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Room-temperature Magnetotransport in Degenerately Doped GaAs:(Mn,Be)
by Virtue of the Embedded Ferromagnetic Clusters
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Magnetotransport is a prerequisite to realization of electronic operation of spintronic devices and it would be
more useful if realized at room temperature. The effects of Be codoping on GaMnAs on magnetotransport were
investigated. Mn flux was varied for growth of precipitated GaMnAs layers under a Be flux for degenerate
doping via low-temperature molecular beam epitaxy. Magnetotransport as well as ferromagnetism at room
temperature were realized in the precipitated GaAs:(Mn,Be) layers. Codoping of Be was shown to promote for-
mation of MnGa clusters, and annealing process further stabilized the cluster phases. The room-temperature
magnetic properties of the layers originate from the ferromagnetic clusters of MnGa and MnAs embedded in -
GaAs. The degenerately doped metallic GaAs matrix allowed the visualization of the magnetotransport

through anomalous Hall effect.
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1. Introduction

II-V ferromagnetic semiconductor has attracted great
attention due to potential application to spintronics since a
successful demonstration of spin injection from ferromag-
netic GaMnAs into semiconductor [1]. GaMnAs is the
most intensively explored III-V ferromagnetic semicon-
ductor by Ohno group [2-5] and others [6-8]. According
to the theory by Dietl ef al. [9], the Curie temperature
(Tc) of magnetic semiconductors can be enhanced with
higher incorporation of magnetic element and accom-
panying high carrier concentration. Low-temperature
molecular beam epitaxy (MBE) technique has been
successful for GaMnAs growth, but the maximum Tc was
limited to ~110 K at ~5% Mn. Higher Mn incorporations
produced MnAs precipitates, and which has lowered the
Curie temperature. Recently, it was shown that Be
codoping on GaMnAs affects Tc [10, 11]. In those
studies, while the Be-codoping effect on Tc enhancement
was controversial, the discussion was on the solid
solution type GaMnAs structures.

In the meantime, the authors have shown that another
III-V system of GaMnN reveals room temperature ferro-
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magnetism in the structures grown by MBE using a single
GaN precursor. A metallic GaMnN layer revealed a
room-temperature magnetotransport, and which was
realized through the segregation of highly conductive
paramagnetic Mn;GaN phase [12]. In the subsequent
attempt to co-dope Mg into the matrix of GaMnN solid
solution [13, 14], a dramatic enhancement in the saturation
magnetization was realized, but magnetotransport pheno-
mena could not be observed probably because of the far
high resistance of the matrix with respect to the magne-
toresistance effect. Both results suggest the importance of
degenerate doping for observation of magnetotransport
because the relatively small magnetotransport component
may be easily buried under the high resistivity of the
matrix. Detection of spin transport is crucial and pre-
requisite for electronically operating spin injection devices,
particularly at room temperature from the economical
point of view. In this study, we report an investigation of
degenerately Be-codoped metallic GaMnAs layers pur-
suing room temperature magnetotransport. Ferromagnetic
clusters embedded in highly conductive layer were shown
to reveal magnetotransport.

2. Experiment

GaAs:Mn and GaAs:(Mn,Be) films were grown on
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semi-insulating GaAs (100) substrates via solid-source
MBE. The background pressure with flowing liquid
nitrogen was at low 107" torr ranges. The substrates were
firstly deoxidized at ~610 °C, and then ~300 nm thick
GaAs buffer layer was grown at 580 °C at a growth rate
of 0.5 gm/hr. The substrate temperature was then lowered
to ~300°C under arsenic flux for low-temperature
growths of GaAs:Be, GaAs:Mn, and GaAs:(Mn,Be). The
growth rate was also reduced down to 0.25 mm/hr. The
employed As, pressure was ~1.4 x 107 torr. The detail of
the MBE growth is described in Ref. 15. The Be flux was
fixed at Tg.=1250 °C for metallic resistivity of the
layers. The Mn cell temperature was varied for the
growths of GaAs:Mn and GaAs:(Mn,Be) layers in the
range of 850~910 °C, which covers the flux transition
from homogeneous to precipitated GaMnAs layers. The
GaAs:Mn and GaAs:(Mn,Be) layers will be called M-
and BM-series, respectively, and each sample in each
series is distinguished by the Mn cell temperatures.

The atomic concentration of Mn was measured by
electron probe x-ray microanalysis (EPMA). The electrical
and magnetic properties were investigated by temperature
dependent resistivity measurement on van der Pauw
geometry and superconducting quantum interference
device (SQUID). The heat treatments of the structures at
900 °C for 30 sec using rapid thermal annealing in Ar
ambient were also carried out, and their effects on the
properties were examined.

3. Results and Discussion

DCXRD analysis shows the shoulder peak correspond-
ing to the solid solution GaMnAs disappears as the
second phases such as MnAs begins to form at high Mn
incorporation [15, 16]. In the M-series, GaMnAs solid
solution could form till the Mn flux for Ty,=890 °C as
revealed by the shoulder peak at GaAs (004), but the Mn-
related precipitates as well has begun to form at this Mn
flux. Therefore, the Ty,=890 °C is the critical Mn cell
temperature for precipitation in the M-series. On the other
hand, when the Mn flux was varied under the given flux
of Be (Tp~=1250 °C), the shoulder peaks are not seen at
all the Mn flux (Ty,=850~910 °C). This suggests that Be
flux accelerates segregation of the precipitates, parti-
cularly Mn,Ga, as will be seen. Some Mn-related peaks
also appeared over Ty;=890 °C, as also occurred in the
M-series, but it was difficult to index each XRD peak
uniquely to a precipitate. Nevertheless, they can be
assigned to Mn, Mn,Ga, MnyAs, etc. when assisted by the
temperature dependent saturation magnetization (Ms)
measurements. When the samples were annealed, peaks
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Fig. 1. (a) Temperature dependent resistivities of GaAs:Be,
GaAs:Mn, and GaAs:(Mn,Be) layers and (b) room temperature
resistivities of GaAs:Mn, and GaAs:(Mn,Be) layers grown

with various Mn fluxes.

for the Mn phase have disappeared indicating that the Mn
cluster is unstable at high temperature. It was shown that
the interstitial Mn atoms are unstable at high temperature
and relocate in GaAs lattice [11].

The temperature dependent resistivity measurements
and the change of room temperature resistivity with
varying Mn flux are shown in Fig. 1(a) and 1(b), respec-
tively. The M-series layers showed the curves of semi-
conducting behavior with bumps indicating Tc. The
resistivity is the lowest for Ty,=890 °C and the rise for
Tmn=910 °C is due to MnAs precipitation [5]. On the
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Table 1. Summary of the Hall-effect measurements.

-105-

As-grown Annealed
TBe TMn
¢C) ©0) 0 P 2 P P Iz
(107 Qr-cm) (10"%cm’) (em?/V's) (10° Qr-cm) (10"%cm?) (cm*/V+s)
1250 870 1.6 28.0 13.8 16 19.5 19.6
1250 890 2.1 18.8 16.0 1.7 123 294
1250 910 2.7 25.6 9.1 31 14.1 14.1
- 870 10.8 6.5 8.9 192 0.5 6.4
- 890 73 10.7 79 149 0.5 92
- 910 33.6 44 42 139 0.3 176
1250 - 0.9 39.2 169 1.0 31.0 20.6

other hand, all the BM-series layers revealed metallic
behavior as intended due to a degenerate codoping of Be.
Recall that the metallic nature of magnetic semi-
conductors is a practical prerequisite for observation of
magnetotransport [12]. For example, the semiconducting
layer M910 (GaAs:Mn grown at Ty,,=910 °C) revealed a
finite Ms from MnAs clusters, but clear magnetotransport
could not be detected because of the high sheet resistance
in comparison with the magnetoresistance. No clear
bumps related with ferromagnetic transition could be seen
at low temperatures in the BM-series exhibiting the
absence of the ferromagnetic solid solution phase of
GaMnAs. Instead, MnAs and MnGa precipitation was
accelerated by the degenerate doping of Be as will be
shown.

Hall-effect measurement results are summarized in
Table 1. When the Hall-effect data of BM-series were
compared with those of M-series, the mobility values
were higher even at higher concentrations manifesting the
superiority of Be as dopant over Mn. The hole concen-
tration from Mn and Be in the codoped layers, however,
was smaller than that in GaAs:Mn and GaAs:Be layer,
respectively, due to competition for the incorporation
during the growth. Actually the concentrations of Mn for
the M-series samples were 0.82, 1.13, and 2.04 at% for
M870, M890, and M910, respectively. The Mn concen-
trations have decreased with Be codoping to 0.23, 1.14,
and 0.96 at% for BM870, BM890, and BM910, respec-
tively. The anomaly in BM&90 is not clear at present, but
indicates a competition between Mn and Be for incorpo-
ration into the GaAs matrix during the growth. Therefore,
the decreasing conductivity in the BM-series with respect
to GaAs:Be (Table 1) is induced by the reduced
incorporation of Be of high mobility along with the
addition of Mn of low mobility as well as by the
precipitates.

Thermal annealing of the layers was carried out to
investigate the thermal stability of the precipitates [Fig.

1(b)]. While the film resistivity has increased upon
annealing by about an order of magnitude in the M-series,
the change was small in the BM-series. The resistivity is
given by l/p=qup, where p is the resistivity, q the
electron charge, p the mobility, and p the hole carrier
concentration. The hole concentration was decreased for
both series, which are caused by Mn dopant segregation
out of the GaAs matrix. This was also proved by XRD
patterns. However, the segregation and subsequent preci-
pitate formation (as observed by Ms changes) degraded
the carrier mobility in the M-series, but the hole carriers
dominated by Be rather enhanced the film mobility in the
BM-series. While Be is thermally stable in GaAs [17],
Mn atoms are unstable and redistributes to form clusters
of Mn and/or MnAs in GaMnAs [11, 18]. When the
electrical and magnetization properties are analyzed in
connection, the degradation of film conductivity by
MnyAs is more severe than by MnyGa. This will be
discussed elsewhere.

The Ms of the M- and BM-series measured by SQUID
at 2 T with varying temperature is summarized in Fig. 2.
The Ms comes from ferromagnetic MnAs and MnGa
precipitates at least at T > ~80 K. Tc of MnAs and Mn,Ga
are ~310 K and higher than 600 K, respectively [19].
Although M890 and BMS890 contain similar Mn
concentrations (~1.1 at%), the temperature dependent Ms
behavior is very different. While the negligibly small Ms
value in M890 near room temperature is due to the
nonmagnetic clusters of Mn, the flat Ms at low
temperatures and dropping near 300 K in BM&90 results
from both MnAs and MnGa precipitates. The quantum
theory [20] assuming two magnetic phases in the layer,
MnAs (assuming J = 5/2) and MnGa, shows an excellent
fit (solid curve). The determined Ms are 19.0 and 10.8
emu/cm’ for MnAs and MnGa, respectively. It is not clear
why BM910 grown at higher Mn flux shows a Ms curve
dominantly of MnAs. In the meantime, the solid line for
BM910 is a fitting via the quantum theory arbitrarily
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Fig. 2. Magnetization of GaAs:(Mn,Be) layers compared with
one of GaAs:Mn layers. Theoretical fits are shown with solid
curves.

using J=1/2 for MnAs clusters. The quantum theory
using J = 5/2 or the mean field theory showed poorer fits
(not shown). The poorer fit with J=5/2 most probably
comes from the neglect of the finite amount of the
existing MnGa phase in the layer.

At very high Mn flux, MnAs clusters could form
without the assistance of Be as shown with M910, but
MnGa phase did not form in the M-series. However, all
the BM-series layers contain a finite amount of Mn,Ga
clusters in the as-grown state as shown in Fig. 2 and
above analysis. The formation of MnGa precipitates by
Be codoping can be observed even at very low Mn
concentration (~0.2 at% for BM850). It was shown that
the strain related with Be incorporation plays a role in
stabilizing defects. The effect becomes larger in the layers
grown at low temperature [17]. Thus, Be atoms provide a
circumstance favorable to MnGa phase formation. The
comparison between M- and BM-series suggests that Be
codoping drive Mn atoms towards the formation of
Mn,Ga clusters. In the meantime, the study of thermal
annealing showed that MnGa is thermally more stable
than MnAs. Namely, MnGa phase has been more upon
annealing, but MnAs phase has often decomposed.
Finally, in the BM-series, Ms increases with Mn flux, but
the conductivity rather decreases. Therefore, the ferro-
magnetism results from the ferromagnetic clusters rather
than the carrier mediation enhanced by the high Be
concentration. However, the highly doped GaAs matrix
plays an important role in exposing the spin transport
property of the clusters.

Anomalous Hall effect is a direct evidence of magneto-
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Fig. 3. (a) Hall resistance vs. magnetic field curve showing the
anomalous Hall effect and (b) magnetization vs. magnetic field
curve of the sample BM910 measured at room temperature.

transport in a structure. The anomalous Hall resistances
measured on the BM-series of van der Pauw geometry are
shown in Fig. 3(a). Only BM890 and BM910 having
segregates revealed magnetotransport at room temper-
ature. The Hall resistance of a magnetic film can be
expressed by Ryu = R,B+RsM, where R, is the ordinary
Hall coefficient, Rg the anomalous Hall coefficient, and ¢
the thickness [21]. For the film in the figure, however,
magnetic precipitates are distributed in a nonmagnetic
matrix and form only a part of the film. Namely, R,
results from the nonmagnetic matrix and the magnetic
precipitates, but Rg results only from the precipitates. The
thickness is irrelevant to the precipitates. Therefore, the
equation cannot be used to derive the characteristic
parameters of the magnetic precipitates. The anomalous
term from the precipitates was 0.019 ohm and is ~0.05%
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of the film resistance, ~37.13 ohm. The hysteresis in the
Hall resistance showed the coercivity of ~80 Oe for the
precipiates. The magnetization curve at room temperature
is shown in Fig. 3(b). It reveals the saturation magneti-
zation of ~6 emu/cc. Saturations occurring at ~600 Oe
can be seen in both figures. The BM-series with low Mn
flux as well as all the M-series did not reveal the
magnetotransport phenomena because the effect is small
and should be buried in the resistance of the matrix under
the sensitivity of the measurements.

Magnetotransport is a prerequisite to realization of
electronic spin injection devices and it would be more
useful if realized at room temperature. Since the solid
solution GaMnAs is limited at ~110 K for Tec and MnAs
clusters degrade the film conductivity, the observation of
magnetotransport with the solid solution system may be
hardly realizable. Instead, we showed that the magneto-
transport of the embedded clusters of MnAs and/or MnGa
could emerge through a degenerately Be doped GaAs
matrix. Furthermore, the Be doping improves stabilization
of the MnGa clusters. When one controls the size of the
clusters, a magnetoresistance structure may be realized
while maintaining the magnetic semiconductor structures.

4. Conclusions

The magnetotransport in GaMnAs system was realized
at room temperature via formation of 1) ferromagnetic
clusters whose Curie temperatures are above room
temperature and 2) degenerately Be doped GaAs matrix
through which the spin property can be conveyed out.
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