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Magnetotransport properties of GaMnAs single layers and InGaMnAs/
InGaAs superlattice structures were investigated at temperatures from 4 K
to 300 K and magnetic fields up to 23 T to study the influence of carri-
ers confinement through different structures. Both single layers and super-
lattice structures show paramagnetic-to-ferromagnetic phase transition. In
GaMnAs/InGaAs superlattice beside the Curie temperature (Tc & 40 K), a
new phase transition is observed close to 13 K.

PACS numbers: 75.50.Pp, 75.70.—1

1. Introduction

Since the discovery of ferromagnetism in III-V diluted magnetic semicon-
ductors, InMnAs in 1992 [1] and GaMnAs in 1996 [2], with the maximum critical
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temperatures (7T¢) of 50 K and 110 K respectively, an increasing number of research
groups started to study magnetic and transport properties of these materials for
prototype spintronic devices. ITI-V diluted magnetic semiconductors are promis-
ing materials for new semiconductor spin devices since they are compatible with
IT1-V heterostructures and they offer the opportunity to study spin related phe-
nomena produced by hole mediated ordering of the local Mn spins via the sp—d
interaction of Ruderman-Kittel-Kasuya—Yoshida (RKKY). Interesting phenom-
ena have been found both in single layers and multilayer structures implement-
ing these magnetic semiconductors. Moreover, the temperature of paramagnetic
to ferromagnetic phase transition in GaMnAs has been significantly raised, up to
150-160 K due to the specific post-growth annealing procedures [3, 4]. In this work,
we focus on magnetotransport properties of GaMnAs thin layers (100-300 A) and
short period superlattices with GaMnAs or InGaMnAs in magnetic layers and
GaAs or InGaAs in non-magnetic spacers.

2. Results and discussion

The samples were grown by low temperature molecular beam epitaxy
(LTMBE) technique. The In composition in InGaAs superlattice spacers and
InGaMnAs magnetic layers was chosen to be equal to 50% while the Mn con-
centration was equal to 5.5% in GaMnAs single layers and 6% in the magnetic
layers of superlattice (SL) structures. The post-growth annealing known to in-
crease T, and hole concentrations in III-Mn—V magnetic semiconductors was not
used in this study. All the samples described here were not annealed intentionally
after the MBE growth process, however, due to the large number of repetitions
(200) used for SL structures, the time of the MBE growth process was 8-12 h, de-
pending on the structure. Growth rate of all the samples was the same and equal to
0.2 ML/s, in the case of SLs structures the growth interruptions at interfaces were
20-40 s long. This, as we have shown elsewhere [5] improves both magnetic (7¢)
and structural (intensities of X-ray diffraction Bragg satellite peaks) properties
of SLs.

The thin (150-300 A) GaMnAs single layers were covered by a 30 A thick
GaAs layer for protection against GaMnAs surface oxidation. Beside single
GaMnAs thin films, two types of superlattices were studied, differing in band
offsets between magnetic layers and non-magnetic spacers: GaMnAs/GaAs and
InGaMnAs/InGaAs SLs with very small band offsets between magnetic and non-
-magnetic layers, and GaMnAs/InGaAs SLs with magnetic layers as potential bar-
riers for carriers. Details of the epitaxial growth conditions of InGaMnAs/InGaAs
SLs as well as basic structural properties were described elsewhere [6].

Magnetotransport measurements were carried out using Hall bars produced
by UV lithography technique and chemical etching, with AuZn ohmic contacts.
The temperature dependence of resistivity was studied from 4 K to 300 K for both
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single layers and SL structures. In short period SL structures magnetoresistance
and Hall effect were investigated at magnetic fields up to 23 T and temperatures
from 4 K to 270 K. Previous magnetization measurements performed by SQUID
magnetometry show that all these samples present the paramagnetic to ferromag-
netic phase transition with 7. ranging from 10 K to 104 K depending on the
sample [6, 7].
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Fig. 1. Temperature dependence of the reduced resistivity (p — po)/po in
Gag.94s Mng.o55 As single layers: 100-150-200-300 A thick. po is the resistivity at 4 K.

In the first set of samples, we have studied the resistivity temperature depen-
dence of thin GaMnAs single layers with thicknesses of 100, 150, 200, and 300 A.
As shown in Fig. 1, the resistivity temperature dependence of those
GaMnAs single layers indicates Curie temperatures of 104 K, 102 K, 93 K, and
75 K respectively. The layers are on the metal side of the nonmetal-metal transi-
tion with a local maximum in resistivity at 7. [8]. These results are in agreement
with previous studies showing that 7. depends on the thickness of the sample. It
decreases with increasing the thickness [3, 7]. The second set of samples charac-
terized by magnetotransport measurements are GaMnAs/GaAs, GaMnAs/InGaAs
and InGaMnAs/InGaAs SL structures with very thin magnetic layers: 8 molecular
layers (ML) (23 A), and thin non-magnetic spacers (4-8 ML). The magnetic layers
thickness is below the thickness limit for ferromagnetism in a single GaMnAs layer
(= 5 nm) [7]. We detected the ferromagnetic transition in SLs with T: between
10 K and 65 K depending on the SL structure. Concerning the GaMnAs(8 ML)/
GaAs(8 ML)x200 SL, one can observe that it has the same Hall resistance and
resistivity behaviour as observed in a single GaMnAs layer. Anomalous Hall effect
at low temperature reveals the conventional ferromagnetic ordering (see the inset
in Fig. 2).
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Fig. 2. Temperature dependence of resistivity p of the Gag.osMng.osAs(8 ML)/
GaAs(8 ML) x 200 superlattice at zero magnetic field. At low magnetic field anomalous
Hall effect is preponderant (inset).

In general, the Hall resistance in ferromagnetic materials is described by the
following equation:

Ryan = %B + %M, (2.1)
where Ry is the ordinary Hall coefficient, R is the anomalous Hall coefficient, M
— the magnetization of the sample and d — the thickness of conductive layers.
From these measurements T¢ for GaMnAs(8 ML)/GaAs(8 ML) SL was estimated
to be near 60 K, using the Arrott plots. The resistivity measurements show the
same Tc. As shown in Fig. 2, this sample shows a semiconducting behaviour with
thermal activation below 7.

The second SL structure investigated is InGaMnAs(8 ML)/InGaAs(4 ML)
x 200 where previous SQUID magnetization measurements show a 7¢ close to 10 K
[6]. This sample was too resistive for Hall measurements at low temperatures.
Nevertheless, it exhibits an interesting feature near 200 K. The Hall resistance
shows a change of the Hall coefficient sign at low magnetic field (Fig. 3). This
behaviour was also observed in single InGaMnAs layers [9]. It has been suggested
[9] that the different sign of the Hall coefficient is probably due to the spin-related
scattering occurring above 7¢ at external magnetic field. If this argument is true
it 1s not clear why this effect was not observed in all the structures with high Mn
content.

The last SL structure investigated is GaMnAs(8 ML)/InGaAs(4 ML)x200,
with magnetic layers as potential barriers for carriers. Figure 4 presents the tem-
perature dependence of resistivity. It can be seen that in this structure the para-
magnetic to ferromagnetic transition which occurs at the Curie temperature (40 K)
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Fig. 3. Hall resistance measurements of (In, Ga)g.9a Mno.osAs(8 ML)/Ing s Gag.s As
(4 ML) x 200 SL. At high temperature (> 200 K) the Hall coefficient sign changes

at low magnetic field.
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Fig. 4. Temperature dependence of resistivity p of the superlattice
Gag.oa Mng o6 As(8 ML)/Ing.sGao.s As(4 ML) x 200 SL at zero field. The inset shows
the effect of magnetic field below T..

corresponds to an inflection point. This value i1s in good agreement with previous
magnetization measurements [6]. From anomalous Hall effect (Fig. 5) we have de-
duced the same value of 7t using an Arrott plot [10]. These results indicate that
the side-jump mechanism is responsible for the presence of the anomalous Hall
effect.
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Fig. 5. Hall resistance measurements of Gag.os Mng g6 As(8 ML)/Ing s Gag.s As(4 ML)
x 200 SL with temperature as a parameter. The inset shows the linear behaviour of Hall

resistance at high magnetic field, from which the hole concentration was calculated.

Assuming that magnetization of this sample at 20 K saturates at high mag-
netic fields; we have estimated Ry and deduced the hole concentration
(p = 9.1 x 10'® em™3). This is lower than the hole concentration in a single
GaMnAs layer (= 102° em~3). The reason for that could be simply explained by
the fact that the Mn doping i1s not present in the spacer layers. Moreover, at no
external magnetic field, a sharp increase in the electrical resistivity with decreasing
temperature occurs, and a bump is observed at 13 K. This feature indicates that a
new phase with another type of ordering appears. It is the first evidence, by trans-
port measurements of a new magnetic arrangement in SL structures. As predicted
by Jungwirth et al. [11] for GaMnAs/GaAs superlattices, the antiferromagnetic
alignment of adjacent magnetic layers may appear at this temperature.

A second explanation of this bump in the resistivity could be the Mn diffusion
in non-magnetic spacer with another ordering than the adjacent magnetic layers.
Another reason of the 13 K magnetoresistivity maximum could be related to the
confinement of carriers in non-magnetic spacers. Such a transition has not been
observed in single GaMnAs layers.

3. Conclusions

We have studied magnetic properties of different kind of GaMnAs and
InGaMnAs structures (single layers and superlattices) via resistivity and Hall mea-
surements. These structures present a low temperature ferromagnetic phase tran-
sitions with T¢ within the range of 10-104 K. Results for the GaMnAs/InGaAs SL,
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with magnetic layers as potential barriers for holes, evidenced a new phase tran-
sition at the temperature lower than T.. Further measurements such as neutron
reflectivity, transmission electron microscopy, or scanning tunneling microscopy are
needed to explain that. These complementary investigations will permit to detect
the possible diffusion of Mn atoms in non-magnetic spacers, and confirm/exclude
the possibility of antiferromagnetic interlayer coupling as the origin of this new
ordering.
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