception of the one at the
lowest energy which exhibits strong enhancement in reso-
nance with the ground state of the HH excitons—shown by
dots in Fig. 3sad. At zero magnetic field, the sharp linessand
also the broad emissiond are unpolarized independent of the
polarization of the excitation light. This is illustrated in Fig.
4 for the 1LO feature under linearly polarized excitation. We
interpret these transitions as being due to the hot excitons PL
which appears as a result of the hot exciton relaxation cas-
cade via multiple loss of the LO-phonon energy.23,24 An al-
ternative explanation for the sharp lines as being due to
multi-phonon resonant Raman scattering can be ruled out

since this coherent process should be correlated with the po-
larization of the excitation light and therefore will only be
allowed in thexsy,zdx̄ polarization for the used backscatter-
ing geometry from as100d surface, inconsistent with the ex-
perimental datasFig. 4d.

In addition to the LO lines, another sharp featuresdenoted
as “LO+P”d with much weaker intensity at approximately
2.3 meV below the lowest LO transition can be seen in Figs.

FIG. 3. sad Typical photoluminescence spectra of the HH exci-
ton in the ZnMnSe/CdSe DMS SL measured at 2 K in zero mag-
netic field under optical excitation with the specified photon ener-
gies. Spectral dependence of the hot 2LO-line intensity, which
exhibits resonant enhancement with the HH exciton, is also shown
sdotsd. sThe dashed curve is just a guide for the eye.d sbd Photolu-
minescence excitation spectrum of the nonmagnetic ZnCdSe QW.
The excitonic transition related to the optically active HH exciton in
the ZnMnSe/CdSe SL is clearly seen due to exciton injection from
the DMS to the QW.

FIG. 4. PL spectra of the DMS SL measured at 2 K with the
specified polarizations in the backscattering geometry from the
s100d surface.
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3 and 4. The properties of the LO+P line closely resemble
that of the hot PL transitions, such as similar dependence on
the excitation photon energy and polarization indicating that
it is related to some inelastic scattering process accompany-
ing kinetic energy relaxation of the hot excitons. Physical
origin of this process will be discussed in detail in Sec. VI.

The observation of the LO-lines of hot PLfFig. 3sadg
provides evidence that the rate of the exciton relaxation via
emitting LO phononssW0d is higher than the total rate of
other decay processes of the excitons within the SLsWdd.
Moreover, the observed similar intensity for the thermalized
and hot PL is indicative for comparable rates of the acoustic
phonon-assisted momentum relaxationsWad and other decay
processessWdd. The lifetime of the HH excitons was deter-
mined to betd,30 ps by time-resolved PL. This provides
the low bound for the acoustic phonon relaxation timeta
=1/Wa as being,30–50 ps, in reasonable agreement with
the previously deduced value of 100 ps for ZnSe-based
quantum wells.12

Increasing temperature caused a rapid decrease in the
overall PL intensity. This decrease is, however, more severe
for the broad PL band—Fig. 5. The observed behavior can be
explained, within the framework of the analysis, by an in-
creasingly important role of nonradiative processes in the
exciton decay that is thermally activated more efficiently
than the acoustic phonon relaxation.

V. EXCITON SPIN RELAXATION

Application of a magnetic field lifts the spin degeneracy
of the HH excitonic states in the DMS and causes giant Zee-
man shifts of the optically activeu−1/2, +3/2l and u+1/2,
−3/2l states due to strongs,p-d interactions with Mn2+ ions.
Here the notationume,mhl is used to describe the excitonic
states, andme andmh denote the angular momentum projec-
tion of the electron and hole, respectively. The splitting of

the excitonic states can be closely monitored by measuring
the PLE spectra of the nonmagnetic QW. This is demon-
strated in Fig. 6sbd, where both optically active excitonic
transitions are apparent under excitation with linearly polar-
ized light fshown by the dotted line in Fig. 6sbdg. As ex-
pected from the selection rules, the loweru−1/2, +3/2l state
is s+ active, whereas transitions to the upperu+1/2,−3/2l
state acquires thes− polarization—shown in Fig. 6sbd by the
dashed and solid lines, respectively.

In PL experiments, two spin-split excitonic subbands give
rise to two sets of the optical transitions with opposite polar-
ization. The optical transition from the bottom of the lowest
exciton state gives rise to a strong broad PL band, which
undergoes a redshift in an applied magnetic field and exhibits
strongs+ polarizationsup to 90%d—see Fig. 6sad. Likewise,
the same polarization was observed for the hot PL compo-
nents that are in resonance with theu−1/2, +3/2l state. On
the other hand, the hot PL lines resonant with the upper lying
u+1/2,−3/2l state ares− polarized. Spectral dependences of
the hot PL components with thes+ ands− polarizations are
shown in Fig. 6sad by filled and opened symbols, respec-
tively. It is clear that the distribution of the hot excitons has
now transformed into two branches when the excitons are
accumulated near the bottom of theu−1/2, +3/2l and
u+1/2,−3/2l subbands after the hot exciton cascades.

A number of new and interesting features emerge under
in-depth investigations of hot excitons in applied magnetic
fields. For example, relative intensities of the hot and ther-

FIG. 5. PL spectra from the DMS SL measured at zero field as
a function of measurement temperatures. The excitation photon en-
ergy has been shifted at each temperature following the shift of the
DMS bandgap.

FIG. 6. sad PL spectra of the HH exciton from the DMS SL
measured at 3 T with thes+ sdashed lined and s− ssolid lined po-
larizations. The PL was excited by using linearly polarized light at
2.793 eV that provides excitation of both spin-split exciton
branches. Dotssopen trianglesd are intensities of the 2LO hot PL
detected in thes+ ss−d polarization.sbd Photoluminescence excita-
tion spectra of the nonmagnetic QW measured under the linear
sdashed lined, s+ sdashed-doted lined, and s− ssolid lined excita-
tions. Transitions related to theu−1/2, +3/2l and u+1/2,−3/2l
states of the HH exciton can only be excited in thes+ and s−

polarizations, respectively, as expected from the selection rules.
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malized PL components related to the upper-lyingu+1/2,
−3/2l state, which reflect theN0

u and N1
u populations, are

found to critically depend on the excitation energy and also
on an applied magnetic field. We will show below that this
behavior reflects surprisingly strong dependence of spin re-
laxation from the upper exciton state on the wave vectorK
and spin splitting of the exciton states.

A. Dependence on the wave vector

Representative PL spectra recorded as a function of exci-
tation photon energy in moderate magnetic fieldsskBT,D
,"vLOd are shown in Fig. 7. Whereas the intensityI0

l of the
thermalized PL from the lowestu−1/2, +3/2l state is practi-
cally independent from the excitation energy, a resonant en-
hancement of theI0

u intensity was observed when the excita-
tion photon energy exceeds the energy of the upper exciton
state by approximately an integer numbern of the LO pho-
non energy"vLO sto be referred to below as resonant exci-
tationd. This effect is demonstrated in Fig. 7, where the ap-
pearance of thes−-PL component at 2.74 eV is clearly seen
for the excitation energy of 2.812 eV, i.e., about 2"vLO
above the bottom of theu+1/2,−3/2l exciton branch. The
dependences of the thermalized PL components from the up-
per and lower excitonic states on the excitation photon en-
ergy are shown in the inset of Fig. 7. The observed PL en-
hancement provides direct evidence for a dramatic increase

in the population of theu+1/2,−3/2l state under the reso-
nant excitation, i.e., when the hot exciton cascade due to the
LO-assisted momentum relaxation ends near the bottom of
the excitonic band. We would like to point out that the spin
splitting between the two excitonic states at 0.5 T, i.e., under
the experimental conditions of Fig. 7, is about 23 meV,
which exceeds by more than two orders of magnitude the
thermal energy at the measurement temperature of 2 K. As-
suming a Boltzmann distribution, the spin temperature of
excitons is estimated to be up to 85 K, much higher than the
lattice temperature, to account for the experimentally ob-
served ratio ofI0

u/ I0
l <0.02−0.03.

Let us now discuss possible reasons responsible for the
observed strong dependence of the exciton population on the
excitation energy. Under the steady state condition, intensity
of an optical transition associated with an excitonic state is
determined by the product of its generation rate and lifetime.
Therefore an increase in intensity of theu+1/2,−3/2l tran-
sition under the resonant excitation could reflect either an
enhancement in the generation rate to the bottom of the cor-
responding excitonic branch due to the fast carrier relaxation
via emission of LO phonons or an increase of the exciton
lifetime. The former should, however, apply to both spin-
split states and should lead to a similarly strong dependence
of the exciton population on the excitation photon energy if
this mechanism dominates. In our studies only minor modi-
fications in the populations of the lower spin band, seen as a
weeks10–15 %d oscillatory changes ofI0

l with the excitation
energy, was observedsshown in the inset in Fig. 7d. Conse-
quently, an increase of the generation rate of the exciton state
can not be the dominant mechanism responsible for the ob-
served dramatic enhancementsby more than 10 timesd in the
I0
u intensity of the upper spin band.

Therefore, the observed strong dependence ofI0
u on the

excitation photon energy should be attributed to a substantial
change in the exciton lifetime of theu+1/2,−3/2l state, i.e.,
in the total rate of exciton decay and spin flip processes
Wd

u+WSF. It changes from Wd
u+WSF@Wa under “off-

resonance” conditions to Wd
u+WSF,Wa under the resonant

excitation. In principle, the exciton decay rate could some-
what depend on the energy position of the final step of the
LO-assisted hot exciton cascade and thus on the excitation
photon energy if it is dominated by the exciton tunneling
from the DMS to the nonmagnetic QW. This is because the
probability of the tunneling process exponentially depends
on the height of the tunneling barrier. The contribution of the
tunneling process to the total exciton decay rate in the inves-
tigated structures can be estimated by comparing results
from the time-resolved PL measurements in the samples with
different widths of the tunneling barrier—see Fig. 8. Appar-
ently, an increase in the barrier width by two times does not
affect the exciton lifetime. This can only mean that the exci-
ton decay is mainly determined by nonradiative recombina-
tion within the DMS, which does not significantly depend on
the exciton energy, judging from the minor changes in the
intensity of theu−1/2, +3/2l transition—see the inset in Fig.
7.

This leaves a slow down of the spin relaxation rateWSF of
the u+1/2,−3/2l excitons near the bottom of the excitonic
branch, i.e., with a small wave vectorK, as the most plau-

FIG. 7. PL spectra from the HH exciton in the DMS SL mea-
sured at 0.5 T with thes+ sdashed lined and s− ssolid lined polar-
izations as a function of the excitation photon energy.sad, sbd, and
scd correspond to the excitation photon energies of 2.818, 2.812,
and 2.790 eV, respectively. Also indicated on the top of the figure
are the spectral positions of theu−1/2, +3/2l and u+1/2,−3/2l
states determined by measuring the PLE spectra of the nonmagnetic
QW. The Zeeman splitting of the excitonic statesD is equal to
22 meV and is smaller than the LO phonon energy. The inset shows
dependences of the thermalized PL components from the lowersI0

l d
and uppersI0

ud states as a function of the energy differenceDE
between the excitation photon energy and the bottom of the corre-
sponding state.
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sible physical mechanism for the observed resonant enhance-
ment of the corresponding thermalized PLI0

u. From Eq.s6d, it
can thus be concluded thatWSF,Wa under the resonant ex-
citation andWSF@Wa under the off-resonance conditions. In
other words, the spin relaxation time for the excitons near the
bottom of the upper exciton branchsnear K=0d should be
comparable to the value typical for acoustic phonon relax-
ation s,30–50 psd. This leads to an accumulation in the
population of the upper spin state, which effectively raises
the spin temperature well above that of the lattice. On the
other hand, the spin relaxation time for theKÞ0 excitons
should be substantially shortened and should fall in the range
of 1–3 picoseconds, to assure more than ten times decrease
in the I0

u intensity observed under the off-resonance excita-
tion.

The spin relaxationsor spin-flipd time for the excitons
near the bottom of the excitonic branch can be independently
and directly determined from transient PL measurements.
Representative PL decays measured at 1 T from both spin-
split excitonic states are shown in Fig. 9. The effective life-
times of 21 and 28 ps can be estimated for the upper
u+1/2,−3/2l and loweru−1/2, +3/2l excitons, respectively.
With the aid of rate equation analysis, this yields the spin-flip
time tSF=84 ps when the spin splittingD<18 meV, assum-
ing that the observed shortening of the exciton lifetime for
the u+1/2,−3/2l state as compared with that for the
u−1/2, +3/2l state is solely attributed to the spin-flip pro-
cess, i.e.,

1

tusld =
1

td
+

1

tSFF1 + expS7
D

kBT
DG . s9d

Here tusld is the measured exciton lifetime from the corre-
sponding spin-split state, andtd=1/Wd=28 ps is the charac-
teristic time for all exciton decay processessexcept for the
spin-flip transitiond deduced from the decay time of the

lower spin state. The corresponding fits of the experimentally
measured PL decays are shown by the thin solid lines in Fig.
9. The obtained value mainly reflects the spin-flip rate for the
excitons nearK=0, that are allowed to recombine by the
momentum conservation law, and is in very good agreement
with the results from the cw measurements.

B. Dependence on the spin splitting between the excitonic
states

In order to further examine the physical origin of the spin
relaxation processes occurring in the investigated structures,
the populations ofK=0 excitons were studied as a function
of Zeeman splittingD of the exciton states. Dependence of
the I0

u/ I1
u ratio measured under the resonant excitation condi-

tion is shown by filled dots in Fig. 10sad. The corresponding
values ofI0

u/ I1 are found to be practically constant for mod-
erate Zeeman splittings, i.e., whenkBT,D,"vLO. A con-
stant ratio of the “thermalized” and hot PL intensities implies
that the spin-flip rate is independent ofB, expected forD
@kBT—see Eq.s9d. This behavior is indeed observed in the
time-resolved PL experiments, where a constant spin-flip
time sdotsd of around 90±10 ps is observed when 8 meV
,D,20 meV—Fig. 10sbd. Furthermore, from the character-
istic time constants for all relaxation processes measured
from the transient studies, the value ofI0

u/ I1
u can be estimated

by using Eq.s8d. The corresponding results are shown by the
dashed-dotted line in Fig. 10sad and are in very good agree-
ment with theI0

u/ I1
u values measured in the cw experiments.

This proves the credibility of the hot PL approach and also
indicates that the exciton spin dynamics in moderate mag-
netic fields is governed by the same spin relaxation process
with a constant spin-flip time.

Also obvious from Fig. 10sad, a further increase of spin
splitting with D approaches and exceeds"vLO, largely facili-

FIG. 8. Normalized PL decays of the HH exciton measured at
zero field from the DMS SL structures with two different widths of
the tunneling barrier between the SL and nonmagnetic QW. The
measurements were performed at 4 K in zero field with the excita-
tion photon energy of 2.851 eV. The measured transient behavior of
the laser pulse is also shown by the dashed-dotted line, to demon-
strate time response of the system.

FIG. 9. Decay curves of the normalized integrated PL intensities
of the u+1/2,−3/2l sthick solid lined and u−1/2, +3/2l sdashed
lined excitonic transitions from the DMS SL measured at 1.0 T. The
excitation photon energy was 2.851 eV. The thin solid lines are
fitting curves by analyzing rate equations with fitting parameters
td=28 ps andtSF=84 ps. The measured transient behavior of the
laser pulse is also shown by the dashed-dotted line, to demonstrate
time response of the system.
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tates exciton spin relaxation, which causes a dramatic
quenching of the “thermalized” emission from theu+1/2,
−3/2l state. As an example, Fig. 11 shows representative PL
spectra recorded in thes+ sdotted linesd ands− ssolid linesd
polarizations as a function of excitation photon energies at

B=1.5 T sD=39 meVd. Even though the hot PL transitions
from the u+1/2,−3/2l state are clearly observed, no “ther-
malized” emissionI0

u from this excitonic state can be de-
tected, in contrast to the results of Fig. 7 for moderate Zee-
man splittings. This is indicative for a strong enhancement in
the spin relaxation rate with increasing spin splitting, which
becomes faster than the spin-conserving acoustic phonon re-
laxation even under the resonant excitation condition. This is
further supported by a shortening of the decay time of the
u+1/2,−3/2l transitions from the transient PL measure-
ments, which falls beyond the time resolution of the detec-
tion system.sNote that thetSF value of 50 ps deduced when
D=22 meV represents the upper limit for the spin-flip time.d
Both hot PL and transient PL results imply that a new spin
relaxation process of high efficiency becomes activated when
the spin splitting of the excitonic states exceeds the LO en-
ergy.

C. Possible mechanisms

We will now address the physical origin of exciton spin
relaxation in the investigated structures. In nonmagnetic
quantum structures, the spin relaxation of the HH excitons
has been shown11,16 to be dominated by the long-rangee-h
exchange interaction which gives rise to direct spin relax-
ation between theu+1/2,−3/2l and u−1/2, +3/2l spin-split
states due to simultaneous flips of both electron and hole
spins. This interaction weakens linearly with decreasingK
and should vanish atK=0 resulting in the spin relaxation
time in the range of tens to hundreds of picoseconds, taking
into account homogenous broadening and dephasing of the
exciton state.16 Even though these properties are in principle
consistent with the results presented in Sec. V A, we do not
think that the long rangee-h exchange represents the domi-
nant spin relaxation process for the excitons in the studied
structures. This is because such process should be suppressed
by magnetic fields applied normal to the quantum well plane,
which is opposite to our experimental findings.

Alternatively, the exciton spin flips can occur by subse-
quent flips of electron or hole spins via the dark exciton
statesu+1/2, +3/2l and u−1/2,−3/2l. Possible spin relax-
ation mechanisms for single carriers which exhibit strong
momentum dependence include the Elliot-Yafet17,18 and
D’yakonov-Perel15 mechanisms, both mediated via the spin-
orbit interaction. According to the Elliot-Yafet mechanism,
spin-orbit interaction causes mixing of electron wave func-
tions with opposite spin orientations, which couples momen-
tum scattering with spin depolarization. However, the effi-
ciency of this mechanism should decrease with increasing
bandgap energy, which makes it less probable as compared
to other mechanisms present in ZnMnSe. In the case of the
D’yakonov-Perel scattering, the spin flip is assured by lifting
spin degeneracy of the conduction band states in a crystal
that lacks inversion symmetry. Due to the energy dependence
of the conduction band splitting, the efficiency of this
mechanism substantially enhances with increasing kinetic
energy sand therefore momentumKd but should be sup-
pressed by an external magnetic field, inconsistent with our
experimental results.

FIG. 10. sad Experimentally measured ratiosdotsd between the
thermalized and hot PL intensities from the upper spin state as a
function of the Zeeman splittingD between the excitonic states. The
dashed-dotted line represents values estimated from Eq.s8d assum-
ing the following time constants of the relaxation processes:ta

=50 ps,td=28 ps,tSF=90 ps. The rate of the spin flip process was
assumed to be independent ofD when D@kBT as expected from
Eq. s9d. sbd PL decay times measured for the uppersopen squaresd
and lowersopen trianglesd exciton states as a function of the Zee-
man splittingD of the excitonic states. Dots represent spin relax-
ation times deduced from the measured decay times according to
Eq. s9d.

FIG. 11. PL spectra from the HH exciton in the DMS SL mea-
sured with thes+ sdashed lined ands− ssolid lined polarizations as
a function of excitation photon energy. Also indicated are spectral
positions of theu−1/2, +3/2l and u+1/2,−3/2l states determined
by measuring the PLE spectra of the nonmagnetic QW. The Zeeman
splitting D between the excitonic states is equal to 39 meV and
exceeds the LO phonon energy.
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Another spin relaxation process theoretically
predicted20,26 to be very efficient in DMS-based quantum
structures is the strongs,p-d exchange interaction with mag-
netic ions. In this case the spin flips of electrons and holes
are facilitated by simultaneous spin flips of Mn2+ ions. We
will argue below that an interplay of electron and hole spin
flips via this interaction can explain the experimentally ob-
served properties of exciton spin relaxation in moderate
magnetic fieldssi.e., when the Zeeman splitting of the exci-
tonic states is below the LO phonon energyd. We therefore
suggest it as the dominant mechanism responsible for the
exciton spin relaxation under these conditions. Indeed, the
corresponding spin-flip relaxation times of holes are largely
K dependent.20 This is because these transitions require mix-
ing of the heavy-hole and light hole states, prohibited near
K=0 by a large energy separation between the corresponding
statessi.e., around 30 meV in our structures due to combined
effects of quantum confinement and straind. Admixture of the
LH character with increasingK therefore results in dramatic
acceleration of the hole spin relaxation with a characteristic
time within a picosecond or even subpicosecond range.
Therefore, increasingK should promote hole spin flip transi-
tions leading to an overall increase of the exciton spin-
relaxation rate. The proposed mechanism is also consistent
with the observed insensitivity of the exciton spin relaxation
to applied magnetic fields whenD,"vLO. We need to point
out that the measured spin-flip time in our structures is more
than one order of magnitude shorter than that deduced for the
strained ZnMnSe epilayers.7 This is probably not surprising
as the exchange interaction with magnetic ions is of very
short ranges and therefore critically depend on the overlap
between the wavefunctions of the excitons/carriers and mag-
netic ions, i.e., predicted to be by far more efficient in quan-
tum structures.20,26

As was mentioned above, an increase of magnetic fields
aboveDùhvLO leads to a dramatic increase of the spin re-
laxation rate, which becomes more than one order of magni-
tude faster than the rate of acoustic phonon relaxation even
for the K=0 excitons. This indicates the involvement of a
new spin relaxation process of high efficiency which be-
comes activated when the Zeeman splitting of the exciton
states approaches the LO energy. The corresponding process
was previously assigned to a direct LO-assisted exciton spin
relaxation27 when the exciton spin flips and the phonon emis-
sion occur as a result of a single quantum transition. Taking
advantage of both hot PL and time-resolved spectroscopies,
we can now provide an estimate of the characteristic spin
relaxation time for this process to be shorter than 1–3 ps,
judging from the ratio of the “thermalized” and hot PL in-
tensities related to the upper exciton state.

VI. EXCITON SCATTERING BY MAGNETIC IONS

Efficient interactions between Mn2+ ions and the excitons
in the investigated structures are directly evident from the
observation of an additional featuresdenoted as “LO+P” in
Figs. 3 and 4d that is displaced from the hot PL line by
approximately 2.3 meV. The energy loss during this scatter-
ing process accompanies the LO-assisted kinetic energy re-

laxation of the hot excitons. It does not depend on applied
magnetic fields, evident from the same energy spacing be-
tween the LO and LO+P transitions independent ofB—see
Fig. 12. This indicates that it cannot be caused by spin scat-
tering of a 3d electron bound to an isolated Mn2+ ion as the
Zeeman splittinggMnmBB of its S5/2 ground state is propor-
tional to B, where gMn=2 is the g factor of the electron
localized at Mn2+. On the other hand, it is well known that
Mn ions, when present at high concentrations, tend to form
nearest-neighbor pairs coupled antiferromagnetically. An ef-
fective spin Hamiltonian for the Mn2+-Mn2+ pair can be
written as

H = − JfSsS+ 1d − 35/2g + gMnmBMB, s10d

whereJ is the constant of Mn2+-Mn2+ exchange interaction,
S=S1+S2 is the total effective spin of the Mn-Mn pair with
S=0,1, . . . ,5.M =−S, . . . , +S is the projection of the spin
angular momentum of the Mn2+ ion along the direction ofB.
The zero field splitting between the groundsS=0d and the
first excited sS=1d states of the pair is udEu=2J
=2.1–2.2 meV, if we use the valueJ=12.25–12.8 K found
for ZnMnSe-based quantum structures.28,29 The obtained
value is in excellent agreement with the energy separation
between the LO+P and LO transitions, showing that it re-
flects the energy transferred from the exciton to the
Mn2+-Mn2+ pair. The observed independence of this energy
on applied magnetic field further supports this conclusion.
Indeed, even though the magnetic field lifts degeneracy of
the spin triplet excited state of the pair, onlyDM =0 transi-
tions, of which the energy does not change withB, are opti-
cally allowed according to the selection rules. On the other
hand, the splitting of theS=1 triplet state should result in a
decrease in the intensity of the LO+P line in applied mag-
netic fields as only one of the three spin states contributes to
the LO+P transition, in agreement with our experimental
observation—Fig. 12. Therefore we attribute the LO+P line
to be a result of the exciton scattering via a transition be-
tween the spin states of a Mn pair which accompanies the
LO-assisted momentum relaxation of the HH exciton. The
appearance of this line in the PL spectra provides direct ex-

FIG. 12. PL spectra from the HH exciton in the DMS SL mea-
sured at 0 Tssolid lined and 3 T sdashed lined, respectively. The
insert shows the energy separationd between the LO and LO+P
lines as a function of an applied magnetic fieldB.
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perimental evidence for the involvement of magnetic ions in
the exciton relaxation. Naturally, one would also expect ob-
servation of the spin flip transitions related to the isolated
Mn2+ ions with substantially higher concentrations. How-
ever, due to a small energy loss during this process, which is
about 0.35 meV forB=3 T, the corresponding transitions
can not be resolved within the linewidths,1.5 meVd of the
dominant LO-assisted transition.

VII. CONCLUSIONS

In summary, we have employed the hot exciton approach
complemented with the transient PL measurements to evalu-
ate momentum and spin relaxation of the HH excitons in the
ZnMnSe/CdSe SL. Based on the analysis of the relative in-
tensities of the thermalized and hot PL lines the rate of
acoustic-phonon assisted momentum relaxation is found to
be comparable to the total rate of exciton decay processes,
i.e., around 2–331010 s−1, independent of applied magnetic
fields.

A close examination of the hot exciton PL in applied mag-
netic fields provided evidence for the presence of two differ-
ent mechanisms for the exciton spin relaxation, with their
relative importance being critically dependent on the Zeeman
splitting of the exciton states. In magnetic fieldsD,"vLO,
the exciton spin relaxation is found to depend critically on
the exciton momentum but is not affected by magnetic fields.
Specifically, a surprisingly strong suppression of spin relax-
ation from the bottomsi.e., whenK=0d of the upper-lying
u+1/2,−3/2l spin band is observed, which becomes compa-

rable to momentum scattering via acoustic phonons. This
conclusion was independently verified from the time-
resolved PL measurements, which yield the spin relaxation
time of 90 ps forK=0 excitons, i.e., of the same order as the
energy relaxation time due to spin-conserving acoustic pho-
non scattering. On the other hand, dramatic acceleration of
the spin relaxation is found for the excitons with a high
momentum leading to the spin relaxation time in the range of
a few ps. The observed findings are interpreted as being due
to electron and hole spin flip processes via the strong ex-
change interaction with isolated Mn2+ ions. Experimental
evidence for the efficient interaction between the hot exci-
tons and Mn impurities is also provided from the observation
of the spin flip transitions within Mn2+-Mn2+ pairs which
accompany the momentum relaxation of the HH excitons.

In higher magnetic fieldsDù"vLO, the observed abrupt
shortening of the spin flip time indicates the involvement of
the new spin relaxation process of high efficiency, which is
tentatively attributed to a direct LO-assisted exciton spin re-
laxation when the change of the exciton spin and the phonon
emission occurs as a result of a single quantum transition.
The characteristic spin relaxation time for this process is es-
timated to be shorter than 1–3 ps for theK=0 excitons.
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