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1. Introduction

Control over the spin polarization of carriers in semicon-

ductor systems has become the subject of applied research

following the discovery of a dilute magnetic semiconductor

(Ga,Mn)As with a record Curie temperature TC ∼ 170K of

the ferromagnetic (FM) transition in epilayers [1]. Studies

into two-dimensional (2D) semiconductor heterostructures

with an FM layer and a quantum well (QW) separated by

a tunnel-thin layer (spacer) with thickness dS ∼ 3−10 nm

are currently underway [2,3]. This design provides an

opportunity to control the spin polarization in a QW via

the adjacent magnetic semiconductor [4] and retains fine

transport and optical properties of a QW. The fact is

that interband photoluminescence (PL) is quenched almost

completely in FM III−Mn−V semiconductors by defects

(interstitial Mn and various other defects) [1]. Therefore,

an FM layer and a QW need to be separated spatially to

obtain a sufficiently high PL quantum yield. The influence

of an ultrathin FM Mn layer (δ-Mn-layer) on the spin state

of carriers in InGaAs/GaAs QWs was examined experi-

mentally in such structures at dS = 5−10 nm: the degree

of circular PL polarization was as high as PC ∼ 10−30%

in weak magnetic field B ∼ 0.1−2T [5,6]. The model of

static exchange p−d interaction of holes in a QW with

magnetic impurity spins in a tunnel-close FM layer has

long been the universally accepted one for heterostructures

with FM layers [1,4]. Stationary (i. e., time-independent)
equilibrium spin polarization of carriers in a QW is achieved

in this model; therefore, circular polarization of PL from

a QW should also be stationary. However, experiments

with pulsed excitation provided data indicative of an

alternative (dynamic) polarization mechanism with PC(t)
increasing almost linearly with time within a luminescence

pulse [6]. The mechanism of dynamic spin polarization of

electrons in a QW due to their spin-dependent trapping

by polarized donor states of interstitial Mn within an

FM δ-layer was substantiated theoretically in [7]. It was

demonstrated later in [2] that two carrier polarization

mechanisms operate simultaneously in structures with a thin

spacer (dS ≤ 3 nm): (i) dynamic spin-dependent trapping

by defects in the adjacent Mn δ-layer and (ii) static

equilibrium p−d exchange of holes with the same FM

δ-Mn-layer. In recent paper [3], these structures with

InGaAs/GaAs QWs and an FM δ-Mn-layer were examined

via optically detected cyclotron resonance (CR). A be-

havior unusual for nonmagnetic InGaAs/GaAs structures

was reported, and the obtained data were interpreted as

the observation of magnetoplasma CR of 2D holes within

mesoscopically small QW regions. The separation of FM

structures into submicrometer-sized regions with a typical

size of ∼ 100 nm, which was hinted at by magnetotrans-

port measurements [8], was observed in [3] by magnetic

force microscopy. Therefore, the study of spin-dependent

phenomena in such nonuniform FM heterostructures is

definitely important for current spintronics.

In the present study, the coherent spin dynamics

of carriers in InGaAs/GaAs/δ-Mn structures with spacer

dS = 3−10 nm between the δ-layer and a QW was exa-

mined using the magneto-optical Kerr effect method with

a picosecond temporal resolution. A strong dependence

of the hole component of the Kerr rotation signal on the

external magnetic field and the photoexcitation level was

recorded, indicating significant disordering and a large-scale

localizing potential for carriers in a QW due to mesoscopic

separation of the acceptor δ-layer with a characteristic scale

of ∼ 100−200 nm.
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2. Samples and experimental procedure

The Kerr effect was studied with a picosecond temporal

resolution in the Voigt geometry (with magnetic field B
parallel to the sample surface) in a cryostat with a

superconducting magnet in superfluid helium (temperature

T ≈ 1.8K and B = 0−3T) or in a continuous-flow he-

lium cryostat with an adjustable temperature (T ≥ 7K)
where field B = 0−0.7T was produced by an external

electromagnet. A titanium–sapphire laser with a pulse

duration of 150 fs and a frequency of 82MHz was used

for excitation. An acoustooptical filter limited the spectral

bandwidth of pulses to ∼ 0.5 nm and extended them to

∼ 2 ps. A delay line provided an opportunity to perform

”
pump-probe“ measurements with time t < 3 ns between

pump and probe beams varying with a pitch of ∼ 0.2 ps.

A photoelastic modulator with a frequency of 50 kHz

was used to modulate circular polarization of a pump

pulse. A circularly polarized pump pulse produced spin-

polarized carriers in the sample within a photoexcitation

spot ∼ 100 µm in diameter. This was detected by measuring

the angle of rotation of the polarization plane of a linearly

polarized probe beam reflected off the sample. In the

continuous-flow cryostat, the time-averaged power density

of the probe beam was P test ∼ 5W/cm2, while the same

parameter of the pump beam was adjusted within a

wide range of Popt = 10−300W/cm2, which is one of the

important aspects of the present study. In experiments with

the superconducting magnet (T ≈ 1.8K), pumping was

always set to Popt ∼ 3mW at P test ∼ 0.5mW. The diameter

of the probe beam spot on the sample was smaller than the

photoexcitation spot, which was adjusted by a different aper-

ture (with visual monitoring with a microscope). A balance

photodetector combined with a lock-in detector were used

to detect the signal of polarization plane rotation at the

modulation frequency. Measurements were performed in

the spectrally degenerate mode: the wavelengths of pump

and probe beams were equal. The sample holder was

designed so as to allow one to adjust the angle between

the magnetic field direction and crystallographic axes with

an accuracy of ∼ 2◦.

LED structures with InGaAs/GaAs QWs and a δ-Mn-

layer were grown using a hybrid epitaxial method [5,8]. The
diagram of the structure is shown in the inset in Figure 1, a.

At the first stage, a buffer n-GaAs layer ∼ 0.5 µm in

thickness doped with Si (∼ 1017 cm−3) was grown by

metalorganic chemical vapor deposition on a n-GaAs (001)
substrate at a temperature of 600◦C. An undoped GaAs

layer with a thickness of 3 nm, a InxGa1−xAs QW layer

(with a thickness of 10 nm and indium content x In = 10%),
and a GaAs spacer layer dS = 2−10 nm in thickness were

grown next in succession. An acceptor δ-Mn-layer ∼ 0.3

monolayers in thickness (with layer concentration of man-

ganese NMn ∼ 2 · 1014 cm−2) and a cover GaAs layer 40 nm

in thickness were then grown in sequence in the same

reactor at a temperature of 450◦C by laser sputtering of Mn

and GaAs targets. Owing to δ-doping, the QW contains
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Figure 1. a — PL spectrum of the structure with dS = 10 nm

at T = 1.8K (the photoexcitation laser has λ ∼ 800 nm). Arrows
denote optical transitions in a QW and at neutral carbon acceptors

in the GaAs barrier (QW and e−AO(C), respectively). b —
Kerr signals of polarization plane rotation θK(t) (shifted vertically)
at EL = 1.414 eV (≈ 877 nm) in the same structure at B = 0

and 0.4 T (T = 1.8K). The zero signal level is represented by

dashed lines. The initial stage of signal relaxation at B = 0 is

presented in the inset. The solid curve is the result of fitting of

experimental data with formula (1) at t > 40 ps.

2D hole gas with concentration pS ∼ 1011−1012 cm−2 and

Hall mobility µ ∼ 500−3000 cm2/(V · s) at T = 5K (these

values vary with the sample parameters) [8]. The magnetic

properties of InGaAs/GaAs/δ-Mn structures have already

been examined with a SQUID magnetometer, which verified

the ferromagnetism of δ-Mn-layers with Curie temperature

TC ∼ 35−40K [9]. Magnetic force microscopy (MFM)

studies of the surface and the magnetic flux structure were

performed using an AttoCube AttoDry 1000 atomic force

microscope (AFM) within the 4–50K temperature range

with an accuracy of ∼ 0.1K in helium atmosphere under

pressure P ∼ 0.5mbar. Silicon magnetic cantilevers coated

with a CoCr layer served as probes. The surface topography

was examined in the semi-contact mode, and the magnetic

flux structure was analyzed in the FMF mode with feedback

switched off at a height of ∼ 110 nm above the sample

surface. The phase shift of magnetic cantilever oscillations

was measured to obtain MFM images.
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3. Results and discussion

The PL spectrum below the interband transition in

a GaAs barrier (∼ 1.51 eV) is presented in Figure 1, a.

In addition to the QW line with a maximum at

EQW = 1.414 eV, the spectrum features a strong e−AO(C)
optical transition line with an energy of ∼ 1.49 eV that

corresponds to recombination of a free electron and a hole

trapped at a neutral carbon acceptor in the GaAs barrier.

This is attributable to the use of metalorganic compounds

in epitaxy. Kerr signals θK(t) of polarization plane

rotation in magnetic fields B = 0 and 0.4 T at T = 1.8K

measured for the structure with dS = 10 nm in
”
pump-

probe“ experiments are shown in Figure 1, b. Measurements

were performed at laser energy EL = EQW. It is important to

note that the θK(EL) signal amplitude reaches its maximum

at EL = EQW; therefore, in contrast to the single-beam Kerr

effect [10], the spin dynamics of carriers excited exactly in

a QW is examined in this experiment. The θK(t) signal

dynamics is characterized well by a sum of two exponential

functions with one of them featuring an oscillatory factor

with frequency �L:

θK(t) = θe exp(−t/τe) cos(�Lt + ϕ) + θh exp(−t/τh). (1)

Here, τh and τe are the times of spin dephasing of holes

and electrons, respectively; �L is the Larmor precession

frequency that depends linearly on magnetic field as

~�L(B) = |g|µBB , where coefficient g is the Landé g-factor
in the formula for carrier energy level splitting 1E(B)
in a magnetic field and µB ≈ 0.058meV/T is the Bohr

magneton.

Larmor frequency �L(B) of θK(t) beats obtained by

fitting of experimental θK(t) curves depends linearly on B
(Figure 2, a), allowing one to determine the absolute value

of g-factor: |g| = 0.53± 0.01. Note that this method

provides only the absolute value of g-factor. In the examined

Voigt geometry (magnetic field in QW plane), spin splitting

1Ee(B) in the InGaAs/GaAs QW conduction band is signi-

ficantly greater than hole splitting 1Eh(B), and the g-factor
of an electron (ge) is at least an order of magnitude higher

than the hole g-factor (gh) [10]. This allows us to identify

the determined value as an electron one |ge| = 0.53, which

is close to the results from [11]. The second exponential

term θh(t) = θh exp(−t/τh) in formula (1) needed for fitting

of experimental curves characterizes the contribution of

photoexcited holes localized at QW potential fluctuations

after fast relaxation in energy. Since hole spin dephasing

times τh are shorter than electron ones (τe) [10,11], hole

contribution θh(t) decays faster and experimentally observed

quantum beats involve spin states of electrons, which is

exactly what is characterized by the oscillatory term in

formula (1). In addition to oscillatory electron component

θe(t) and exponentially damped hole component θh(t),
Kerr signal θK(t) features two processes (highlighted in

the inset of Figure 1, b) at the initial stage of relaxation

(∼ 20 ps) at low T = 1.8K. Sharp peak 1 near t = 0
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Figure 2. a — Magnetic-field dependence of Larmor precession

frequency �L(B) in the structure with dS = 10 nm at T = 8K

obtained by fitting with formula (1). The results of fast Fourier

analysis of signal θK(t) for B = 0.9 and 3.0 T at T = 1.8K are

shown in the inset. b — Magnetic-field dependences of fitting

times τe(B) and τh(B) at T = 8K. The fitting error does not

exceed the size of a symbol. Filled and open symbols corresponds

to dS = 5 nm and dS = 10 nm, respectively. Inverse hole times

τ −1
h (B) are shown in the inset. Straight lines represent the results

of fitting.

corresponds to a coherent artifact [10] produced in temporal

overlapping of probe and pump beams and has a width

on the order of a doubled laser pulse (∼ 4 ps). Peak 2

is associated with spin relaxation of relaxing photoexcited

holes that have significantly shorter characteristic times than

electrons or holes that have already relaxed and became

localized [10]. Fast spin relaxation of photoexcited holes

with a characteristic time of ∼ 20 ps has also been observed

in the study of optical orientation in such structures [6].

In its general form, hole contribution θh(t) to Kerr

rotation signal θK(t) should, just as the electron con-

tribution, be characterized by an exponentially damped

sinusoid [10]. In a complicated case with several damped

oscillation components present, fast Fourier analysis (FFA)
provides a more complete representation of the frequency

spectrum. Examples of application of FFA to θK(t) for

B = 0.9 and 3.0 T at T = 1.8K are shown in the inset

Semiconductors, 2024, Vol. 58, No. 1
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Figure 3. Spin dephasing times and period of Larmor electron

oscillations TL as functions of angle ϕ between B and axis [110]
(Voigt geometry) in the structure with dS = 10 nm at B = 1 T and

T = 1.8K.

of Figure 2, a. A sharp peak shifting linearly with mag-

netic field (frequency f = �L/2π ≈ 22.0GHz at B = 3T)
corresponds to electron oscillations and agrees with the

results of fitting of Larmor electron frequency �L,e with

formula (1). At the same time, holes may produce a

contribution to the peak at f ∼ 0, which grows wider with

increasing magnetic field, in the FFA spectrum. Larmor

hole frequency ~�L,h = µB|g
xy
h |B may be estimated based

on the FWHM of this peak as ∼ 2GHz at B = 3T. This

also provides an opportunity to estimate the g-factor of

holes: |gxy
h | ≤ 0.05. Note that owing to the choice of

Voigt geometry [10], the carrier g-factor component (gxy
e

or gxy
h ) in the xy QW plane is measured. In view

of the smallness of |gxy
h |, the period of Larmor hole

oscillations is TL,h = 2π/�L,h ≥ 2.5 ns at B = 0.4 T, being

significantly longer than decay time τh ∼ 0.15 ns of the hole

component at T = 1.8K. This is the reason why Larmor

hole oscillations are not observed experimentally.

Spin relaxation time τe and the g-factor of electrons in

doped n-type GaAs/AlGaAs QWs depend non only on the

concentration of two-dimensional electrons in a QW, but,

owing to the asymmetry of 2D structures, also on the

orientation of the magnetic field relative to crystallographic

directions (see [12] and references therein). Kerr curves

θK(t) for various angles ϕ between magnetic field B and

crystallographic direction [110] falling within the range of

ϕ = 0−180◦ at B = 1T were used to study anisotropy in

the structure plane. Figure 3 presents the dependences

of period TL = 2π/�L of Larmor electron oscillations and

decay times on angle ϕ. It is evident that τe and τh

have a considerable anisotropy (difference between values

at ϕ = 0 and ϕ = 90◦), which is weaker for electrons

(∼ 13%) and stronger for holes (∼ 50%). At the same time,

g-factor ge ∼ 1/TL is, to within a small percentage (≤ 1%),
independent of the field orientation. This anisotropy of spin

coherence times of carriers, which is more pronounced for

holes, is essentially indicative of anisotropy of the localizing

fluctuation potential, which is discussed in detail below.

Another possible factor leading to anisotropy in the QW

plane is the influence of internal stresses in the structure

that affect the g-factor and spin relaxation times in different

ways: while having almost no effect on ge , they induce

a significant τe anisotropy. This examined theoretically

and experimentally in [13]. Note that in contrast to the

electron anisotropy, the anisotropy of hole times has not

been examined in detail yet.

Decay times of Kerr components θe(t) and θh(t) in

formula (1) have the following constituent parts [10]:

1/τe(h) = 1/τ S
e(h) + 1/T inh

2 + 1/τ . (2)

Here, τ S
e(h) is the electron (hole) spin relaxation time

and T inh
2 = ~/(1ge(h)µBB) is the dephasing time of spin

coherence in a carrier ensemble due to QW nonuniformity,

where 1gxy
e(h) is the spread of electron (hole) g-factor

values and τ is the carrier lifetime including radiative and

non-radiative channels. For example, τ ∼ 400 ps in the

structure with dS = 10 nm and τ ∼ 30−70 ps for dS = 5 nm

at T = 1.8K (depends also on optical pumping), while

the spin relaxation of electrons proceeds much slower:

τ S
e ∼ 10 ns (dS = 10 nm) and τ S

e ∼ 1 ns (dS = 5 nm) [6].
When τ is the shortest time (in structures with a narrow

spacer dS ≤ 3 nm where τ < 15 ps and Larmor oscillations

are not observed), it specifies the Kerr signal decay

time. Therefore, the structure with dS = 10 nm, which

has the highest τ , was chosen for detailed studies into

coherent carrier spin dynamics. According to formula (2),
the primary magnetic-field contribution to spin coherence

dephasing should be produced by a term linear in field

associated with nonuniformity 1g of the carrier g-factor.
Figure 2, b shows times τe(B) and τh(B) in structures with

dS = 5 nm and 10 nm in fields B = 0.1−0.7 T at T = 8K.

It is evident that hole time τh(B) undergoes the greatest

change (an order-of-magnitude reduction with an increase

in the field intensity) at B > 0.1 T, while τe(B) decreases

only be a factor of ∼ 2. The experimentally observed

liner dependence of inverse time τ −1
h (B) (see the inset

in Figure 2, b) provides an opportunity to estimate spread

1gh ∼ 0.22 of the hole g-factor. A large 1gh value, which

is significantly greater than the FFA estimate of the g-factor
(|gxy

h | ≤ 0.05), is indicative of strong disordering of the exa-

mined structures. It was demonstrated experimentally and

theoretically in [14] that the localization of holes induced by

disordering of the potential does indeed exert a determining

influence on the contribution to τ −1
h (B) linear in field in

doped n-type GaAs/AlGaAs QWs. At the same time, the

electron g-factor nonuniformity determined from a linear

τ −1
e (B) section is significantly lower: 1ge ∼ 0.0085. This is

indicative of a weak influence of the localizing potential on

electrons. The difference in behavior of electrons and holes

is attributable to the complex nature of the energy spectrum

of the valence band, which induces mixing of states of light

and heavy holes and a strong anisotropy of the hole g-factor

Semiconductors, 2024, Vol. 58, No. 1
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in QWs [15]. Times τh in the structure with dS = 5 nm are

significantly shorter (Figure 2, b), while the g-factor spread
is greater: 1gh ∼ 0.5. Thus, as the spacer grows thinner,

disordering and hole localization at potential fluctuations in

a QW become stronger.

Thus, it is the presence of a tunnel-close acceptor

δ-layer that induces significant disordering in the examined

structures. Note that strong disordering, which is also

evidenced by a large FWHM value of PL lines (> 10meV,

Figure 1, a), is a common feature of various structures

containing FM (Ga,Mn)As layers [1]. Owing to strong

diffusion of Mn atoms into GaAs [1], a thin (∼ 2−3 nm)
FM layer of the Ga1−xMnxAs solid solution with a high

manganese concentration (x = 2−6 at%) actually forms

instead of a growing δ-Mn-layer. This is verified by the

results of small-angle X-ray diffraction studies [8]. In

addition, FM p-type semiconductor Ga1−xMnxAs contains

not only acceptor MnGa manganese atoms, but also a

high concentration of defects, such as interstitial MnI and

antisite AsGa [1]. Since these defects act as deep donors

and centers of strong non-radiative recombination, the PL

intensity in such structures is significantly lower than in

those without Mn [5–7]. Specifically, the QW line is

an order of magnitude weaker even with a dS = 10 nm

spacer, indicating that the δ-Mn-layer produces a dominant

contribution to non-radiative recombination. The fact is

that the limit of equilibrium solubility of Mn in GaAs

is very low (∼ 0.1 at%); at high concentrations,
”
excess“

Mn occupies interstitial sites MnI in the GaAs matrix or

precipitates in the form of clusters of MnAs (TC = 315K)
and MnyGa1−y (TC ∼ 600K) FM phases [1]. This is the

reason why non-equilibrium low-temperature methods are

used (as was done in the present case) to grow structures

with Ga1−xMnxAs layers [4,7,8]. A strong mutual donor

(MnI or AsGa) and acceptor (MnGa) compensation is a

characteristic feature of δ-Mn-layers grown this way [8].
Since the concentration of Mn atoms in the δ-layer

(NMn ≥ 6 · 1013 cm−2) is significantly higher than the hole

concentration in QWs (pS < 2 · 1012 cm−2), holes cannot

screen random fluctuations of the distribution of charged

defects completely. This leads to the emergence of a strong

long-range Coulomb fluctuation potential (FP) for carriers

in a QW [8]. The parameters of this FP and its effect on

conductivity and the anomalous Hall effect typical of FM

structures were thoroughly examined experimentally and

modeled in [8,16]. Specifically, length R of non-screened

potential fluctuations falls within the range from minimum

Rmin ∼ dS to maximum Rmax ≈ N1/2
Mn/pS ; at R > Rmax,

fluctuations of the distribution of charged defects are already

screened efficiently by holes in a QW. At typical values of

NMn ∼ 6−20 · 1013 cm−2 and pS ∼ 3 · 1011 cm−2, we find

an estimate Rmax ∼ 200 nm. FP amplitude γ is estimated

at γ ≥ 10meV [8], which exceeds the Fermi energy at

typical hole concentrations. Note that the considered model

of structures with a δ-Mn-layer is distinct in assuming

strong spatial variations of the Mn concentration both in the

δ-Mn-layer itself and in its neighboring spacer and cover
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Figure 4. Magnetic flux structure in the sample with dS = 10 nm

in the MFM mode. The region size is 2× 2µm, and full contrast

of an oscillation phase of the magnetic cantilever is 1.8◦ . Field

B = 0.15 T is directed perpendicularly to the QW plane; T = 10K.

layers, which should also lead to significant nonuniformity

of their crystalline and magnetic structures [8,17]. It is

assumed that a quasi-2D magnetic phase in the form of

individual submicrometer FM regions (
”
islands“ of the

Ga1−xMnxAs solid solution with a high Mn concentra-

tion [17]) forms near the δ-layer. It is the nonuniformity

of distribution of Mn atoms that induces separation of

the δ-Mn-layer into FM and paramagnetic
”
islands“ and

leads to the emergence of a large-scale Coulomb FP, which

correlates with the separated δ-Mn-layer due to the specifics

of ferromagnetism in semiconductor Ga1−xMnxAs wherein

carriers (holes) also act as mediators of the exchange

coupling of Mn ions, in the QW plane [1]. Within this

model, holes in a QW are localized at FP potential wells

near such FM
”
islands“ [8].

The separation of the δ-Mn-layer into submicrometer FM

regions with a characteristic scale of ∼ 100 nm, which was

conjectured in [8,16,17] based on the results of analysis

of transport and magnetic data, is observed directly by

MFM [3]. The results of MFM studies for the sample with

dS = 10 nm at T = 10K are presented in Figure 4. It is

evident that the characteristic scale of nonuniformities in the

QW plane for an oscillation phase of the magnetic cantilever

is ∼ 100−200 nm. The observed pattern of magnetic

nonuniformity of the FM δ-Mn-layer and its separation into

specific
”
islands“ (domains) is typical of the entire sample

and vanishes above its Curie temperature TC ∼ 35K. It

should be stressed that the distinct design of a structure

with a high-concentration acceptor δ-Mn-layer is exactly

the factor that induces an anomalously strong fluctuation

Coulomb potential for carriers in a QW.
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Under the conditions of strong disordering that is typical

of the examined structures, the examination of dependences

of such parameters of Kerr rotation θK(t) as spin coherence

times τe and τh and amplitudes of electron and hole

components θe and θh on temperature and optical pumping

power provides important insights into the nature of this

disorder [18]. For example, the spin dephasing time

of photoexcited holes determined in [19] (τh ∼ 110 ps at

B = 1T and T = 1.6K) decreases rapidly with increasing

temperature, becoming two times shorter at T = 6K. This

is indicative of importance of hole localization, which

suppresses spin relaxation of free carriers, at potential

fluctuations [10]. The localization energy was estimated

at Ea ∼ 0.5meV [19], which is comparable to the thermal

energy at T = 6K. Dependences τe(T ) and τh(T ) in the

structure with dS = 10 nm are shown in Figure 5. The

also suggest that hole localization plays a significant part in

the examined structures; notably, Ea increases substantially.

It can be seen that τh(T ) for holes drops sharply at

temperatures greater than T ∼ 10K (by more than an

order of magnitude within the 10−50K range), while

τe(T ) for electrons decreases by a factor of less than 2.

Activation dependence τh(T ) = τ0 exp(Ea/T ) (see the inset

in Figure 5) may be used to approximate the hole time

within this section. The hole localization energy is estimated

at Ea = 4.8± 0.3meV, which is significantly higher than

the corresponding value in non-magnetic structures [19] and
is close in order of magnitude to estimates of the fluctuation

potential amplitude (γ ∼ 10meV) from [8,16].

The dependences on pumping at T = 8K and B = 0.7T

are shown in Figure 6. Measurements were carried out at

a low probe beam power density P test ∼ 5W/cm2. Signal

θK(t) was fitted with formula (1) within the t > 50 ps

section (following the termination of fast initial relaxation

at ∼ 20 ps). It follows from Figure 6, a that electron compo-

nent θe(Popt) is almost linear within the entire Popt range,

while θh(Popt) reaches saturation at pump power densities

above P0 ∼ 50W/cm2. If we assume that the absorption

coefficient in an InGaAs/GaAs QW is ∼ 5 · 104 cm−1 [10],
the observed θh saturation corresponds to concentration

n0 = p0 ∼ 1011 cm−2 of electron–hole pairs excited reso-

nantly in a QW by a single laser pulse. This is comparable

to concentration pS ∼ 1011 cm−2 of resident holes typical of

structures with a δ-Mn-layer [8] and may potentially point

at the trion mechanism of polarization of resident carriers in

a QW (see [19,20]). It should be stressed that the observed

dependences on pumping cannot be attributed to thermal

lattice heating, since both τe and τh should fall in this case;

instead, τh(Popt) actually increases with Popt (Figure 6, b).

The issue of origin of electron and hole contributions

to Kerr rotation signal θK(t) appears to be intriguing and

important when set in comparison with earlier-examined

cases of pulsed photoexcitation of coherent spin precession

of resident carriers in doped structures: electrons in n-type
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Figure 6. a — Dependences of amplitudes θe and θh of electron

and hole Kerr rotation components on average optical pumping
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dS = 10 nm. b — Dependences of spin coherence times τe , τh and

Larmor period TL on Popt.
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QWs [18] and holes in p-type QWs [19–21]. It was

found in [19–21] that signal θK(t) has a duration of several

nanoseconds, which exceeds significantly the recombina-

tion lifetime (∼ 100 ps at T ∼ 1.5K) and corresponds to

coherent precession of resident holes in a QW induced

by photoexcited carriers. A combined model of spin and

recombination carrier dynamics was considered in [21]
as a means to explain the effect of long-lived coherent

precession of resident holes in high-quality GaAs/AlGaAs

QWs with a high mobility µ > 105 cm2/(V · s) at T = 1.3K.

Interestingly, long-lived component θh(t) from resident holes

in a QW should turn to zero at B = 0 in this model after

recombination of photoexcited carriers. This is exactly what

was observed experimentally [21]. The trion model of

polarization of resident holes in a QW [19,20] turned out

to be more fitting for GaAs/AlGaAs QWs with a lower hole

mobility (µ ∼ 104−105 cm2/(V · s), pS ∼ 1011 cm−2), which

is closer to the case examined here. Kerr signal duration tmax

in these studies was also significantly longer than the carrier

lifetime (∼ 100 ps at T ∼ 1.6K) in all magnetic fields:

tmax > 3 ns, which corresponds to coherent precession of

resident holes. In addition, it was observed in [19,20] that
the long-lived signal component from resident holes in a QW

has a negative sign (opposite to the electron contribution)
at B = 0. This is in line with exactly the trion model. In

the studied structures, the electron and hole components

of θK(t) have the same sign within the entire range of

magnetic fields, and the Kerr signal duration at T = 8K

is limited to tmax ∼ 1 ns ∼ 3τ [6], where τ ∼ 0.4 ns is

the carrier lifetime, This contradicts the trion scenario of

photoexcitation of coherent spin precession. Note that

tmax increases to ∼ 3 ns at T = 1.8K (the time window in

Figure 1, b is limited). Therefore, the possibility of long-lived

coherent precession of resident holes at T < 1.8K cannot

be ruled out entirely. This issue warrants further study at

low and ultralow temperatures T ≤ 1K (similar to the one

performed in [11]).
Thus, coherent spin dynamics of carriers in the examined

structures with an acceptor FM δ-Mn-layer of a high density

differs significantly from the one in doped QWs examined to

date, and the trion scenario proposed in [19,20] is ill-suited
for these structures. We believe that a different expla-

nation for the experimentally observed saturation of hole

component θh is valid: the obtained estimate corresponds

to the density of defects and other localization centers

(Nloc) at which photoexctied holes in a QW localize at low

temperatures. A strong nonuniformity of the g-factor of

holes supports this assumption. Another supporting factor is

the result of detailed measurements of transport properties

of the studied FM heterostructures [8]. Having observed

quantum effects, which are typical of high-quality two-

dimensional objects, coupled with activation conductivity

and a giant negative magnetoresistance, which is attributable

to magnetic disordering, the authors of [8] concluded that

these phenomena are indicative of mesoscopic separation

of structures with a δ-Mn-layer. The separation of a

QW into regions of a high quality and mobility contain-

ing degenerate 2D hole gas was suggested. It follows

from the analysis of transport data that the characteristic

size of such regions is Dm ∼ 100 nm and the free path

length of holes is l ∼ 20 nm; the regions themselves are

separated by thin non-conducting (dielectric) layers [8]. If

one estimates the density of localization centers Nloc at

Nloc ∼ 1/D2
m ∼ 1010 cm−2, the estimated concentration of

photoexcited carriers p0 ∼ 1011 cm−2 at which θh reaches

saturation will be just an order of magnitude higher. Note

that electrophysical characteristics may vary substantially

from one structure to the other [8], making it more difficult

to perform such a comparison. The growth of Popt in

experiments first leads to filling of hole states in a QW lying

deeper in energy, which are localized stronger and feature

a more pronounced dispersion of the g-factor that is tied to

the characteristics of a specific localized state [15]. A further

increase in Popt results in successive filling of less localized

hole states with a less pronounced g-factor dispersion. This
interpretation is supported by the fact that τh(Popt) starts

growing at the same Popt ∼ 50W/cm2 (Figure 6, b) as the

one corresponding to saturation of the θh amplitude. This is

illustrative of weakening of the 1gh dispersion contribution

in formula (2). At the same time, spin relaxation time τ S
h

(the first term in T2,h) for less localized (in the limit case,

free) holes should then shorten as in the case of electrons,

which feature insignificant localization and demonstrate

τe(Popt) reduction that starts at minimum Popt (Figure 6, b).
Apparently, the limit of quasi-free holes is not reached

in experiments and a complex pattern of overlapping

competing contributions, which are manifested differently

for electrons and holes, is observed. Note that similar hole

times τh ∼ 100 ps were reported for InP/(Ga, In)P quantum

dots with weak confinement [22].

4. Conclusion

We note in conclusion that the obtained results confirm

the presence of lateral separation in QWs, which was

hinted at earlier by magnetotransport measurements [8], and
suggest that a ferromagnetic acceptor high-concentration

δ-Mn-layer affects not only the spin polarization of carriers,

but also the coherent spin dynamics of holes, which differs

considerably from the one for non-magnetic structures.

Specifically, coherent precession of resident holes was not

observed at temperatures down to T ∼ 2K. The saturation

of hole component of the Kerr signal at higher pumping

levels and an anomalously strong magnetic-field dependence

of the hole spin dephasing time are indicative of QW

separation into submicrometer regions of carrier localization

under a strong fluctuation potential. Mesoscopic separation

of the δ-Mn-layer below Curie temperature TC ∼ 35K

was revealed by magnetic force microscopy. Carrier spin

relaxation times were found to be anisotropic in the QW

plane (this effect was stronger for holes), while the electron

g-factor was isotropic.
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