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Abstract—The temperature and field dependences of the specific magnetization and magnetoresistance in
heterostructures with a GaAs/Ga0.84In0.16As/GaAs quantum well and a δ-layer of atomic Mn in the barrier
layer near the quantum well filled with holes are studied. A change in the resistance and magnetization behavior upon ordering of localized magnetic moments in the cap layer due to a change in the manganese ion distribution topology is detected.
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1. INTRODUCTION
In the last decade, great interest has been paid to
spintronic devices, which has caused new physical and
technological approaches to fabrication of semiconductor magnetic heterostructures. Unique physical
properties of semiconductor heterostructures based on
AIIIBV compounds with a transition element impurity
demonstrate wider prospects in applications for spintronics than ferromagnetic metals, which is explained
by the ferromagnetism controllability in them by electric fields [1–3]. So far, most studies of spin-electronic materials have been associated with the properties of magnetic diluted alloys such as InMnAs,
GaMnAs, and GaInMnAsSb [4–6] and heterostructures with a InGaAs/GaAs quantum well and a thin
manganese layer inserted in one of the GaAs barriers,
fabricated by a combined method of hybrid metalorganic vapor-phase epitaxy (MOVPE) and laser
deposition [7]. Molecular-beam epitaxy (MBE) has
significant advantages in the growth technology in
comparison with other epitaxial methods, which
makes it possible to fabricate ferromagnet/semiconductor heterostructures where a magnetic layer with
strong doping profile, placed into a semiconductor
alloy, is atomically scaled. If the dopant distribution is
restricted to one of several atomic monolayers (MLs),
the doping profile can be described by the Dirac δfunction. Such a layer can provide a high dopant concentration created in a limited space within the width

comparable to the matrix material lattice constant.
Recently, it was shown that the introduction of the δlayer of Mn magnetic impurity into the GaAs matrix
near a p-type channel with a high carrier concentration, formed at the p-GaAs/p-AlGaAs heterointerface, provided the ferromagnetic order formation
among manganese spins [8]. At the same time, luminescence properties of the spin-oriented system can be
detected using heterostructures with a type-I quantum
well (QW) instead of a single heterojunction with a 2D
hole channel at the heterointerface. In this paper, we
consider the transport and magnetic properties of heterostructures grown by MBE, with a single
GaAs/InGaAs/GaAs quantum well containing a
GaAs barrier layer doped using a δ-layer of atomic
manganese, distant from the InGaAs/GaAs heteroboundary.
2. TECHNIQUE FOR FABRICATING
HETEROSTRUCTURES
AND EXPERIMENTAL METHODS
Heterostructures
containing
a
single
GaAs/Ga0.84In0.16As/GaAs quantum well were grown
on a single-crystal GaAs(001) substrate by MBE. The
QW width was 5 nm. Epitaxial growth was performed
in a single technological process in a Riber C21 growth
chamber in the temperature range of 250–600°C. Two
sample types were chosen for studies. In sample A, one
of the barrier layers was doped with manganese during
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growth to a concentration of 1021 cm–3, while sample
B contained a GaAs barrier layer with an inserted
atomic Mn layer spaced from the InGaAs/GaAs heteroboundary by 3 nm (Fig. 1). The manganese layer
thickness of 1.2 monolayers (MLs) was chosen for reasons of not violating the heterostructure structural
quality. Another GaAs barrier layer was doped with Be
to provide quantum well filling with holes. As a result,
two channels of spin-dependent carriers (the holeenriched quantum well and the delta-layer of ferromagnetic impurity) arranged close to each other
simultaneously exist in the heterostructure.
The temperature and field dependences of the
resistivity were measured under direct current by the
four-probe method in the temperature range T = 1.8–
300 K using a setup for measuring galvanomagnetic
effects at the laboratory of semiconductors and semimetals and a PPMS-9 setup at the shared service center “Testing Center of Nanotechnologies and Promising Materials” (Institute of Metal Physics). Contacts
for all samples were prepared by wet etching using a
photolithographic alignment setup. The field and
temperature dependences of the specific magnetization were studied in the temperature range T = 1.8–
300 K in magnetic fields to H = ±50 kOe using a
SQUID magnetometer at the shared service center
“Testing Center of Nanotechnologies and Promising
Materials.”
3. EXPERIMENTAL RESULTS
AND DISCUSSION
When introducing manganese into the GaAs barrier layer immediately during the epitaxial growth,
impurity atoms are statistically distributed in the
deposited layer bulk; furthermore, they penetrate deep
into the semiconductor matrix to a significant distance
due to diffusion (see Fig. 1, sample A). At the initial
doping level of ~8 × 1020 cm–3 in the cap barrier, the
impurity concentration of 6 × 1020 cm–3 is retained in
the quantum well neighborhood (to 50 nm). As a
result, the quantum well is in the GaAs semiconductor
matrix doped with manganese. In the case of the
atomic Mn δ-layer introduction into the GaAs barrier
layer (sample B), the magnetic impurity is localized in
a narrow space comparable with the matrix lattice
constant, and its diffusion to the heterostructure depth
is essentially bounded. Distribution “tails” in the
SIMS profiles, caused most likely by the knock-on
effect [9], i.e., manganese atom penetration into the
quantum well, can be excluded at the 3-nm GaAs buffer layer separating the Mn δ-layer from the
GaAs/InGaAs/GaAs quantum well. Thus, two systems with semimetallic conductivity, connected in
parallel by current, were formed in sample B, and the
heterostructure under study exhibits metallic conductivity (Fig. 2). In this case, the two-dimensional quantum well is the main current flow path.
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Depth, nm
Fig. 1. Experimental manganese distribution profiles in
sample A (open circles) and sample B (closed squares) in
the epitaxial growth direction, measured by secondary ion
mass spectrometry (SIMS) using a Cameca ims-6f ion
microprobe. The gray solid curve is the indium distribution profile, i.e., the GaAs/InGaAs/GaAs quantum well
profile. The horizontal axis zero corresponds to the
air/sample surface interface.

A deviation from linearity is observed (Fig. 2a) in
the dependence RXX(H) in a magnetic field H =
3.7 kOe at T = 1.8 K, which confirms the assumption
about magnetic ordering and leads to an increase in
the longitudinal conductance in low magnetic fields.
In the dependences of the Hall resistance RXY(H), we
observe only the linear field dependence and a
decrease in the resistance in magnitude with increasing temperature (Fig. 2b). An analysis of RXX(H) and
RXY(H) made it possible to determine the field dependences of the hole mobility in the GaAs :
Be/Ga0.84In0.16As/GaAs/δ-Mn/GaAs heterostructure
with δ-layer 1.2 ML thick. It was found that the hole
mobility and concentration in the temperature range
T = 1.8–77 K are almost unchanged as the magnetic
field varies to H = 50 kOe. In the field H = 50 kOe, the
hole concentration was p ≈ 7 × 1013 cm–2, and the
mobility was μ ≈ 65 cm2/V s. For comparison, in the
GaAs/Ga0.84In0.16As/Ga(Mn)As heterostructure, the
hole concentration at T = 100 K was p ≈ 1.6 × 1011 cm–2,
which is one hundred times lower than that of the heterostructure with a manganese δ-layer. Hence, localization of impurity atoms distributed in the GaAs
matrix bulk in the range of several nanometers makes
it possible to increase the hole concentration by two
orders of magnitude.
As was shown previously, the ferromagnetic order
cannot be implemented in heterostructures doped
with Mn δ-layers due to the absence of a sufficient
concentration in the hole system [10]. The appearance
of the two-dimensional p-type channel due to quantum well filling with holes from the GaAs barrier
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Fig. 3. Temperature dependence of the longitudinal resistance in the GaAs/Ga0.84In0.16As/GaAs/δ-Mn/GaAs
heterostructure doped with a manganese δ-layer 1.2 ML
thick. The inset shows the dependences RXX(T) for heterostructures with a Ga(Mn)As layer (open triangles) and a
manganese δ-layer (closed squares).
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Fig. 2. Dependences of the (a) longitudinal and (b) Hall
resistances on the external magnetic field of the GaAs :
Be/Ga0.84In0.16As/GaAs/δ-Mn/GaAs heterostructure
with a δ-layer 1.2 ML thick at T = 1.8 K (open circles) and
T = 77 K (closed squares).

doped with nonmagnetic Be impurity will make it possible to form the ferromagnetic order due to overlapping wave functions of the two-dimensional hole gas
and the spin-oriented system of the atomic manganese
δ-layer.
For the heterostructures under study, a change in
the temperature dependence of the longitudinal
resistance
was
observed.
For
the
GaAs/Ga0.84In0.16As/Ga(Mn)As
heterostructure
there is, there is the activation dependence R(T) ~
exp(ΔE/kT) with an activation energy ΔE ≈ 50 meV in
the temperature range T = 77–300 K (see the inset in
Fig. 3); for the GaAs/Ga0.84In0.16As/GaAs/δMn/GaAs heterostructure, the metal behavior with a
local maximum in the temperature range T = 100–
120 K was observed. The linear decrease in the resistance with decreasing temperature in the range T =
200–300 K was followed by a further increase in the
resistance in the range T ≈ (1.8–30) K, proportional to

the dependence R ~ lnT, i.e., weak localization in the
quantum well was observed (Fig. 3). The feature in the
behavior of the longitudinal resistance in the temperature range T = (100–120) K is probably associated
with the magnetic subsystem transformation and
defines the Curie temperature TC ~ 100 K. The value
of TC was confirmed by magnetization measurements.
In [7], the results of the study of the photoluminescence spectra and the magnetic-field dependences of
the Hall effect in heteronanostructures with a
InGaAs/GaAs quantum well point to the appearance
of ferromagnetic properties at temperatures below 20–
25 K.
The change in the longitudinal resistance behavior
with varying temperature in heterostructures based on
GaAs with various manganese contents was previously
discussed in [11, 12], where the transition from the
semiconductor dependence RXX(T) to the metal-type
dependence was also observed upon varying the manganese doping level.
Figure 4 shows the magnetic-field dependences of
the specific magnetization after considering the diamagnetic contribution of the substrate to the total specific magnetization σ(H) of samples. For the
GaAs/Ga0.84In0.16As/Ga(Mn)As heterostructure with
a manganese-doped GaAs cap layer, the specific
magnetization hysteresis loop exists at the temperature
T = 5 K in the field range H = ±1.5 kOe (Fig. 4a). The
specific magnetization reaches σ ≈ 6.4 × 10–4 emu/g
in the external magnetic field H = ±10 kOe applied
along the easy magnetic axis, which we showed in [13].
The hysteresis loop clearly shows the ferromagnetic
order formation, which is controlled by the influence
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resistance behavior, i.e., the semiconductor–metal
transition and ferromagnetic ordering in weak magnetic fields, due to a change in the manganese ion distribution topology.
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