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The GaAs/InGaAs quantum wells with a ferromagnetic δ〈Mn〉 layer in GaAs barrier demonstrate a set of
interesting spin-related phenomena originating from Mn-hole interaction. One of such phenomena is a spin-
memory effect which consists of Mn spin polarization induced by interaction with vicinity spin-polarized holes
generated under the exposure by short circularly polarized light pulses. Here long Mn spin relaxation time
(∼5 ns) allows preserving the spin polarization of the entire system. In the present paper the spin-memory effect
investigation was carried out by analyzing the polarization kinetics of quantum-well photoluminescence in the
pump-probe technique. It was shown that the photoluminescence circular polarization degree is strongly affected
by the magnetic interaction of holes with Mn atoms prepolarized by the pump pulse. In the case of antiparallel Mn
and hole polarizations, magnetic interaction leads to decrease of circular polarization degree as compared with
single-pulse excitation (so called �P effect). Interestingly, the amplitude of hole-mediated �P effect is strongly
affected by the concentration of resident electrons in the quantum well. The latter was shown to be caused by
the specific compliance with selection rules for optical transitions with the participation of unpolarized resident
electrons and spin-polarized holes affected by Mn-hole interaction.
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I. INTRODUCTION

The influence of magnetic materials on the spin-dependent
properties of light-emitting semiconductor structures is one of
the central problems in spintronics and photonics, which if
being properly solved may give rise to a number of promis-
ing applications in new generation of light-emitting devices
(LEDs) [1–4]. One interesting manifestation of magnetic
inclusions effect on LEDs operation is the interaction be-
tween spins of photogenerated carriers in the InGaAs/GaAs
quantum-well (QW) heterostructures and a ferromagnetic
manganese monolayer located in the immediate vicinity of
the QW. A number of techniques was used to demonstrate
that InGaAs quantum well provides circularly polarized pho-
toluminescence (PL) emission upon the magnetization of
ferromagnetic δ〈Mn〉 in GaAs [5–14]. The latter type of the
generation of circularly polarized emission and corresponding
spin polarization in InGaAs quantum well uses neither spin
injection effect (see for example Ref. [2]) nor optical spin
pumping (as in Ref. [15]) and thus is free of drawbacks at-
tributive for each of the mentioned methods. The investigation
of the exact mechanism of manganese magnetic effect on a
spin polarization in a QW is a subject of interest which has
been continuously explored within a decade [5–14]. Despite
the long-term investigation, no general agreement has been
reached on this matter yet. Earlier [7,8], it was supposed
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that p-d exchange interaction between the Mn ions and holes
in InGaAs quantum well leads to a spin polarization of the
latter accompanied with a circular polarized emission. This
supposition was disputed because of a large spatial separa-
tion between a QW and δ〈Mn〉 (up to 10 nm) exceeding the
characteristic p-d interaction length for the holes. Moreover,
a number of experiments studying the circular polarized PL
dynamics were explained in terms of an electron spin polar-
ization in the QW due to a spin-dependent escape from the
quantum well to Mn-related defect states in the δ〈Mn〉 sur-
rounding [9,10]. Some later experiments have provided new
data disagreeing with the conclusions made in Refs. [9,10].
These are the inversion of circular polarization sign with the
variation of Mn-QW spatial separation [12], and the increase
of Larmor precession frequency upon magnetizing δ〈Mn〉
with circularly polarized light pulse [13,14]. Papers [12–14]
have suggested the Mn interaction with holes in the quan-
tum well; however, the exact interaction mechanism remains
a subject of discussion and its analysis requires additional
experimental data.

In the present paper we provide such kind of data concern-
ing the magnetic interactions in InGaAs/GaAs/δ〈Mn〉 systems
and specify some tools for efficient revealing of these in-
teractions. To investigate the above system the pump-probe
technique was applied. The pump pulse of circularly polar-
ized laser emission was used to polarize Mn spins via the
interaction with spin-polarized photoexcited holes [13]. The
probe pulse with variable circular polarization was used to
investigate the polarization state of Mn and the efficiency
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FIG. 1. (a) The scheme of the sample excitation by pump and probe pulses shifted in time by �t. The scheme of the investigated sample is
shown at the right; (b) the scheme of sample excitation by laser pulses and detection. (c) Typical time-resolved PL results from sample No. 4
using two excitation beams with opposite circular polarizations. The time delay between the pulses is �t = 0.5 ns, as shown by the schematic
representation in (a). The streak-camera images correspond to the σ+ and σ− components of the PL emission.

of Mn-hole interaction. The results obtained have shown
that the resident electrons localized in the QW due to the
donor doping of GaAs barrier play the dominating role in
the observation of optical effects related with Mn-hole in-
teraction. A generation-recombination balance model of the
photoluminescence kinetics is derived; the model agrees with
experimental data and confirms the role of resident electron
concentration in obtaining the polarization dependencies in
various samples.

II. EXPERIMENTAL DETAILS

The structures for investigation consisted of InGaAs quan-
tum wells with a thin δ〈Mn〉 layer introduced into a GaAs
barrier as shown in Fig. 1.

The variable technological parameter in batch under in-
vestigation was the spatial separation between InGaAs and
δ〈Mn〉 (spacer layer thickness) which ranged between 2 and
8 nm. The samples were grown on n-GaAs (100) substrates
using a hybrid system combining metal-organic chemical va-
por deposition (MOCVD) and pulsed-laser ablation. First,
n-GaAs buffer layer (n ∼ 2 × 1016 cm–3), the In0.16Ga0.84As
quantum well (10 nm), and undoped GaAs spacer layer
(ds = 2, 4, 6, 8 nm) were grown by MOCVD at high tem-
perature (∼650 ◦C). The precursors were trimethylgallium,

trimethylindium, and arsine; doping was carried out using
laser sputtering of Si solid target [7]. On the second stage,
we have used a Q-switched yttrium aluminum garnet: Nd laser
ablation system with Mn and GaAs targets for growing the Mn
delta-doping layer and the GaAs capping layer (dc = 40 nm),
respectively; the process temperature in this case was 400 ◦C.
The entire growth process was performed in the same reactor.
Further details of the growth can be found in Refs. [7,8,12].

Time-resolved PL measurements were performed using a
femtosecond Ti:Sa laser and a streak-camera system (time res-
olution ∼50 ps). The laser wavelength was tuned for resonant
QW excitation. In the present paper the two-beam excita-
tion scheme was used as in Ref. [13]. The pump circularly
polarized beam was used to excite the system and a probe
beam delayed by �t was used for probing the resulting spin
states in the structure. The right- (σ+) and left- (σ−) circular-
polarized components of the excitation beams and the optical
emission were selected with appropriated optics.

From now on we refer to the first pulses of the beam that
arrive first and at a time of �t prior to the second pulse as the
pump pulses. Those that arrive at the time of �t after the first
pulse will be referred to as probe pulses. The results presented
here correspond to the condition where the pump pulses are
σ+ polarized, and the following pulses from the second beam
are σ – polarized. Measurements with opposite polarizations
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FIG. 2. Time dependencies of PL intensity (red and blue curves) and absolute values of circular polarization degree (green curve, raw
curves without correction discussed in the text) calculated by (1), for sample No. 4 with ds = 8 nm recorded in the modes of σ+-σ+ (a) and
σ+-σ− (b) excitations at the temperature of 7 K. Red curves correspond to σ+ circular polarization; blue curves correspond to σ− circular
polarization. The line+symbol plots show the intensities calculated using a spin-dependent generation-recombination kinetic balance model
(discussed in Sec. III). The curves with squares correspond to calculated σ+ polarized intensities; stars correspond to σ− ones. Dashed curves,
below the probe PL curves, show the estimated PL intensity from the pump pulse, using exponential decays, which are used to subtract from
the probe PL intensity to correct the polarization degree due to the probe pulse.

were also performed and gave equivalent results. The degree
of polarization of the PL emission is defined as

Pol = (Iσ + − Iσ −)/(Iσ + + Iσ −), (1)

where Iσ+/σ− is the intensity of the σ+/− emission compo-
nent.

III. RESULTS AND DISCUSSION

The values obtained are in a good agreement with earlier
results on similar samples with respect to a strong dependence
of these parameters on a GaAs spacer layer thickness [13].

The probe pulse is either σ+ or σ – polarized and the
polarization sign of corresponding PL emission follows the
polarization of laser pulse. However, the absolute value of a
polarization degree for σ+-σ – excitation case is significantly
lower than that of σ+-σ+ excitation (the Pol value for the
latter case is very close to pump emission polarization). The
experimental Pol values at Fig. 2 (curves) are influenced by
the pump-pulse emission.

If the polarization correction is performed (by subtracting
the exponential decay of the first PL pulse from the intensity
of the second one) [13] there is about 40% difference between
Pol values for σ+-σ+ and σ+-σ – excitation cases. According
to Ref. [13] such difference is due to effect of manganese po-
larization on the photogenerated carriers in the quantum well.
The interaction of photoexcited spin-polarized holes with Mn
leads to a spin polarization of the latter at the first stage
of the process [13,14]. The characteristic interaction time is
very short [14], and therefore cannot be revealed within our
experimental techniques. However, Mn spin lifetime is rather
long and thus it can influence the polarization dynamics even
after the delay of �t between pump and probe pulses.

Figure 3 shows the dynamics of the polarization difference
value (�P) as

�P(t ) = abs(|Polσ+−σ+(t )| − |Polσ+−σ−(t )|), (2)

where Polσ+−σ+ is a polarization degree for σ+-σ+ excitation
and Polσ+−σ– is a polarization degree for σ+-σ – excitation
scheme.

Since we have selected the σ+ polarization of pump in both
cases the �P value for the first PL pulse is zero with respect to
experimental error. The probe laser pulse, on the contrary, is
of different polarizations, which gives rise to nonzero values
of �P for the second PL pulse. We note that there is only
a short time period of rather high PL intensity during which
�P value can be defined without a huge experimental error.
As the intensity decreases the experimental error value raises
significantly. For that reason, we will not discuss here the
time dependence of �P and will focus on the values averaged
over the time interval of ∼100 ps (when the high-PL intensity
is preserved). Even with such limitation the �P is a very
important parameter defining the behavior of the system.

The inset to Fig. 3 shows the temperature dependence of
averaged value of �P effect (�Pa). At the temperature range

FIG. 3. Time dependence of �P value for sample No. 4 pro-
cessed as in (2) at 7 K. The inset shows the temperature dependence
of �P averaged over a time between 0.5 and 0.6 ns.
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FIG. 4. The dependence of averaged �P on the delay time
between two pulses (�t) for all investigated samples. Solid dots
correspond to experimental measurements; open dots correspond to
the values calculated after subtracting the exponential decay of the
first pulse from the intensity of the second one. Thick solid lines
correspond to the �Pa values calculated using a kinetic balance
model presented in Sec. III of the paper.

between 7–20 K the �Pa value does not change above the lim-
its of an experimental error. Above 20 K a rapid decrease of
�P is observed. However detectable �P effect was recorded
even at 70 K which is above the Curie temperature of δ〈Mn〉
(30–40 K) [7,8].

Figure 4 shows the dependence of �P on the delay time,
�t , for all investigated samples.

With the increase of the delay the values �Pa decrease
which should take place due to a spin relaxation of Mn. The
Mn spin-relaxation time is about 5 ns (estimated by the model
discussed below), which although rather high yet can be visu-
alized within the explored time windows. The �Pa decrease
for small delays for the sample No. 4 cannot be unambigu-
ously confirmed because of the huge experimental errors
arising from the necessity to subtract the intensity decays from
the first pulse. Taking the experimental error into account we
can only state that �P does not change significantly for the
�t range from 300 to 500 ps. The characteristic decay time of
the �P effect can be estimated for samples No. 3 and No. 4
as approximately 5 ns. For the samples No. 1 and No. 2 this
value cannot be estimated due to a relatively big experimental
error and small initial value of the effect. The most surprising
result is a decrease of �Pa value with the decrease of the
spatial separation between δ〈Mn〉 and a quantum well. Indeed,
the amplitude of various Mn-hole interaction effects usually
increases as ds decreases [6–12]. Nevertheless, the greatest
�P effect was detected for the sample with the highest ds

among the entire set. The latter result does not agree with the
one obtained in Ref. [13] for similar samples; the reason for
such a disagreement will be discussed in the next section of
the paper.

IV. KINETIC BALANCE MODEL

Let us now switch to a discussion of the experimental
results. First, we will briefly discuss the qualitative model of
dynamic spin polarization in the investigated samples; then,

FIG. 5. Calculated energy-band diagram of strained
In0.16Ga0.84As 10-nm-wide quantum well using the software
developed in Refs. [16,17].

we will present the results of theoretical calculations which
were performed by solving the balance equations.

The consideration below is based on the calculations of
energy band diagram of strained In0.16Ga0.84As 10-nm-wide
quantum well using the software developed in Refs. [16,17]
and on the conclusions firstly made in Refs. [13,14]. A calcu-
lated system of energy levels in a strained quantum well with
enclosed δ〈Mn〉 layer is shown in Fig. 5. A system includes
three heavy-hole levels and two electron levels. Because of
the compression strain the light holes are pushed away from
the QW [16,17] and do not contribute to the polarization
dynamics.

Due to resonant excitation conditions in our experiment,
only e1-hh1 transition was excited. The carrier thermal escape
to the higher levels is insignificant due to a low measurement
temperature. This allows us to take into account only one
electron and one heavy hole level as is schematically shown
in Fig. 6.

Second, the distinguishing feature of our system is that
GaAs substrate and the buffer layer are donor doped (unlike
Ref. [13]). Since Mn is an acceptor impurity, the quantum
well is located between the n-GaAs and p-(Ga,Mn)As layers,
i.e., in a space-charge region of p-n junction. The type and
concentration of carriers in the quantum well thus depend
on its position relative to the boundaries of the p- and n
regions [18,19]. We assume that in a steady-state condition,
conduction electrons from the n-GaAs buffer layer are local-
ized in a QW. The greater the separation between the QW and
delta layer, the higher is the concentration of these “resident”
electrons. For the sample No. 4 with ds = 8 nm, the electron
concentration in the QW is maximum among all struc-
tures, and for sample No. 1 with ds = 2 nm, it is minimum
(close to zero).

Third, various spin-relaxation mechanisms can be of in-
terest for different subsystems of our structure, including the
electrons, holes, and Mn spins. In particular, the Mn spin
relaxation may depend on several interaction mechanisms in-
cluding the Dzyaloshinskii-Moriya exchange. We utilize the
spin-relaxation mechanisms in the model in a form of typical
relaxation parameters without studying their microscopic ori-
gin which is a challenging and fruitful task but is out of the
scope of the present paper.

Finally, we neglect the effects of nuclear spin polarization,
although they can in principle modify the level structure due
to the hyperfine interaction. However, the typical level shifts
in GaAs or InAs structures are about 10 μeV for electrons
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FIG. 6. Scheme of filling of energy levels in the strained quantum wells with respect to polarization, carrier generation by pump and probe
pulses, and recombination. The small arrows show the spins of a different sign. The big arrow represents the effective magnetic field acting on
holes.

and 1 μeV for holes [20]. Since the spectral beam width of
our laser pulse is by an order of magnitude greater, such shifts
seem to be out of big significance.

Now we turn to the step-by-step description of the excita-
tion and relaxation processes described below by the kinetic
balance model.

(i) Prior to the circularly polarized pump-pulse arrival
(i.e., without any external fields) the polarization of resident
electrons is zero, i.e., the concentrations of resident electrons
with the spins of +1/2 and −1/2 are equal [Fig. 6(a)].

(ii) As a pump pulse arrives the electron-hole pairs are
generated in the QW, as is shown in Fig. 6(b). The photoex-
cited holes and electrons are spin polarized with respect to

selection rules. Due to a resonant excitation the initial spin
polarization of photoexcited electrons and holes is close to
100% as is shown in the diagram, and the spin-relaxation
effects are not considered yet. The polarized photoexcited
electrons with the concentration of N are added to unpolarized
resident electrons in the QW.

(iii) Within the time of less than 100 ps the spin orientation
of Mn ions occurs due to interaction with holes [Fig. 6(c)].
This process and its characteristic timescale were experimen-
tally confirmed for similar systems in Refs. [13,14].

(iv) Within the time of about 100 ps fast-hole spin-
relaxation process provides the redistribution of heavy-hole
spins into some equilibrium state (fast-hole spin relaxation
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is in agreement with earlier works, e.g., Refs. [9,14,21]). We
note that in general 3/2 spin and −3/2 spin concentrations
are not equal to one another due to a Mn spin polarization
influence on heavy holes [Fig. 6(d)].

(v) At the next stage, the radiative recombination of
spin-polarized photoexcited carriers starts to play a role in
electron-hole dynamics [Figs. 6(e) and 6(f)]. Radiative transi-
tions proceed in accordance with the selection rules and taking
into account the spin polarization of electrons and holes. Since
each of the spin states in a system is filled with electrons
and holes (with different concentrations though), the degree
of polarization is less than unity. We note that the value of Pol
∼ 0.7 at the start of emission process is another experimental
evidence of the resident electrons’ presence in the quantum
well.

The value of Pol is determined by the spin polarization of
electrons and holes. As the radiative recombination proceeds,
spin relaxation of electrons takes place; as a result, circular
polarization degree decreases with time. The spin-relaxation
time of electrons and the radiative lifetime differ by about the
order of magnitude; however, the processes of recombination
and spin relaxation of electrons are clearly visible in the re-
combination dynamics.

(vi) Prior to a probe-pulse arrival, the carrier distribution
between the energy levels is similar to the one shown in
Fig. 6(a) with the only exception of Mn being spin polarized
since the Mn spin decaying time is greater than the delay times
used [14]. The QW levels are filled with equilibrium electrons
with equal or nearly equal concentrations of +1/2 and −1/2
spins (Fig. 6(g)].

(vii) When the probe-pulse polarization is σ – the spin po-
larization of photoexcited carriers is inverse to the one shown
in Fig. 6(b) [Fig. 6(h)]. Next process is a Mn polarization due
to interaction with spin-polarized photoexcited holes. Unlike
the pump-pulse situation [shown in Fig. 6(d)], by the time of
probe-pulse arrival the Mn is spin polarized in the opposite
direction. The pump pulse in this case should decrease the ab-
solute value of Mn spin polarization, whereas the sign of Mn
spin may vary depending on the strength of Mn-hole interac-
tion. Both of the cases provide changes in hole spin-relaxation
process as compared with the one shown in Fig. 6(d). In
Fig. 6(i) we have shown the case of Mn spin being the same
sign as after the pump pulse but smaller in polarization degree.
In this case hole spin relaxation in the presence of Mn-hole
interaction should lead to a small “negative” spin polarization
of holes.

(viii) As a result, the spin-dependent radiative recombi-
nation conditions change. The PL polarization in this case
is a result of competition between the minority and majority
carrier spin transition shown in Fig. 6(j). Without consider-
ing the Mn spin polarization, now the σ− transition should
be dominant, due to the configuration shown in Fig. 6(h).
However, such redistribution of the holes due to the Mn-hole
interaction leads to another PL polarization [Fig. 6(i)], de-
creasing the circular polarization degree in absolute value [as
observed in Fig. 2(b)]. This decrease should be dependent on
the spatial separation between the Mn atoms and the holes in
the QW. But, we observed that it also depends on the density
of the resident electrons in the QW, as will be discussed
later. This is due to the σ+ transition being dependent on

the density of the electrons in the spin-down states, as shown
in Fig. 6(j).

In the samples with higher concentration of resident elec-
trons, the spin-down electron recombination intensity is also
higher and the polarization degree becomes smaller. This
explains the “inverse” dependence of the spin-memory �P ef-
fect on the thickness of the spacer layer. With a large thickness
of spacer GaAs, the concentration of resident electrons is the
highest, which makes the maximum contribution to the inten-
sity of “minority” polarized PL and, accordingly, decreases
the overall circular polarization degree. As the thickness of
the spacer layer decreases, the concentration of resident elec-
trons decreases, thus decreasing the number of recombination
events with a minority spin. The efficiency of the interaction
between the spins of holes and manganese in the structures
under study plays a secondary role. According to the numer-
ous experimental data [12,18], the efficiency of interaction
between Mn and holes weakly depends on the thickness of
the GaAs spacer layer.

A. Modeling

The above processes were modeled via the time-dependent
spin-resolved equations describing hole and electron genera-
tion by laser pulses, the interaction of holes with Mn ions in
the delta layer, and the carrier recombination with emission of
the circular polarized photons [13]. They include the electron
concentrations Ne

1,2(t ) with spin −1/2 or +1/2, respectively,
the heavy-hole concentrations Nh

1,2(t ) with spin ∓3/2, and the
Mn ion concentrations NMn

1,2 (t ), which gives in total six compo-
nents and the corresponding system of six balance equations
governing the evolution of the concentrations [22,23].

The change in concentrations of spin-polarized electrons,
holes, and Mn follows the balance equations:

dNe
1,2

dt
= Aσ2,1(t ) − B · min

{
Ne

1,2, Nh
2,1

} − γe�Ne
1,2

dNh
1,2

dt
= Aσ1,2(t ) + C · f

(
Nh

1,2

) · �NMn
1,2

− B · min
{
Ne

2,1, Nh
1,2

} − γh�Nh
1,2

dNMn
1,2

dt
= D · f

(
NMn

1,2

) · �Nh
1,2 − γMn�NMn

1,2 . (3)

The electrons and holes may be created with the absorption
of incident photons, and annihilated with the emission of
photons having the polarization depending on the electron and
hole spin projections. The first two terms of Eq. (3) [Aσ2,1(t )]
refer to the generation of electron-hole pairs by the laser
pulses σ2,1(t ) referring to σ+ and σ – circular polarizations,
correspondingly. The laser pulses have a sharp delta-shaped
profile with a width of τp ∼ 0.1 ps, much shorter than streak-
camera resolution, ∼50 ps, and are delayed from one another
by the window �t ranging from 300 to 2000 ps. Besides the
generating terms stemming from the laser pulses, the balance
equations for electrons and holes include the annihilation
terms describing the photoluminescence proportional to the
minimum of the concentrations for the two participating com-
ponents (B · min{Ne

i, j, Nh
j,i}, i, j = 1, 2). These terms take
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into account the selection rules for optical transitions in the
quantum well.

The third group of terms describes the interaction between
the holes and the spins in the Mn layer. These two phe-
nomenological terms depend on the hole and Mn polarization
(actually, depend on the difference between hole and Mn
spin concentrations); they can be introduced as C · f (Nh

1,2) ·
�NMn

1,2 for holes and D · f (NMn
1,2 ) · �Nh

1,2 for Mn in the sec-
ond and third pairs of Eq. (3) respectively. Here C, D are
Mn-hole interaction constants. The function f (Nh

1,2) describes
the spin channel from which the hole spins can be taken for

increasing the corresponding spin population. Consider dNh
1

dt ;
the change in Nh

1 is only possible when there is Nh
2 �= 0. In

this case f (Nh
1,2) = Nh

2 and the entire term for Mn-hole inter-

action is dNh
1

dt (Mn−hole) = C · Nh
2 · �NMn

1 . Similar function
f (NMn

1,2 ) is present in the balance equation for Mn spins. The
concentration dependencies of f (Nh

1,2) and f (NMn
1,2 ) create a

nonlinearity in the system (3) so it is necessary to use numer-
ical methods for solving it. Then, from (3) the conservation
of the total Mn concentration (NMn

1 + NMn
2 ) follows since

d (NMn
1 + NMn

2 )/dt = 0, while the hole and electron concen-
trations are not conserved due to the laser pulse generation
and subsequent photoluminescence.

The final group of terms in all equations describes spin
relaxation with characteristic rates γe, γh, and γMn for the
electrons, the holes, and Mn spins, respectively. The relaxation
terms are proportional to the corresponding differences in
spin-resolved concentrations �Ne

1,2, �Nh
1,2, and �NMn

1,2 . Here
for brevity, we define �Ne

1 = Ne
1−Ne

2 , �Ne
2 = Ne

2−Ne
1 =

−�Ne
1 , and so on.

The relaxations rates in Eq. (3) are taken from the tables
of corresponding material parameters while the constants A,
B, C, and D are mainly fitting parameters determined from
the experimental data on the photoluminescence. The set of
equations in (3) is accompanied by the initial conditions
where we set the total concentration of Mn spins interacting
with holes to 1 as a unit for nondimensional concentrations
so NMn

1 (0) = NMn
2 (0) = 1/2, and express the initial nonzero

electron concentrations via this unit. The initial hole concen-
tration in our samples is zero.

When the spin-resolved concentrations are found as a
solution of system (3), one can write the circular photolumi-
nescence intensities (I01 is the left polarization and I02 is the
right polarization):

Iσ+ = Bmin
{
Ne

2 , Nh
1

}
Iσ− = Bmin

{
Ne

1 , Nh
2

}
. (4)

After obtaining the intensities one gets also the polarization
degree defined by (1). The time dependencies of the recorded
intensities (4) and the polarization (1) will be the subject of
our interest in the following section for two cases of laser
pulse:

Parallel case 1: σ+ pulse followed after window �t by the
same σ+ pulse;

Antiparallel case 2: σ+ pulse followed after window �t by
the oppositely polarized σ – pulse.

Following Sec. II, the polarization (1) for each pulse se-
quence is labeled as Polp (parallel) and Pola (antiparallel)

TABLE I. The dynamic parameters obtained from the fitting of
the experiment results of PL intensity and polarization degree decays
based on the model discussed in Sec. III.

PL decay Electron spin
Sample No. ds (nm) time τ (ps) lifetime 1/γe (ps)

1 2 22 ± 5 230 ± 20
2 4 46 ± 5 160 ± 20
3 6 65 ± 5 270 ± 20
4 8 85 ± 5 670 ± 20

and the corresponding polarization module difference �P is
defined by (2). The value of �P reflects the influence of
the holes and the Mn layer. The long spin-relaxation time
for Mn creates a “spin-memory effect” which shifts the hole
spin polarization following the sign of Mn spin polarization,
leading to the decrease in the absolute value of polarization
(1) after the second laser pulse.

One other thing to notice considering the investigated sys-
tem is the equality of polarizations after first and second
pulse of the same polarity [Fig. 2(a)] which provides a very
important condition of Mn polarization by the laser pulse.
We believe that the holes generated by the pump laser pulse
provide near 100% spin polarization of interacting Mn atoms
and hence the probe laser pulse of the same polarity does
not lead to a significant change in Mn polarization. On the
contrary, the probe laser pulse of inverse polarity can lead to
reorientation of Mn spins. See Table I.

B. Results of modeling

We consider the following parameters for the sample
No. 4 where the maximum polarization difference has been
achieved.

(i) The initial concentrations NMn
1 (0) = NMn

2 (0) = 1/2;
we choose NMn as a reference unit of concentration. The
resident electron concentration is Ne

1 (0) = Ne
2 (0) = 2.26 ×

10−4, which has been estimated from the band picture of
the system at 10 K. The resident hole concentration is zero
[Nh

1 (0) = Nh
2 (0) = 0], since these conditions should provide

the dependence shown in Fig. 3.
(ii) The relaxation rates in units of 1/ps are γe = 1.493 ×

10–3 1/ps and γh = 0.027 1/ps, as has been evaluated earlier
for the similar systems [14]. From the photoluminescence
experiments presented in Ref. [14] we get γMn = 2.0 ×
10–4 1/ps.

(iii) The remaining parameters A = 0.0128 1/ps and B =
0.0125 1/ps define the generation and photoluminescence
rates. The parameter B is defined via the experimentally
measured photoluminescence data and is sample dependent
while the generation rate is assumed to be constant for all
samples. The parameters C and D should be for the best fit
to the experimental data. Being multiplied by the hole and
Mn spin-resolved concentrations Nh

1,2 and NMn
1,2 they define

in system (3) the polarizations rates for hole and Mn spins
due to interaction with each other. For the given experimental
conditions maximal achievable hole concentration (in units of
Mn spins) reaches the value Nh

1,2 max = 0.0013 for all samples,
while NMn

1,2 max = 1.

125309-7



MIKHAIL V. DOROKHIN et al. PHYSICAL REVIEW B 104, 125309 (2021)

TABLE II. The values of preset and fitting parameters for Eq. (3).

Sample 1 (ds = 2 nm) 2 (ds = 4 nm) 3 (ds = 6 nm) 4 (ds = 8 nm)

A – hole and electron generation rate (1/ps) 0.012 8 0.012 8 0.012 8 0.012 8
B – radiative recombination rate (1/ps) 0.045 4 0.021 2 0.016 1 0.012 5
C · f (Nh

1,2 max) – rate of hole polarization by Mn (1/ps) 0.044 0.044 0.044 0.044
D · f (NMn

1,2 max) – rate of Mn polarization by holes (1/ps) 0.032 5 0.032 5 0.032 5 0.032 5
γe (1/ps) 0.004 348 0.005 882 0.003 703 0.001 493
γh (1/ps) 0.027 0.027 0.027 0.027
γMn (1/ps) 0.000 2 0.000 2 0.000 2 0.000 2

The results of modeling for the recorded intensities (3) are
shown in Fig. 2 for �t = 500 ps. The streak camera has a
finite time resolution defined as a convolution window �tc
which is about 50 ps in our experiments. For that reason,
calculated intensities were expressed via the camera convolu-
tion kernel K (t−τ ) in the Gaussian convolution form. With
the detector convolution function taken into account there
is a good agreement between experimentally measured and
calculated PL curves upon the solution of equations in system
(3). This proves that the experimentally revealed behavior of
QW/δ〈Mn〉 system can be adequately explained within our
model.

Another important parameter is the total concentration of
Mn spins NMn

1 + NMn
2 actively interacting with holes and serv-

ing as a unit of concentration. It is a natural suggestion that
this number is sample dependent since the distance d between
the Mn layer and the holes in QW is varied. The greater is d ,
the smaller fraction N(d) of Mn spins is expected to interact
efficiently. If we expect a tunnel-like overlap of Mn and hole
wave functions, then an exponential fit of the present form
may be considered:

N (d ) = N (d0) exp

(
−d − d0

d0

)
, (5)

where d0 and N (d0) are the reference distance and concen-
trations which we take for the sample No. 4 with d = 8 nm.
The values of both preset and fitting parameters for Eq. (3)
are listed in Table II for all sets of samples. It should be noted
that for setting the initial electron concentration values in the
last line of Table II we take into account the experimentally
obtained absolute values of the resident electron concentration
as well as the scaling function (5).

The calculation procedure performed for the sample No. 4
with �t = 500 ps was first repeated for different delay times
and theoretical dependence of �Pa vs �t was plotted (Fig. 3,
thick lines). We believe that the parameters of the equation
discussed above are fundamental characteristics of system
behavior and therefore should not change with a change in the
delay time. For that reason, we have used all the same model-
ing parameters as in the 500-ps case. However, the change in
the sample structure, in particular the spacer layer thickness,
might deviate some of the Eq. (3) parameters discussed in
the previous section. For that reason, when performing the
same calculation procedure for the rest of the batch one should
renormalize the calculation parameters.

The carrier generation rate is considered independent of the
spacer layer thickness provided that In content in QW is the
same for all of the structures. The recombination rate as well

as the rate of electron spin relaxation can be derived from ex-
perimental dependencies of the PL intensity and polarization
decay as has been discussed above. Then we believe that Mn
vs hole interaction constants (C and D) as well as hole and
Mn spin-relaxation rates weakly depend on the spacer layer
thickness. The latter can be confirmed by Ref. [24], in which
very weak dependence of Mn-hole interaction on the spacer
layer thickness was revealed.

In fact, the parameter that changes most drastically with
a decrease of a spacer layer thickness is a resident elec-
tron concentration in the quantum well [Ne

1,2(0)]. Indeed,
this concentration should decrease upon shifting the QW to-
wards acceptor-type δ〈Mn〉 layer. In addition, the variation of
Ne

1,2(0) is a cornerstone of the qualitative model presented
in Fig. 6. We believe that small changes of the equation
constant bring insignificant contribution into the �P varia-
tion as compared with the change of Ne

1,2(0). With respect
to above considerations, we have chosen the same fitting pa-
rameters for all investigated samples with the only exception
for resident electron concentration. As a result, the Mn-hole
spin-interaction dependence on the distance d is included in
our model via the resident electron’s concentration scaling
function (5).

The results of simulations are presented in Fig. 3 (thick
lines) and Fig. 7. Let us first discuss Fig. 7, which shows the
time evolution of Mn spin polarization in case of pumping
with same polarization and opposite polarization of pulses.
One can see that indeed pumping the electron-hole system in
the QW leads to high polarization of Mn due to the interaction
terms C and D [see Eq. (3)]. Figure 7(a) shows the unbalance
between two Mn spin states after excitation with the pump
pulse. We also note a significant asymmetry between the
cases of same and opposite polarizations. In the first case the
probe pulse only slightly increases the polarization since the
Mn subsystem is already polarized by the pump pulse; see
Fig. 7(a). For the second case, in contrast, the probe pulse
switches the Mn polarization to the opposite direction, al-
most close to zero (difference between two Mn spin states),
Fig. 7(b). In the case of Mn spin-reversal Mn-hole interaction
makes smaller contribution to the resulting polarization of the
PL after the probe pulse, which is confirmed by the experi-
ment. Thus, hole spin polarization is indeed influenced by the
Mn layer working opposite to probe-pulse polarization.

Since Mn spins are subject to spin relaxation on the char-
acteristic time τMn = 1/γMn, one can expect a decrease of the
spin-memory effect when the window between the pulses is
extended and the Mn spin system loses some of its polariza-
tion before the second pulse arrives.
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(a) (b)

FIG. 7. The calculated time dependence of concentration of Mn atoms in δ〈Mn〉 layer having the polarization of 5/2 and −5/2 upon the
excitation of electron-hole subsystem by the pulses of σ+-σ+ excitation sequence (a) and σ+−σ− excitation sequence (b).

The Mn spin-relaxation time used in calculations and
derived from the experiment for the investigated sample
(1/γMn = 5 ns) is by an order or even two orders of magnitude
greater than the ones reported in a majority of experiment
papers on (Ga,Mn)As layers with close Mn content [25–30].
However, we should note that the magnetic impurity structure
of the investigated system differs from the ones reported in
Refs. [25–30]. Unlike the uniformly doped (Ga,Mn)As struc-
tures [25–30], the Mn content for our case is nonuniform
Gauss-like function of the depth with the maximum at the
distance ds from quantum well [31]. At the vicinity of the
quantum well Mn content is consistent with the GaAs:Mn
layer investigated in Ref. [30] for which 1/γMn values of the
order of 5 ns were also reported.

The reason for such spin-relaxation time decrease is
believed to be a strong suppression of spin-relaxation mech-
anism associated with spin-orbit coupling (such mechanism
was discussed in Refs. [26,27]). The latter occurs due to a
low concentration of holes localized in δ〈Mn〉 layer (∼0.1
of Mn content as reported in Ref. [31]), which is caused by
the compensation of holes by Mn interstitials in GaAs. We
believe that such lack of the holes both determines lower Curie
temperature as compared with Refs. [25–29] and makes one
of the Mn spin-relaxation mechanisms inefficient.

Figure 4 (thick curves) clearly shows the dependence of
calculated �P on the time delay between two pulses. This
dependence is in satisfactory agreement with the experimen-
tal ones (compare dots and thick lines in Fig. 4) with the
only exception for sample No. 4. Despite some quantitative
disagreement one can state that the model of the photolu-
minescence kinetics (3) when correctly applied reflects the
trends of the investigated system behavior discussed above.
First, with the increase of �t the �P value decreases. The
extracted relaxation time for Mn spins is about 5 ns, which
agrees with previous experiment results [13,14]. Second, the
decrease of resident electron concentration leads to decrease
of spin-memory effect, as observed for samples with different
d . As a final note we should mention that our model takes
into account the presence of pump-generated carriers in the
QW at the moment of probe-pulse arrival in case of short �t
values. For that reason, the calculated values of �P include
contribution from both Mn-affected polarization and pump-
pulse polarization. In order to exclude the second factor in the

first approximation one is to subtract the exponential decay of
pump PL intensity from the PL intensity of the second pulse.
Such procedure was performed for the experimental data; the
results are shown in Fig. 2 as open dots.

V. CONCLUSIONS

We have investigated the spin-memory effect in the
GaAs/InGaAs quantum wells with δ〈Mn〉 layer in GaAs bar-
rier. The effect consists of spin polarization of Mn atoms
due to interaction with photogenerated spin-polarized holes.
The investigation of the effect was carried out by analyzing
the polarization of the probe photoluminescence pulse in the
pump-probe technique. It was shown that the circular polar-
ization degree of probe-pulse generated photoluminescence is
strongly affected by the interaction of hole spins with spins
of Mn atoms polarized by the pump pulse. The latter leads
to decrease of circular polarization degree as compared with
single-pulse excitation (quantified by the residual polariza-
tion, so-called �P effect). The amplitude of �P effect is most
strongly affected by the concentration of resident electrons in
the quantum well, which is believed to be due to the specific
compliance with selection rules for optical transition with
the participation of unpolarized resident electrons. The rest
of the sample’s parameters including the spatial separation
between δ〈Mn〉 layer and InGaAs quantum well (ds) have a
minor effect on the �P value which leads to a paradoxical
situation of decreasing �P-effect with the decrease of ds. The
proposed experimental technique consisting of creating the
significant concentration of resident electrons in the QW may
serve as a reliable photoluminescence method determining the
strength of this effect as well as the Mn spin-relaxation time
in a particular nanostructure.
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