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Dynamical control of Mn spin-system cooling by photogenerated carriers
in a (Zn,Mn)Se/BeTe heterostructure
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The magnetization dynamics of the Mn spin system in an undoped (Zn,Mn)Se/BeTe type-1I quantum well
was studied by a time-resolved pump-probe photoluminescence technique. The Mn spin temperature was
evaluated from the giant Zeeman shift of the exciton line in an external magnetic field of 3 T. The relaxation
dynamics of the Mn spin temperature to the equilibrium temperature of the phonon bath after the pump-laser-
pulse heating can be accelerated by the presence of free electrons. These electrons, generated by a control laser
pulse, mediate the spin and energy transfer from the Mn spin system to the lattice and bypass the relatively

slow direct spin-lattice relaxation of the Mn ions.
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I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) based on II-VI
compounds with Mn”* ions are regarded as model materials
for future spintronics applications.!?> The strong sp-d ex-
change interaction between the spins of free carriers and the
localized magnetic moments of Mn?* ions provides a variety
of magnetic, magneto-optical, and magnetotransport
phenomena.3= The spin dynamics of the carriers and the Mn
spin system in DMS is controlled by their interaction with
each other and with the phonon bath of the crystal lattice.
Due to the bright band-edge photoluminescence (PL) in wide
band-gap II-VI DMS the dynamics of the carrier-Mn ex-
change interaction can be suitably studied by optical spec-
troscopy.

In the past years the dynamical magnetic properties of
DMS resulting from spin-spin and spin-lattice relaxation
(SLR) mechanisms have been intensively investigated. The
strong dependence of magnetization dynamics on the Mn
concentration,® spin diffusion in heteromagnetic semicon-
ductor structures,”® and acceleration of SLR of Mn ions in
the presence of free electrons”!? have been reported. The
free electrons provide an additional channel for spin and en-
ergy transfer from the Mn spin system into the phonon bath
(lattice), which can be considerably more efficient than the
direct spin-lattice relaxation channel.

In the previous studies stationary methods have been used
to change the electron concentration in DMS heterostruc-
tures: modulation doping of the barriers with donors'® and/or
application of a gate voltage for fine tuning of the electron
density in the quantum well.” The electron concentration,
however, can be varied in time domain by, e.g., short and
intense laser pulses, as it has been realized in (Cd,Mn)Te/
(Cd,Mg)Te and (Zn,Mn)Se/(Zn,Be)Se quantum wells with a
type-I band alignment.'"!> Nevertheless, due to the short re-
combination time of the photogenerated carriers in these
structures it was not possible to reach the condition of the
cold carrier system and to clearly detect the effect of the
carrier-assisted cooling of the Mn spin system by photoge-
nerated carriers.
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In this paper we report on the dynamically controllable
acceleration of SLR, leading to a cooling of the Mn spin
system, by the generation of photocarriers in a
Znj9oMny ;Se/BeTe heterostructure with a type-II band
alignment. The distinctive feature of the studied structure is
the spatial separation of the thermalized electrons and holes
in the Zny 9oMng 5;Se and BeTe layers, respectively. This re-
sults in very long radiative recombination times of =100 ns
for photocreated electrons.'>!* A Zn, goMn, ,;Se/BeTe mul-
tiple quantum well (MQW) structure was examined under
pulsed photoexcitation by means of time-resolved photolu-
minescence. It has been ascertained that the relaxation pro-
cess of the Mn spin system can be accelerated on the nano-
second time scale by optical tuning of the electron
concentration in the Zng99Mny o;Se layers.

II. EXPERIMENTAL DETAILS

We have studied a nominally undoped
Znj 9oMn 1 Se/BeTe MQW structure, denoted by the label
CB1963. The sample was grown by molecular-beam epitaxy
on a (100)-oriented GaAs substrate. It contains ten periods of
alternating 20-nm-thick ZngygoMng;Se and 10-nm-thick
BeTe layers.

To study the dynamical response of the Mn ion magneti-
zation on a laser impact, a finite equilibrium magnetization is
induced by an external magnetic field. The excess kinetic
energy of the photoexcited carriers, being transferred into the
Mn spin system, causes an increase in the Mn spin tempera-
ture Ty, The relaxation of Ty, back to its equilibrium with
the lattice temperature is detected by time-resolved PL.% As
the Mn spin temperature controls the giant Zeeman shift of
the heavy-hole exciton state, the exciton energy in magnetic
field is used for the evaluation of Tyy,. The heavy-hole exci-
ton energy is measured from the spectral position of its right-
handed (o) circularly polarized PL line.

In our optical measurements the sample was immersed in
pumped liquid helium at a temperature of 7=1.8 K and was
exposed to magnetic fields up to 8 T. The magnetic field B
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was applied in the Faraday geometry parallel to the sample
growth axis (z axis): Bllz. The spin dynamics of the Mn spin
system was studied by a pump-probe technique implement-
ing three pulsed lasers with pump, control, and probe func-
tions, respectively. Initially, the sample was excited by a 5 ns
pulse of the third harmonic of a Q-switched Nd: YVO, laser
(3.49 eV), denoted by pump pulse in the following. The typi-
cal pump power density amounted to 200 kW/cm?. The
pump generated hot photocarriers which in the course of
their energy and spin relaxation heated the Mn spin system.
After a time delay of 150 us the sample was excited by a
control pulse of 8 ns duration. It was provided by the third
harmonic of a Nd:YAG laser with a photon energy of
3.49 eV and an excitation density ranging from 0.1 to
150 kW/cm?. The control pulse created photocarriers which
assisted in the cooling of the Mn spin system. The dynamics
of the Mn spin temperature was measured by the energy shift
of the exciton PL line. For that purpose, weak probe-laser
pulses with a photon energy of 3.06 eV, generated by a semi-
conductor laser, were used. The pulse duration was adjusted
to a few tens of microseconds, whereby the excitation den-
sity was kept below 100 mW/cm? in order to avoid an ad-
ditional heating of the Mn spins. For the time-resolved de-
tection of the PL signals a gated charge-coupled device
camera with a time resolution of 2 ns was used. The camera
was connected to a 0.5 m spectrometer and synchronized
with the laser pulses by means of a digital pulse delay gen-
erator.

III. RESULTS

Figure 1(a) shows the band alignment of the type-II
(Zn,Mn)Se/BeTe heterostructure.'> Due to the large direct
band gap of BeTe (Eg.r.=4.5 €V) the laser excitation in the
ultraviolet spectral range (3.06 or 3.49 eV) generates photo-
carriers in the (Zn,Mn)Se layers (Eynse = 2.8 €V) only. Af-
ter the photogeneration electrons become localized in the
(Zn,Mn)Se layers and holes scatter within 7,,;=10 ps into
the BeTe layers'® where they have minimal potential energy.

The spatial carrier separation is demonstrated in PL spec-
tra by the emission lines of the direct and indirect optical
transitions. A direct emission at about 2.8 eV, which is attrib-
uted to the recombination of electron-hole pairs in the
(Zn,Mn)Se layers, is denoted by D in Fig. 1(a). Its temporal
decay is controlled by the radiative recombination of exci-
tons and the hole scattering out of the (Zn,Mn)Se layers. An
indirect (ID) emission at about 1.8 €V is contributed by elec-
trons from (Zn,Mn)Se and holes from BeTe. The large
conduction-band and valence-band offsets of about 2 eV and
1 eV, respectively, result in a very small penetration of the
carrier wave functions into the neighboring layers. This dras-
tically reduces the overlap of the electron and hole wave
functions leading to a very long radiative recombination time
for the indirect transition expanding up to few hundreds of
nanoseconds.!>!® Since the giant Zeeman shift of the direct
emission line provides information about the magnetization
relaxation and Mn spin temperature due to the sp-d exchange
interaction in (Zn,Mn)Se, in this paper we focus on the study
of the dynamics of the direct emission line.
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FIG. 1. (a) Schematic band alignment of (Zn,Mn)Se/BeTe
type-II heterostructure. Arrows represent direct (D) and indirect
(ID) in space PL transitions. Photogenerated holes are scattered into
BeTe layers lowering their potential and kinetic energy. (b) PL spec-
tra of direct transition in Znjg9Mny ;Se/BeTe sample for different
magnetic fields. Exciton (X) and trion (T) lines are marked by ar-
rows. (c¢) Giant Zeeman shift of heavy-hole exciton state for two
different spin temperatures 7yg, of Mn system. The experimental
data (open circles) are attributed to PL spectra, which are shown in
panel (b). Ty, was derived from a fitting of the Zeeman shift using
Egs. (1) and (2) with S.;=2.43 and 77=0.9 K.

In Fig. 1(b) o polarized PL spectra of the direct transi-
tion are depicted for different magnetic fields under low
continuous-wave photoexcitation with a density of
15 mW/cm?. The emission line at 2.804 eV (at B=0 T) is
related to the recombination of heavy-hole excitons (X), the
second line, which is shifted by 4.9 meV to lower energy
from the exciton, can be attributed to trion (T) recombina-
tion. Here, the trion is a negatively charged exciton complex
consisting of two electrons and one hole. The energy shift
between the lines is consistent with the trion binding energy
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in ZnSe-based QWs.!” For magnetic fields B<<2 T the small
exciton and trion linewidth of =3 meV allows a clear dis-
tinction between the both PL lines. With increasing magnetic
field the trion PL intensity is redistributed in favor of the
exciton one. This is a result of the trion ionization, which
takes place when the giant Zeeman splitting of the
conduction-band electrons exceeds the trion binding
energy.'8

Note, the formation of the negatively charged excitons
requires the presence of excess (resident) electrons in the
(Zn,Mn)Se layers. Since the studied structure is nominally
undoped the resident electron concentration is very small in
the dark conditions. It is confirmed by the very weak trion
oscillator strength measured in the reflectivity spectrum (not
shown here). In PL experiments under continuous-wave ex-
citation a finite concentration of the excess electrons in the
(Zn,Mn)Se layers is formed due to the spatial carrier separa-
tion. From the relative intensities of the exciton and trion PL
lines we estimate that the concentration of the excess elec-
trons is about 10° cm™.

The giant Zeeman shift of the heavy-hole exciton with
increasing magnetic field up to 8 T is shown by symbols in
Fig. 1(c). It is commonly described by the following
equation:®

Ex(B)= Ex(B=0)+ 3 (.- SANo(S), (1)

where Ex(B=0) is the exciton energy in the absence of an
external magnetic field, Noa=0.26 eV and NyB=-1.31 eV
are the exchange constants for the conduction and valence
bands,'” respectively, and x is the Mn content. The param-
eters &, and &, account for the overlap of the carrier wave
functions with the DMS layer and in our case they were
taken as 8,=6,=1. (S,) represents the thermal average value
of the Mn spin along the magnetic field direction for a Mn
spin temperature Tyy,. It is generally expressed by the modi-
fied Brillouin function Bs),,

5  gvnMeB
S,)=—S.B - |. 2
(S, eff 5/2[2kB(T0+TMn) (2)

Here g\,=2.01 is the g factor of the Mn?* ions, ug is the
Bohr magneton, and kg is the Boltzmann constant. S,z and
T, are the parameters for the effective Mn spin and effective
Mn temperature which allow to phenomenologically de-
scribe the effect of the antiferromagnetic interactions be-
tween neighboring Mn ions.

The experimental data in Fig. 1(c) can be well fitted by
Eq. (1), as it is shown by the solid line, with a fit parameter
of Ty,=1.8 K, which corresponds to the bath temperature of
the lattice. Therefore, we conclude that under this excitation
condition the Mn spin system is in equilibrium with the lat-
tice. In order to illustrate the Mn heating effect on the giant
Zeeman shift we plot the calculated shift for Ty;,=6 K by
the dashed line. One can see that the shift is considerably
reduced in comparison to the case of Ty,=1.8 K, e.g., at a
magnetic field of 3 T it is smaller by about 7 meV. This
demonstrates that the giant Zeeman shift of the exciton emis-
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FIG. 2. (Color online) Temporal evolution of the exciton energy
with (closed circles) and without (open circles) the control pulse
impact with a power of 5 kW/cm?, B=3 T and T=1.8 K. A mo-
noexponential fit (solid line) yields the spin-lattice relaxation time
Ts1r =200 ws. The pump pulse impact is set at zero delay and the
control pulse excites the sample at 7,=150 wus, both are marked by
arrows. The probe pulse with a duration of 25 us is shifted sequen-
tially to cover the whole time range. The inset provides an enlarged
view on the Zeeman shift shortly after 7., indicating an acceleration
of the spin-system cooling by means of the control pulse. The solid
line in the inset is the same as in the main panel.

sion in DMS structures can serve as a very sensitive tool to
evaluate the Mn spin temperature. We will use this tool here
to study the magnetization dynamics.

In Fig. 2 the temporal evolution of the exciton energy and
the Mn spin temperature at B=3 T and 7=1.8 K is shown
for two optical excitation schemes: the excitation of the
sample with a pump pulse, illustrating the SLR process
(open circles) for one initial heating impact, and the addi-
tional excitation with a control pulse delayed in time from
the pump pulse (closed circles). Due to the low Mn concen-
tration (x=0.01) the SLR process exceeds the characteristic
lifetime of nonequilibrium phonons of a few microseconds.®
Hence, the SLR time 7 ; can be extracted from the temporal
shift of the exciton energy. An exponential fit of the experi-
mental data, shown by the solid line in Fig. 2, gives us
Tsrr =200 ws. This value is in close agreement with the
published data for undoped type-I (Zn,Mn)Se-based
heterostructures.® It also shows that in the studied structure
the effect of the resident electrons on the acceleration of the
SLR is very small and can be neglected.

The Mn spin system is initially driven out of its equilib-
rium state corresponding to Ty;,=1.8 K by the pump pulse
which arrives at zero time delay. The control pulse excites
the sample at 7,.=150 wus after the pump pulse, when the Mn
spin system is not yet relaxed to the equilibrium with the
lattice, see Fig. 2. The Mn magnetization dynamics is influ-
enced by the control pulse in two ways (see inset of Fig. 2):
a strong increase in the exciton energy, which corresponds to
the increase in T, is followed by a rapid decrease, where
the exciton resonance moves below the solid line level evi-
dencing the Mn cooling in the presence of photogenerated
carriers. At these time delays relative to the control pulse
holes are already scattered into BeTe and only electrons,
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FIG. 3. Deviation of the Mn spin temperature induced by the
control pulse of two different powers (symbols) in respect to the
evolution of the Mn spin temperature after the pump pulse only
(solid line). Temporal dependence of the deviation relative to the
control pulse incidence is shown. According to the logarithmic time
scale we have chosen the control pulse position at 100 ns. The
decrease in Ty, ranges from the relative delay of 5 to 300 ns de-
pendent on the power density P, of the control pulse. The overall
change in ATy, can be separated into characteristic relaxation re-
gimes related to heating and cooling effects in the Mn spin system.

staying in Zng9oMng ;Se, can induce the Mn cooling.

One should note here that in experiments with pulsed la-
ser excitation the energy shifts of the emission lines can be
caused by many-body effects, like phase-space filling and
band-gap renormalization.’” These effects should weakly de-
pend on the magnetic field. In our experimental conditions at
zero magnetic field we have checked that we did not reach
the regimes, where these effects should be taken into ac-
count. At zero magnetic field neither a broadening of the
neutral exciton PL line nor an attenuation of its intensity
compared to the trion PL line has been observed up to maxi-
mal powers of the control pulse. Moreover, for the typically
used control power of 5 kW/cm? a spectral shift of the ex-
citon PL line was not visible during the control pulse action
at B=0 T. Even for the high control pulse power of
100 kW/cm? the exciton line shows energy shifts up to
1.5 meV only during the pulse impact. At time delays after
the control pulse, where the Mn spin temperature has been
evaluated, these energy shifts do not exceed 0.3 meV, which
is by one order of magnitude less than the typical spectral
shifts due to heating and cooling of the Mn spin system at an
applied magnetic field of about 3 T.

In more detail the effect of the control pulse is presented
in Fig. 3, where the energy shift of the exciton line, taken as
the difference between the spectral positions at zero mag-
netic field and at B=3 T, is already converted to the Mn spin
temperature. The temporally evolved difference ATy, of the
Mn spin temperatures measured with and without the control
pulse impact is given for two excitation densities. For the
presentation a logarithmic time scale has been chosen and
the incidence of the control pulse has been shifted from
t.=150 us to 100 ns. The temporal evolution of the Mn spin

PHYSICAL REVIEW B 82, 085448 (2010)

temperature shows different relaxation regimes after the con-
trol pulse impact:

(i) Tt is increased during the control pulse action, which is
demonstrated by positive values of ATy, exceeding 2 K. The
Mn spin system is heated by carriers photogenerated by the
control pulse.

(if) 0 ns<<t<<300 ns. The Mn spin temperature decreases
from positive to negative values of ATy, indicating the cool-
ing of the Mn spins induced by the control pulse. The long-
living thermalized photoelectrons in the ZnggoMny o;Se lay-
ers, which are spatially separated from the holes, provide a
bypass relaxation channel for the Mn spin system to the lat-
tice. We estimated that for P,.=5 kW/cm? the electron con-
centration in the Zn,¢oMn, (;Se layers is about 10! cm=.

(iii) £>300 ns. After approximately 300 ns the ATy, val-
ues start to increasingly approach the zero level. At these
time delays most of the photogenerated electrons have been
already recombined with the holes and the relaxation pro-
cesses are solely controlled by the spin dynamics of the Mn
spin system. The zero level, shown by the solid line in Fig. 3,
corresponds to the nonequilibrium 7y, induced by the pump
pulse. The recovery of the Mn spin temperature to this level
after the control pulse action evidences that the carrier-
induced cooling is spatially inhomogeneous and addresses
local regions of the Mn spin system.'!?!=23 The spin diffu-
sion in the Mn spin system leads to a restoration of the ho-
mogeneous Mn spin temperature in the ZnggoMngSe
layer.® The effect of the control pulse is vanished for
t>10 us. At these delays the Mn spin system follows the
regular cooling process via spin-lattice relaxation.

Let us discuss the laser-induced cooling effect of the Mn
spin system corresponding to the regime (ii). In external
magnetic fields the spin-lattice relaxation of the Mn ions
requires a coupled transfer of spin and energy from the Mn
ions to the phonon system. However, in II-VI DMS with low
Mn concentrations the relaxation process is quite slow due to
the very weak interaction of the isolated Mn?* ions with the
phonons.®?* In the studied structure with Zn, goMny o, Se lay-
ers the SLR time is approximately 200 us, as one can see in
Fig. 2. The presence of free electrons in DMS layers offers
an additional channel for transferring spin and energy from
the Mn ions into the lattice. This channel is very efficient as,
on the one hand, the electrons are strongly coupled with the
Mn ions via exchange interaction and, on the other hand,
efficient electron-phonon interaction provides a fast dissipa-
tion of the excess electron energy into the phonon bath with
typical times not exceeding 100 ps. The bypassing relaxation
channel involving the energy and spin reservoirs of the ther-
malized electrons is active within the electron lifetime,
which in our case of the heterostructure with a type-II band
alignment covers few hundreds of nanoseconds. Obviously,
the efficiency of this channel is controlled by the density of
photocreated electrons.

The electron density and, respectively, the cooling effi-
ciency of the Mn spin system can be tuned by the intensity of
the control pulse. In Fig. 4 the Mn spin temperature is shown
as a function of the control pulse power P.. The right scale of
this figure provides the corresponding exciton energies from
which T\, was evaluated. For low excitation densities
(=0.5 kW/cm?) the Mn spin system is only slightly influ-
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FIG. 4. (Color online) Mn spin temperature at two different
times after the control pulse impact in dependence on the control
laser power. At 6 kW/cm? and for a delay of 40 ns the spin tem-
perature is reduced from 4.5 to 2.9 K. For very high excitation
densities the Mn spins are overheated. At the delay of 200 ns the
heating is less efficient.

enced by the control pulse due to a small concentration of
photogenerated carriers of about 10° cm™2. Laser pulses with
power densities 1 kW/cm?<P_ <20 kW/cm?, creating
more than 10'° cm™ photoelectrons, induce a pronounced
cooling effect. It is well detected at both 40 and 200 ns
delays after the control pulse impact. It confirms that the
efficient transfer of spin and energy from the Mn ions to the
lattice mediated by the thermalized electrons lasts for the
electron lifetime. In comparison to the unaffected spin tem-
perature level of 4.5 K the magnitude of the spin cooling
amounts to approximately 1.5 K.

For excitation densities exceeding 30-70 kW/cm? only
an increased Mn spin temperature has been observed. At
these high excitation powers at least two mechanisms screen
the cooling effect. On the one hand, the cooling effect is
saturated with increasing electron concentration, when the
regime of a degenerate electron gas with Ex>kgT is reached.
In this case only the part of the electrons, whose energy falls
into the kg7 range in the vicinity of the Fermi level Ef, can
mediate the spin and energy transfer between Mn ions and
phonon system.®!° On the other hand, the heating impact by
the photogenerated carriers is so strong that the cooling ef-
fect, induced by the thermalized electrons, is not sufficient to
reduce the Mn spin temperature below the unaffected level
of 4.5 K.

IV. DISCUSSION

We first address the rather unexpected behavior of
ATy, in the regime (iii). As it is illustrated in Fig. 3, for
t>300 ns the Mn spin system is heated up and returns to the
same spin temperature as it would have without control pulse
impact, see level shown by the solid line. This behavior is
observed for the both control pulse power densities. It cannot
be explained by a possible contribution of nonequilibrium
acoustic phonons generated by photocarriers since the maxi-
mum of the phonon population is already reached at 100 ps
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after the control pulse action and, subsequently, the popula-
tion only decays. Also, the electrons cannot provide the cool-
ing of the Mn spin system below the level controlled by the
nonequilibrium phonons. The nonmonotonic behavior, pre-
sented in Fig. 3, can be only related to a spatial inhomoge-
neity of Tyy,, Which is induced by the carrier cooling of the
Mn spin system and then is washed out by the spin diffusion
in the Mn spin system from warmer to colder regions.'!?1-23
The efficiency of the spin diffusion has been very recently
analyzed experimentally and theoretically for different types
of DMS heterostructures.®

We suggest the following explanation for the nonmono-
tonic behavior of ATy, (), presented in Fig. 3. In principle,
both hot electrons and hot holes can contribute to the Mn
heating. The hole-Mn energy transfer is more efficient due to
the larger exchange constant compared to the electron-Mn
one. As a result, the hole contribution dominates for the
type-I quantum well structures. However, in the type-1I
structure studied here the holes escape from the
Zn 9oMny o, Se layers during few picoseconds after photoge-
neration and, therefore, we suggest that the Mn heating is
dominantly provided by the photoelectrons.

The electrons being excited by the control pulse thermal-
ize to the bottom of the conduction band in the
Znj 9oMn o1 Se layer and are localized there by a potential
formed by alloy and layer width fluctuations. By further ther-
malization to the lattice temperature the electrons heat the
Mn spin system locally. Since typical relaxation times of the
electrons with the emission of acoustic phonons do not ex-
ceed 100 ps, the Mn heating by the hot electrons takes place
only during the action of the control pulse with 8 ns duration.

When the electron temperature decreases below Ty, the
very same electrons reverse their functionality and start to
cool the Mn spin system, thus serving as the efficient bypass-
ing channel for the energy and spin transfer from the Mn
spins to the lattice. In the local regions the electrons cool the
Mn spin system during their lifetime of about 300 ns. The
local Ty, is controlled by a balance between the electron-
mediated relaxation (cooling) and by the spin diffusion from
surrounding regions which do not contain electrons (heat-
ing). After the recombination of the electrons, the spin diffu-
sion restores the homogeneous Mn spin temperature in the
whole Zng9oMny o;Se layer, which takes about 10 us. It is
worthwhile to note here that for time delays longer than
300 ns the electrons, which contribute to the photolumines-
cence signal, are photogenerated by the probe pulse. At
shorter delays their concentration is relatively small com-
pared to the electrons generated by the control pulse. Never-
theless, the electrons, generated by the control and probe
pulse, are localized in the very same places and we are fol-
lowing the spin dynamics of the Mn system in the same local
regions. From the heating time of a few microseconds and
the characteristic spin-diffusion coefficients, reported in Ref.
8, one can estimate that the size of the localization regions
does not considerably exceed 10-20 nm.

In summary, the magnetization relaxation of an initially
excited (Zn,Mn)Se/BeTe heterostructure has been acceler-
ated by optical injection of free electrons. The type-II band
alignment of the studied structure was essential for providing
thermalized electrons with sufficiently long lifetimes in DMS
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layers. Within their lifetime of a few hundreds of nanosec-
onds they open an efficient bypassing relaxation channel for
transferring the spin and energy from the Mn spin system to
the phonon bath. The laser-induced cooling of the Mn spin
temperature can be controlled by the optical excitation den-
sity and by the temporal application of the impact pulse.
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