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Abstract

We report on the transport, magnetotransport and magnetic properties of In0.17Ga0.83As quantum well in GaAs d-doped by Mn. At

low temperatures, the anomalous Hall effect was observed which detects the spin-polarized carriers. Negative magnetoresistance was

found at low temperatures, which became positive at high temperature.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The task to get the spin-polarized carriers in the
conducting channel is one of the important goals of the
new field of microelectronics, namely spintronics. Spin-
tronics, or spin electronics, involves the study of active
control and manipulation of spin degrees of freedom in
solid-state systems. Spin transport differs from charge
transport because spin is a nonconserved quantity in solids
due to spin–orbit and hyperfine coupling. Diluted magnetic
semiconductors (DMS) are very perspective materials for
spintronics. III–V-based low-dimensional DMS (Ga,M-
n)As and (In, Mn)As showed carrier-mediated ferromag-
netism [1,2]. Mn in such materials plays two roles: (i) it is
responsible for magnetic properties and (ii) it is an
acceptor. Mainly studies of DMS properties were per-
formed on grown with MBE thin solid films, which are a
bulk material.

Contrary to that, numbers of publications on studies of
2D structures are relatively low. We would like to note Ref.
[3], where 2D heterostructure GaAs/AlGaAs d-doped by
- see front matter r 2005 Elsevier B.V. All rights reserved.
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Mn showed Curie temperature Tc about 172K, which is
higher than that observed in GaMnAs films (Tc ¼ 160K
[4]). Currently [5], the highest Tc in GaMnAs is 173K,
which seems to be at least equal to that in d-doped
structures.
In this paper, we focused on transport and magnetotran-

sport properties of InxGa1�xAs/GaAs quantum well d-
doped by Mn with p-type 2D conductivity. Such structures
are not well investigated but have generated intense interest
because they open the prospect of developing devices,
which combine, for example, information processing and
storage functionalities in one material.
2. Experimental

All samples were prepared with metal-organic compound-
hydride epitaxy method. The method of fabrication of
these structures has been published previously [6]. Samples
contain InxGa1�xAs quantum well (xE0.17) with width
10 nm, carbon d-layer (to provide p-type conductivity in
the quantum well) and laser-deposited Mn layer separated
by GaAs spacer with width d ¼ 3 nm. A schematic diagram
of the structure is shown in Fig. 1. Buffer layer and spacer
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Fig. 1. Schematic diagram of the structure.

Table 1

Fraction of Mn, Hall density p, Hall mobility m at T ¼ 300K

Sample number Mn fraction (a.u.) p, 1012 cm�2 m, cm2/V s

415 0.0 1.8 320

419 1.0 3.4 230

420 2.0 5.6 170

417 2.8 6.7 160

421 4.0 7.9 140
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Fig. 2. Temperature dependence of resistance for all samples.
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were grown at T ¼ 600 1C, while the deposition of Mn was
carried out at T ¼ 450 1C.

The Mn concentration controlled by duration time of
Mn laser deposition ranged in the interval 6–24 s, resulting
in Mn layer deposition up to 1ML. Thus Mn concentra-
tion was different in the samples. Dependence of resistance
on temperature was measured from 300K down to 4.2K,
magnetoresistance and Hall effect for 4.2pTp77K in
magnetic fields up to 6T. Samples were fabricated by
photolithography as double Hall bridges with length
L ¼ 1.4mm and width of the channel W ¼ 0.23mm. Some
parameters of the samples are listed in Table 1.
3. Results and discussions

At T477K, all structures except the sample 415 without
Mn d-layer showed the metallic type of the temperature
dependence of resistance Rxx (Fig. 2).

At To77K, the character of R(T) depends on Mn
concentration. In the temperature interval 15–30K there is
a kink, which is a characteristic of the ferromagnetic
transition [1,7]. At ToTc the spin flip scattering disappears
[8], mobility increases and resistance decreases. This effect
results in a kink for an activation type of the experimental
dependence of Rxx(T) as we have observed.
One of the methods to detect the spin-polarized carriers

is the anomalous Hall effect. It is known that in magnetic
materials the Hall field EH is formed from two compo-
nents, see e.g. Ref. [9]

EH ¼ R0Bjx þ Ram0Mjx,

where B is magnetic induction, M is magnetization, jx is
current density, R0 is a normal Hall effect coefficient
caused by action of Lorentz force, and Ra is coefficient of
anomalous Hall effect due to asymmetry of scattering of
spin-polarized carriers due to spin–orbital interaction.
In investigated structures anomalous Hall effect appears

at the same temperature, as a kink in the temperature
dependence of resistance. The temperature at which
anomalous Hall effect was observed is slightly above a
supposed Curie temperature (areas of a kink in the
temperature dependence of resistance). The similar results
were observed in other research groups and for other
materials, in particular for single-phase solid solution
Ga1�xMnxAs. It was shown in Ref. [10] that the
anomalous Hall effect can be observed not only at low
temperatures at the ferromagnetic state, but also above the
Curie temperature, in a paramagnetic state. It is natural
that in the latter case anomalous Hall effect is manifested
very weak, because the magnetic susceptibility of a
semiconductor matrix defining magnetization of the sample
decreases with increasing temperature [10].
Contribution of the anomalous Hall effect to the Hall

voltage has been observed in samples with high Mn
concentration. We shall note, however, that anomalous
Hall effect is visible only in samples with activation
dependence of conductivity on temperature. The magnetic
field dependence of the Hall resistance shown in Fig. 3 is
similar to the anomalous Hall effect in Mn-containing
layers based on GaSb and GaAs [10,11], in which the
contribution from anomalous Hall effect is observed. We
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Fig. 3. Anomalous Hall effect for sample 421 at different temperatures.
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Fig. 4. Relative magnetoresistance of sample 419 at different tempera-

tures. R0 is resistance in zero magnetic field.
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would like to note, however, that the structures studied in
Refs. [11,12] have the manganese concentration, which
essentially exceeds the critical value corresponding to the
metal–insulator transition. In our case the situation is
different. Anomalous Hall effect is observed simulta-
neously with an activation type of the temperature
dependence of conductivity. Let us also note that signs of
the normal Hall effect and the anomalous Hall effect
coincide (positive), as well as in the case of samples
Ga1�xMnxAs with much higher concentration of Mn [12].

Magnetoresistance in all Mn-doped samples is changed
from negative to positive when temperature increases. As
an example, magnetoresistance of sample 419 is shown in
Fig. 4.

In the temperature interval 4.2–30K negative magne-
toresistance is observed, transferring to the positive
magnetoresistance in magnetic field B44T. At tempera-
tures above 30K, only positive magnetoresistance is
observed up to 6T. Complicated dependence of magne-
toresistance on magnetic field may be explained by both
quantum corrections to conductivity and the spin-depen-
dent scattering of carriers.
The quantum interference phenomena play an essential

role in the investigated structures. They were observed in
the temperature dependence of conductivity. They specify
an essential role of the disorder in the formation of
transport properties of the structures. The role of the
magnetic disorder or spin-dependent scattering seems
essential because the kink in the temperature dependence
of resistance (see Fig. 2) and the anomalous Hall effect (see
Fig. 3) were observed.
In our opinion, the observed experimental facts testify

that the presence of the fluctuation potential in the 2D
channel (quantum well) of the structures, caused by
nonuniform distribution of the Mn ions, plays a significant
role in the transport and magnetotransport phenomena in
the investigated structures. As Mn is an acceptor, and
carriers in the channel are holes, maximal local concentra-
tion of Mn corresponds to the minimum of a potential
relief. In this case carriers in the channel move not in a
uniform 2D layer, but in the areas of a maximal hole
concentration corresponding to the maximal concentration
of Mn in which a maximal concentration of the magnetic
moment (ions of Mn) is realized. Thus, the increase in
concentration of Mn leads to strengthening of the magnetic
properties and in the formation of the areas with a higher
hole concentration in the quantum well. The disorder and
the amplitude of fluctuation potential are increased. As a
result, the anomalous Hall effect is observed. There are two
main reasons for this: (i) increase of the concentration of
magnetic ions (Mn) in general; (ii) increase in local
concentration of Mn is the most preferable for current
areas.

4. Conclusion

In conclusion, we demonstrated the opportunity to
observe effects due to spin polarization of carriers caused
by magnetic disorder in the conducting channel in 2D
semiconductor structures based on InGaAs quantum well
d-doped by Mn.
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