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We describe a systematic study of the synthesis, microstructure, and magnetization of hybrid ferromagnet-
semiconductor nanomaterials comprised of MnAs nanoclusters embedded in a p-doped GaAs matrix. These
samples are created during the in situ annealing of Be-doped (Ga,Mn)As heterostructures grown by molecular
beam epitaxy. Transmission electron microscopy and magnetometry studies reveal two distinct classes of
nanoclustered samples whose structural and magnetic properties depend on the Mn content of the initial
(Ga,Mn)As layer. For Mn content in the range 5–7.5%, annealing creates a superparamagnetic material with
a uniform distribution of small clusters (diameter ∼6 nm) and with a low blocking temperature (TB ∼ 10 K).
While transmission electron microscopy cannot definitively identify the composition and crystalline phase of
these small clusters, our experimental data suggest that they may be comprised of either zinc-blende MnAs or
Mn-rich regions of (Ga,Mn)As. At higher Mn content (�8%), we find that annealing results in an inhomogeneous
distribution of both small clusters as well as much larger NiAs-phase MnAs clusters (diameter ∼ 25 nm). These
samples also exhibit supermagnetism, albeit with substantially larger magnetic moments and coercive fields, and
blocking temperatures well above room temperature.
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I. INTRODUCTION

Integrating ferromagnetism with semiconductors is a cen-
tral theme in semiconductor spintronics as it provides a
potential route toward spin-based semiconductor devices.1

Significant effort has been invested in this context in under-
standing and improving the properties of the ferromagnetic
semiconductor (Ga,Mn)As.2,3 Despite remarkable advances
in recent years that include an enhancement of the Curie tem-
perature to about 195 K4 as well as the demonstration of novel
functionality such as electrically modulated magnetization,5

the technological potential of (Ga,Mn)As still remains elusive.
However, the material provides an excellent model system
for testing new semiconductor spintronic device concepts.6–8

Many researchers have undertaken a parallel search for
alternative ferromagnetic semiconductors with a high TC,3 but
this has been stymied by a lack of materials with significant
remanent magnetization under ambient conditions. Yet another
approach to integrating ferromagnetism with semiconductors
involves “hybrid” materials that combine phase-separated
metallic ferromagnets with a semiconductor “host.”3,9,10 Such
materials could hypothetically take advantage of a higher
TC within regions of above-room-temperature ferromagnetic
metals dispersed throughout an electrically controllable semi-
conductor.

One such candidate material consists of MnAs nanoclusters
embedded inside a GaAs host matrix.11 Though long regarded
as an impediment to achieving carrier-controlled ferromag-
netism in homogeneous (Ga,Mn)As, interest in this clustered
MnAs:GaAs system has been resurrected because of recent
demonstrations of novel semiconductor spintronic devices
that utilize spin-dependent interactions between carriers in
extended states of the host semiconductor and vicinal MnAs
nanostructures.12,13

In this paper, we focus on developing a hybrid mate-
rial wherein MnAs clusters are embedded in a conducting
p-doped GaAs host lattice. The eventual goal is to realize a
hybrid system wherein itinerant charge carriers in a doped

semiconductor interact with a distribution of nanoscale
ferromagnets producing useful magnetoelectronic effects at
room temperature. We note that earlier studies of such p-
GaAs:MnAs hybrid materials have been reported,14 but our
present studies reveal distinctly different crystal structures and
magnetic properties. In addition, we report a systematic set of
measurements that examine the various codependent physical
properties of this hybrid system.

Earlier work has identified two principal approaches for
designing hybrid MnAs:GaAs clustered systems: the anneal-
ing of (Ga,Mn)As thin films either postgrowth15 or in situ.16

Both approaches have their advantages and disadvantages.
Postgrowth annealing is quick and allows for many different
annealing recipes to be attempted in a short time period. In situ
annealing is much more controlled and allows for the annealing
to occur in a high vacuum, As-rich environment. Our work
focuses on the latter approach. For this study, we varied the Be
and Mn doping levels methodically and explored (to a lesser
extent) variations in annealing times. Detailed magnetization
measurements were performed to determine the nature of the
temperature- and magnetic-field dependence of these samples.
Two types of cluster materials were discerned based on vastly
different magnetic properties and superparamagnetic blocking
temperatures as determined by different magnetometry tech-
niques. Also, the size distribution and crystal orientations of
the different cluster types were evaluated using high resolution
cross-sectional tunneling electron microscopy (HRXTEM).
Finally, the size distribution was verified to be log-normal,
as has been observed in other studies of this material type.17

II. EXPERIMENTAL DETAILS

A. MBE Growth

All the samples in this study were grown via molecular
beam epitaxy (MBE) on semi-insulating (100) GaAs sub-
strates. All substrates had their oxides desorbed at 600 ◦C,
followed by the growth of an approximately 170-nm-thick
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semi-insulating buffer layer to smooth out the interface
between the substrate and sample layers. Then, a 100-nm
layer of Ga1−xMnxAs:Be was grown on the buffer layer at
approximately 245 ◦C, where the Mn content was varied
for different samples. To complete the material, a 2-nm
high-temperature GaAs:Be layer was grown as a cap, with the
Be content of the cap corresponding to a 50 ◦C decrease in the
Be cell temperature. This was done in an effort to roughly
equalize the hole concentration between the magnetically
active layer and the capped layer. Since As antisites in the low-
temperature (Ga,Mn)As layer would have had a double-donor
compensating effect on the holes provided by the Be dopant,
the material required a larger amount of Be to compensate (the
Mn would have an insignificant effect on carrier concentration
once it was forced into MnAs nanoclusters by the annealing
process). The final material produced was a p-doped GaAs
matrix on a semi-insulating substrate that had MnAs nanoscale
clusters embedded within it. We note that the capping layer
served a three-fold purpose. First, we found through our own
extensive postgrowth annealing that a GaAs cap allowed for
a system in which Mn could not anneal out of the sample.
Second, the presence of such a cap provided additional insight
into the cluster formation process: as discussed later in this
manuscript, HRXTEM studies show that the clusters form
within the capping layer, but not in the buffer layer, which
is an important consideration in developing these hybrid
materials. Third, the growth of this high-temperature cap
acted as the thermal annealing process which formed the
(Ga,Mn)As layer into a cluster material. In order to grow
this thin cap, we increased the substrate temperature to a
standard high-temperature GaAs growth temperature of 600 ◦C
at 20 ◦C/min and grew the film for approximately 22 seconds.
Other growths were carried out for more than 15 minutes to test
the effects of a longer anneal time; the resulting films exhibited
similar magnetic behavior as those with shorter annealing
times. Therefore, the relatively slow ramp rate was all that
was necessary to form nanoclusters, and a longer annealing
time at the final temperature had no effect on the samples’
magnetic behavior. A diagram of the sample structure is shown
in Fig. 1.

We performed a systematic study of the magnetic properties
of this material, with principal focus on effects of varying
the Mn content of the samples. While we also studied
samples in which the Be content was varied, these did not
result in any significant changes to the magnetization. Our
SQUID measurements indicate that MnAs clustering is not
substantially affected by changes in the co-dopant density. This

FIG. 1. (Color online) Schematic showing the structure of our
sample growths. The (Ga,Mn)As layer becomes a hybrid GaAs:MnAs
cluster layer upon the growth of the GaAs:Be capping layer, which is
effectively a high-temperature thermal annealing step.

TABLE I. Table showing the different MBE growth parameters
used for nanocluster synthesis. The 8.1% column contains the data
for samples that are type II materials, with the rest of the table being
type I materials. Sample data shown in this work comes from samples
208A and B, 209A and B, and 203A. Be cell temperatures are given
instead of Be concentrations as the Be molecular beam flux is too low
for our measurement technique to measure and thus concentrations
cannot be calculated.

Be cell Temperature (◦C) Mn content

8.1% 7.5% 6.8% 6.2% 5.5%

990 214B 209B 209A 208B 208A
204B 210A
209C

970 121B
204A

950 121A
203B

915 203A
890 204C

contrasts with reports of co-dopant influence on the structural
and magnetic properties of other magnetically-doped semi-
conductors such as (Ga,Fe)N, (Ga,Mn)N, and (Zn,Cr)Te.3,9,10

This variation is attributed to changes in the transition-metal
charge state (and consequently the aggregation energy) by
co-doping with shallow donors or acceptors. Carriers supplied
by the shallow dopants are trapped in gap states derived from
the d orbitals, thus altering the magnetic cation charge state.
The modified interionic interactions consequently influence
the distribution of magnetic ions, providing a potentially
powerful means of engineering new materials for spintronics.
However, within the bounds chosen for Be dopant levels in our
studies, we found no discernible variation in Mn aggregation
in Be-doped (Ga,Mn)As. A summary of the samples grown at
the time of publication is given in Table I.

We grew five principal samples where the Mn content was
changed by approximately 0.65% for each sample. The Mn
content for all the samples quoted within this work is an
estimate based upon measurements of the molecular beam flux
determined by the beam equivalent pressure ratios prior to the
sample growth, and as such is not an accurately calibrated
value. It is nonetheless a reasonable estimate since we have
over the years developed a correlation between the growth
parameters used in our MBE system and postgrowth analysis
of the actual Mn content using secondary ion mass spec-
troscopy. To determine carrier concentrations in our samples,
we carried out Hall effect measurements using a standard
Hall bar geometry and found hole concentrations of p ∼
1018 cm−3. This value is reasonable based on previous
calibration measurements of both (Ga,Mn)As and Be-doped
GaAs in our MBE system, as well as expected compensation
effects. This hole concentration likely corresponds to the
doping level of the GaAs matrix that envelopes the MnAs
clusters; however, we caution that in such a composite material,
a proper analysis of electrical transport in general (and the Hall
effect in particular) is likely to be complicated.
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B. SQUID Magnetometry

A variety of magnetization techniques were employed for
the characterization of the magnetic properties of our samples.
We performed magnetic field sweeps, temperature sweeps
(both field-cooled and zero-field-cooled), and thermoremanent
magnetization measurements. The field sweeps are performed
by putting the sample at a set temperature and then apply-
ing a saturating magnetic field +H . Measurements of the
magnetization are then taken from +H to −H and back to
+H to observe any hysteretic effects. The field-cooled (FC)
measurements were obtained after cooling the sample from a
temperature T = 350 K (the highest temperature our SQUID
can safely achieve) to T = 5 K in a saturating field. The
sample chamber and magnet are then carefully demagnetized
before beginning these measurements due to the relatively
small signal generated by these materials. Once the sample
temperature was stabilized at 5 K, we applied a 50 Oe
measuring field and took data from T = 5 up to 350 K.
The zero-field-cooled measurements (ZFC) are very similar
to the FC measurements except that the sample is cooled
in a zero-field environment instead of a saturating field. The
thermoremanent magnetization measurements are performed
by cooling the sample to T = 5 K in a saturating magnetic
field. The measuring field applied is carefully brought to a
value of 0 < H < 1 Oe instead of the standard 50 Oe. It
should be noted that such a small field can only be accurately
attained if a careful demagnetization of the sample chamber
and the magnet is performed to remove any remanent field.
The magnetization is then measured while the sample is
heated by an amount �T1 and subsequently cooled back to
T = 5 K. We then continue measuring the magnetization of
the sample as it is heated by an amount �T2 > �T1 and
again cooling to T = 5 K. This process is repeated over and
over again with successively larger �Ti until the sample has
been brought all the way to T = 350 K. This procedure is
illustrated in Fig. 2. Also, in all the data presented here,
the diamagnetic contribution from the substrate is always
subtracted by measuring the magnetization signal at high field
where the diamagnetic signal from the substrate dominates
over the saturated signal from the ferromagnetic material. The
diamagnetic background signal is then modeled as a linear fit
and subtracted.
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FIG. 2. (Color online) Description of thermoremanent magneti-
zation measurements. Samples are field cooled in a 1 Tesla field
from 350 to 5 K, then a field of 0.5 Oe is applied while measuring
magnetization from 5 K to different final temperatures, returning to
5 K every time a new final temperature has been reached.
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FIG. 3. (Color online) Comparison of the M(H) data for samples
with differing Mn concentrations. The clear difference between the
measurements for the four lower-concentration samples and the
most highly concentrated sample indicates an abrupt change in
the character of the material. Note that the Mn concentrations are
calculated from the Ga:Mn flux ratios immediately prior to sample
growth.

Figure 3 shows the magnetization as a function of applied
magnetic field for the five samples of interest, revealing
a substantial difference in the magnetic characteristics of
samples with Mn content in the range of 5 to 7.5% and that
of a sample with a Mn content of 8.1%. The behavior changes
qualitatively at around 8% Mn concentration, suggesting two
types of materials. For the purposes of this manuscript, we
classify these two different material systems as ‘type I” (for
the low-Mn growths) and ‘type II” (for the high-Mn growths).
More samples were grown at 8% and higher content, verifying
the reproducibility of this type II material.

There are two other important observations to make about
these data: the 7.5% Mn sample shows exchange biasing
and the 8.1% Mn sample exhibits a “bowing in” of the
hysteresis loop. We attribute the exchange biasing to the
sample being near the boundary in parameter space separating
the type I and type II materials systems. This sample has a
low enough Mn content to behave like a type I system with a
significantly weaker saturation magnetization in comparison
to a type II system. However, it has a high enough Mn
content that the clusters discussed below are surrounded by
a lightly-Mn-doped matrix of (Ga,Mn)As, which has the
effect of biasing the clusters. This conclusion is supported
by energy-dispersive x-ray spectroscopy (EDS) performed via
scanning transmission electron microscopy (STEM) on the
7.5% Mn sample. We find a Mn content of approximately 6.6%
relative to the Ga in the matrix surrounding the small clusters
in this sample. The area measured for this value contained no
clusters; however, it should be noted that the Mn concentration
appeared to be nonuniform throughout the sample, even where
cluster formation did not occur. With regard to the “bowing
in” effect shown in Fig. 3, we will show evidence in Sec. II C
that this most likely arises from the coexistence of two unique
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FIG. 4. (Color online) Gaussian fits of the derivative with respect
to magnetic field of the magnetization for the 8.1% Mn sample in
Fig. 3. The fitting determined that, in this type II sample, the small
clusters had a coercivity of (i) 322 Oe and the large ones a coercivity
of (ii) 2300 Oe.

MnAs-based cluster types contributing to the hysteresis. By
assuming two magnetically dissimilar cluster types, we can
treat the hysteresis data as the sum of two hystereses: one that
exhibits a low saturation magnetization and a low coercivity
and one that exhibits a high saturation magnetization and a high
coercivity. This hypothesis is further supported by plotting
dM/dH versus H for the 8.1% Mn sample and then fitting
the resulting peaks to Gaussians, as shown in Fig. 4; the peaks
indicate unique coercivities of 322 and 2300 Oe [(i) and (ii) in
Fig. 4, respectively].

Based on our magnetometry data, we have determined these
samples to be superparamagnetic materials. In considering
the samples as superparamagnetic ensembles, we treat each
ferromagnetic cluster to be single-domain, therefore acting as
a “superspin” at temperatures well below the ferromagnetic
transition temperature of the material within the cluster. The
energetic barrier to flipping the moment of the superspins is
given by Eanis = KeffV , where Keff is the effective magnetic
anisotropy constant and V is the cluster volume; in these ma-
terials, the most significant contribution to Keff is presumably
the magnetocrystalline anisotropy, given the roughly spherical
morphology indicated by the TEM measurements discussed in
the next section. Below a characteristic blocking temperature,
TB, thermal fluctuations are insufficient to overcome Eanis and
thus cannot flip the moment of the ferromagnetic clusters.
Therefore the moment of the samples for T < TB is determined
by the magnetic history of the sample (i.e., in what magnetic
field the sample was cooled from above TB). For T > TB,
thermal fluctuations allow the superspin moments to fluctuate
freely, and thus the magnetic behavior of the sample is
analogous to that of a paramagnet.

To better understand the differences in magnetization
relaxation between type I and II materials, we performed
extensive measurements of the temperature dependence of the
magnetization of our samples. Figure 5 shows the zero-field-
cooled (ZFC) measurements for the type I and type II samples
as well as the thermoremanent magnetization18 measurements
for a type I sample. Figure 6 shows the same information
for a Type II sample. If the superparamagnetic blocking
temperature is exceeded in the presence of a very small
measuring field, the clusters’ moments do not align in any
preferred direction, producing a net zero magnetization. Thus
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FIG. 5. (Color online) (a) Zero-field-cooled (ZFC) measurement
of magnetization for a type I sample (squares) and a type II sample
(circles). (b) Thermoremanent magnetization measurement of the
type I cluster material. The arrows indicate where transition points
in the ZFC measurement correspond to features in the corresponding
thermoremanent scan for the type I sample.

the temperature at which the magnetic measurements become
repeatable on successive cycles is the effective blocking
temperature. Such measurements allow the characterization
of superparamagnetic behavior in ensembles of ferromagnetic
particles,18 such as the clusters in our type I and type II
samples.
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FIG. 6. (Color online) (a) Zero-field-cooled (ZFC) measurement
of magnetization for a type I sample (squares) and a type II sample
(circles). (b) Thermoremanent magnetization measurement of the
type I cluster material. The arrows indicate where transition points
in the ZFC measurement correspond to features in the corresponding
thermoremanent scan for the type II sample.
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FIG. 7. (Color online) Main graph: plot of M(H) at 5 K for two
measurement orientations of a type I sample. Inset: plot of M(H) at
25 K for two measurement orientations of a type I sample. At each
temperature, the data for the two orthogonal orientations appear to
vary only slightly.

Using the data shown in Fig. 5, we found the blocking
temperature of the 7.5% Mn sample to be around 10 K; thus
we took measurements of M(H ) for this sample at 5 and
25 K, so that we could see the magnetic field dependence
of the material both above and below its superparamagnetic
transition point. These data are presented in Fig. 7, which
shows that the type I material loses any resemblance to a
standard ferromagnetic hysteresis curve, once the sample goes
above 25 K. This is reasonable considering the transitions we
observed in our ZFC and thermoremanent data. Also, Fig. 7
shows a comparison at each temperature of two orthogonal
measurement directions. We observe only a slight difference
in the saturation magnetization of the two orientations at 25 K.
The qualitative nature of the measurements does not seem to
change in these two orientations.

Figure 8 shows M(H ) measurements for the 8.1% Mn
type II sample material and are performed at 5 and 300 K.
We find qualitatively different behavior and we display results
at 300 K to demonstrate how the material would behave at
the technologically interesting regime of room temperature.
Interestingly enough, while the results seem to be relatively
consistent for each orientation at 5 K compared to the same
orientation at 300 K, the orientations themselves are vastly
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FIG. 8. (Color online) Main graph: plot of M(H) at 5 K for two
measurement orientations of a type II sample. Inset: plot of M(H)
at 300 K for two measurement orientations of a type II sample. The
character of the plots at each temperature appear similar, and there is
a substantial change due to the orientation of the sample.

different. This suggests that there is a strong crystalline
dependence on the magnetic anisotropy for a type II material,
in sharp contrast to the data for the type I material. This
may indicate that the type I material forms magnetic clusters
with random crystallographic orientations relative to the GaAs
matrix but that the type II material is constrained to orient its
clusters in a specific direction relative to the GaAs matrix. Our
structural data discussed below supports that possibility in the
type II material, although the same could not be verified for
the type I material.

C. Structural study

The magnetometry data presented in Sec. II B strongly
suggest the formation of a cluster-based magnetic system
due to the annealing of a (Ga,Mn)As film. This hypothesis
is confirmed by high-resolution TEM imaging. Ideally, one
would like to obtain both a real-space image and a diffraction
image for both the type I and type II materials. Unfortunately,
our beam resolution was not sufficient to focus on single
clusters in the type I system due to their extremely small size.
We obtained a nanobeam diffraction image that indicated a
zinc blende structure, as one might expect for small MnAs:Ga
clusters;19 however, the lattice constants derived were also very
close to those for GaAs, leading us to believe that we may have
only obtained significant diffraction data from the surrounding
GaAs matrix. This is reasonable, considering the huge volume
that the GaAs comprises in comparison to these small clusters.
We performed x-ray diffraction (XRD) measurements on these
samples with a PANalytical XPert Pro MPD, but no signal
other than that for GaAs was discernible. Due to the small area
fraction of the clusters with respect to the surrounding matrix,
we determined that the resolution required for analyzing any
lattice differences between the clusters themselves and the sur-
rounding matrix is beyond the capabilities of our instrument.
We therefore conclude that, within the limits of our techniques,
the clusters within the type I materials are of a zinc blende
structure.

While diffraction image results were unobtainable for
the type I material, we were able to obtain real-space image
data for both material systems, as is shown in Fig. 9. This
figure provides insight into the magnetometry data presented
earlier in this paper. In Fig. 3, we noted that the shape
of the hysteresis curve for the type II sample (8.1% Mn
in the figure) was likely due to a coexistence of different
cluster types. These high-contrast images in Fig. 9 show the
expected Moire fringes, and they also show obvious structural
deviations in the large nanoclusters in comparison to the
surrounding GaAs matrix. We employed diffraction imaging
and EDS in the type II sample shown here to verify the crystal
structure of these large clusters and determine how similar or
dissimilar they are to the surrounding semiconductor material.
Figures 10 and 11 show the diffraction measurement and EDS
elemental mapping (respectively) for a large nanocluster in a
type II sample. The image shows the same diffraction pattern
twice. Figure 10(a) has been indexed to show the various
GaAs reflections present in these data. Figure 10(b) is the
same image but magnified slightly and has MnAs reflections
indexed. Since the cluster appears to exhibit both GaAs and
MnAs reflections, it might lead one to believe that there is
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FIG. 9. (a) Real space HRXTEM image of the 7.5% Mn type
I sample. The sample appears to only be comprised of small
nanoclusters, with a diameter on the order of 6 nm. (b) Real space
HRXTEM image of the 8.1% Mn type II sample. This material
appears to be a hybrid of small and large nanoclusters (the large
ones having a diameter on the order of 15–25 nm).

Ga present inside these larger clusters in the type II samples.
However, Fig. 11 shows clearly that Ga is not present in any
substantial quantity in comparison to Mn. The reason for these
GaAs reflections is simply that the sample measured was not
perfectly thinned to the point at which the only material in
the path of the electron beam was cluster material. The beam
traveled through GaAs on either side of the cluster during the
measurement, causing the GaAs reflections to appear in the
results.

III. DISCUSSION OF RESULTS

As we mentioned earlier, Fig. 11 clearly shows the elemen-
tal makeup of the large clusters. Together with the diffraction
measurements, this allows us to infer that the large clusters are
comprised of pure MnAs in the NiAs phase embedded in the
zinc-blende p-GaAs matrix. The EDS results also show us that
a clean and abrupt interface exists between the large clusters
and the semiconductor material, which will be an important
point of consideration for future electrical transport studies of
this material. This chemical information, combined with the
structural and magnetic data already presented, supports the
hypothesis that the smaller clusters are of a different crystal
structure from the larger ones. These smaller clusters may even

FIG. 10. (Color online) (a) TEM diffraction image of a large
cluster in the type II sample with the GaAs reflections indexed.
(b) Slightly magnified copy of (a) but with the MnAs reflections
indexed. This result corresponds to a NiAs-type structure with lattice
constants of a = 3.73 Å and c = 5.76 Å, values which are very close
to those for bulk MnAs as reported in the literature.23

FIG. 11. (Color online) Elemental mapping performed via EDS
and scanning TEM (STEM) of the type II sample, 203A. (a) Real-
space image of the region mapped, with the square indicating the
exact scanning area. (b) Image of the scanned region filtered to only
show the arsenic-rich regions. (c) Image of the scanned region filtered
to only show the gallium-rich regions. (d) Image of the scanned region
filtered to only show the manganese-rich regions. The scale bars in
(b), (c), and (d) are each equivalent to 10 nm.

have randomly oriented crystal directions or a zinc-blende
structure as has been suggested earlier.19

It is also interesting to note the regions in which the
clustering occurs. In Fig. 9(a), we note that clustering occurs
throughout the doped GaAs:Be cap layer and what was, upon
growth, the (Ga,Mn)As:Be layer. However, the clusters are
not present in the undoped buffer layer. Also, in Fig. 9(b) we
see that the larger clusters occur near and upon the sample
surface and that the smaller clusters form near the interface
between the magnetic layer and the undoped buffer layer.
We hypothesize, based on these observations, that Be-doping
facilitates Mn clustering. A possible explanation for this is
based on observations of the behavior of Mn interstitials when
annealed at low temperatures in (Ga,Mn)As.20 The Fermi level
of an undoped region is known to be higher than that of a p-type
region. This difference in Fermi levels across the interface of
the buffer and the magnetic layer may form an energy barrier
to the Mn clusters that causes them to only form in Be-doped
regions. In order to verify this hypothesis, TEM studies will
be performed on control samples that are entirely undoped and
entirely doped in the near future.

We now compare our materials to those studied in previous
work17,21 by carrying out a statistical survey of the diameters
of these (assumed spherical) nanoclusters in both the type I
and type II materials. Figure 12 shows the data compiled by
measuring the diameters of the clusters in HRXTEM images
and plotting the normalized number of clusters versus their
diameter D. After this, we applied a log-normal fit to the plot
to determine the distribution’s width σ and the median cluster
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FIG. 12. (Color online) Log-normal-fitted cluster size distribu-
tions for the type I and type II samples (samples 209B and 203A,
respectively).

diameter for the sample D0. In order to perform this fit, we
used the relation:22

p(D) = A

σD
√

2π
exp

[
−

(
3 ln(D/D0)

σ
√

2

)2]
, (1)

where σ is the width or variance of the distribution, D0 is the
median diameter of a particle in the material, and A is a scaling
factor that normalizes the probability density function p(D).
Applying this fitting function, as shown in Figure 12, yielded
widths of 0.64 ± 0.02 and 0.93 ± 0.09 for the type I and type II
materials, respectively. It also yielded median diameters of
4.49 ± 0.03 nm and 5.03 ± 0.15 nm for the materials. The
values for the median diameters for the type I and type II
materials are reasonable when compared to the data, indicating
a meaningful fit. This analysis indicates that the distribution of
nanoclusters in our samples is of a generically similar nature
to those studied earlier, with the notable exception that they

exhibit a marked transition from type I to type II as a function
of Mn content.

IV. SUMMARY

In summary, we have found that, in a co-doped
(Ga,Mn)As:Be system, two distinct materials systems are
obtained upon in situ annealing. For Mn content in the range
5–7.5%, annealing creates a superparamagnetic material with
a uniform distribution of small clusters (diameter ∼ 6 nm)
and with a low blocking temperature (TB ∼ 10 K). While
transmission electron microscopy cannot definitively identify
the composition and crystalline phase of the small clusters in
this type I material, our experimental data suggest that they
may be comprised of either zinc-blende MnAs or Mn-rich
regions of (Ga,Mn)As. At higher Mn content (�8%), our
TEM studies show that annealing results in an inhomogeneous
distribution of small clusters and much larger NiAs-phase
MnAs clusters (diameter ∼ 25 nm). Magnetometry reveals
that this type II material also exhibits supermagnetism, albeit
with substantially larger magnetic moments, coercive fields
and blocking temperatures (well above room temperature). The
substantial orientation dependence of the magnetic properties
of this material suggests a preferential crystalline orientation
to the large MnAs clusters. Finally, we fit the size distribution
to a log-normal curve and extracted a median diameter and
distribution width for each type of material.

The synthesis protocols developed in this work pro-
vide a promising pathway for designing hybrid ferromag-
net/semiconductor nanomaterials for spintronics. In particular,
our results indicate that the nanocluster size, distribution
and spatial location depend upon several factors including
Mn content, Be-doping, and vicinal interfaces. Further ex-
periments are currently underway to explore whether useful
magnetoresistance or magnetooptical phenomena result from
the interplay between the itinerant holes in the p-GaAs host
lattice and the MnAs clusters.
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