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a b s t r a c t

The structural evolution and magnetic property of Mn-rich clusters in GeMn thin films grown at 70 ◦C by
molecular beam epitaxy has been systematically investigated by TEM, EDS and SQUID. It was discovered
that, by controlling the Mn concentration, the morphology of coherent Mn-rich clusters can be manip-
ulated from tadpole to nanocolumn shapes. For a particular Mn concentration, the critical thickness to
form coherent Mn-rich clusters at 70 ◦C has been identified. Magnetic measurements show a complex
magnetic behavior, which is mainly related to the Mn-rich clusters or precipitates. Our results also reveal
that a flat surface of the Ge buffer layer plays an important role in producing vertically aligned tadpoles
and nanocolumns.
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. Introduction

Diluted magnetic semiconductors (DMSs), possessing both
agnetic and semiconducting properties, have been extensively

nvestigated due to their promising applications in spintronic
evices [1–4]. Being compatible with current Si technology,
exMn1−x DMSs have attracted particular attention and extensive
tudies have been carried out to investigate their nanostructures
nd magnetic properties, both experimentally and theoretically
5–14]. It is well understood that inhomogeneous Mn doping in
e thin films tends to generate Mn-rich magnetic intermetallic
recipitates (such as Mn5Ge3 [15–20] and Mn11Ge8 [21–23]), or
oherent Mn-rich clusters (such as tadpoles [24] and nanocolumns
13,25,26]), due to the low solubility of Mn in Ge. Basically, low
rowth temperature and low Mn concentration are favorable for

he formation of coherent Mn-rich clusters, otherwise, secondary
ntermetallic precipitates will be developed. For example, Bougeard
t al. [27] reported coherent Mn-rich clusters in precipitate-free
e0.95Mn0.05 films on Ge substrates grown at 60 ◦C. Increasing the

∗ Corresponding author.
E-mail addresses: y.wang4@uq.edu.au (Y. Wang), j.zou@uq.edu.au (J. Zou).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.134
growth temperature to 70 ◦C, they revealed the co-existence of sec-
ondary Mn5Ge3 precipitates and coherent Mn-rich clusters [16],
which is similar to our previous study where coherent Mn-rich
clusters dominate the film with Mn5Ge3 precipitates occasionally
seen in the Ge0.96Mn0.04 thin films on Si grown at 70 ◦C [24]. When
the growth temperature is risen to 120 ◦C or above, secondary pre-
cipitates, such as Mn5Ge3 and Mn11Ge8, dominate the grown thin
films, as well documented in the literature [15–19,21–23]. Never-
theless, these studies were mainly focused on individual type of
Mn-rich clusters or precipitates; and little attention has been paid
to comprehensively understand the dynamic growth (structural
evolution) of these Mn-rich clusters. More importantly, the mech-
anism of Mn diffusion and the formation of different morphologies
of Mn-rich clusters (such as nanocolumns) remain unclear and
deserve an urgent investigation in order for this type of DMS thin
films to be practically applicable.

In this letter, through detailed transmission electron microscopy
(TEM) and energy dispersive X-ray spectroscopy (EDS) investiga-

tions, we demonstrate the structural evolution of coherent Mn-rich
clusters driven by Mn diffusion. From which, the nature of Mn dif-
fusion as well as the effect of the Ge buffer layer is clarified. In
addition, the magnetic properties of the Mn-rich clusters are also
discussed.

dx.doi.org/10.1016/j.jallcom.2010.08.134
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:y.wang4@uq.edu.au
mailto:j.zou@uq.edu.au
dx.doi.org/10.1016/j.jallcom.2010.08.134
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. Experimental details

The Ge1−xMnx thin films with different nominal Mn concentrations (namely,
= 0.025, 0.04, 0.045, 0.055, 0.070 and 0.120, respectively) were grown on Ge (1 0 0)
ubstrates at 70 ◦C using a Perkin-Elmer solid source MBE system. Prior to the
rowth, the Ge substrates were cleaned by the mixture of H2SO4:H2O2 (5:3) and
iluted HF. The substrates were then annealed at 800 ◦C for 10 min in vacuum
o remove the native oxide. A Ge buffer layer with a typical thickness of 35 nm
as firstly deposited on a Ge (1 0 0) substrate at 400 ◦C, followed by the growth of
n-doped Ge on the top of Ge buffer layer with a growth rate of 0.02 nm/s. For con-

enience, a shortened term is used to represent the samples hereafter. For example,
-2.5 denotes the Ge1−xMnx thin film with x = 0.025. The structural and chemical
haracteristics of grown thin films were characterized by TEM, high resolution TEM
HRTEM) and EDS. Cross-sectional TEM specimens were prepared by standard tech-
ique including mechanical polishing using a tripod technique and final ion-beam
hinning using a Gatan precision ion polishing system. The TEM, HRTEM and EDS
xperiments were performed in a Philips Tecnai F20 TEM, operating at 200 kV.

. Results and discussions

.1. Structural evolutions
Fig. 1(a–f) presents typical cross-sectional TEM images of all
rown Ge1−xMnx thin films, displaying their general morphology.
lat surfaces can be seen in all samples, which is different from the
e0.96Mn0.04 thin films grown on Si where a rough surface was evi-

Fig. 1. Typical cross-sectional TEM images of samples: S-2.5 (a), S-4 (b), S-4.5 (c), S-5.5
ompounds 508 (2010) 273–277

denced [24]. By carefully examining these images, vertically aligned
tadpole-shaped clusters (dark contrast) can be observed [refer to
Fig. 1(a–c)] with a tendency of the higher the Mn concentration, the
higher the density of the tadpoles and the longer the tadpole tails.
Indeed, the shape of these tadpoles is similar to those grown on Si
substrates found in our previous study [24]. However, those tad-
poles on Si are usually randomly orientated when compared with
vertically aligned tadpoles found in this study (detailed discussion
see later). With increasing the Mn concentration, the width of tad-
pole tails become thicker and tends to be identical to their heads,
which eventually results in the formation of Mn-rich nanocolumns,
as shown in Fig. 1(d). With further increasing the Mn concentration,
the diameters of the nanocolumns increase, as displayed in Fig. 1(e
and f). It has been shown that this kind of tadpoles possesses an
identical structure of the diamond structured Ge matrix [13,24]. To
identify the nature of our Mn-rich nanocolumns, extensive HRTEM
investigations were conducted and a typical example is shown in
Fig. 1(g). No lattice defects, such as dislocations, were observed and

the Mn-rich nanocolumn has an identical structure with the Ge
matrix, indicating a coherent nature between the nanocolumns and
their surrounding Ge matrix, which agrees well with the previous
results, where the formation of Mn-rich nanocolumns is induced by
spinodal decomposition [13,25]. Quantitative EDS was employed

(d), S-7 (e) and S-12 (f). (g) A typical HRTEM image of a coherent nanocolumn.
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tural evolution of coherent Mn-rich clusters can be proposed, as
schematically illustrated in Fig. 3(a). At the initial stage of the
Ge1−xMnx thin film growth, Mn adatoms tend to remain in the
growth front, causing an increased local Mn concentration. When
the local Mn concentration is sufficient, the nucleuses of Mn-rich
ig. 2. (a) A TEM image of the Ge:Mn thin film with a distinguishable interfaces b
ypical EDS profile acquired from spots A, B and C in (a), respectively.

o measure the overall Mn concentration for these samples and the
esults show a good agreement with their respective nominal Mn
oncentrations. It should be noted that, although coherent Mn-rich
adpoles and nanocolumns dominate the thin films in these sam-
les, Mn-rich precipitates, such as Mn5Ge3, can still be occasionally
bserved. Indeed, this result agrees with the results reported by
hlers et al. [16], where a few Mn5Ge3 precipitates together with
oherent clusters were observed in 5% Mn-doped Ge grown at 70 ◦C.

As can be seen from Fig. 1, Mn tends to diffuse to form
oherent tadpoles and/or nanocolumns, other than homogenously
istributed within the Ge matrix. However, to understand the Mn
iffusion and subsequently the formation of these Mn-rich clusters,

t is essential to distinguish the interface between the thin films
nd the Ge buffer layer. For this purpose, a dedicated Ge1−xMnx

hin film (with nominal 3.5% Mn) with a distinguishable Ge buffer
ayer was prepared. Fig. 2(a) shows a typical TEM image of such
film, where two interfaces are distinguishable; i.e. the interface
etween the Ge1−xMnx thin films and the Ge buffer layer (marked
y a white solid arrow) and the interface where the coherent Mn-
ich clusters start (marked by a white dashed arrow). Obviously,
gap of ∼12 nm between the two interfaces can be identified. To

xplore the composition variations across these interfaces, exten-
ive EDS measurements in the scanning TEM mode were performed
nd typical results are shown in Fig. 2(b–d) for the spots A, B and
shown in Fig. 2(a). Interestingly, like the result in the Ge buffer

ayer (Fig. 2(b)), almost no Mn can be detected in the gap (spot B,
ig. 2(c)), which is similar to the results reported by Devillers et
l., where they revealed that the Mn content in the Ge matrix is
etween 0% and 1% [13]. In strong contrast, quantitative EDS mea-
urements show that up to 9% Mn can be found in the heads of

adpoles (e.g. spot C, Fig. 2(d)), which is significantly higher than
he nominal composition of 3.5% Mn for this sample. This result
ndicates that, at the initial stage of the Ge1−xMnx thin film growth,

n tends to diffuse towards to the surface, due to the misfit strain
nduced by larger Mn atoms (atomic radius: 140 pm) incorporation
n the Ge buffer layer and the Ge:Mn thin film and where the tadpoles start; (b–d)

into the Ge (atomic radius: 125 pm) lattice [11]. When the thick-
ness of the Ge1−xMnx thin films reaches a critical value (∼12 nm
for this case) where, near the growth front, the local Mn concen-
tration is sufficiently high and the spinodal decomposition takes
place [13,24]. It should be noted that the critical thickness (the
thickness threshold for the formation of Mn-rich clusters) varies
with the nominal Mn concentration with a tendency of the higher
the nominal Mn concentration, the smaller the critical thickness.

Based on the experimental results outlined above, a struc-
Fig. 3. (a) Schematic diagram of the structural evolution of Mn-rich clusters in the
Ge:Mn thin films and (b) a TEM image of a Ge buffer layer grown on Si.
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ig. 4. SQUID measurements of a 5.5% Mn-doped Ge thin film grown on Ge substr
easured with a magnetic field of 200 Oe.

lusters are formed, their physical locations are then locked (stage
) and subsequently they act as the nucleation sites for the cluster
rowth. With further growth of the Ge1−xMnx thin films, differ-
nt consequences may be obtained depending upon the nominal
n concentration: (1) if the nominal Mn concentration is low,

adpole-shaped Mn-rich clusters with a short tail will form as
here is not enough Mn available in the growth front (stage B, also
efer to Fig. 1(a)); (2) the tadpole tails become longer and larger
hen the nominal Mn concentration is slightly higher (stages C

nd D); (3) with higher nominal Mn concentration, coherent Mn-
ich nanocolumns may be formed, as shown in stage E (also refer to
ig. 1(d)); and (4) when the nominal Mn concentration is very high,
he size of the nanoclumns is increased (refer to Fig. 1(e and f)) and
he Mn concentration within the coherent nanocolumns can reach
p to 23%, confirmed by our extensive EDS measurements.

It is of interest to note that our tadpoles and nanocolumns are
ertically aligned when compared with those randomly orientated
adpoles grown on Si substrates [24]. To understand this, we note
at interfaces between the Ge1−xMnx thin films and their underly-

ng Ge buffer layer, as shown in Fig. 2(a), suggesting that the growth
ront of the Ge buffer layer is flat; which may be responsible to the
ertically aligned tadpoles and nanocolumns. To clarify this point,
e grew a comparative 35 nm Ge buffer layer on Si with the identi-

al growth condition (e.g. the growth temperature of the Ge buffer
ayer being 400 ◦C). Fig. 3(b) is a typical TEM image of such a sam-
le and shows a rough surface of the Ge buffer layer. As shown in
ig. 3(a), the surface of the Ge buffer layer is flat, which makes the
adpoles grow vertically and eventually form nanocolumns. This
ndicates that coherent Mn-rich clusters tend to grown along the
ormal direction of the growth front surface, which may explain the
andomly oriented tadpoles in our previous results where a rough
uffer layer surface was confirmed [24]. Taking all these results into
ccount, we can conclude that flat buffer layer is vital to ensure a
ell aligned tadpoles and nanocolumns.

.2. Magnetic properties

Superconducting quantum interference device (SQUID) was
sed to measure the magnetic properties of the Ge1−xMnx thin films
nd typical temperature-dependent hysteresis loops and magne-

ization moments in zero-field cooled (ZFC) and field cooled (FC)
onditions (for sample S-5.5) are shown in Fig. 4(a and b), respec-
ively. From Fig. 4(a), magnetic hysteresis loops is observable up to
00 K. This indicates a Curie temperature (Tc) of 300 K, which is con-
rmed by the FC-ZFC results (Fig. 4(b)). The result is similar to our
) Hysteresis loops measured at different temperatures and (b) ZFC and FC curves

previous observation in the GeMn thin films grown on Si. Indeed,
as mentioned above, Mn-rich clusters and precipitates (such as
Mn5Ge3) exist in all examined samples. As a consequence, their
magnetic properties are similar and mainly originated from the Mn-
rich clusters and precipitates, as shown in Fig. 4. Particularly, from
the FC-ZFC curves, a magnetic transition at around Tb = 26 K can be
clearly observed in Fig. 4(b). As reported previously in the literature
[16,24], this transition can be attributed to the blocking of coher-
ent Mn-rich clusters (tadpoles or nanocolumns). As for another
transition at Tb = 275 K, we attribute it to the formation of Mn5Ge3
precipitates, which also agrees with the previous results [16,24].
Note that the nanocolumn samples exhibit magnetic anisotropy
when the external magnetic field direction changes from in-plane
to out-of-plane. Consistent with our previous study [26], the easy
axis typically lies in the out-of-plane direction because individual
nanocolumn has a large shape anisotropy with greater dimension
in the out-of-plane than that in the in-plane direction. However,
in both directions, our study shows that the Curie temperature
remains ∼300 K with two blocking temperatures that are in the
similar range. Finally, it is well documented that the room temper-
ature Tc is originated from the Mn5Ge3 precipitates [16,24]. Overall,
the magnetic properties of the GeMn thin films show the features
of Mn-rich clusters and precipitates.

4. Conclusions

In conclusion, we have systematically examined the structural
variations and magnetic properties of Mn-doped Ge thin films
grown on Ge substrates by TEM, HRTEM and EDS. We demonstrated
that the morphology of coherent Mn-rich clusters can be controlled
from tadpole to nanocolumn by altering the nominal Mn concen-
tration. For a 3.5% Mn-doped Ge1−xMnx thin film grown at 70 ◦C,
a critical thickness of ∼12 nm has been identified to form Mn-rich
clusters. As Mn-rich clusters and precipitates exist in all samples,
the GeMn thin films show a complex magnetic behaviors, which are
mainly originated from the clusters and precipitates. Our results
also reveal that a flat buffer layer surface plays a vital role to obtain
vertically aligned tadpoles and nanocolumns.
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