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ABSTRACT

GaAs/GalMnAs core—shell nanowires were grown by molecular beam epitaxy. The core GaAs nanowires were synthesized under typical nanowire
growth conditions using gold as catalyst. For the GaMnAs shell the temperature was drastically reduced to achieve low-temperature growth
conditions known to be crucial for high-quality GaMnAs. The GaMnAs shell grows epitaxially on the side facets of the core GaAs nanowires.
A ferromagnetic transition temperature of 20 K is obtained. Magnetic anisotropy studies indicate a magnetic easy axis parallel to the nanowire

axis.

Combining the growth of ferromagnetic materials with
nanowire (NW) growth enables the integration of two
important research domains: spintronics and self-assembled
nanostructures. With this approach one-dimensional spin-
tronic devices could be realized which will benefit from the
specific advantages of the NW growth, such as the large
material freedom and the possibility to generate complex
axial, radial, or even branched NW heterostructures.! ™
Diluted magnetic semiconductors (DMS), with GaMnAs
as one of the most extensively studied DMS materials, have
attracted great interest because of their promising applications
in various spintronic devices.”® In GaMnAs alloys, Mn
atoms occupying Ga lattice sites act as acceptors. The Mn
atoms thus provide not only the localized magnetic moments
but also the holes mediating the ferromagnetic coupling. For
the magnetic properties the hole concentration plays a crucial
role; e.g., the Curie temperature 7 depends on the hole
density as well as on the effective Mn concentration.’ Since
the equilibrium solubility of Mn in GaAs is below 0.1 atom
% —a Mn content too low to form ferromagnetism—highly
nonequilibrium growth techniques, such as low temperature
molecular beam epitaxy (LT-MBE), have been applied.'° The
growth parameters, in particular the substrate temperature,
have a strong effect on the crystal quality of GaMnAs. Where

* Corresponding author, elisabeth.reiger @physik.uni-regensburg.de.
" University of Regensburg.

*Institute of Physics, Warsaw.

S ETH Zurich.

10.1021/n19020717 CCC: $40.75
Published on Web 09/04/2009

© 2009 American Chemical Society

growth temperatures are too high, Mn segregation and the
formation of MnAs clusters occur.'! However, at too low
substrate temperatures defects such as As antisites or Mn
interstitials are formed more frequently, both of which are
double donors decreasing the hole concentration of the
GaMnAs film and thus reducing 7c. The best growth
conditions occur at a substrate temperature slightly below
the MnAs segregation threshold in the range of 200—300
°C and by a relatively low As/Ga flux ratio yielding a
stoichiometric supply of the two elements.'>” '

Semiconductor nanowires have been intensively studied
due to their great potential for nanoscale electronics and
photonics.*!> The growth of III—V nanowires using a metal
(usually gold) as a catalyst is commonly explained within
the vapor—liquid—solid (VLS) mechanism.'¢ For a long time
chemical vapor deposition (CVD) or chemical beam epitaxy
(CBE) were the common techniques used. Molecular beam
epitaxy (MBE) has only recently been applied for NW
growth.!”2° NWs can be grown only within a restricted
domain of deposition conditions. In the case of Au-assisted
MBE growth of GaAs nanowires, the temperature window
ranges from 420 to 620 °C."

Since for high-quality GaMnAs the direct approach of
growing mixed crystal DMS nanowires via the VLS mech-
anism*?? cannot be applied, we propose to use the core—shell
NW concept. This concept is known in particular in the
context of surface passivation to improve the optical and



electrical properties in various NW based devices such as
NW lasers and NW field effect transistors."**72 In a first
growth step we generate GaAs NWs as nonmagnetic
templates, followed by LT-MBE growth of a GaMnAs shell
on the NW sidewalls. Our approach can be of course
expanded to the growth of other III-Mn—V nanowire
structures (e.g., InMnSb nanotubes on InSb or CdTe NWs
templates) but also to semiconductor/metallic NW hetero-
structures such as Fe nanotubes grown on lattice matched
GaAs NWs or magnetite core—shell NWs as shown by
Zhang et al.”’

Here we report for the first time the successful integration
of a GaMnAs shell in a radial NW heterostructure. We note
that in previous studies the growth of GaMnAs nanowires
under typical NW, i.e., high temperature conditions, has been
reported.? 30 Sadowski et al.”’ showed that the growth of
GaMnAs at MnAs segregation conditions led to the forma-
tion of MnAs nanocluster acting as catalyst for the NW
growth. The obtained NWs were strongly tapered with side
branches. Martelli et al.*” reported on Mn-assisted GaAs NW
growth. Transport measurements indicated that the wires are
p-type due to catalyst diffusion into the nanowire. The study
did not cover whether the Mn content was sufficiently large
to induce a ferromagnetic phase. Recently Kim et al.?®
synthesized GaMnAs nanowires using the vapor transport
method with gold as catalyst which exhibited room-temper-
ature ferromagnetism. The highest magnetic moment was
reported for a Mn content of 3%. To our knowledge there is
no mechanism which could explain above room temperature
Tc values for 3% Mn concentration’—except for the magnetic
proximity effect observed in hybrid Fe/(Ga,Mn)As systems.*!
Furthermore Jeon et al.’?> published data indicating room-
temperature ferromagnetism of GaMnAs nanowires with a
Mn concentration as high as 20%. The proposed NW growth
mechanism based on the formation of (Ga,Mn)As islands
seems, however, to be questionable.?’ Care has to be taken
that, e.g., the formation of MnAs nanoclusters can be
excluded as a possible source for the observed ferromag-
netism.*

The nanowires in our study were grown by molecular
beam epitaxy (MBE) using a modified Veeco Gen II system.
The system is equipped with a conventional RHEED-system
operating at 15 keV and two infrared pyrometers, one
specified for high temperatures (500—1000 °C) and the other
for low temperatures (100—700 °C). The given absolute
temperature values have an estimated uncertainty of £10
°C. Prior to the NW growth a thin gold film (typical thickness
between 10 and 14 A) was deposited on the native oxide of
a GaAs(111)B substrate in a separate MBE chamber.** In
order to form the Au catalyst droplets as well as to remove
the native oxide, the substrate was heated to 610 °C for
approximatively 1 h under As, flux. The successful oxide
desorption was monitored by RHEED. For the NW growth
the temperature was reduced to 540 °C. The Ga rate was set
to 0.4 A/s at an As, flux of 1.2 x 107 Torr, giving an As,/
Ga flux ratio of 6.% The rather high flux ratio leads to a low
Ga supersaturation of the catalyst droplets, which favors zinc
blende as the crystal structure of the NWs.*® It also ensures
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Figure 1. GaAs core NWs: (a) SEM side view. All NWs grow in
the [111] direction, perpendicular to the (111)B GaAs substrate
plane. (b) SEM top view. In particular NWs with smaller diameters
possess a hexagonal cross section with {211 }-oriented facets.

a high density and uniform distribution of the NWs.?7 After
4 h the growth of GaAs NW templates was stopped.

The morphology and crystal structure of the NWs were
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). All NWs show a
preferential [111] growth direction, perpendicular to the
GaAs(111)B substrate plane (cf. Figure 1a). The NWs have
a uniform diameter along the whole length. The diameter of
the individual NWs varies from 40 to 180 nm.* The length
of the NWs is between 500 nm and 4.3 um and shows an
inverse quadratic dependence on the diameter, which is a
signature of growth by diffusion of adatoms.'3* The typical
NW density is between 7 and 11 NW/um?. The shape of the
NWs can be studied by SEM top view images (cf. Figure
1b).

In particular NWs with small diameter (<70 nm) show a
hexagonal cross section. The six facets of the NWs are
equivalent crystal planes of the {211} orientation.*® NWs
with larger diameter have a cylindrical shape. In previous
studies it was shown that the formation of the facets depends
on the growth direction, the V/III flux ratio, and the NW
diameter, and both the formation of {211} facets and {110}
facets have been observed.*'*> To further investigate the
shape of the NWs, TEM cross section samples were prepared.
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Figure 2. GaAs core NWs: (a) TEM overview image. NWs with
a high density of stacking faults as well as almost stacking-fault
free NWs are observed. (b) TEM cross section. The NWs have
either a hexagonal or a polygonal cross section. From HRTEM
images and diffractogram analysis the facets of the hexagonal form
are identified to be {211} crystal planes.

The NWs were transferred to a Si substrate and embedded
in a SiO layer prior to the standard TEM cross section
preparation. In Figure 2b small NWs (diameter 60 and 65
nm) have a hexagonal cross section. From HRTEM images
and diffractogram analysis the facets could be identified to
be {211}, which is consistent with our SEM analysis. The
larger NWs (75 nm diameter) possess a polygonal cross
section with 12 facets of the type {211} and {110}.

For III—V NW growth, it is often observed that the NWs
crystallize in the wurtzite crystal structure and not in the
zinc blende, the bulk crystal structure of GaAs.*' Typically
the NWs contain stacking faults (SF) and/or sections with
either the zinc blende or the wurtzite crystal structure. It was
shown both theoretically and experimentally that the crystal
structure of the NW depends on the group III supersaturation
of the catalyst droplet as well as on a critical diameter of
the NW.%%%° Below a certain critical value the formation of
wurtzite NWs is with regard to the total energy preferred.
Low supersaturation favors the zinc blende structure.

TEM bright field (BF) images of an ensemble of NWs
transferred onto a copper grid were used to study the
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morphology of the NWs. In Figure 2a one can see that the
density of SFs is not homogeneously distributed. We
observed almost SF-free NWs as well as NWs with a high
density of SFs. NWs with a larger diameter generally exhibit
a lower density of SFs with zinc blende being the dominant
crystal structure as determined by electron diffraction (cf.
Figure 4). For thin NWs both zinc blende and wurtzite
sections are identified.

For the growth of the core—shell NWs GaAs NWs were
grown under identical growth conditions as described above.
The substrate temperature was then reduced to below 250
°C. The Ga rate was kept constant at 0.4 A/s whereas the
As, flux was set to 0.6 x 107 Torr giving a As,/Ga flux
ratio of 3. After temperature stabilization, a GaMnAs shell
containing approximately 5% Mn was grown around the
GaAs wire.* During growth the substrate was rotated at a
speed of 7 rounds/min. A temperature series of core—shell
NWs was grown with identical growth parameters but
increasing substrate temperatures.

In Figure 3 SEM side view images of core—shell NWs
grown at (a) 224, (b) 234, and (c) 247 °C are shown. For all
samples the same amount of material (corresponding to a
300 nm thick 2D GaMnAs layer) was deposited. Samples a
and b depicted in Figure 3 grown at 224 and 234 °C show
a GaMnAs shell of high quality with rare cluster formation
at the sidewalls. For 247 °C (cf. Figure 3c) branched NW
growth is observed. This is most likely caused by the
formation of MnAs cluster due to enhanced Mn segregation,
similar to the NW growth at MnAs segregation conditions
as reported by Sadowski et al.*® We note that the measured
temperature of 247 °C is lower than the typical substrate
temperature for which the formation of MnAs precipitates
takes place for (100)-oriented GaMnAs 2D layer growth of
similar Mn concentration. However, the 2D growth condi-
tions might differ considerably from the growth on the 3D
surface of a NW sample. In particular, one has to keep in
mind that the temperature at which MnAs precipitates are
formed can be substantially lower for the growth on substrate
orientation different than (100). Additionally, at the sharp
corners being the joints of the NWs facets, as those visible
in Figure 2b, MnAs cluster formation could occur prefer-
entially. The formation of MnAs precipitates could also be
enhanced at the side facets of NWs by stacking faults and
defects in the NWs (cf. Figure 2a). Increasing the substrate
temperature further (252 °C) leads also to the formation of
thin NW-like structures on the substrate (not shown).

All obtained core—shell NWs have the same shape. At
the tip of the NW we still observe GaMnAs axial growth
despite the low substrate temperatures where the AuGa
catalyst droplet is solid. However this effect is accompanied
by strong cluster formation. The thickness of the GaMnAs
shell decreases toward the substrate. This is caused by partial
blocking of the atomic beam by neighboring NWs. Since
the diffusion of the Ga and Mn adatoms is strongly reduced
at low temperatures and because of the geometry of the MBE
system where the cells are oriented under an angle of &~ 30°
with respect to the normal of the sample, this shadowing
effect appears for samples with a high density of NWs. We
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Figure 3. SEM pictures of GaMnAs/GaAs core—shell NWs: The
GaMnAs shell was grown with identical growth parameters, but at
different substrate temperatures of (a) 224, (b) 234, and (c) 247
°C. A nominal 2D thickness of 300 nm GaMnAs was deposited.
Optimal growth takes place at a narrow temperature window around
235 °C. For higher temperatures (247 °C) branched NW growth is
observed most probably caused by the formation of MnAs clusters
due to Mn segregation.

want to exploit this effect to circumvent or strongly reduce
the planar growth of GaMnAs on the substrate in between
the NWs. This will become important for the interpretation
of SQUID measurements of the as-grown NW samples.
Therefore the GaAs core NWs were grown with an average
length of 3—3.5 um. This is within the typical diffusion
length of Ga adatoms to ensure the growth of NWs with
uniform diameters but sufficiently long to maximize the
shadowing effect.

Figure 4a shows a BF-TEM picture of a typical core—shell
NW where the GaMnAs shell was deposited at a substrate
temperature of 234 °C with a nominal 2D thickness of 300
nm. This NW has a base diameter of 80 nm, a head diameter
of 200 nm, and a length of 3.9 um; i.e., the shell thickness
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Figure 4. GaAs/GaMnAs core—shell NW with GaMnAs shell
grown at 234 °C. (a) TEM picture of a single NW with a base
diameter of 80 nm a head diameter of 200 nm and a length of 3.9
um. (b) Electron diffraction pattern taken at the base of the NW,
showing the typical pattern of zinc blende crystal structure with
the electron beam aligned along the [112] direction.

decreases by 60 nm over the whole length of the NW. Taking
40 nm as the typical diameter of NWs of this length (derived
by SEM analysis of GaAs core NWs) the shell thickness at
the base (tip) of the NW is approximately 20 nm (80 nm).
Electron diffraction pattern taken at the base (cf. Figure 4b)
and below the head of the NW confirmed that the core—shell
NW crystallized in zinc blende.

Further TEM investigations (cf. Figure S1 in Supporting
Information) confirm that the GaMnAs shell grows epitaxi-
ally on the sidewalls of the core GaAs NW, adapting to the
crystal structure of the core NW. This applies even to SFs
of the core GaAs NW which extend into the GaMnAs shell.
Most of the parts of the GaMnAs shell are of high quality
but also crystal defects within the GaMnAs shell as well as
cluster formation at the sidewalls (consistent with SEM
characterization) are observed. At the head of the NW, at
the AuGa catalyst particle, polycrystalline GaMnAs growth
takes place. This polycrystalline region has a typical lateral
dimension of 200—300 nm.

The magnetic characterization was carried out by a
superconducting quantum interference device (SQUID). All
NW samples were characterized as-grown. As the NWs grow
preferentially along the [111] direction (cf. Figure 3) the
magnetic field can thus be oriented with respect to the NW
axis. Due to the high density of NWs and an average length
of 3.5 um, the planar growth of GaMnAs on the substrate is
almost completely suppressed. For an idealized NW sample
with a uniform NW diameter of 70 nm, a NW length of 3.5
um, and a NW density of 10 NW/um?, the total surface area
of the NWs would be factor 7.7 larger than the bare substrate
surface. Assuming that the GaMnAs would be equally
distributed over the total area, this would result in a shell
thickness of 34 and 23 nm for a nominal 2D thickness of
300 or 200 nm, respectively. In reality due to the reduced
diffusion of adatoms the percentage of GaMnAs material
deposited at the tip of the NWs will be even higher and, as
a consequence, the planar growth even more inhibited. This
is consistent with SEM characterizations of core—shell NWs
where the obtained base shell thickness of <20 nm was
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Figure 5. Temperature dependence of magnetization of a core—shell
NW sample grown at 234 °C with a nominal GaMnAs 2D thickness
of 300 nm giving a Curie temperature 7¢c of 20 K. For the
measurement an external field of 250 Oe parallel to the NW axis
along the [111]direction was applied.

considerably thinner than the calculated value of 34 nm.
Therefore the magnetization values obtained by SQUID
measurements can be attributed mainly to the magnetic shell
of the NWs with the contribution of the planar grown
GaMnAs in between the NWs being at most 10% of the
signal.

The Curie temperature 7¢ was determined by measuring
the temperature dependence of the magnetization with a
magnetic field of 250 Oe applied parallel to the NW axis
along the [111] direction. NW samples with a nominal
GaMnAs 2D thickness of 200 or 300 nm grown at substrate
temperatures between 224 and 247 °C were analyzed. All
NW samples show T¢ values in the range of 12 and 20 K.
The highest 7¢ of 20 K is achieved for growth temperatures
of 231 and 234 °C for a nominal 2D GaMnAs thickness of
200 or 300 nm, respectively (cf. Figure 5). The thickness of
the GaMnAs shell does not have a measurable effect on 7¢.
Increasing the growth temperature (241 °C) as well as
decreasing the growth temperature (224 °C) leads to lower
Tc values of 17 or 16 K. At 247 °C substrate temperature
where branched NW growth starts to take place, ¢ is
reduced to 12 K, indicating a reduced quality and a possible
lower Mn content of the GaMnAs shell.

It is known that 7¢ of GaMnAs films depends strongly on
the crystal orientation of the substrate. The current record
of T¢ close to 180 K has been reported for a GaMnAs film
with 11% Mn concentration grown on a (001) GaAs substrate
with an improved postgrowth annealing technique.*** Note
that 7¢ of the as-grown sample was 85 K in this case. For
the crystal orientations (311)A, (110), (201), (110), and
(411)A the achieved T¢ of the as-grown as well as annealed
samples were considerably lower, with the (110) orientation
exhibiting the lowest T¢ values.*'3447=% To date no
reference data for GaMnAs films grown on (211) substrates
are available.

As the GaMnAs shell is grown on the side facets of the
core NWs which consist of either {211} planes (for the
hexagonal cross section) or of {211} and {110} planes (for
the polygonal shaped NWs), the low T¢ value is probably
caused by the specific crystal orientation. The nonuniform
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Figure 6. (a) Magnetization hysteresis loops at 6 K of a NW sample
with a GaMnAs shell of a nominal 2D thickness of 300 nm, grown
at 234 °C. The magnetic field is applied parallel to the NW axis in
[111] direction or perpendicular to the NW axis in [110] direction.
(b) Magnetization hysteresis loops at 6 K with magnetic field
applied along the NW axis ([111] direction) for different NW
samples grown at 224—241 °C with a nominal GaMnAs 2D
thickness of 200 or 300 nm. All NW samples show the same
characteristic behavior.

shell thickness could have an additional effect. In particular
at the tip of the NW with the thickest shell, enhanced Mn
segregation and cluster formation (as seen by SEM charac-
terization) could lead to a reduction of 7¢.>° For a uniform
core NW sample, generated, e.g., by position and size
controlled NW growth® with well-defined side facets, it
should be feasible to further optimize the GaMnAs growth
parameters yielding higher 7¢ values.

In Figure 6a, magnetization hysteresis loops of a NW
sample with a GaMnAs shell of a nominal 2D thickness of
300 nm grown at 234 °C are shown. The magnetic field was
applied either parallel to the NW axis along the [111]
direction or perpendicular to the NW axis in the [011]
direction. There is a clear difference between the two field
orientations. In the perpendicular case the NWs show a
magnetic hard axis behavior with 20% remanence at zero
field and almost no hysteresis. In the parallel field orientation
the remanence is 80% and a coercive field of 550 Oe is
observed. For the parallel field orientation various NW
samples with two different GaMnAs nominal 2D thicknesses
grown at different substrate temperatures are compared (cf.
Figure 6b). All NW samples exhibit the same characteristics.
The remanence at zero magnetic field is between 80% and
65%. The coercive fields range from 500 to 750 Oe with
the NW samples with higher Curie temperatures having a
larger coercive field. The magnetization hysteresis loops
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show that the [111] direction parallel to the NW axis is a
magnetic easy axis. For the branched NW sample we
observe, as expected, a less pronounced magnetic anisotropy
(cf. Figure S2 in Supporting Information). For a full
understanding of the hysteresis loops, one also has to take
into account that the magnetic signal arising from the (not
totally suppressed) planar growth in between the NWs and
from the polycrystalline GaMnAs growth at the tip of the
NWs contribute to the signal. Furthermore, there are a finite
number of kinked NWs. (The reason is that the sample cannot
be mounted in the SQUID without NWs at the edge of the
sample breaking off.) Third, due to the nonuniform shell
thickness the anisotropy constants are likely to vary along
the NW axis. All three points explain to some extent the
observed deviation of Figure 6b from the squared loop
characteristics of an ideal magnetic easy axis.

The magnetic anisotropy of GaMnAs films is complex.
Usually it consists of a cubic anisotropy term of the GaMnAs
zinc blende structure superimposed with additional uniaxial
anisotropy terms.”> Anisotropy studies are mainly performed
on (001) oriented GaMnAs films, but also (311) GaMnAs
and (110) GaMnAs films have been studied.'*** However,
no data are available for the (211) orientation. It has been
shown that the magnetic anisotropy of (001) GaMnAs films
is largely controlled by epitaxial strain, which can also be
used to engineer the anisotropy by, e.g., lithographical strain
relaxation.’>

The core—shell NW approach produces GaMnAs nano-
tubes with nonmagnetic GaAs cores, which would ideally
consist of six equivalent {211} planes. As shown for
lithographically generated GaMnAs stripes of similar width,
shape anisotropy terms do not play a significant role as the
saturation magnetization is small.**> Two basic scenarios
are thought to be possible. Either a uniform magnetization
forms with a well-defined magnetic anisotropy or the
different side facets develop separate magnetic domains
which add up to a net magnetization. In the second scenario
one would expect a net magnetization pointing along the NW
axis as radial components of opposite side facets cancel each
other out. This is valid, when the magnetic easy axis of the
side facets does not point perpendicularly to the NW axis,
which can be excluded from our measurements. For the
uniform magnetization, although no simulation of strain
induced anisotropy of (211) GaMnAs stripes exist, we expect
the reason for the observed easy axis along the NW axis to
be the same as in the case of lithographically defined stripes,
namely, anisotropic strain relaxation.>*>* Further studies are
required to fully understand the magnetic anisotropy of the
GaMnAs nanotubes.

In conclusion, we have successfully combined the growth
of ferromagnetic GaMnAs with GaAs NWs. Using the
core—shell NW approach the GaMnAs shell was deposited
on the side facets of GaAs NWs under low temperature
conditions. The GaMnAs grows epitaxially on the GaAs
NWs with good crystal quality. The maximum achieved
Curie temperature is 20 K. However, using more uniform
GaAs NW templates, realized by position and diameter
controlled NW growth and including templates from GaAs
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NWs having growth axis different from [111], the growth
conditions of the GaMnAs shell can be further optimized
and higher Curie temperatures should be possible to obtain.
The NWs show a strong magnetic anisotropy. Our results
constitute an important step toward the realization of
spintronic semiconductor nanodevices utilizing the bottom-
up approach.
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