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We report on a detailed study of the magnetic, electrical, and structural properties of the quaternary ferro-
magnetic semiconductor �Al,Ga,Mn�As. We investigate films with Al concentration y varying from 0.05 to 1,
with a fixed total Mn density. The ferromagnetic transition temperature Tc decreases with increasing Al
concentration, with no ferromagnetism observed at y=0.5 and y=0.75 for as-grown and annealed films,
respectively. Detailed measurements identify three mechanisms giving rise to a suppression of Tc on alloying
with Al: an increased tendency for Mn to occupy compensating interstitial sites, an increased stability of
interstitials against annealing, and an increased localization of carriers. These studies serve as a test of the
validity of theories of ferromagnetism in III-V semiconductors across different chemical compositions and
represent a starting point for the development of new GaAs/�Al,Ga�As ferromagnetic heterostructures.
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I. INTRODUCTION

The realization of ferromagnetism in III-V semiconduc-
tors by doping with Mn has led to the development of a new
generation of electronic devices, based on tried-and-tested
GaAs/�Al,Ga�As structures but also utilizing the spin degree
of freedom.1 In most such cases, Mn is incorporated in the
GaAs layers, while the �Al,Ga�As layers serve as tunnel bar-
riers. There is much less work on Mn doping of �Al,Ga�As.
Early studies indicated that the incorporation of Al sup-
presses the ferromagnetic transition temperature Tc in ars-
enide ferromagnetic semiconductors, with Tc of only 40 K
obtained in Al0.17Ga0.78Mn0.05As �Ref. 2� �compared to val-
ues exceeding 170 K in �Ga,Mn�As �Ref. 3�� and no ferro-
magnetic ordering observed for Al0.96Mn0.04As �Ref. 4�.
However, the Tc in these systems is strongly dependent on
the density of substitutional Mn moments as well as un-
wanted compensating defects, so that the effects of chemical
composition on the ferromagnetism can be fully elucidated
only through detailed materials characterization.

Ferromagnetism in III-V semiconductors is reliant on the
acceptor nature of the substitutional Mn ions. The resulting
holes mediate the ferromagnetic order between the localized
Mn 3d spins, and the range of the Mn-Mn interaction is de-
termined by the degree to which the carriers are extended or
localized.5 There is much interest in identifying and under-
standing trends across the III-V family. The highest Tc are
observed for �Ga,Mn�As. Although the details of the elec-
tronic structure of this material remain somewhat
controversial,6,7 it may be expected that the relatively shal-
low Mn level introduces delocalized holes into the valence
band.3,5,7–9The narrower-band-gapped materials �In,Mn�As
and �Ga,Mn�Sb display magnetic and dc transport properties
similar to those of �Ga,Mn�As but with a lower Tc due to
weaker p-d hybridization.9 In contrast, for the wider-band-
gapped GaN, Mn is a deep acceptor. The resulting holes are
strongly localized around the Mn ions, and the resulting Tc is
very low �typically less than 10 K �Refs. 10 and 11��. Mn-
doped GaP appears to be an intermediate case, in which fer-

romagnetism with Tc�60 K is observed together with insu-
lating behavior and a gap in the photoconductivity spectrum,
suggesting that the magnetic order in this system is mediated
by holes with rather localized impurity-band-like character.12

Recently, a detailed theoretical investigation of hole-
mediated ferromagnetism in both �Al,Ga,Mn�As and
�Ga,Mn��As,P� was reported by Masek et al.13 The advan-
tage of studying this combination is that AlAs and GaP have
similar band offsets �and thus acceptor level positions� rela-
tive to GaAs but quite different lattice constants. Studies
across this composition therefore allow a disentangling of
the effects of these two parameters on the strength and range
of the Mn-Mn interaction. From these calculations it was
inferred that alloying with Al should affect Tc only weakly,
while a sizable enhancement was predicted on alloying with
P. In order to understand the validity of the assumptions un-
derlying these �and other� predictions, it is essential to deter-
mine the range of applicability of the delocalized-hole pic-
ture as the band offset is increased from the GaAs case to the
wider-gapped materials for well-controlled chemical compo-
sitions and minimal numbers of unintentional impurities and
defects. This requirement has motivated the present work, in
which we determine the properties of a set of �Al,Ga,Mn�As
films with a wide range of Al concentrations.

The most important compensating defects in �Ga,Mn�As
are Mn interstitial ions �MnI�, which are double donors.14

High concentrations of MnI can lead to substantial reductions
in carrier density, magnetic moment per Mn ion, and Tc. It
has been shown that MnI are rather mobile in �Ga,Mn�As and
can diffuse out of the material on annealing in air at rela-
tively low temperatures, comparable to the growth tempera-
ture ��200 °C�.15–18 This is a crucial step for obtaining
�Ga,Mn�As films with the highest Tc ��150–180 K�.3,19

Ab initio calculations of the formation energy of MnI indicate
that its concentration in a quaternary system such as
�Al,Ga,Mn�As may be strongly affected by the
composition.13 In the following, we denote the composition
of the layers under study as �AlyGa1−x−yMnx�MnzAs, where z
represents the concentration of MnI per formula unit.
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II. SAMPLE PREPARATION

The �Al,Ga,Mn�As films with various Al contents were
grown on GaAs buffer layers on GaAs�001� substrates using
low-temperature molecular-beam epitaxy. In situ reflection
high-energy electron-diffraction �RHEED� measurements
showed that the films remained two dimensional throughout
the growth. During growth, the ratio of Mn to �Ga/Al� fluxes
was set at a constant level corresponding to a nominal Mn
concentration �x+z� of 0.06. The Mn-doped layer thickness
was 25 nm in each case. For layers with �30% Al, the films
were capped with 20 nm of As, deposited at room tempera-
ture, to act as a barrier against oxidation. In addition, layers
with 10% and 30% Al were grown both with and without an
As cap to investigate whether the cap influences the proper-
ties of the magnetic layer. We found that the Curie tempera-
ture before and after annealing was not affected by the pres-
ence of the As cap. However the total moment was slightly
higher in the capped films, consistent with the presence of a
1 nm oxidized layer at the surface of the uncapped wafer.
After growth, the films were cleaved into pieces for measure-
ments using x-ray diffraction �XRD�, channeling Rutherford
backscattering �c-RBS� and particle-induced x-ray emission
�c-PIXE�, superconducting quantum interference device
�SQUID� magnetometry, and electrical transport. After each
measurement, the pieces were annealed in air at 190 °C for
24 or 48 h, and the measurements were repeated on the an-
nealed films.

III. RESULTS

The magnetic properties of the samples were determined
using a Quantum Design SQUID magnetometer. The Tc was
obtained from measurements of the remnant magnetization

along the in-plane �110� and �1̄10� and out-of-plane �001�
axes versus increasing temperature after cooling down to 2 K
in a 1000 Oe magnetic field. The results are shown in Fig.
1�a�. For both as-grown and annealed samples, the Tc de-
creases with increasing Al concentration y. No remanence
was observed for annealed films with y=0.75 or higher or for
the as-grown film with y=0.5. We also find that as the Al
concentration initially increases, the effect of increasing the
anneal time from 24 to 48 h becomes substantially more
pronounced. Figure 1�b� shows the difference �Tc between
as-grown and annealed films. �Tc rises to a peak at y=0.2.

The easy axis of the as-grown films with y=0.2 or 0.3 is
found to lie perpendicular to the plane. This is consistent
with previous studies of �Al,Ga,Mn�As �Ref. 2� as well as
insulating �Ga,Mn�As �Ref. 20�. For as-grown films with
smaller y as well as annealed films with y�0.5, the easy
axis is found to lie in the plane, as is typical for metallic
�Ga,Mn�As films under compressive strain.20

Figure 2 shows resistivity versus temperature measure-
ments obtained from Hall bars patterned from the uncapped
�Al,Ga,Mn�As films. The observed transport properties are
characteristic of �Ga,Mn�As materials on either side of the
metal-insulator transition �MIT�.21 The resistivity and ten-
dency toward insulating behavior increase with increasing Al
concentration and decrease on annealing. For the metallic

films �annealed films with y�0.2 and as-grown films with
y�0.05�, the resistivity shows a sharp drop as the tempera-
ture is decreased below Tc, and the resistivity is finite at low
temperatures. The as-grown films with y�0.2 show insulat-
ing behavior with the resistivity strongly diverging at low
temperatures. The as-grown film with y=0.1 and the an-
nealed film with y=0.3 are close to the MIT.

High-resolution XRD measurements were obtained using
a Philips X’Pert Materials Research diffractometer. �−2�
measurements of the as-grown and 48 h annealed
�Al,Ga,Mn�As samples, extracted from reciprocal space
maps at the GaAs�004� peak, are shown in Fig. 3. The broad
peak marked with the dashed line corresponds to the thin
�Al,Ga,Mn�As film and shows a clear shift with increasing
Al content and on annealing. These measurements confirm
that the Mn-doped layers are under compressive strain. Also,
the data are well-described by fits obtained using the Philips
SMOOTHFIT software package, with the composition and film
thickness as fitting parameters, indicating the high structural
quality of the layers. For most of the films the thickness
extracted from the fits is in good agreement with the value of
25 nm estimated from the growth �to within �2 nm�. The
exception is the �Al,Mn�As film, which appears to be signifi-
cantly thinner ��17 nm� as grown and is barely measurable
after annealing. This indicates that the �Al,Mn�As film is
highly sensitive to oxidation, even with an As capping layer.

The relaxed lattice constants extracted from the fits are
shown in Fig. 4. In both as-grown and annealed sets, the
lattice constant has a strong and nonlinear dependence on the
Al concentration. The lattice constant is reduced in the an-
nealed films, consistent with an out-diffusion of interstitial
Mn.15,22

The expansion of the lattice constant shown in Fig. 4 may
be partially ascribed to the substitutional incorporation of Al,
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FIG. 1. �Color online� �a� Curie temperature obtained from re-
manence measurements versus Al concentration for as-grown films
�triangles� and after annealing at 190 °C for 24 h �squares� and 48
h �circles�. �b� Maximum changes on annealing in Tc �filled sym-
bols, left axis� and relaxed lattice constant �open symbols, right
axis�.
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due to the larger lattice constant of AlAs compared to GaAs.
This effect can be accounted for using Vegard’s law, a
=yaAlAs+ �1−y�aGaAs+�, where aAlAs=5.661 82 Å and
aGaAs=5.653 68 Å are the lattice constants of AlAs and
GaAs, respectively, and the offset � is determined by the
concentrations of substitutional and interstitial Mn as well as
other defects.23,24 The expected influence of substitutional Al
is shown by the dashed lines in Fig. 4, where � is fixed at the
value required to reproduce the experimental lattice con-
stants of the as-grown and annealed �Ga,Mn�As films. De-
viations from these lines indicate a change in the concentra-
tion and/or influence on the lattice of MnI or other defects.
�Note that deviations from Vegard’s law for AlAs-GaAs
alloys25 are much smaller than the observed deviations for
the �Al,Ga,Mn�As films.�

In the as-grown films, the lattice constant increases
sharply initially before following the Vegard’s law slope for
y=0.2–0.5 and decreases at higher Al concentrations. In the
annealed films the lattice constant follows the Vegard’s law
expectation up to y=0.1, before increasing sharply up to y
=0.5. The change in lattice constant on annealing, shown in
Fig. 1�b�, behaves similarly to �Tc, with the maximum

change at around y=0.1–0.2 and a negligible change at y
=0.75.

The locations of the Mn sites in As-capped films with y
=0.1, 0.3, 0.5, and 0.75, as well as an uncapped �Ga,Mn�As
film, were studied using ion channeling methods.17 The sub-
stitutional, interstitial, and random Mn fractions, extracted
from the normalized c-PIXE and c-RBS yields as a function
of the tilt angle around the channeling axis, are shown in Fig.
5. The channeling measurements indicate that in the as-
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FIG. 2. Resistivity versus temperature for �Al,Ga,Mn�As films
�a� as grown and �b� annealed. The Al concentration y correspond-
ing to each curve is displayed in the figure. The inset of �a� shows
1 /	 on a logarithmic scale versus T−1/3 for y=0.2 and 0.3.
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FIG. 3. X-ray-diffraction �−2� scans for the 25-nm-thick
�Al,Ga,Mn�As films. The lines are experimental data, the points are
fits, and the dashed lines indicate the 004 peak corresponding to the
film. The curves are offset in order of increasing Al concentration y,
indicated by the numbers shown to the right of the figure.
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FIG. 4. �Color online� Relaxed lattice constants versus Al con-
centration. The filled symbols are for as-grown films and the open
symbols are for annealed films. The dashed lines indicate the ex-
pected expansion of the lattice on Al incorporation according to
Vegard’s law, assuming a fixed offset due to the incorporation of
Mn.
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grown films, around 10%–15% of the Mn is located on in-
terstitial sites. Consistent with expectations, the effect of an-
nealing is to increase the concentration of randomly located
Mn ions at the expense of the interstitial fraction, while the
substitutional fraction is not significantly changed. Although
c-PIXE measurements do not give depth sensitivity, it is
likely that the random Mn sites are located at the surface, due
to reaction between out-diffused interstitial ions and the As
cap.18,26

The results in Fig. 5 show that the interstitials are largely
removed by annealing for low Al concentrations but are
barely affected at high Al concentrations. This is consistent
with the XRD results, which show that the change in lattice
constant on annealing decreases with increasing Al concen-
tration, indicating increasing stability of the interstitial Mn.

IV. DISCUSSION

From the results presented in Sec. III, we identify three
factors which may give rise to the observed decrease in Tc
with increasing Al concentration:

�1� Increase in interstitial Mn concentration. MnI are
highly detrimental to ferromagnetism in �Ga,Mn�As due to
compensation of both valence-band holes and available local
moments.3,14,18 The rapid initial increase in the lattice con-
stant on alloying with Al indicates an increased tendency for
interstitials to occur. References 23 and 22 give theoretical
and experimental estimates of the expansion of the lattice
constant due to Mn interstitials as 1.05z Å and
�0.6�0.2�z Å, respectively. The observed expansion of the
lattice on going from y=0 to y=0.1 in the as-grown films
�Fig. 4� would therefore correspond to an increase in the MnI
concentration per formula unit of �z�0.002. This is consis-
tent with the results of the ion channeling measurements
within the experimental uncertainty. The increase in the MnI
concentration will result in increased compensation and thus
reduced Tc in the as-grown �Al,Ga,Mn�As films. However, if
the interstitials are efficiently removed by annealing, then
recovery of Tc should be possible. This is consistent with the
behavior observed at low Al concentration �y�0.1�, where

the Tc is significantly suppressed in the as-grown films but is
only weakly dependent on y after annealing.

�2� Increase in the stability of interstitial Mn against out-
diffusion. This is clearly demonstrated by the c-PIXE results,
which show that annealing has little effect on the interstitial
fraction for Al concentrations of 0.5 or more �Fig. 5�. This is
also consistent with the XRD measurements �Fig. 4� and the
dependence of Tc on anneal time �Fig. 1�a��. As a conse-
quence, the high compensation at high Al concentrations is
not reduced by annealing. This will contribute to the low Tc
observed for large y. The increased stability may be related
to the increasing ionicity of �Al,Ga�As alloys with increasing
Al concentration, leading to deeper energy minima at the
interstitial sites.

�3� Localization. The localized levels of transition metal
ions in semiconductor alloys are pinned to an internal refer-
ence level or neutrality level, which is determined by the
valence-band offset.27,28 With increasing Al concentration,
the valence-band offset increases, so that the Mn impurity
level moves deeper into the band gap and the holes become
localized around the Mn ions. This is consistent with the
transition from metallic to insulating behavior observed with
increasing y �Fig. 2�. A crude estimate of the critical concen-
tration Ncrit of uncompensated impurities at which the metal-
insulator transition occurs can be obtained by comparing the
effective Bohr radius, aB= �
2 /2m�Ea0�1/2, of an isolated ac-
ceptor with binding energy Ea0 �=0.11 eV for Mn in GaAs�,
to the average impurity spacing �Ncrit

−1/3 �Ref. 7�. Figure 6
shows the value of Ncrit estimated from this simple picture as
a function of Al concentration, using Ea0= �0.11
+0.45y� eV �reflecting the known binding energy in GaAs
and valence-band offset in AlyGa1−yAs alloys�. The values
are scaled to yield the critical concentration of �2
�1020 cm−3 obtained for �Ga,Mn�As films.8,29 The points in
Fig. 6 are the densities of uncompensated acceptors in the
studied films, estimated using N=x−2z, where x and z are
the substitutional and interstitial Mn concentrations obtained
from the c-PIXE measurements. This simple model repro-
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FIG. 5. �Color online� Fractions of Mn at substitutional �tri-
angles�, interstitial �circles�, and random �squares� locations, as ob-
tained from ion channeling measurements, as a function of the Al
concentration y. The filled symbols are for the as-grown films and
the open symbols are for after annealing.

��� ��� ��� ��� ��� ���
�

�

��

��

��

��

��	�


��
����

�����
���

�
��
��
�
��

��
�

�� ������
	
��� �

FIG. 6. Density of uncompensated acceptors, estimated from ion
channeling measurements for as-grown �filled symbols� and an-
nealed �open symbols� thin films, versus Al concentration. The solid
line indicates the critical acceptor concentration separating metallic
and insulating films, predicted by a simple model which accounts
for the valence-band offset in GaAs-AlAs alloys.
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duces the observed metallic behavior for y�0.1 and the
crossover from insulating to metallic behavior on annealing
at y=0.3. None of the samples shows an activated form for
the resistivity as a function of temperature. The as-grown
samples with 20% and 30% Al show characteristics of hop-
ping conduction. �See the inset of Fig. 2�a�, illustrating the
linear form of 1 /	 vs 1 /T1/3. The gradient changes at around
Tc.� This is consistent with the interpretation of carriers be-
coming localized for these Al concentrations. The strong lo-
calization of holes in the insulating regime means that
carrier-mediated exchange interactions are very short ranged.
As a result, the Tc is very low at high Al concentrations.

V. SUMMARY AND OUTLOOK

Our results indicate that Tc decreases on alloying
�Ga,Mn�As with Al and that the decrease is at least partially
attributable to a compositional dependence of the density
and stability of compensating donors. Incorporating a small
���20%� concentration of Al appears to result in an in-
crease of the fraction of the incorporated Mn occupying in-
terstitial sites, where they are detrimental to the ferromag-
netic order.14 For higher Al concentrations, the interstitial
fraction does not show a further increase. However, the in-
terstitial Mn becomes stable against annealing at 190 °C,
where out-diffusion occurs in �Ga,Mn�As �Ref. 18�. There-
fore, the interstitials cannot be efficiently removed from the
lattice, and compensation remains high in the annealed
samples with high Al concentration.

The results for annealed films with low Al concentration
���10%� are in qualitative agreement with the calculations
presented in Ref. 13, with Tc decreasing only slightly with
increasing Al. In these films, MnI are effectively removed by
the low-temperature annealing process, and the remaining
compensation is small. In the other investigated films, Tc
decreases substantially as the Al concentration is increased.
This may indicate that localization becomes increasingly im-
portant as the Al concentration is increased above 0.1–0.2,
which would limit the validity of the model used in Ref. 13.
However, it should be noted that there is significant compen-
sation in the as-grown samples as well as annealed samples
with y�0.3. If the hole concentration in these materials
could be increased, by either increasing the substitutional Mn
density or removing the unwanted compensating defects,
then it may be possible to move toward the regime of metal-
lic conduction in which the delocalized-hole picture may be
appropriate.
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