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(Ga,Mn)As nanowires were grown by molecular beam epitaxy using Mn as a growth catalyst on

GaAs(001) substrates at 485 �C, i.e., at intermediate temperatures higher than ones used for the

growth of (Ga,Mn)As thin films, but lower than the ordinary temperatures of Au-assisted growth of

GaAs nanowires. (Ga,Mn)As nanowires obtained with typical lengths between 0.8 and 4 lm and

diameters 50–90 nm do not have defects, such as dislocations or precipitates, except for the stacking

faults lying parallel to the growth direction. The investigation of magnetic and optical properties has

been carried out not only for as-grown samples with nanowires but also for peeled off nanowires from

the host substrate. The results obtained demonstrate that (Ga,Mn)As nanowires exhibit ferromagnetic

ordering around 70 K. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4799624]

I. INTRODUCTION

The ferromagnetic properties of Mn-doped III-V semi-

conductors have attracted intensive attention over the last

decades1 since the combination of semiconductor and ferro-

magnets properties makes it possible to achieve radically

new functionality in electronic or so-called spintronic devi-

ces. Among such diluted magnetic semiconductors (DMS),

the most extensively studied material is (Ga,Mn)As.2,3 It can

be obtained by different epitaxial growth methods, e.g., by

molecular beam epitaxy (MBE). If a Mn atom substitutes a

Ga cation site, it can provide both localized spin and hole.

Up to now, there is no completely adequate model describing

an origin of ferromagnetic ordering of spins in DMS. This

question is still rather controversial. According to one of the

most used the p-d Zener model, which can be applied to p-

type DMS,4 the ferromagnetic ordering of localized spins

occurs due to exchange interaction with holes. This model

predicts an increase of Curie temperature with increasing Mn

concentration. However, as it was shown, e.g., by Mack

et al.,5 the increased Mn content did not raise Curie tempera-

ture. At present, the highest observed Curie temperature for

(Ga,Mn)As thin films is about 180 K,6 which is still far from

the room temperature. Usually the low temperature regime is

used for the MBE growth (LT-MBE) of (Ga,Mn)As thin

films, i.e., 200–350 �C, to avoid the segregation of secondary

phases such as MnAs having hexagonal a-phase with a Curie

temperature of about 330 K and metallic conductivity.7 At

temperatures lower than 250 K, the formation of antisite

defects (AsGa) as well as interstitial Mn atoms acting as dou-

ble donors can occur, resulting in lowering the hole concen-

tration. To decrease the concentration of Mn interstitials the

post-growth annealing procedure can be applied.8 Despite

the considerable progress in the study of DMS, many ques-

tions are still unclear. One of them concerns the fabrication

and the behavior of the low-dimensional structures based on

DMS materials, such as nanowires (NWs).

Such quasi-one-dimensional structures can exhibit

unique properties even due to their geometrical shape, for

instance, the orientation of their easy magnetic axis is along

the growth direction. So the magnetic properties of the sam-

ples can be in principle predetermined. Recently, NWs based

on (Ga,Mn)As DMS materials have been grown by

MBE.9–12 It should be noted, that NWs are usually obtained

by the so-called vapor–liquid–solid (VLS) mechanism on the

substrates activated by a metal growth catalyst.13,14 The

most commonly used catalytic metal is gold. On the other

hand, the self-catalyzed NWs can be also obtained.15

Usually, the typical temperatures used for the MBE growth

of GaAs NWs lie between 450 and 640 �C. But as it was

mentioned above, this temperature window can lead to segre-

gation of MnAs during the MBE growth of (Ga,Mn)As thin

films. Therefore, one of the approaches to the growth of

(Ga,Mn)As NWs is to use the lowered temperatures similar

to the thin films. For example, the temperature range of

300–350 �C was used to synthesize (Ga,Mn)As with prelimi-

nary deposited MnAs nanoislands as a catalyst for the

growth.9 The NWs obtained had many branches as well as

MnAs nanoclusters and were tapered. Another two-stage

method was also applied to form (Ga,Mn)As NWs at low

temperatures.11 First, a GaAs NW core was grown at 540 �C
by Au-assisted MBE. Then, the substrate temperature was

lowered to 200–300 �C and the (Ga,Mn)As shell was depos-

ited. The shell was highly inhomogeneous. The Curie tem-

perature of samples obtained was around 30 K. The method

based on the use of Mn as a catalyst for the formation of

GaAs NWs was shown by Martelli et al.16 A similar
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approach was applied to the MBE growth of (Ga,Mn)As at

elevated growth temperatures.12 The NWs obtained on

GaAs(111)B substrate surface at 660 �C exhibited paramag-

netic behavior.12 In this paper, we report on the study of

structural, optical, and magnetic properties of (Ga,Mn)As

NWs grown on GaAs(001) at intermediate temperatures

higher than the ones used for LT-MBE growth of (Ga,Mn)As

thin films, but a bit lower than the ordinary temperatures of

Au-assisted MBE growth of GaAs NWs.

II. EXPERIMENTAL

The growth experiments were carried out using an

EP1203 MBE system equipped with Ga, Mn atomic and As4

molecular cells. First, epi-ready GaAs(001) substrates were

thermally cleaned to eliminate native oxide overlayer at

620 �C. The deoxidation process was monitored by the

reflection high-energy electron diffraction (RHEED) method.

The temperatures of the cells were equal to 1000, 373, and

720 �C, correspondingly for Ga, As, and Mn. After comple-

tion of the oxide removing process, the temperature of the

substrate was lowered by 40–50 �C, and the growth of the

GaAs buffer layer was carried out over 15 min to smooth out

the surface. Then the temperature was decreased by another

10 �C and Mn shutter was opened (As shutter was closed

during Mn deposition stage) for 2 min to form nanoclusters

used as a catalyst for the self-catalyzed growth of NWs. As

the working temperature (485 �C) was reached, the Mn, Ga,

and As cells were simultaneously opened, and the (GaMn)As

NWs immediately started to grow. The time of NW nuclea-

tion evaluated from RHEED pattern was 30 s. The total

growth time was equal to 25 min at the GaAs growth rate

equal to 1 ML/s. It should be noted, that the growth of NWs

occurred under metal stabilized growth conditions. The As/

(Ga,Mn) flux ratio was 0.4.

III. RESULTS AND DISCUSSION

The morphology of the NWs obtained was studied using

a scanning electron microscope (SEM) Zeiss Supra 25. SEM

images of (Ga,Mn)As NWs shown in Figure 1 demonstrate

that NWs have typical lengths between 0.8 and 4 lm and

diameters 50–90 nm. The nanowire density is about 107 cm�2.

Most of NWs have a preferential growth direction along

h111i and h110i. Some of them are oriented along h310i

crystallographic directions. In contrast,9 the (Ga,Mn)As NWs

do not have any branches. Many of them are slightly tapered,

which can be caused by the relatively low growth temperature

resulting in limitations on Ga adatom diffusion lengths.17,18

The structural and chemical characterization of the

grown samples was carried out by transmission electron mi-

croscopy. For this purpose, the samples were prepared in two

different ways. First, the NWs were chopped from the sub-

strate and suspended on a carbon grid. The growth direction

of the NWs and their morphology were analyzed in a Jeol

JEM 4010 microscope, which allowed a high-resolution

TEM investigation (HRTEM) of the crystal structure includ-

ing lattice defects. Second, the chemical nature of precipi-

tates found on the substrate surface as well as the chemical

composition were investigated by high-angle angular dark-

field scanning transmission electron microscopy (HAADF-

STEM) combined with energy-dispersive X-ray analysis

(EDX). For this analysis, we used a FEI TITAN 80/300

equipped with a probe corrector, which allowed a lateral re-

solution of 0.1 nm.

Figure 2 shows a typical example of a h110i oriented

NW obtained as a result of TEM analysis. The NW has a

length of 2 lm, thickness <100 nm, and it is slightly tapered.

In such long NWs, we could not find crystal defects, such as

dislocations or precipitates. However, some of them contain

planar features as stacking faults lying parallel to the growth

direction (see Figure 2). The NWs have a zincblende crystal

structure. The EDX analysis of (Ga,Mn)As also yielded no

local precipitation of the Mn within the detection limit of

0.5%. Thus, Mn can be homogeneously distributed in the

NWs. However, some of them contain planar features such

as stacking faults lying parallel to the growth direction (see

Figure 2).

Despite the fact that the TEM investigation of

(Ga,Mn)As NWs has not shown the presence of any

FIG. 1. SEM images of plane view of (Ga,Mn)As NWs arrays.

FIG. 2. TEM image of a h110i oriented NW. The tip at the upper right con-

tains the growth front and the catalytic droplet, which contains a high con-

centration of Mn. The dark features inside the NWs are caused by bending

of the crystal lattice, known as "bending contours." In the center, a stacking

fault (SF) is located lying parallel to the growth direction.
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precipitates on their side-walls as well as inside the NWs,

surprisingly, precipitates were found between the NWs at the

interface of the wetting layer (see Figure 3). As it can be

seen, the precipitates with hemispheric shape have lateral

sizes between 100 and 200 nm and depth about 50 nm. They

have relatively high density with an average distance

between them of about 1 lm. The chemical nature of precipi-

tates found on the substrate surface as well as the chemical

composition was investigated by HAADF-STEM combined

with EDX. It was shown that Mn content inside precipitates

is close to 50%, while Ga concentration seems to be very

low mainly coming from the surrounding GaAs matrix. The

diffractogram presented in the insert of Figure 3 indicates

that the precipitate might have a hexagonal phase. Thus, it

seems that during the MBE growth of (Ga,Mn)As NWs, a

segregation of a-MnAs precipitates in hemispherical shape

simultaneously occurred, having hexagonal crystal structure

similar to NiAs-type.7,18,19

The magnetic properties of the samples with (Ga,Mn)As

NWs were measured using a superconducting quantum inter-

ference device (SQUID) magnetometer Quantum Design

MPMS-XL7. The samples were placed in the center of the

plastic tubes used as sample holders and fixed mechanically

without any additional fixing material. The magnetic field

was parallel to the sample surface. The measurements were

performed in the sample vibrating mode (Reciprocating

Sample Option). The temperature dependences of the mag-

netization demonstrate that the samples with (Ga,Mn)As ex-

hibit ferromagnetic properties up to temperatures higher than

room temperature (Figure 4(a)). Such a behavior seems to be

caused by the presence of MnAs precipitates, which were

found to be segregated during the growth of NWs, since they

demonstrate similar dependences of magnetization.19 The

Curie temperature of the samples is similar to a value

obtained for MnAs clusters (�330 K). The shape of the zero-

field-cooling (ZFC) curve indicates a progressive blocking

of the precipitate’s moments in a wide temperature range

(Figure 4(a)), probably due to the deviations of their sizes.

The field dependences of magnetization of the samples are

shown in Figure 4(b). They demonstrate the presence of

clearly resolved hysteresis loops. The maximum value of a

coercive field obtained at 10 K corresponds to 2250 Oe

(Figure 4(b)). Thus, magnetic properties of the samples with

(Ga,Mn)As seem to be conditioned by the formation of hex-

agonal a-MnAs nanoprecipitates.

In order to diminish an influence of MnAs precipitates

formed between (Ga,Mn)As NWs, the NWs were peeled off

from the substrate by the following procedure. First, the sam-

ple with NWs was cut into small pieces. Then, they were one

by one immersed into ethanol and placed into ultrasonic bath

for 2 min. The (Ga,Mn)As NWs were broken from the host

GaAs(001) substrate and dispersed into solution. Afterwards,

the solution with NWs was pipetted through the filter paper.

Ethanol was evaporated, and NWs were left on the paper.

The procedure was repeated several times, since the density

of NWs was rather low. The temperature dependence of

magnetization of the (Ga,Mn)As NWs obtained is shown in

Figure 5. The measurements were performed in an applied

magnetic field of 200 Oe, i.e., higher, than it was used for

the samples with standing NWs, since the signal was consid-

erably weaker due to the low quantity of NWs dispersed.

The dependence exhibits ferromagnetic behavior up to �70

K (see Figure 5). Galichka et al.20 have shown using ab ini-
tio calculations that in zincblende (Ga,Mn)As NWs magnetic

properties can be suppressed compared to wurtzite ones due

to the distribution of Mn at the side facets. Possibly, this

FIG. 3. TEM overview of a cross-section sample. It shows the precipitate

near/at the surface of the grown GaAs layer by its Moir�e-contrast. In the top

right corner, the Fourier-transform of HREM image is inserted. It demon-

strates the MnAs phase by the extra reflections in addition to the GaAs ma-

trix reflections.

FIG. 4. (a) Temperature dependences of magnetization measured in an

applied field of 100 Oe of the sample with (Ga,Mn)As NWs after field cool-

ing (FC) (1) and zero-field cooling (ZFC) (2). (b) Magnetic field dependen-

ces of magnetization measured at: 10 K—(1), 200 K—(2), and 300 K—(3).
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relatively low Curie temperature can be explained by taking

into account these similar reasons. However, we did not

observe any noticeable Mn segregation on the NW sidewalls.

Recently, Sadowski et al.21 have demonstrated that Mn-rich

(Mn,Ga)As nanocrystals embedded in GaAs using additional

temperature annealing of (Ga,Mn)As layers grown by MBE

at 270 �C can exhibit ferromagnetic or superparamagnetic-

like behavior. Despite the fact that we have not found by

TEM any presence of such nanocrystals inside our NWs, the

Mn–Ga droplets on the NW tips might have similar features.

Additionally, the investigation of magneto-optical prop-

erties of the samples with (Ga,Mn)As NWs by hot-electron

photoluminescence (HPL) has been performed.22,23 The pho-

toluminescence (PL) spectra of samples were measured

using a He–Ne laser for excitation with a photon energy of

1.96 eV and Dilor XY800 spectrograph equipped with CCD

matrix. The PL polarization in a magnetic field was studied

using a photoelastic quartz modulator. Magnetic fields up to

5 T were generated by a superconducting magnet. The meas-

urements were performed in Faraday geometry.

The PL spectra obtained are shown in Figure 6(a). The

peak at about 1.517 eV can be connected to an exciton (X),

whereas the line at 1.505 eV can be caused by the well

known transition of a free electron to a neutral acceptor

(e-A0
C) in GaAs. The broad emission bands (e-A0

Mn) around

1.411 eV and the corresponding TA-phonon and LO-phonon

replica consisting of two series of lines and can be due to the

recombination of the equilibrium photoexcited free electrons

with holes bound to neutral Mn acceptors. Thus, Mn atoms

substitute Ga sites in crystal lattice. We have compared

the results obtained with the data of the PL investigation of

1000 nm (Ga,Mn)As layer (Mn atom concentration was

about 5� 1017 cm�3) taken from Ref. 23 and marked as R

(reference sample) in Figure 6(a). It should be mentioned

that R was grown by MBE on a GaAs(001) substrate at 560
�C and revealed paramagnetic behavior.23 There is a small

blue shift of about 3 meV of the e-A0
Mn PL band in the sam-

ple with NW as compared to that of R (Figure 6(a)). This

shift seems to be caused by the confinement effects in NWs.

Moreover, the full line half width (FLHW) is smaller in the

case of the sample with NWs. The concentration of Mn of

the NW sample can be estimated roughly as about 1 � 1018

cm�3 from the intensity of the lines compared to R sample.

Another important signature of Mn acceptor related PL is

demonstrated in Figure 6(b), which represents the results of

an investigation of PL polarization in an applied magnetic

field. The antiferromagnetic exchange interaction between

the 3d5 electrons of the inner Mn shell and bound valence

band holes23 leads to the sign reverse of PL (solid circles in

Figure 6(b)) in comparison with the non magnetic acceptor

(solid triangles in Figure 6(b)). Figure 6(b) also shows the

data of the sample R. It seems that confinement in the NWs

reduces the PL polarization.24 It should be taken into account

that we have studied the magneto-optical properties of the

sample with (Ga,Mn)As NWs. As TEM investigation has

shown, there was segregation of MnAs precipitates at the

sample surface. Since they exhibit a metallic type of conduc-

tivity, they will not contribute to the PL. But, the surface

layer between NWs can be unintentionally doped with Mn

too. Therefore, we cannot exclude this possibility. In contrast

to the SQUID data PL polarization of the NW sample shows

rather paramagnetic behavior in an applied magnetic field

(Figure 6(b)). This means that the density of Mn acceptors is

not too high, resulting in weak coupling between neighbor-

ing Mn acceptors24 or that the signal is obtained not only

from (Ga,Mn)As NWs themselves, but also from the layer

between them. In order to disjoint the contribution of

FIG. 5. Temperature dependences of magnetization measured in an applied

field of 200 Oe of the (Ga,Mn)As NWs peeled off from the substrate.

FIG. 6. (a) PL spectra of sample with (Ga,Mn)As NWs (NW) and reference

one (R) excited with �hxex ¼ 1.96 eV measured at 2 K. The recombination of

equilibrium electrons with holes bound to Mn acceptor is marked by the

arrow e-A0
Mn. Peaks labeled as “1LO” and “2LO” are the first and second

LO replica of the e-A0
Mn band. The lines e-A0

C and X are related to shallow

acceptor (carbon) and exciton recombination in substrate; (b) PL polariza-

tion measured on Mn (solid circles) as well as C (solid triangles) acceptors

in the sample with NWs and Mn (open circles) in reference (R) sample.
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different parts, the NWs were peeled off from the host sub-

strate and deposited onto a Si substrate using the procedure

described above. Since the density of the NWs on the Si sub-

strate was quite low, the experiments were carried out only

at 77 K, because the constructive features of our PL setup do

not allow for moving the sample inside the He cryostat. The

results of measurements of peeled off nanowires as well as

the sample with (Ga,Mn)As nanowires are shown in Figures

7(a) and 7(b), respectively. As it can be seen from the com-

parison of Figures 7(a) and 7(b), the line corresponding to

the recombination of the equilibrium photoexcited free elec-

trons with holes bound to neutral Mn acceptors became

much broader and the position of its maximum shifted to the

higher energies in case of peeled off NWs. Like in a case of

DMS, such behavior can be due the formation of impurity

band.23 Thus, the results obtained are in a good agreement

with the SQUID data for peeled off NWs despite the slight

difference in the temperatures which can be induced by low

level of detected SQUID signal due to small amount of NWs

(see Figure 5).

IV. CONCLUSIONS

In summary, (Ga,Mn)As NWs have been grown by MBE

on GaAs(100) substrates using Mn as a catalyst. The majority

of the NWs have preferential growth direction along h111i
and h110i. The NWs do not have any extended defects, such

as dislocations or precipitates. The EDX analysis of

(Ga,Mn)As also yielded no local precipitation of Mn within

the detection limit of 0.5%. Some of the NWs contain planar

features such as stacking faults lying parallel to the growth

direction. It was found that during the MBE growth of

(Ga,Mn)As NWs, the segregation of a-MnAs precipitates in a

hemispherical shape occurred between the NWs near/at the

surface of the grown GaAs layer. The magnetic properties of

the samples with (Ga,Mn)As seem to be conditioned by the

formation of a-MnAs precipitates. However, (Ga,Mn)As NWs

themselves demonstrate ferromagnetic behavior up to �70 K.

PL measurements of the sample with (Ga,Mn)As NWs exhibit

broad emission bands (e-A0
Mn) around 1.411 eV and the cor-

responding TA-phonon and LO-phonon replica consisting of

two series of lines, which can be caused by the recombination

of the equilibrium photoexcited free electrons with holes

bound to neutral Mn acceptors. The investigation of

(Ga,Mn)As NWs peeled off from the substrate performed at

higher temperatures has shown that the above-mentioned

band at 1.411 eV became broader and the position of its maxi-

mum shifted to the higher energies. It can be caused by the

formation of an impurity band. The results obtained are of im-

portance for the realization of new spintronic devices based

on DMS nanowires.
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