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The nanostructures and magnetic properties of Ge1  xMnx thin ﬁlms grown on Si substrates by
molecular beam epitaxy, with different nominal Mn concentrations (1  4%) and different growth
temperatures, have been systematically investigated by transmission electron microscopy and
superconducting quantum interference device. It was discovered that when Ge1  xMnx thin ﬁlms were
grown at 70 1C, with increase in Mn concentration, Mn-rich tadpole shaped clusters started to nucleate
at 1% Mn and become dominate in the entire ﬁlm at 4% Mn. While for the thin ﬁlms grown at 150 1C,
tadpoles was ﬁrstly seen in the ﬁlm with 1% Mn and subsequently Mn-rich secondary precipitates
became dominant. The magnetic properties show speciﬁc features, which are mainly related to the
nature and amount of Mn-rich clusters/precipitates within these thin ﬁlms.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction
Due to the promising applications in future spintronic devices,
diluted magnetic semiconductors (DMS) have attracted enormous
attention in the past few decades [1–3]. Compared with other
DMSs, GeMn DMS becomes more attractive in terms of compatibility with current Si technology and easy commercialization.
[4–8] In this regard, the ultimate goal is to obtain a high-quality
GeMn DMS, which can function well above room temperature.
Unfortunately, secondary precipitates such as Mn5Ge3 [9–11] and
Mn11Ge8, [12] or other Mn-rich clusters, [13–16] caused by low
Mn solubility in Ge, make it a challenging task to achieve. As a
matter of fact, such precipitates/clusters are commonly observed
in Mn-doped Ge, no matter whether the materials were grown by
the dedicated molecular beam epitaxy (MBE) facility, [16–18]
the well-established ion beam implantation techniques, [19] or
the Bridgman’s crystal growth technique. [20] For example, Ayoub
et al. [5] revealed Mn5Ge3 precipitates in diluted GeMn epitaxial
ﬁlms with 3.3% Mn grown by MBE. Our previous study [12]
conﬁrmed the Mn11Ge8 in the GeMn ﬁlms with 4% Mn grown by
MBE. Likewise, Passacantando et al. [19] found Ge3Mn5 clusters in
Mn+ implanted Ge single crystals, and Mn11Ge8 was reported in
GeMn single crystals prepared by the Bridgman’s technique [20].
On the other hand, growth temperature, an important factor
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affecting the structure and magnetic properties of GeMn DMS, has
been extensively investigated. [6,9,21] Devillers et al. [6] studied
GeMn thin ﬁlms grown at different temperatures ranging from 80
to 200 1C, and revealed at least four different Mn-rich clusters,
including nanocolumns and Ge3Mn5 precipitates. In another
study, Ahlers et al. [9] investigated GeMn thin ﬁlms with 5% Mn
grown at 60–120 1C and they found that nano-sized Ge3Mn5
can be observed for samples grown at substrate temperature
Ts Z70 1C with 5% Mn and precipitate-free samples can be
acquired at Ts ¼60 1C. Nevertheless, these studies were mainly
focused on GeMn thin ﬁlms grown on Ge substrates, and little
attention has been paid for these novel thin ﬁlms grown on the Si
substrate [10,11], although such information is essential for such
a system to be combined with the matured Si technology.
In this study, through detailed investigations by transmission
electron microscopy (TEM) and superconducting quantum interference device investigations (SQUID), the effect of Mn concentration and growth temperature on structural and magnetic
properties of GeMn thin ﬁlms grown on Si are comprehensively
investigated. Moreover, coherent interface between the secondary
Mn11Ge8 precipitates and the Ge matrix was ﬁrstly witnessed.

2. Experiment details
The Ge1  xMnx thin ﬁlms with different nominal Mn concentrations (namely, x¼0.01, 0.02, 0.03 and 0.04, respectively) were
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grown on Si (0 0 1) substrates at 70 and 150 1C using a PerkinElmer solid source MBE system. The Si substrates were cleaned by
H2SO4:H2O2 (5:3) and 10% HF with a ﬁnal step of HF etching.
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Native oxide was removed by 800 1C annealing for 10 min in
vacuum. During the growth, a nominal 35 nm thick Ge buffer
layer was ﬁrstly deposited on Si (0 0 1) substrates at 400 1C. After
that, Mn-doped Ge was deposited on the top of Ge buffer layer at
70 and 150 1C. The Ge growth rate was set to be 0.02 nm/s. To
simplify, a shortened term is used to distinguish sample states
hereafter. For example, S70-1 refers to the Ge1  xMnx thin ﬁlm
with x ¼0.01 grown at 70 1C. TEM, high resolution TEM (HRTEM)
and energy dispersive X-ray spectroscopy (EDS) were employed
to investigate the structural and chemical characteristics of grown
thin ﬁlms. Cross-sectional TEM specimens were prepared by
mechanically polished using a tripod technique, followed by a
ﬁnal thinning using a Gatan precision ion polishing system. The
HRTEM and EDS experiments were conducted in a Philips Tecnai
F20 TEM, operating at 200 kV.

3. Results and discussion
3.1. Structural properties

Fig. 1. Typical cross-sectional TEM images of samples grown at 70 1C: S70-1
(a), S70-2 (b), S70-3 (c) and S70-4 (d).

Fig. 1(a)–(d) are typical cross-sectional TEM images of S70-1,
S70-2, S70-3, and S70-4, respectively, and show their general
morphology of grown Ge1  xMnx thin ﬁlms. In all cases, rough
surfaces can be observed. By carefully examining the Ge1  xMnx
thin ﬁlms, tadpole shaped clusters can be observed in Fig. 1(b)–(d).
The higher the Mn concentration, the higher the density of the
tadpole shaped clusters can be developed. In order to determine
whether tadpole shaped clusters exist in S70-1, extensive TEM
investigations were conducted and such clusters are hardly
observed in S70-1. To understand the nanostructures of these

Fig. 2. (a) is a typical HRTEM image of the interface between Ge and Si; (b) shows a high magniﬁcation TEM image of the tadpoles; (c) is the HRTEM image and (d) is a EDS
proﬁle, showing Mn peaks.
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Ge1  xMnx thin ﬁlms, especially the Ge1  xMnx/Ge and Ge/Si
interfaces, HRTEM was employed and a typical o1 1 04 zoneaxis HRTEM image taken from the interface between the Ge buffer
layer and the Si substrate is shown in Fig. 2(a). From the HRTEM
image, well epitaxial single-crystalline Ge grown on Si can be
clearly seen, although stacking faults stemming from the interface
are also observed, due to the large mismatch (  4%) between Ge
and Si. The nature of the stacking faults can also be conﬁrmed by
the selected area electron diffraction pattern, [9] as shown in the
inset of Fig. 2(a). In fact, our extensive HRTEM showed that
although a large number of stacking faults interacted within Ge
buffer layer, [14] some stacking faults still penetrated the entire
ﬁlm, which may be responsible for the rough surface (refer to
Fig. 1). Fig. 2(b) shows a typical high magniﬁcation TEM image,
which reveals randomly distributed tadpoles within S70-3 and
S70-4. Although these Mn-rich tadpoles are not well aligned along
the growth direction [1 0 0]Ge possibly due to the rough surface
induced by the stacking faults, their tails are surprisingly towards
the surface of the thin ﬁlm. This may indicate that there are
particular directions (all towards the surface) for Mn diffusion at a
certain circumstance during the growth of Ge1  xMnx thin ﬁlms. To
identify the nanostructures of these tadpoles, HRTEM images were
acquired and a typical example is shown in Fig. 2(c). The Mn-rich
tadpoles are veriﬁed having an identical structure of the diamond
structured Ge matrix, indicating coherent Mn-rich clusters in Ge
matrix [12,13]. Quantitative EDS (Fig. 2(d)) conﬁrms an average
4.2% Mn concentration for sample S70-4, which is consistent with
the nominal amount (4%). It should be noted that although Mnrich tadpoles dominate the thin ﬁlms in S70-3 and S70-4, Mn-rich
secondary precipitates, such as Mn5Ge3, can still be occasionally
observed, [14] agreeing with the results reported by Ahlers et al.
[9] where a few Mn5Ge3 precipitates together with coherent, cubic
structured clusters were observed in 5% Mn-doped Ge grown at
70 1C.
Compared with their counterparts grown at 70 1C, the samples
grown at 150 1C show relative smooth surfaces, as presented
in Fig. 3(a)–(d), typical cross-sectional TEM images of S150-1,
S150-2, S105-3, and S150-4, respectively. This may be due to the
fact that at higher temperature growth, adatoms can be more
mobile on the growth front that leads to the smooth surface.
Furthermore, unlike the case of S70-1, tadpoles as well as Mn5Ge3
precipitates can be observed in S150-1 [refer to Fig. 3(a)], which is
similar to the case of S70-4 despite the density of tadpoles in
S150-1 is low. This implies that growth temperature as well as Mn
concentration can impact the formation of Mn-rich secondary
precipitates. When Mn concentration or growth temperature
reaches a threshold, such Mn-rich secondary precipitates may be
formed. In fact, these two inﬂuential factors are not independent
to each other. High growth temperature usually promotes a fast
Mn diffusion, which leads to more Mn available for the nucleation
of secondary precipitates, which can be altered by providing a
higher Mn concentration in the system but the growth is
remained in a relevantly low temperature. In addition, with
increase in the Mn concentration, the shape of the Mn-rich
clusters changes from tadpoles to round and their sizes become
larger, as clearly shown in Fig. 3(d) where the Mn concentration
reaches 4%. Also, the density of the secondary precipitates is
increased signiﬁcantly, as evidenced in Fig. 3 and by our extensive
HRTEM observations (not shown here). In contrast to the case at
70 1C, Mn-rich secondary precipitates such as Mn5Ge3 and
Mn11Ge8, other than coherent tadpoles, become dominant in the
thin ﬁlms grown at 150 1C. This is simply because the higher
growth temperature and/or higher Mn concentration promote/
promotes the nucleation of secondary precipitates more
favorably. An example of a typical Mn11Ge8 precipitate is shown
in Fig. 4(a), where a HRTEM image was taken along the [0 0 1] zone

Fig. 3. Typical TEM images of samples grown at 150 1C: S150-1 (a), S150-2
(b), S150-3 (c) and S150-4 (d).

axis of the Mn11Ge8 precipitate [12]. Fig. 4(b) shows a magniﬁed
Fourier ﬁltered image [22] of the marked area in Fig. 4(a). Two sets
of perpendicular atomic planes (with spacings of 0.33 and 0.26 nm)
on the right-top corner of Fig. 4(b) match well with {4 0 0} and
{0 2 0} atomic planes of the orthorhombic Mn11Ge8. [12] It has been
reported that hexagonal Mn5Ge3 precipitates usually have a welldeﬁned orientation relationship with the Ge matrix as
[0 0 0 1]Mn5Ge3//[0 0 1]Ge and [2̄ 1 1 0]Mn5Ge3//[1 1 0]Ge. [10,17] For
orthorhombic Mn11Ge8, however, no particular crystallographic
orientation with respect to the Ge matrix has been established.
Nevertheless, it is worthwhile to mention that the spacing of {4 0 0}
atomic planes of Mn11Ge8 is almost identical to that of {1 1 1}
atomic planes of Ge matrix, which might result in a particular
crystallographic relationship between Ge matrix and the Mn11Ge8
precipitates. This speculation is indeed conﬁrmed by our HRTEM
investigation, as displayed in Fig. 4(b). The image shows that the
{1 1 1} planes of Ge are parallel to the {4 0 0} planes of Mn11Ge8,
however, for other primary crystallographic directions, there is no
particular orientation relationship between Ge matrix and Mn11Ge8
precipitates.

3.2. Magnetic properties
The magnetic properties of the Ge1 xMnx thin ﬁlms were
measured by SQUID. Typical temperature-dependent magnetization
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Fig. 4. (a) is a typical HRTEM image, showing a Mn11Ge8 cluster and (b) shows the Fourier ﬁltered image of the marked area in (a).

Fig. 5. ZFC and FC curves measured with a magnetic ﬁeld of 200 Oe for samples S70-1 (a), S70-2 (b), S70-3 (c) and S70-4 (d).

in zero-ﬁeld cooled (ZFC) and ﬁeld cooled (FC) conditions for all
grown samples are shown in Fig. 5 (grown at 70 1C) and 6 (grown at
150 1C), respectively. Practically, to acquire ZFC curves, samples
were ﬁrstly cooled under the zero magnetic ﬁeld from 350 to 10 K,
and subsequently measured the magnetic moments while the
samples were warmed up under a magnetic ﬁeld of 200 Oe. For the
FC curve acquisition, however, samples were cooled with an applied
magnetic ﬁeld of 200 Oe. By examining the difference between
these ZFC and FC curves, the phase transformation, the blocking
temperature (Tb), and the Curie temperature (Tc) of the Ge1 xMnx
thin ﬁlms can be estimated. For the samples grown at 70 1C, a
magnetic transition at around Tb ¼ 22 K, as a common characteristic,
can be clearly observed in Fig. 5. We attribute this transition to the
blocking of coherent Mn-rich tadpoles. As mentioned earlier,
coherent tadpoles were observed in S70-2, S70-3, and S70-4.

Although no tadpoles were seen in S70-1, the ZFC and FC
investigations indicate the existence of such coherent clusters. In
fact, our result is consistent with the results reported by others who
also observed this kind of transition [9,23]. For example, Ahlers
et al. [9] explained the transition at Tb ¼12 K as a magnetic behavior
of lattice coherent nano-sized clusters. As no other types of clusters
were detected in S70-1 and S70-2, these two samples show a
paramagnetic behavior above 22 K up to room temperature. On the
other hand, with the formation of Mn5Ge3 precipitates, S70-3 and
S70-4 showed another Tb ¼250 K, as evidenced in Fig. 5(c) and (d),
respectively, which is also consistent with the previous results
[9,23]. Moreover, the magnetic moment decreases to zero when the
temperature increases to room temperature, indicating a Tc of
 300 K. This matches with the well accepted model that the origin
of room temperature Tc is associated with the Mn5Ge3 precipitates.
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Fig. 6. ZFC and FC curves measured with a magnetic ﬁeld of 200 Oe for samples S150-1 (a), S150-2 (b), S150-3 (c) and S150-4 (d).

Table 1
Sample details and clustering types.

Samples

Ts
(oC)

Mn

S70-1
S70-2
S70-3
S70-4
S150-1

70
70
70
70
150

1%
2%
3%
4%
1%

S150-2

150

2%

S150-3
S150-4

150
150

3%
4%

Clusters
Coherent nanoclusters
Coherent tadpoles start to nucleate
Tadpoles dominate
Tadpoles dominate
Tadpoles and secondary clusters
Secondary clusters (such as Mn5Ge3 and
Mn11Ge8) dominate
Secondary clusters dominate
Secondary clusters dominate

[9,14,24] As for the samples grown at 150 1C, since all the samples
are conﬁrmed with the existence of Mn-rich secondary clusters,
such as Mn5Ge3 and Mn11Ge8, their ZFC and FC curves are quite
similar (Fig. 6) and mainly related to these clusters. In addition,
Figs. 5 and 6 show that increase in growth temperature and Mn
concentration would systematically enhance the magnetization of
the GeMn samples, indicating that both factors are important to
control the doping process.
Generally speaking, the magnetic properties of Ge1 xMnx thin
ﬁlms grown on Si at both temperatures are closely correlated to
their nanostructures (refer to Table 1): since the thin ﬁlms in S70-1
and S70-2 with low Mn concentration were grown at low
temperature, solely magnetic behaviors of coherent nanoclusters
are shown. With increase in the Mn concentration (e.g. in S70-3 and
S70-4), Mn5Ge3 precipitates start to form and the magnetic
behaviors show a complex behavior due to the mixture of
coherent tadpole shaped clusters and secondary Mn5Ge3
precipitates. When the growth temperature rose to 150 1C,
secondary precipitates such as Mn5Ge3, coexisting with coherent
Mn-rich clusters, can be observed even in the 1% Mn-doped Ge thin

ﬁlm (refer to S150-1), which is similar to the case of S70-4. Further
increase in the Mn concentration, secondary precipitates dominate
the magnetic properties of grown thin ﬁlms, as evidenced by the
variation of the difference for the ZFC and FC curves. The difference
becomes the most prominent for the 4% Mn-doped Ge, where the
highest density of secondary precipitates can be observed within the
entire ﬁlms, as shown in Fig. 3(d). In this regard, ZFC–FC curves can
not only act as a sign of the types of nano-sized clusters/precipitates,
but also provide possible information about the amount of different
clusters/precipitates in the thin ﬁlms.

4. Conclusion
In this study, we have systematically investigated the structural
and magnetic properties of Ge1 xMnx thin ﬁlms grown on Si
substrates using MBE, with different nominal Mn concentrations
(1 4%) and different growth temperatures by TEM, HRTEM, EDS
and SQUID. For the samples grown at 70 1C, coherent Mn-rich
clusters were veriﬁed to exist even at 1% Mn, and with increase in
the Mn concentration, coherent tadpoles dominate the thin ﬁlms. As
for the thin ﬁlms grown at 150 1C, however, a signiﬁcant number of
tadpoles formed in the ﬁlm with only 1% Mn. Mn-rich secondary
precipitates such as Mn5Ge3 and Mn11Ge8 became dominant with
increase in the doping concentration. Furthermore, coherent interface between Mn11Ge8 precipitates and Ge matrix was ﬁrst
evidenced. The magnetic properties of the GeMn thin ﬁlms
are conﬁrmed to be closely related to the nature and the amount
of Mn-rich clusters/precipitates within these GeMn thin ﬁlms.
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