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Abstract

We present magnetization measurements on Fe;GaAs clusters distributed throughout a layer 170 nm thick at the
surface of a GaAs wafer. The clusters have 1.5, 4.4, and 28 nm mean diameters and effective moments of 240, 6000, and
10 000 Bohr magnetons. The 1.5 and 4.4 nm mean diameter clusters are internally aligned ferromagnetically and exhibit
superparamagnetic behavior with low saturation fields and well-defined blocking temperatures. Superparamagnetic fits
to the field-dependent magnetization well above the blocking temperature indicate a particle size distribution in
agreement with electron microscopy studies. We find evidence in the 28 nm mean diameter clusters for multiple domains.
Zero-field-cooled and field-cooled measurements reveal blocking temperatures of approximately 3.8, 35, and 290 K for
increasing cluster diameters.

PACS: 75.50.Pp; 75.60.Jp; 61.70.Tm

Keywords: Superparamagnetism; granular semiconductor; Fe;GaAs; Transition-metal implanted GaAs; Magnetic
semiconductor

1. Introduction logs of granular metallic systems such as Co-Cu,
Fe-Cu, and Co-Ag [1-7]. A key feature of the

Composite materials consisting of GaAs contain- latter systems is the superparamagnetic response of
ing clusters of Fe;GaAs are the semiconductor ana- the clusters leading to giant magnetoresistance

(GMR) with potential uses such as magnetic re-

cording heads or field-actuator devices. Giant
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literature [9-16]. The maximum change in re-
sistance observed in these materials surpasses the
traditional magnetoresistive materials such as
Permalloy. Recently, GMR was observed in a non-
multilayer magnetic system by Berkowitz and
coworkers [17] and Xiao and coworkers [18, 19].
The superparamagnetic response of these granular
metallic systems is key to the observed GMR.
There is a distinct advantage in obtaining GMR
in a semiconducting system similar to the metallic
systems because it can be directly integrated on
a wafer with other semiconductor components
such as field-effect transistor amplifiers. Addition-
ally, semiconducting systems offer carrier density
and type (electrons or holes) as added design vari-
ables.

In addition to the potential for GMR in these
materials, the Fe;GaAs precipitates are metallic.
This may lead to better performance characteristics
for opto-electronic applications than those ob-
served for the previously studied semimetallic As
clusters [20-247. The existence of 2 GMR material
that also has interesting optical properties could
give rise to useful magneto-optic applications
[17-23].

It has been previously shown that Fe;GaAs pre-
cipitates can be fabricated in GaAs [24]. Also, early
work on iron-doped GaAs showed a Curie-like
behavior for bulk samples [25, 26]. But, the mag-
netic behavior of the nanocrystalitesin a GaAs host
remained undetermined. Related systems such as
In,; - . Mn.As and MnGa films have also been
studied [27-29]. However, neither system exhibits
superparamagnetism. Another related system
based on manganese-doped GaAs which is a mag-
neto-optic material has been shown to form slightly
larger precipitates primarily on the surface of GaAs
[30,31]. These precipitates were found to contain
multiple domains and exhibited hysteresis.

In this paper we report on the magnetic proper-
ties of metallic Fe;GaAs precipitates located in
a layer within 170 nm of the surface of a GaAs
wafer. The key feature of this system is the super-
paramagnetic behavior of the Fe;GaAs precipi-
tates. We also present measurements of cluster
blocking transitions for samples with different clus-
ter sizes which can be explained by the dipolar
interaction between clusters.

2. Experimental details

Samples containing Fe;GaAs clusters were fab-
ricated from commercial semi-insulating GaAs wa-
fers. Iron was ion implanted at room temperature
to a concentration of 1x 10*¢ jons/cm? using an
energy of 170 keV. Rapid thermal annealing of
samples at 950°C for 30 s or at 675°C for 30 min
resulted in metallic Fe;GaAs precipitates. Increas-
ing the temperature and duration of the anneals
yields larger cluster sizes consistent with Ostwald
ripening theory [32]. Additionally, we studied an
unannealed sample which was stored at room tem-
perature for several months before magnetic
measurements were conducted. Transmission elec-
tron microscopy (TEM) studies have been conduc-
ted on all three samples and are discussed below;
TEM results for the 950°C annealed sample have
been reported previously [24].

For the magnetic measurements the samples
were thinned to ~50um and measured in a
Cryogenic Consultants Limited (CCL)} SQUID
magnetometer. Measurements were taken in fields
from 0 to 6 T and at temperatures from 1.5 to
324 K. The diamagnetic contribution to' the signal
was determined at high field where the super-para-
magnetic signal is nearly saturated and was sub-
tracted from the data to reveal the magnetic behav-
ior of the Fe;GaAs clusters. The increasing scatter
between 0.15 and 0.5 tesla is due to the growth of
the diamagnetic signal and due to reduced field
stability above 0.15 tesla in our magnetometer.

3. Experimental results and discussion
3.1. Superparamagnetic behavior

Magnetization versus field measurements on the
675°C annealed sample are shown in Fig. 1.
Measurements were taken at 99 and 298 K. The
data are reasonably well described by a simple
Brillouin function assuming individual particles
with a single moment of 6 000 Bohr magnetons,
indicating that the Fe moments are aligned fer-
romagnetically within each Fe;GaAs particle. The
effective moment, equal to the sum of the individual
moments of all the iron in a cluster, responds to an
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Fig. 1. Magnetization versus fleld for the 675°C annealed
sample at 99 and 298 K. The solid lines are theoretically cal-
culated magnetization curves using the particle size distribution
shown in the inset assuming a superparamagnetic response.
TEM studies show that the larger cluster population forms at
defect sites and on the surface while the smaller cluster popula-
tion forms in the bulk GaAs. The scatter at high fields is due to
the increasing diamagnetic signal.

applied field as a single nearly free spin. This is the
hallmark of superparamagnetism comparable to
that seen in the granular metallic Co—Cu system.
These results are encouraging for potential applica-
tions as GMR devices. However, deviations above
the Brillouin response at low field and below the
Brillouin response at high field suggest the presence
of both larger and smaller clusters. Therefore, to
obtain a more accurate fit, it was necessary to
consider a distribution of cluster sizes.

As the sample is annealed, the precipitates grow
with time as the iron migrates to the stable hexag-
onal Fe;GaAs structure from a larger and larger
volume of Fe-implanted GaAs. As a first approxi-
mation, the number of clusters N with a given size
is expected to be Gaussian in the volume from
which the iron migrated. This volume is more con-

S

20 nm

Fig. 2. (a) TEM image of a GaAs sample that was implanted
with Fe and annealed for 30 min at 675°C. Precipitates are
clearly seen in the bulk GaAs with larger clusters forming at
defect sites and on the surface. (b) TEM image of an unyan-
nealed GaAs sample that was implanted with Fe. Small precipi-
tates are clearly seen.

veniently expressed in terms of the number of iron
atoms or equivalently the total angular momentum
J of the super-paramagnetic clusters.

The TEM data, shown in Fig. 2(a), show a popu-
lation of smaller clusters 3-5nm in diameter
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Fig. 3. Magnetization versus fleld for the unannealed sample at
5.2 and 9.7 K. The solid lines are theoretically calculated mag-~
netization curves using the particle size distribution shown in
the inset. The high moment tail in the distribution likely forms at
defect sites within the GaAs wafer. The 5.2 K magnetization is
suppressed below the fres spin model prediction due to the
nearby blocking temperature. The scatter at high fields is due to
the increasing diamagnetic signal.

distributed in the bulk GaAs and a population of
larger clusters up to 20 nm in diameter at line
defects and on the surface. We modeled this ob-
served distribution for the 675°C annealed sample
as a pair of Gaussians with total angular mo-
mentum J centered at 640 and 5450 as shown in
the inset of Fig. 1. The magnetization for this distri-
bution was calculated assuming a superparamag-
netic response and is shown as solid lines in Fig. 1.
As can be seen, the observed TEM distribution
provides a good description of the magnetic behav-
ior in this sample assuming superparamagnetic
clusters.

Magnetization versus field measurements on the
unannealed sample were taken at 5.2 and 9.7 K
(Fig. 3). The key features are the large moment
(~240 Bohr magnetons) superparamagnetic be-

havior of the clusters and 75% saturation in
a 4000 G field at 9.7 K. The data can be approxi-
mately fit with a simple Brillouin function assum-
ing a single 2.0 nm diameter cluster size with
a moment of 240 Bohr magnetons. Again, devi-
ations above the Brillouin response at low field and
below the Brillouin response at high field suggest
the presence of both larger and smaller clusters.

The observed magnetization versus field re-
sponse of the unannealed sample indicates a sub-
stantial population of small superparamagnetic
clusters (~ 1.5 nm) in the bulk GaAs with a tail in
the distribution extending up to S nm in diameter.
We modeled this as a pair of overlapping Gaussian
distributions which is shown in the inset of Fig. 3 as
a function of J. The scale has been set to’expose the
large diameter tail. Shown in Fig. 3 as solid lines
are theoretically calculated magnetization curves
using the particle size distribution shown in the
inset. The 9.7 K fit is in good agreement with the
magnetization measurements. The 5.2 K data fall
bellow the predicted values due to the nearby
blocking temperature of ~3.8 K discussed below.
Near this temperature, coupling between individual
clusters becomes important leading to a negative
non-linear term in the susceptibility [33-35].

TEM measurements have been performed on
small portions of the unannealed (Fig. 2(b)) sample.
Initially, we had assumed that the unannealed
sample would not contain clusters. However, the
magnetic data indicates the presence of a distribu-
tion of clusters. TEM images of the unannealed
sample were taken which confirm that the clusters
are in fact present with a distribution in agreement
with the magnetization results shown in the inset
of Fig. 3. The observation of clusters in this sample
indicates either a substantial mobility of the iron
at room temperature or a slightly elevated tem-
perature of the sample during the implantation
process. ‘

The clusters in the unannealed sample (mean
particle diameter 1.5 nm) are significantly smaller
then previously observed [24]. This, along with the
slightly larger clusters (mean particle diameter
4.4 nm) observed in the 675°C annealed sample, is
an important result since it demonstrates the ability
to form clusters exhibiting superparamagnetism
over a wide range of particle sizes including the
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optimum particle sizes of a few nm that was found
in the metallic systems [7]. In comparison, the
Mn-based system is reported to contain much
larger ~50-100 nm precipitates which form only
on the surface of the GaAs host [31].

It was suggested previously that magnetic
measurements on this system would provide fur-
ther evidence of the structure of the clusters [24].
Selected area diffraction patterns (SADPs) were
analyzed along the [2 3 3] and [0 1 2] poles consis-
tent with either a Fe;GaAs or FeAs structure.
However, SADP along the [01 1] direction was
found to be inconsistent with the FeAs structure. It
was suggested that the Fe;GaAs structure could be
further confirmed by magnetic measurements since
FesGaAs is ferromagnetically aligned whereas
FeAs is antiferromangnetic [24, 26]. Our magnetic
results on the 675°C and unannealed samples show
clearly that the clusters are internally aligned fer-
romagnetically, are single domain, and exhibit
superparamagnetism. This provides further evi-
dence for the FesGaAs structure of the magnetic
precipitates.

Magnetization versus field measurements on the
950°C annealed sample are shown in Fig 4.
Measurements were taken at 298 K near the block-
ing temperature and at 99 K. The data can be fit
with a Brillouin function assuming a single super-
paramagnetic cluster size of 7 nm diameter with
a moment of 10 000 Bohr magnetons. This value is
inconsistent with measurements made by TEM
which clearly reveal clusters 2040 nm in diameter.
Particles 20nm in diameter would be nearly
saturated at room temperature in fields of a few
gauss, orders of magnitude below the value of
~2000 G evident in Fig. 4. Due to the presence of
a blocking transition near room temperature, the
interactions between clusters are important over
the full temperature range accessible to our mag-
netometer. As discussed above, the magnetization
is suppressed below the simple Brillouin function as
one approaches the blocking transition. We do not
believe, however, that this effect would be large
enough to explain the discrepancy between the
cluster size obtained from TEM measurements and
that obtained in an analysis of the magnetic data.

A second possibility is the presence of multiple
domains in these clusters which becomes a concern
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Fig. 4. Magnetization versus fleld for the 950°C annealed
sample at 99 and 298 K. The magnetization saturates slower
than predicted consistent with a multiple domain cluster model.
The scatter at high fields is due to the increasing diamagnetic
signal.

for clusters larger than ~ 10 nm. The presence of
multiple domains in these large clusters would ac-
count for the discrepancy between the magnetic
behavior and the TEM measurements. Hysteresis
measurements were obtained which confirm this.
Similar results have been reported for the
~50-100 nm Mn-based precipitates [31]. The
saturation field we observe would then be a prop-
erty of the domains. To our knowledge this quanti-
ty has not been measured previously for bulk
ferromagnetic Fe,GaAs [25, 26].

In previous work Isaev-Ivanov et al. have
measured a static susceptibility y =10~* on melt-
grown GaAs with 1-1.5% Fe [25] but did not
report a value for the saturation field. To com-
pare with their work, we estimate an implanted
volume of ~2x107%cm? for our sample. From
the observed initial slope shown in Fig. 4, we
obtain a susceptibility of ~1x 1072, Given the
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uncertainties in our sample volume and in the
iron concentration of the sample reported by
Isaev-Ivanov et al, the agreement is surprisingly
good.

We explored the possibility of hysteretic behav-
ior at 300 K for fields between +300G in the
950°C annealed sample which could occur for mul-
tiple-domain clusters. The magnetization displayed
a small reproducible hysteresis with a total splitting
of 70 G and maximum magnetization of 27% of the
saturated value. However, part of this is due to the
remanent fields present in our magnet. Measure-
ments of the remanent field at the same temper-
ature and field range used in these hysteresis traces
were made using a Hall probe which show a split-
ting up to 18 G. This sets a lower limit on the
coercive field of 25 G. Similar measurements were
made at 300 K for fields between +1 T in which
the magnetization saturated. This provides an up-
per limit of 80 G on the coercive field. This indi-
cates bulk Fe;GaAs is a relatively soft material
with a coercive field of 25 < H, < 80 G.

The magnetization behavior of the super-
paramagnetic clusters is a key scaling parameter for
quantitatively describing the behavior of the granu-
lar GMR systems. The magnitude of GMR de-
pends on {cos 8;;> where 0;; is the relative angle
between the moments of two successive magnetic
scattering particles. In the limit where the orienta-
tion of consecutive magnetic particles are uncor-
related, {cos 0;;> = {cos 0;>> = (M/M,)* where 6;
is the angle between a cluster and the applied field,
M and M, are the measured and saturation
magnetization of the sample, respectively. Except
very near saturation, the GMR contribution to
the resistance is found to be well described by
Pl 1l — A(M/M)*] where p,, gives the overall mag-
nitude and A is determined experimentally [18].

Particle size, mean free path (A), saturation field,
and coercive field have also been shown to be
important in previous GMR systems consisting of
granular ferromagnetic particles in a metallic host
[5,17-19]. 1t is believed that an electron must
undergo muitiple scattering events with different
magnetic particles within a single mean free path
for large GMR effects to be observed. Optimum
particle sizes of a few nm were found in the metallic
systems [7]. Clusters much smaller than this are

undesirable since the saturation fleld scales as 1/r°.
On the other hand, for a fixed magnetic atom
concentration, clusters much larger than this have
interparticle spacings greater than A, reducing the
number of scattering events that occur. Our work
demonstrates that appropriate sized magnetic par-
ticles can be obtained in a semiconductor with
moderate annealing temperatures.

The saturation fields we have observed for our
Fe;GaAs samples are comparable with those found
in the metallic systems [5, 17, 18]. Further work is
required on conducting samples to determine the
magnitude of p, and A4 in these materials. The
samples we fabricated were non-conducting due to
the presence of Schottky-barriers at the semicon-
ductor-cluster boundary which depleted the car-
riers similar to that observed in GaAs with As
precipitates [36]. Doping of the Fe;GaAs system
studied in this work or Fe-implanted InGaAs pro-
vide possible routes to a conducting material.

3.2. Cluster blocking transition

To study the interactions between clusters we
also measured the magnetization as a function of
temperature. Zero-field-cooled (ZFC) ‘and field-
cooled (FC) data were taken which revealed
a blocking transition in all three samples which is
evident in Figs. 5-7. For noninteracting clusters we
expect a Curie behavior where the magnetization
behaves as 1/T. As can be seen, the clusters exhibit
a blocking transition. The cusp in each of these
figures indicates the transition from a state (well
above the cusp) where the thermal energy is large
enough to enable the clusters to interact with an
external field to a state (well below the cusp) where
the thermal energy is no longer able to overcome
blocking barriers. This happens for blocking tem-
peratures T, of approximately 290, 35, and 3.8 K
for the 950°C, 675°C, and unannealed samples,
respectively. Similar measurements on the Co-Cu
system also show blocking transitions [7, 17]. Two
possible sources of the blocking barriers are inter-
actions between neighboring clusters and aniso-
tropy barriers in individual clusters.

If we calculate the variation in blocking temper-
ature as a function of cluster diameter and separ-
ation within a model in which superparamagnetic
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Fig. 5. Zero-field-cooled and field-cooled magnetization versus
temperature in a 150 G field for the unannealed sample. The
cusp where the ZFC and FC data come together indicates a spin
blocking temperature of ~3.8 K. The temperature range be-
tween 4.15 and 4.60 K is inaccessible in our CCL magnetometer.

clusters are coupled through the dipolar interac-
tion, then the force F between dipoles scales as
u%/R® where p is the moment of each cluster and
R is the distance between clusters. For a spherical
cluster, the moment i would scale as * where r is
the radius of the cluster. Using the particle distribu-
tions obtained from our magnetization and TEM
data, we find mean particle radii of 14, 2.2, and
0.75 nm for the 950°C, 675°C, and unannealed sam-
ples, respectively. However, since the clusters form
in a thin layer ~90nm thick, peaked at 85 nm
below the GaAs surface, it is not clear whether their
distribution is in the two or three dimensional limit.

In a three dimensional model, there would be
a density ps;p of clusters. If we assume a close-
packing, we have psp = %ﬂ7‘3/(\/§R)3. Thus pap is
proportional to r/R, or, since psp is a constant
determined by the ion implantation, R is propor-
tional to ». Therefore, the dipolar interaction, F, is

0 6
T(X)

Fig. 6. Zero-field-cooled and field-cooled magnetization versus
temperature in a 10 G fleld for the 675°C annealed sample. The
cusp where the ZFC and FC data come together indicates a spin
blocking temperature of ~35K.

proportional to #°, Since the blocking temperature
should be proportional to F, we expect that Ty is
also proportional to #°. Similarly, in a two dimen-
sional model in which p,p scales as */R?, we would
expect that F and hence T, should scale as '+,

Shown in Fig. 8ais a log—log plot of Ty, vs. . The
number of particles within each of the three sam-
ples at a particular radius is shown (in arbitrary
units) versus r in Fig. 8b is shown by the dotted,
solid, and dashed lines for the 950°C, 675°C, and
unannealed samples, respectively. The distribution
for the 675°C and unannealed samples are taken
from the fit to the magnetization versus field data
while the distribution for the 950°C annealed
sample is taken from the TEM measurements.
Shown as a solid triangles, circles, and squares, the
mean particle radius for the distributions are 14,
2.2, and 0.75nm for the 950°C, 675°C, and un-
annealed samples, respectively.

Care must be taken when interpreting the data
in Fig. 8 First, the TEM results on the 950°C
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Fig. 7. Zero-field-cooled and field-cooled magnetization versus
temperature in a 30 G field for the 950°C annealed sample. The
cusp where the ZFC and FC data come together indicates a spin
blocking temperature of ~290 K.

annealed sample show inter-particle distances of
about 100 nm. Since the majority of particles occur
in a layer only ~90 nm thick, it is reasonable to
expect this sample to exhibit a lower blocking tem-
perature as predicted for a two-dimensional distri-
bution. Furthermore, the existence of domains
within each cluster of the 950°C annealed sample
would reduce its effective moment, also lowering
the blocking temperature. For the 675°C and un-
annealed samples, multiple domain clusters do not
appear to be a concern. Since the inter-particle
distance is less for smaller clusters, there is enough
room in the particle layer for the precipitates to
approach a three-dimensional environment.

The variation in blocking temperature expected
for the two- and three-dimensional models are
shown as lines in Fig. 8. Interpretation is complic-
ated by the broad distribution in particle sizes. As
a rough approximation, the mean particle radius
for each sample is shown as a solid triangle, circle,
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Fig. 8. (a) Blocking temperature versus cluster radius. Predic-
tions for a two- and three-dimensional distribution are shown
by the dot-dot-dash and dot-dash lines, respectively. The num-
ber of particles at a particular radius is shown in (b) in arbitrary
units, The mean radius for the 950°C, 675°C, and unannealed
samples is shown as a solid triangle, circle, and square, respec-
tively. ;

or square in Fig. 8. As can be seen, although both
models approximately fit the data, neither model is
conclusive. The data are suggestive of a cross-over
from two- to three-dimensional behavior.
Alternately, the observed trend in blocking tem-
perature could involve an anisotropy énergy bar-
rier in a single isolated cluster which predicts
a blocking temperature of Ty, = KV/25kg, where
K is the anisotropy energy per unit volume,
= %m? is the volume of the cluster, and kg is the
Boltzmann constant [37, 38]. This model then pre-
dicts that the blocking temperature scales as
® which is the same as the three-dimensional dipo-
lar model shown in Fig. 8. If the anisotropy energy
is the primary barrier to thermal equilibrium of the
moments with the applied field, then the nonpower
law behavior observed in Fig. 8 would indicate that
the value of K is not constant. In particular, we
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extract K = 1.6 x 1073 and 4.3 x 107 % eV/nm? for
blocking temperatures of 35 and 3.6 K for the 2.2
and 0.75nm mean radius clusters, respectively.
Since both the anisotropy energy barrier model and
the three-dimensional dipolar interaction model
scale as r®, it is not possible to definitively extract
the relative strengths of these two terms from the
present data.

4. Conclusion

We have presented magnetization measurements
on 1.5, 44, and 28 nm mean diameter Fe;GaAs
clusters located in a layer within 170 nm of the
surface of a GaAs wafer. From our measurements,
we find that the average cluster has an effective
moment of 240, 6000, and 10 000 Bohr magnetons
for the 1.5, 4.4, and 28 nm mean diameter clusters,
respectively. This demonstrates that the magnetic
properties as well as size can be tuned with a post-
ion-implant annealing. Fits to the field-dependent
magnetization well above the blocking temperature
confirm that the 1.5 and 4.4 nm clusters are super-
paramagnetic which is a key feature of other granu-
lar systems which exhibit GMR. Furthermore, the
Fe;GaAs system shows low saturation fields which
are important for applications.

The magnetic and TEM measurements on the
28 nm mean diameter sample are inconsistent with
single-domain particles suggesting the presence of
multiple domains in these larger clusters. We find
a saturation field of ~2000 G for temperatures
between 100 and 300K and a hysteresis indic-
ating a coercive field of 25 < H, <80 G. The
saturation and coercive fields observed in these
particles provide an estimate for the bulk Fe;GaAs
system.

Zero-field-cooled and field-cooled measurements
reveal a blocking temperature of approximately
290, 35, and 3.8 K for the 28, 4.4, and 1.5 nm mean
diameter clusters, respectively. The variation of
blocking temperature with interparticle spacing is
consistent with either dipolar interactions between
clusters or an anisotropy barrier within a single
cluster.

With the addition of heavy doping, the potential
for a semiconducting GMR material will be ex-

plored. If GMR can be demonstrated in these ma-
terials, this work will allow us to tune the magnetic

’ properties to optimize the material for device ap-

plications.
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