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Doping mechanisms of Mn in GaAs nanowires (NWs) that have been grown self-catalytically at
600 °C by molecular beam epitaxy (MBE) are investigated using advanced electron microscopy
techniques and atom probe tomography. Mn is found to be incorporated primarily in the form of
non-magnetic tetragonal Ga, g,Mny g nanocrystals in Ga catalyst droplets at the ends of the NWs,
while trace amounts of Mn (22 = 4 at. ppm) are also distributed randomly in the NW bodies with-
out forming clusters or precipitates. The nanocrystals are likely to form after switching off the reac-
tion in the MBE chamber, since they are partially embedded in neck regions of the NWs. The
Gag goMng 13 nanocrystals and the low Mn concentration in the NW bodies are insufficient to
induce a ferromagnetic phase transition, suggesting that it is difficult to have high Mn contents in
GaAs even in 1-D NW growth via the vapor-liquid-solid process. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4927623]

I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) are of great
interest for the development of future spintronic devices that
combine the two major information technologies of semicon-
ductors for logic and magnetism for memory." Mn-doped
GaAs (GaMnAs) was first reported by Ohno et al? as a
promising material system for DMS applications. Recently,
the highest reported value for T, of ~190K has been meas-
ured.” In GaMnAs, the Mn atoms that occupy Ga lattice sites
act as acceptors, providing not only localized magnetic
moments but also holes that mediate ferromagnetic cou-
pling.* In order to obtain a GaMnAs solid solution that
exhibits a paramagnetic-to-ferromagnetic phase transition, a
Mn concentration exceeding ~1% is required.”*

Methods that require high temperatures during crystal
growth (bulk crystals or epitaxially growth single crystalline
layers>®) often cause inherent phase segregation or MnAs
nanocrystal formation when the Mn concentration exceeds
~0.1 at. %. As a result of the very low solubility of Mn in
GaAs, therefore, it is necessary to use non-equilibrium
growth methods such as low-temperature molecular beam
epitaxy (MBE),? below ~300 °C or Mn ion implantation into
GaAs.” However, the samples grown by these methods con-
tain usually a variety of point defects, such as As antisites,”
Ga vacancies,9 and Mn interstitials,m which degrade their
semiconductive and magnetic properties.
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Although the growth of monocrystalline GaMnAs layers
using a high Mn flux is impossible at high temperatures,'" 1-
D nanowire (NW) growth at a Mn/Ga flux ratio of several
percent is possible, which has been demonstrated in several
studies.!"™'* Although some studies have shown room temper-
ature ferromagnetism,'*'> the origin and mechanism of the
reported magnetization are not clear. For example, the forma-
tion of ferromagnetic precipitates or clusters such as MnAs
should be considered as a possible source of magne-
tism.'"'®!7 Recently, core-shell structured NWs consisting of
GaAs/GaMnAs,'® GaAs/MnAs,'”* and InGaAs/GaMnAs®'
have been considered as well. Some of these studies showed
that low temperature grown GaMnAs shells can contain high
Mn concentrations up to ~5% and have ferromagnetic phase
transitions above 20 K.'®*!

We have demonstrated previously that it is possible
to grow GaMnAs NWs by MBE at low temperatures
(300-350°C) and if the growth temperature is slightly too
high, the formation of MnAs nanoclusters occurs on the sur-
face. However, due to high disorder in terms of NW orienta-
tion, crystallographic defects, and morphology, other growth
regimes of Mn-doped GaAs NWs have been exploited: (i)
Ga catalyzed NWs grown at high temperature on Si(100),"?
(i1)) Ga catalyzed NWs grown at high temperature on
Si(lll),22 and (iii) low-temperature grown GaMnAs shells
on high-temperature grown Au-catalyzed GaAs NWs on
GaAs(lll)B.21 In this paper, we focus on investigating in
details structural and compositional properties of Mn-doped
Ga catalyzed GaAs NWs grown on Si(111) at high
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TABLE I. Geometries and growth parameters of the self-catalyzed Mn-doped and undoped GaAs NWs investigated in the present study. Brackets show stand-

ard deviations.

Nanowire Nanowire Ga droplet Growth
Sample length (nm) width (nm) diameter (nm) rate (nm/s) Growth parameters
NW1 (Mn-doped GaAs) 4950 (729) 170 (34) 320 (61) 0.8 (0.1) GaAs at 630 °C for 0.25 h, followed by GaMnAs"
at 600 °C for 1.5h (5s GaMnAs + 20s GaAs x 216 times)
NW2 (Mn-doped GaAs) 3000 (543) 160 (32) 290 (57) 0.4 (0.1) GaAs at 630 °C for 0.25 h, followed by GaMnAs* at 600 °C
for 2h (10 s GaMnAs + 20s GaAs x 240 times)
NW3 (undoped GaAs) 3260 (563) 200 (27) 350 (51) 0.4 (0.1) GaAs at 630 °C for 0.25 h, followed by GaAs at 600 °C for 2h

“Modulation doping.

temperature (600 °C), classified to (ii). In this case, the NWs
would not be expected to reach the Mn content high enough
to enable the ferromagnetic phase transition observed in
GaMnAs DMSs because of its high growth temperature.
However, since Mn has been considered as a possible p-type
dopant in GaAs NWs, it is desirable to exploit the Mn-
doping limits.

Here, we use various quantitative transmission electron
microscopy (TEM) techniques and laser-assisted atom probe
tomography (LA-APT) in order to study quantitative dopant
distributions and dopant incorporation pathways in GaMnAs
NWs grown self-catalytically at 600 °C by MBE. To the best
of our knowledge, it is the first report describing detailed Mn
incorporation into GaMnAs NWs through their direct obser-
vation techniques. Recently, a similar work has been
reported on Mg-doped GaN NWs grown with Au catalyst by
chemical vapor deposition, showing a significant amount of
Mg was incorporated through the Au/GaN interface during
the growth.”® Gas er al.*? have studied on optical and struc-
tural properties of similar GaMnAs NWs to those used in the
present study and found a Mn-containing nanocrystal in the
single NWs. In this paper, we also investigate the nanocrys-
tals in morphological, crystallographic, compositional, and
magnetic structures as well as their formation mechanism,
since the phase has not been reported and could be common
in GaMnAs NWs. In addition, the dopant concentration
measured by LA-APT is compared with that obtained by op-
tical method shown in Ref. 22.

Il. EXPERIMENTAL DETAILS

Initial growth of GaAs NWs was carried out at 630 °C
on Si (100) substrates that had 5-nm-thick oxidized surface
layers by means of MBE. Mn modulation doping at 600 °C
for 1.5 and 2 h was then used to grow NW1 and NW2,
respectively. The As,/Ga flux ratio was kept close to 0.5 dur-
ing growth in order to obtain NWs with the composition of
stoichiometric GaAs. During the doping the Mn/Ga flux ratio
was kept close to 3%. When NW growth was terminated, the
temperature was decreased to room temperature at cooling
rates of 3040 °C/min. At the same time, the sources of the
target elements were switched off. A small amount of As
was expected to remain in the growth chamber after closing
the As shutter. For comparison, undoped GaAs NWs (NW3)
were prepared under similar conditions. The samples investi-
gated in the present study and their growth parameters are
summarized in Table I.

TEM and scanning TEM (STEM) techniques, including
electron tomography and off-axis electron holography, were
applied to the samples using two FEI Titan 80-300ST field-
emission-gun TEMs operated at either 120 or 300kV.
Elemental mapping was performed using energy dispersive
X-ray spectroscopy (EDS) in the STEM mode. Each EDS
spectrum was acquired typically with a dwell time of 5s in
steps of 10nm and was processed by principal component
analysis (PCA)** and pixel-by-pixel background subtraction.
Electron diffraction was performed using a high-angle triple-
axis (HATA) TEM specimen holder to obtain as many diffrac-
tion patterns as possible from low-index zone axes. The holder
allows a specimen to be tilted in a range of £80° about the
longitudinal axis with tilting capability up to £7° about the
orthogonal axis.”> For electron tomography, tilt series of
images were acquired using high-angle annular dark field
(HAADF) STEM over a tilt range of —65° to +65° with a tilt
increment of 2°. The inner detector angle used was 57 mrad.
Off-axis electron holograms were recorded in Lorentz mode
(with the objective lens switched off and the specimen in mag-
netic-field-free conditions) at room temperature and at 100 K.
Mean inner potential contributions to the recorded phase shift
were removed by using in-situ magnetization reversal.’® For
comparison, electron holographic magnetic induction maps
were calculated using the approach reported by Beleggia and
Zhu,”” which has been used for the prediction of possible
magnetic configurations.”®**’ For most of the TEM experi-
ments, specimens were prepared by scratching the surface of
the NWs-growing substrates with a holey carbon TEM grid.
Nanoprecipitates located inside the catalyst particles at the
ends of the NWs and GaAs in neck regions of the NWs were
characterized in specimens prepared using focused ion beam
(FIB) milling. The NWs, which were protected by electron-
beam induced Pt deposition and subsequent ion-beam induced
deposition, were fixed onto TEM grids using in-situ lift-out
method. The TEM lamellae thinned by FIB milling were pol-
ished at 500 V using low-energy Ar ion milling.

Cathodoluminescence measurements were performed at
8 K in a scanning electron microscope (SEM) with an accel-
erating voltage of 5kV and a beam current of 10 pA.

LA-APT experiments were carried out using an Imago
LEAP 3000X HR in laser pulse mode with a wavelength of
532nm. The experimental parameters used are given in the
caption to Fig. 7. For LA-APT, single NWs were transferred
onto W needles in-situ in a SEM and fixed onto the needles
using electron-beam deposition of Pt or W.
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lll. RESULTS AND DISCUSSION

Figure 1 shows representative electron micrographs
recorded from self-catalyzed GaMnAs and undoped GaAs
NWs grown using the conditions given in Table I. The NWs
are oriented parallel to the (111) directions of the Si (100)
substrate. The NWs each comprise a GaAs body with a cubic
zinc-blende structure and a non-crystalline Ga droplet at its
end. The formation of the zinc-blende GaAs appears to be
more preferable in self-catalyzed GaMnAs NWs with a low
surface energy of a Ga droplet, which can suppress the
nucleation of the hexagonal wurtzite GaAs forming at the tri-
ple phase line where the Ga liquid droplet is in contact with
both vapor and the edge of the NW top surface.’** All of
the NWs contain significant numbers of twins, which usually
have higher densities closer to the tops of the wires (Fig. 1).
Measurements of NW and droplet diameters are plotted as a
function of NW length in Fig. 1 and show that there is a
tendency for longer NWs to have wider bodies and larger Ga
droplets. The NW diameters increase gradually along their
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FIG. 1. Representative SEM (left) and TEM (right) images acquired from
samples (a) NW1 (GaMnAs), (b) NW2 (GaMnAs), and (c) NW3 (undoped
GaAs) and the measurements of NW diameter and Ga droplet diameter plot-
ted as a function of NW length for their samples. The measurements were
performed using TEM images, and the NW diameters were measured from
their middles. Open-square symbols correspond to measurements of NW di-
ameter, while closed-circle symbols represent measurements of Ga droplet
diameter. The lines are drawn for eye guide. The scale bars in the TEM
images are 100 nm.
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length as seen in Fig. 1. The growth rates estimated from
their mean lengths and growth times are in the range of
0.4-0.8 nm/s.

Several growth mechanisms have recently been pro-
posed for group ITI-V compound semiconductor NWs.* Our
measurements support particle-assisted growth scheme with
seed particles containing elements constituting the NW
because the measured NW length and diameter increase with
an increase in Ga droplet size (Fig. 1). This scheme is based
on the vapor-liquid-solid (VLS) growth mechanism, involv-
ing a catalytic liquid droplet adsorbing elements in vapor
and becoming supersaturated in the liquid phase, leading to
crystallization of the NW at the droplet/NW interface.
Growth directly on the surfaces of the NW bodies without
catalytic reaction (i.e., vapor-solid growth)** would be
expected to lead to tapered NW growth. Therefore, the VLS
growth is considered to be predominant for the present NWs.
The increase in droplet size during growth is thought to
result from an imbalance between the consumption of Ga
and As by the NWs and their supply from the vapor.

The geometrical characteristics of the NWs in samples
NW2 and NW3 are similar, while the NWs in sample NW1
are longer but have similar diameters and droplet sizes to the
other wires. The difference between their NW lengths is not
presently understood and is not considered in the discussion
presented below. It is notable that the use of Mn doping does
not affect the sizes, shapes, or crystallographic features of
the NWs measurably.

Figure 2 shows quantitative STEM-EDS elemental maps
recorded from a GaMnAs NW taken from specimen NW2.
Mn is found to be located with a specific distribution in the
Ga droplet, indicating the formation of a nanocrystal, which
has been reported previously.”” The nanocrystal has signifi-
cant amounts of Ga and Mn but does not contain As. Seven
NWs were examined and all exhibited similar Mn distribu-
tions, although the Mn accumulations had smaller volumes
in NWs taken from sample NW 1, which should be associated
with the use of a small amount of Mn for their growth.

In order to fully characterize the individual (Ga,Mn)-
containing nanocrystals, FIB milling was used to remove
much of the surrounding non-crystalline Ga, as shown in
Fig. 3. The electron diffraction pattern from a nanocrystal
shown in Fig. 3(a) and the high-resolution STEM-HAADF
image shown in Fig. 3(c) have both four-fold symmetry,
with the diffraction pattern containing all possible Akl reflec-
tions, suggesting that the crystal has a primitive tetragonal
lattice. The lattice parameters measured from several diffrac-
tion patterns including [001], [011], and [010] zone axes are
a=0.796 (+0.015) nm and ¢ =0.645 (£0.013) nm. Further
observations indicate the absence of hhl reflections with
l=2n+1, the absence of 0! reflections with /=2n+ 1 or
h+1=2n+1, and the presence of all 400 reflections, sug-
gesting that the (Ga,Mn)-containing phase is likely to be tet-
ragonal with either P4/mcc or P4cc symmetry. The
composition of the nanocrystal is determined by quantitative
EDS analysis to be Gaggr+0.03Mng 15+0.03 (Fig. 3(d)). The
nanocrystal has a strong crystallographic relationship with
the GaAs NW body, where Gag g,Mng g (100) lies on cubic
GaAs (111) or hexagonal GaAs (0001) and GaggoMng 5
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FIG. 2. (a) TEM and (b) STEM-HAADF images acquired from a nanowire
taken from sample NW2. (c¢)—(e) Corresponding quantitative STEM-EDS
elemental maps for (c) Ga, (d) As, and (e) Mn, after the application of
PCA** and pixel-by-pixel background subtraction to the spectra. The maxi-
mum compositional values for Ga, As, and Mn, respectively, are 100, 50.6,
and 3.9 in at. %. The STEM image and the elemental maps were obtained
from the region marked in (a). (f) Composite elemental map formed from
images (c)—(e), showing Ga in red, As in blue, and Mn in green. In the com-
posite map, the body of the NW appears purple, while the (Ga,Mn)-contain-
ing nanocrystal in the droplet appears yellow. The scale bars in (b)—(f) are
100 nm.

[011] corresponds to cubic GaAs [011] or hexagonal GaAs
[2110], shown in Fig. 4(f). To the best of our knowledge,
this phase has not been reported previously, presumably
because such nanocrystals form under specific conditions
such as those used here.

An electron tomographic reconstruction of a NW taken
from sample NW2 is shown in Fig. 5. The reconstruction
reveals the three-dimensional morphology of the
Gag goMng ;g nanocrystal in the Ga droplet at the end of the
NW. It also shows that the nanocrystal is partially embedded
in the GaAs NW body and in contact with the bottom surface
of a neck region at the end of the NW body. This observation
is consistent with the EDS elemental maps shown in Fig. 2
and the STEM images shown in Figs. 4(a) and 4(e).

NW necks are often created after the sources of target
elements in the MBE were switched off, allowing post-
growth with residual gases remaining in the growth cham-
ber.*>~® The decrease in an As flux during the cooling-down
process affects the morphology of the end of NWs and pro-
motes the growth of a zinc-blende GaAs phase.*® Our TEM
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FIG. 3. (a) and (b) Selected-area electron diffraction patterns acquired from
an individual (Ga,Mn)-containing nanocrystal in sample NW1, which was
prepared for TEM examination using FIB milling and is shown in the inset
to (a). The diffraction patterns shown in (a) and (b) were acquired along
GaggoMng g [001] and [011], respectively. (c) High-resolution STEM-
HAADF image of the Gagg,Mng 13 nanocrystal acquired along its [001].
The details of the atomic arrangement in the crystal are beyond the scope of
the present paper. (d) EDS spectrum measured from the same nanocrystal,
showing only Mn and Ga peaks from the sample and a Cu signal from the
TEM grid used.

observations show that GaAs in the neck region, which has
mostly the zinc-blende structure shown in Fig. 4(c), grows
continuously from the GaAs NW body (Fig. 4(d)).
Compared to the NW body, however, the GaAs in the neck
has few twins or stacking faults in the NW growth direction
and has a few twin boundaries developing in the direction
perpendicular roughly to the NW growth, suggesting that the
GaAs in the neck is likely to form in different conditions
from that in the NW body (Figs. 4(b)—4(d)). The GaAs in the
neck appears to have formed epitaxially from several nuclea-
tion sites at the droplet/NW interface. Consequently, the
Gap goMng ;g nanocrystals, which are present in the necks,
did not nucleate during the major NW growth but formed af-
ter turning off the reaction gases. The Gagyg,Mng 3 nano-
crystals are likely to have nucleated at the same time as the
growth of the necks began and to have completed their
growth before the growth of the necks ceases, since their
shapes are well preserved without any growth steps at the
level of the top neck surfaces.

The Gag goMng ;g nanocrystals are consistently observed
to have elongated shapes with diamond-like cross-sections.
The elongated shapes of the nanocrystals can be used to
understand why EDS elemental mapping has shown different
Mn distributions in different NWs (see Figs. 2(f) and 8(b)).
The volumes of the nanocrystal and the droplet measured
from the tomographic reconstruction shown in Fig. 5 are ~4
x 10° and ~8 x 10° nm?, respectively, with the nanocrystal
occupying ~5% of the volume of the droplet.
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FIG. 4. (a) STEM bright-field and (b)—(e) STEM-HAADF images obtained
from a NW in sample NW2. (a) Low-magnification image of the NW, show-
ing a Gagg,Mng g nanocrystal (Ga-Mn) lies on the bottom surface of the
neck and is surrounded by GaAs. (b)—(e) High-resolution images acquired

7R}

from the boxes indicated with the letters in (a). The symbols “c” and “h”
refer to cubic and hexagonal GaAs, respectively. The viewing direction of
GaAs is [110]c.gaas OF [1210]5.Gaas- The white lines show twin or phase
boundaries, while the black arrows show interfaces between the NW body
and the neck (d) or the Gagg,Mng g nanocrystal (e). (f) Crystallographic
relationship between the Ga, g,Mny ;g nanocrystal and GaAs NW body. The
angle between [001 gamn and [110]c.gaas ([1210]5.Gans) is about 9° and the
axes of [011]gemn and [011].Gaas ([2110]h.Gaas) correspond to one
another.

We propose a formation mechanism for the
Gag goMng ;g nanocrystals, which is based on VLS growth
and illustrated schematically in Fig. 6. The Ga and As that
are supplied through the liquid Ga droplet are responsible for
the growth of the NW body. Most of the Mn supplied to the
Ga droplet remains within it and is not incorporated into the
NW because of its low solubility in GaAs (see LA-APT
results below). The Mn/Ga atomic ratio in the droplet is esti-
mated to remain below 0.01, based on the volumes of the
droplet and the nanocrystal and their compositions (assuming
a density for liquid Ga of 6.1 g/em®).*” After turning off the
MBE reaction, the temperature decreases gradually from
600 °C at cooling rates of 30—40 °C/min (Fig. 6(b)). There is
still a small amount of residual As in the liquid droplet and
in the MBE chamber (at the level of 1078 mbar), which

J. Appl. Phys. 118, 054302 (2015)
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FIG. 5. Isosurface visualization showing (a) side and (b) top views of an
electron tomographic reconstruction of a GaMnAs NW taken from sample
NW2. The reconstructed volume has been segmented into three separate
parts, which are displayed in different colors according to their measured
chemical compositions. The elongated Gagg,Mng 3 nanocrystal shown in
yellow is in contact with the end of the body of the NW and partially embed-
ded in the GaAs of the neck region.

results in limited further NW growth (i.e., post-growth) and
in the formation of a “GaAs neck.” A tetragonal
Gag goMng g nanocrystal starts to form at almost the same
time, growing with an elongated morphology roughly along
its c-axis direction until the available Mn is consumed. The
orientation of the nanocrystal depends on the choices of the
cubic GaAs {111} surfaces to be shared and of the shared
axis of [011]gamn With [011]c_Gaas» allowing 24 possible ori-
entations to the Gagg,Mng g nanocrystal. The nanocrystal
grows more rapidly than the GaAs in the neck region, which
continues to grow after the Gagg,Mng g nanocrystal has
formed. On the assumption that the GaAs growth rate contin-
ues to be ~0.4nm/s (see Table 1) and that the length of the
neck is ~60nm (Fig. 5), the growth of the neck is predicted
to take 2-3min, while the temperature decreases to
480-540 °C. These temperatures are still high enough for the
growth of GaAs.? Therefore, the Gag goMng ;g nanocrystal is
estimated to form at between 480 and 600 °C.

Ga;_,Mn,As that contains a significant Mn concentra-
tion (x > 0.01) is expected to show a paramagnetic to ferro-
magnetic phase transition due to the exchange interaction
between charge carriers (holes) and localized spins of Mn
ions occupying Ga sites.”® Mn acts as a shallow acceptor
when it substitutes for Ga, providing a high concentration of
holes, which are essential for achieving the functionality of
DMS. Previous photoluminescence measurements of similar
NWs have shown some Mn incorporation into the NWs.?
As our TEM-EDS measurements suggest that the Mn con-
centration in the present NWs is below the detection limit of
the technique (~0.1 wt. %), the NWs would not be expected
to become ferromagnetic. Nevertheless, it is still worth to
know the quantitative incorporation amount of Mn into the
individual GaMnAs NWs grown at the present conditions
and its distribution.

Low-temperature cathodoluminescence measurements
were performed on individual NWs (not shown). As the
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FIG. 6. Schematic diagrams showing the proposed growth mechanism of
the Gagg,Mng 3 nanocrystal in the Ga droplet, shown for an advanced
stage of growth of the NW. (a) corresponds to the situation before turning
off the deposition process in the MBE chamber (at a temperature of
600°C). (b) corresponds to the situation after turning off the deposition
process, when the temperature decreases gradually by approximately
30-40°C/min.

NWs are relatively thin and uncapped, the signal intensity is
low and the emission is very sensitive to the electron beam.
The undoped GaAs NWs (NW3) show two emission peaks,
one related to the bandgap of GaAs and one probably related
to Si-incorporation from the Si substrate. The detection of
the emission from the single NWs suggests that the NWs
have a high degree of crystallinity. In the GaMnAs NWs,
Mn-related emission comes mainly from large crystallites at
the base of the NWs, reflecting their larger volume, although
some weak emission appears from the NWs.

Recently, LA-APT has been used successfully to study
the distributions of dopant atoms in semiconductors with
close-to-atomic-resolution®**4 and applied to a thin film
of GaMnAs with 3.5 at. % Mn.*! Here, we use LA-APT to
elucidate the concentration and distribution of Mn in the NW
bodies. Figure 7(a) shows a mass spectrum measured from
the middle of a GaMnAs NW taken from sample NW1,
recorded using LA-APT, showing a distinct Mn™ peak at 55
Da alongside the dominant Gat, As™, and As>F peaks. In
addition, a very small peak corresponding to Mn”" (too
small to be distinguished in Fig. 7(a)) is present at 27.5 Da.
Molecular As peaks are also present outside the range
shown, including As,", As;T, and As,t. The Mn concentra-
tion is measured to be 22 * 4 at. ppm. Assuming that all of
the available Mn occupies Ga lattice sites and provides hole
carriers, the carrier concentration is 8.8 x 1017cm_3, which
is in good agreement with a value measured from the similar
NW samples using photoluminescence spectroscopy.'>**
Our assumption that most of the Mn is located on Ga lattice
sites rather than on interstitial sites therefore appears to be
reasonable, indicating that the growth temperature used in
this study is high enough to suppress the formation of point
defects such as As antisites® and Ga vacancies.” Figure 7(b)
shows a LA-APT reconstruction of the Mn distribution in the
NW, which suggests that the Mn is distributed randomly
within an examined volume of 40 x 40 x 270nm>. The Mn
therefore does not result in the formation of clusters or pre-
cipitates, even though the growth conditions used in this
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FIG. 7. (a) Part of a mass spectrum recorded from the middle body of an
individual GaMnAs NW taken from sample NW1, measured using LA-
APT. The total number of atoms counted is ~7 x 10°. The number of counts
in the Ga* peak is ~9.03 x 10°. The experimental parameters used were:
laser pulse energy 0.1 nJ; pulse frequency 100 kHz; evaporation rate ~0.2%;
and temperature 70K. (b) LA-APT reconstruction of the body of the
GaMnAs NW examined in (a), showing a uniform distribution of Mn atoms
in a volume of 40 x 40 x 270nm°. The sizes of the individual Mn atoms
are exaggerated for visual purposes.

study can result in segregations of MnAs or As.'!16:1742

Although theoretical calculations have predicted that Mn
atoms are localized around the surface of a zinc-blende NW,
the tendency was not observed in the volume investigated by
LA-APT in this study.*’ This discrepancy may result from
the relatively small cross-section perpendicular to the NW
growth direction, 1600nm?, as compared to a large cross
section of ~25000nm? (180nm in thickness) for the entire
NW.

Temperature-dependent superconducting quantum inter-
ference device (SQUID) measurements obtained from the Si
substrates with the GaMnAs NWs (not shown) indicated the
absence of a ferromagnetic phase transition. As the number
of NWs contributing to the measurement may not have been
sufficient to detect a measurable SQUID signal, we also
applied off-axis electron holography to examine magnetic
properties of both individual Gayg,Mng ;g nanocrystals and
GaMnAs NW bodies (Fig. 8). The technique allows local
magnetic fields in materials to be imaged quantitatively at
the nanometer scale and has been used extensively for study-
ing the magnetic properties of closely spaced sub-50-nm
nanoparticles.?6-2%44

Figures 8(e) and 8(f) show simulated electron holo-
graphic magnetic induction maps of a magnetic nanocrystal
in a NW. The geometry used in the simulations is based on
the result of the electron tomography shown in Fig. 5. The
induction maps were calculated on the assumption of an
elongated Mn; ¢Ga nanocrystal with an induction of
0.38T,* since magnetic parameters of the new phase
Gagg>oMng g are not available. The simulated induction
maps are predicted to have measurable magnetic dipole
fields showing apparent phase contour lines. The difference
in the strength of magnetic signals between Figs. 8(e) and
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FIG. 8. (a) Off-axis electron hologram recorded from a GaMnAs NW taken
from sample NW2. (b) Composite EDS elemental map obtained from the
end of the NW. The same colors are used in (b) as in Fig. 2(f). (c¢) and (d)
Remanent magnetic induction maps acquired at (c) room temperature and
(d) 100K using electron holography from the region marked at the end of
the NW in (a). The observed contours are associated primarily with statisti-
cal noise and/or artifacts such as changes in contributions to the phase from
diffraction contrast between acquiring successive holograms. (e) and (f)
Simulated electron holographic magnetic induction maps of a magnetic
nanocrystal in a NW. The size, position, and orientation of the nanocrystal
are based on the electron tomographic observations shown in Fig. 5. (e) and
(f) correspond to viewing directions from the north and east in Fig. 5(b). The
magnetic induction of 0.38T for a tetragonal Mn; ¢Ga was used.*> The
nanocrystal shape was assumed as a cylinder with 180 nm in length and
50nm in diameter. The magnetic phase contour spacing in (c)—(f) is
0.0625 rad.

8(f) is due to geometric effect, since electron holography can
detect only in-plane magnetic components in specimens.

Figure 8(b) shows an EDS elemental map recorded from
the end of a NW taken from sample NW2. Figures 8(c) and
8(d) show corresponding magnetic induction maps acquired
using electron holography at room temperature and 100K,
respectively. Although a Gagyg,Mny g nanocrystal is present
in a neck region of the NW, Figs. 8(c) and 8(d) show no con-
vincing magnetic signal, either in the Gag g,Mng g nanocrys-
tal or in the NW body, even at the lower specimen
temperature. Although some nanoparticles or precipitates
can be carriers of magnetization in magnetic semiconduc-
tors,'%!” our observations suggest that Gag g,Mng ;g does not
exhibit a significant magnetic moment at temperatures of
100K and above and that it does not contribute measurably
to magnetization in the present samples, which is consistent
with the SQUID measurements.

J. Appl. Phys. 118, 054302 (2015)

IV. CONCLUSIONS

We have examined GaMnAs NWs grown self-
catalytically at 600 °C on Si using MBE. Several TEM tech-
niques and LA-APT have been used to determine the distri-
bution of Mn in individual NWs. More than 99% of the Mn
atoms in each NW are found to be accumulated in the form
of a tetragonal Gag g,Mny 13 nanocrystal, which forms at the
end of the body of the NW after its major growth has
stopped. The Gag g,Mng ;g nanocrystals do not have a signifi-
cant magnetization and are unlikely to contribute to ferro-
magnetism in other similar systems. A trace amount of Mn is
found to be distributed uniformly in the NW bodies. All of
the Mn ions in the NW bodies are likely to occupy Ga sites
on the GaAs lattice rather than interstitial sites and to pro-
vide hole carriers. The low concentration of Mn in the NW
bodies and the presence of non-magnetic Gay g;Mng g nano-
crystals provide an explanation for the absence of a ferro-
magnetic phase transition in the present GaMnAs samples.
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