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Abstract

In this work, we have combined scanning tunneling microscopy (STM) with high-

resolution transmission electron microscopy (HR-TEM) to investigate the initial stages

of Mn deposition on Ge(001) surfaces. The growth temperature has been chosen to

be (353 ± 5) K, which is typical for the synthesis of Ge1−xMnx thin films. At the

early stage of the Mn deposition, two distinct kinds of islands are observed even for

Mn coverage much smaller than a monolayer with an average size of respectively 1-2

nm and 4-5 nm. Small islands were found to nucleate in the hollow between the Ge

dimer rows and they were formed by consuming Ge from two adjacent rows. This

indicates that Mn-Ge alloying has been taken place even at the early stage of the Mn

deposition. When the Mn coverage increases, coarsening between small islands with

newly deposited ad-atoms occurs, giving rise to the formation of monosized islands.

Interestingly, these nanostructures have an average size of 4-5 nm and separated by a

spacing of 7-8 nm that are similar to the spatial ordering of nanocolumns resulting from

spinodal decomposition in (Ge,Mn) thin films. HR-TEM analyses indicate that those
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nanoislands are epitaxial, defect free and perfectly coherent with the Ge substrate. A

subsequent anneal will result in the formation of Mn5Ge3 islands.

Introduction

In the two last decades spintronics has contributed to significant advances in electronics speed

and storage and can be used to significantly reduce the energy consumption.1 However, its

more widespread use in microelectronics is hampered by the lack of efficient spin injection.

In recent years, there has been a growing interest in synthesizing diluted magnetic semi-

conductors (DMS), obtained by substituting 3d transition metal (TM) atoms, such as Mn,

Co, Fe, Cr or Ni into non-magnetic semiconductors.2 Work in this direction has been driven

by the hope to significantly improve the efficiency of spin injection into semiconductors.

Among the various systems, which have been largely studied, Mn-doped Ge (Ge1−xMnx) is

of particular interest since it offers a direct route for integrating magnetism with the existing

silicon technology.

One of the major difficulties for getting high-temperature DMS is probably the very low

thermodynamic solubility of magnetic transition metal atoms in most semiconductors. It

has been estimated to 10−6 % for Mn in germanium.3 As a result, out-of-equilibrium growth

techniques, i.e. very low growth temperature, were used to enhance the Mn content up to

a few percents. Above this threshold, the formation of Mn-rich phases and/or intermetallic

precipitates, mainly Mn5Ge3, is generally observed. Park et al. demonstrated in DMS thin

films grown by molecular beam epitaxy (MBE) at low temperature (343 K) a linear relation-

ship between the Curie temperature and the Mn concentration up to 3.5% corresponding to

TC = 116 K.4 However, they reported the presence in their films of small Mn-rich precipitates

whose concentration did not correspond to any bulk phase. This pioneer work raised the

issue of Mn solubility in Ge, even for low Mn concentration and out-of-equilibrium growth.

Later, Jamet et al. evidenced a novel high-temperature ferromagnetic phase (TC > 400 K),
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whose composition is close to Ge2Mn. This metastable phase consists of nanocolumns that

have an average diameter of 4-5 nm and are separated by a spacing of 10 nm. The forma-

tion of these nanocolumns has been attributed to a spontaneous two-dimensional spinodal

decomposition taking place at the very early step of the growth5 but this growth mecha-

nism has not been experimentally confirmed yet. All these experimental findings underline

the complexity of the (Ge,Mn) system where Mn diffusion and phase separation prevail. A

comprehensive study of the initial growth stage would bring invaluable information on the

mechanisms driving the formation of Mn-rich structures.

In a pioneer work, Zeng et al. investigated the submonolayer deposition of Mn on Ge(001)

as the first step of a subsurfactant epitaxy.6 They focused on low temperature Mn deposition

(150 K), which hampers diffusion leading to Mn trapping at the subsurface interstitial sites.

However, such a low temperature is not compatible with a subsequent epitaxial growth. In

this work, we report on the first stages of Mn deposition on Ge(001) substrates at (353 ± 5)

K, corresponding to the substrate temperature typically used for growing Ge1−xMnx DMS.

Our purpose is to investigate the Mn diffusion process and the phase separation observed

during the growth of (Ge,Mn) thin films. Note that this temperature is high enough to

allow epitaxial growth but supposedly low enough to limit Mn diffusion and formation of

intermetallic precipitates. In order to address this question, we grow some fraction of Mn

monolayer (ML) on Ge(001) and use STM, low energy electron diffraction (LEED) and

high-resolution transmission electron microscope (HR-TEM) to study Mn adsorption as a

function of Mn coverage. In a second part, we will demonstrate that these initial stages of

growth of Mn/Ge(001) are determinant for the stabilization of two kinds of GeMn-based

nanostructures, namely the nanocolumns and Mn5Ge3 nanoislands. Both structures have

been extensively described in literature. However, their growth mechanisms have not been

experimentally evidenced up to now.
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Experimental aspects

Experiments were carried using two connected ultra-high vacuum (UHV) chambers with a

base pressure of 2 × 10−10 Torr. In the first chamber, a molecular beam epitaxy (MBE)

system is dedicated to Mn and Ge deposition using conventional Knudsen cells. Growth

rates have been measured using a quartz crystal microbalance and assessed to be 1.3 and 4.3

ML.min−1, respectively. The coverage is given in ML with respect to the unreconstructed

Ge(001) surface (6.2×1014 atoms/cm2). The second chamber is devoted to surface character-

izations with a low-energy electron diffraction (LEED) optics system and a STM microscope,

both operating at room temperature. STM measurements were performed in the constant

tunneling current mode. The sample during the experiment was grounded, so a bias voltage

(Vs), typically ranging between -1.5 to 2.0 V, was applied to the tip. High resolution TEM

measurements have been performed subsequently using a Jeol 3010 instrument, operated at

300 kV.

The Ge(001) substrates were first chemically cleaned ex situ, using a standard procedure

so as to remove most of the carbon contaminations as well as the thick GeO2 surperficial

native oxide.7 The sample was annealed in situ overnight at (773 ± 5) K and then flashed

repeatedly at (1033 ± 5) K to obtain a 2× 1 surface reconstruction by LEED. Then 20-nm

thick Ge layer was subsequently grown in order to produce a high-quality starting surface:

the nearly defect-free surface exhibits long and large terraces (Fig. 1a), mainly constituted

of 2× 1-reconstructed zone as confirmed by the sharp LEED pattern shown in Fig. 1b and

the STM image presented in Fig. 1c. This reconstruction is obtained through the pairing of

nearest-neighbor surface atoms forming dimer rows oriented along the [11̄0] crystallographic

direction.8 The c(4 × 2) mesh, corresponding to out-of-phase buckling of surface dimers,

is mainly observed on Ge(001) below 200K.9 But, as demonstrated in Fig. 1c, this recon-

struction can be occasionally observed at room temperature in the vicinity of surface defects

where flip-flop motion freezes.10 The Ge dimers forming zig-zag rows are also oriented along

the [11̄0] direction. The dimer row direction rotates by 90◦ from one terrace to the next.
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The separation of two adjacent dimers is 4 Å and 8 Å along the [11̄0] and [110] directions,

respectively.

Figure 1: STM images of Ge (001) after the growth of a buffer layer and an anneal at 1033
K. a) Long and large terraces with a width of ∼ 30 nm. The sample bias (Vs) is -2.2 mV
and the current (I) is 0.5 nA. b) Very sharp LEED pattern corresponding to the 2 × 1
reconstruction. c) Almost defects free surface with Vs = -2.1 mV; I = 0.5 nA.

Results and discussion

Initial stages of Mn adsorption on Ge(001)

This high-quality Ge(001) surface is used as a template to study the initial stage of Mn

adsorption. The substrate temperature has been chosen to be (353 ± 5) K on Ge(001),

which is considered as standard conditions for DMS synthesis.4,11 Fig. 2a shows a STM

image after deposition of (0.26 ± 0.03) ML of Mn. The bright contrasts correspond to Mn-

induced features. Unlike Mn deposition on Ge(111) for similar growth temperature,12 the

Mn atoms are not randomly distributed on the surface but aggregate to form clusters that

are evenly distributed over the terraces. This Volmer-Weber-type growth mode is consistent

with the values of surface energy that is higher in Mn than in Ge. The terrace edges do

not act as preferential nucleation sites. In our case, two kinds of features can be observed

leading to a bimodal size distribution centered on (1.4 ± 0.5) nm and (3.6 ± 1.0) nm (Fig.
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2c) corresponding to a height of (2.2 ± 0.5) Å and (5.0 ± 1.0) Å, respectively (Fig. 2d). The

largest clusters of Fig. 2a appeared to be faceted as shown in Fig. 2b where the facets of

specific orientations has been determined through an interactive study of the nanostructures

shapes. In this analysis, only clusters with a diameter above 3 nm have been considered.

This suggests privileged directions for the nanoislands facets that are mostly perpendicular

to the Ge [110], [1-10], [100] and [010] directions. To prevent this clustering phenomenon,

low temperature deposition is essential and a growth temperature below 200 K allows to

reduce enough surface diffusion resulting in an uniform distribution of Mn atoms trapped in

the subsurface interstitial sites I0.
6

A closer study of the small islands brings new insights into the initial Mn clustering

process. During this initial stage, the interaction between the Mn and Ge(001) is indeed

strong enough to provide well-defined nucleation sites. These features are clearly positioned

on the hollow (H) sites located in the trench between two Ge dimers of two different rows

of the 2× 1 reconstruction (Fig. 3).

These observations are consistent with the available theoretical assessments of the prefer-

ential adsorption of 3d -metals on a surface of Si(001)13,14 and Ge(001).15 Calculations have

been carried out for a number of high-symmetry adsorption sites that are likely to host

3d -element atoms in diverse systems: Co on Si(001),14 Mn on Si(001),13,16–19 Co on Ge,20

Mn on Ge(001).15 It has been energetically predicted that the most favorable surface sites

are the pedestal (P ) and the hollow (H) sites, as shown in Fig. 3c and Fig. 3d. During

the initial growth stage of ad-atoms on Ge(001) or on Si(001), an incoming 3d -transition

metal atom may arrive at any of the possible adsorption sites but will diffuse to a more

energetically favorable situation. Once it arrives at the P or H site, it is unlikely to diffuse

along the surface. In the particular case of Mn ad-atoms on Ge(001) surface, it has been

found that the H and P states are metastable adsorption sites: the total energies of the

system for a Mn ad-atom adsorbed at H or P have been calculated to be 0.64 and 0.63 eV,

respectively.15 The energy barrier to hop from the P site to the H site is assessed to 0.59

6



eV whereas the migration barrier height for the backward diffusion from the H site to the

P site is 0.58 eV.15 A Mn atom can hop from one H site to another one by overcoming 0.58

eV barrier.15 As expected, we observe protrusions in the H sites, their average height is 2.2

Å, which is a bit more than the apparent height of isolated ad-atoms and is not consistent

with a single ad-atom on a hollow site (H ). No Mn atoms have been observed in P sites.

Interestingly, each cluster is bordered by two holes in the Ge surface, which suggests that

Mn reacts with Ge atoms to form a primary alloy. Such strong Mn-Ge interactions have

been already measured for Mn adsorption on Ge quantum dot {105} facet.21 Interestingly,

no hole in the Ge surface is observed in the latter case. Similarly, Ge-Mn bonding has

been theoretically predicted in the case of a single Mn atom in a Ge matrix.22 This strong

interaction is assigned to hybridization between Mn d -states and Ge sp3-band.

Next, we investigate the possibility for the Mn atom to diffuse across the Ge(001) plane

into the subsurface. This diffusion process is the precursor of germanidation. In all the

calculations performed for adsorption of a 3d -element on Ge(001)15,20 and on Si(001),13,14,16,17

the most stable adsorption site is the interstitial site (I0) located under the dimer yielding to

the strongest binding for the ad-atoms. In the case on Mn/Si(001), Mn atoms are kinetically

limited for diving into the subsurface layer or diffuse into the deep layer at room temperature

resulting in an easy diffusion along and across the dimer rows, which leads to the formation

of self-assembled Mn atom chains at room temperature.18,19 This may be attributed to the

strong bonding and shorter bond length between Si-Si and Si-Mn on Si(001) (with reference

to) in regard to the weak bonding and longer bond length between Ge-Ge and Ge-Mn

on Ge(001). This has been experimentally checked for Co on Ge(001),20,23 Pt or Au on

Ge(001)24 and also for Mn adsorption on Ge(001) when the temperature is low enough to

suppress lateral diffusion that causes clustering.6 In this situation, the Ge dimer in the first

layer is lifted away from the subsurface Mn atom and becomes almost symmetric, which

facilitates its ejection. Zhu et al. have considered the diffusion processes of Mn from the two

stable surface adsorption sites, namely, P and H, to the subsurface site I0. The activation
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energies for the Mn atom to diffuse from H or P to I0 are respectively 0.69 eV and 0.59

eV, which is comparable to the calculated barrier heights for surface diffusion.15 However,

the backward diffusion is unlikely to occur as the Mn atom has to overcome an energy

barrier of respectively 1.33 eV and 1.22 eV to reach a surface site. Based on the calculated

barrier heights for the surface and subsurface diffusion, we note that diffusion of Mn from

the Ge(001) surface into the subsurface and surface diffusion are equivalent processes from

the energetic point of view. This is consistent with available experimental results of Zeng

et al.,6 where it is demonstrated that the surface diffusion has significant contribution to

the mass transport of Mn atoms that tend to form clusters at room temperature whereas

uniform subsurface adsorption is only observed at 150 K.

A closer study on the STM images sheds new light on the clustering process in Mn/Ge(001)

systems: a cluster is nucleated when two dimers from adjacent rows are broken, which is

very unusual for 3d - or 5d -element adsorption on Ge(001) or Si(001). This result suggests

the presence of an interaction between dimers of adjacent rows, probably mediated by the

presence of ad-atom in the H site, alike to the case of Mn adsorption on Si(001) where it has

been predicted that for the two Mn atoms adsorption structures, the most stable configura-

tion is a combination of the H and I0 sites. The simultaneous presence of ad-atoms in both

a H and I0 sites induces the break of the Si dimer.13 In our system, a (I0)n+H+(I0)n+1 ad-

sorption configuration may be at the origin of the cluster formation where (I0)n and (I0)n+1

denote I0 adsorption sites on adjacent dimer rows. Indeed the Mn atom in the H site cannot

dive into the adjacent I0 subsurface site that are already occupied. This locks the subsurface

diffusion process. Subsequently, the ejected Ge atoms react with Mn atoms to form an alloy.

Mn-induced nanoislands

A progressive increase of Mn coverage to (0.52 ± 0.05) ML (Fig. 4a) then to (0.65 ± 0.05)

ML (Fig. 4b) leads to a decrease of the islands density as illustrated in Fig. 4c where the

nanoislands height is plotted as the function of their surface area. Very few protrusions
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Figure 2: STM images after the deposition of (0.26 ± 0.03) ML of Mn on Ge(001) deposited
at (353 ± 5) K. The sample bias (Vs) is 1mV and the current (I) is 0.5 nA for all images. a)
Mn islands randomly distributed on Ge(001) showing a bimodal distribution of size centered
on 1.4 nm and 3.6 nm. b) Facet analysis distribution of Fig. 2a processed by using the
software Gwyddion.25 c) Diameter and d) Height distributions of the nanoislands observed
in Fig. 2a.

Figure 3: Magnified images of Fig. 2a of: a) and b) two manganese atoms in hollow sites
between 2 × 1 rows. c) and d) Top view and side view of a reconstructed Ge(001)-2 × 1
surface showing the hollow H, pedestral P and interstitial I0 adsorption sites. The dimers
are constituted by the atoms of the topmost layer drawn in light gray.
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corresponding to the initial deposition stage (area of 1-2 nm2) are observed in Fig. 4b,

probably absorbed to larger islands by Ostwald ripening. This also indicates that the Mn

incorporation on already existing clusters is favorable in relation to the formation of new

point defects. Furthermore, a higher Mn coverage induced an increase of the height rather

than of the diameter (Fig. 4c). This preferential growth indicates that adsorption on Mn-

rich islands is energetically more favorable than increasing the island interface with Ge. As

a result, islands with almost the same diameter (4-5 nm) self-assemble on the surface with

a density of about 32000 islands/µm2 as shown in Fig. 5a. The average distance between

the islands centers is about 10 nm. A cross-sectional HR-TEM image of a typical island is

presented in Fig. 5b. Image contrasts can be observed in the Ge wafer in the vicinity of

the interface, which indicates the presence of stress in subsurface. This is most probably

induced by the epitaxial growth. The presence of Mn in subsurface may be one of the origins.

Neither dislocation nor defect is visible at the interface. The islands are perfectly coherent

with the substrate. The Fourier transform of the image centered on the island shows that

the latter is fully strained on the Ge cubic structure (inset of Fig. 5b).

These results highlight the difficulty of obtaining a uniform Mn distribution on Ge(001)

surface. This condition is however a key issue in the perspective of Mn dilution in Ge. The

use of an out-of-equilibrium growth technique does not hamper surface diffusion and Mn-Mn

interaction, leading to Mn clustering on surface, even at 353 K. Such Mn aggregation has

been observed in many works on (Ge,Mn) thin films synthesis with growth temperature vary-

ing between room temperature and 573 K and a Mn concentration in the range of 0-10%. It

is now well admitted that these growth parameters strongly influence the crystalline quality

of the thin films and may cause the formation of secondary phase precipitates. For instance,

a growth temperature above 473 K will induce the formation of nanoscale Mn5Ge3
26,27 or

Mn11Ge8
4,28 clusters leading to a Curie temperature of 300 K and 285 K, respectively. Lower

growth temperature is therefore required to avoid the presence of precipitates, but the for-

mation of Mn-rich zones can still be observed.29–31
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Figure 4: STM images for different Mn deposition a) (0.52 ± 0.05) ML; b) (0.65 ± 0.05)
ML (Vs =-l.2mV; I = 0.5nA); Height distribution of the nanoislands as a function of their
surface area for the two Mn coverages corresponding to Fig. 4a (black + marks) and Fig.
4a (blue × marks).
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As a further example, the growth of thin films by codepositing Mn and Ge using spe-

cific growth conditions leads to the formation of a columnar Mn-rich phase that is well

described in literature.32–35 To illustrate this point, we present in Fig. 5c the plane-view

high-resolution TEM image of a sample containing ∼ 12 % Mn. This film has been synthe-

sized by codeposition of Mn and Ge using similar growth conditions (substrate temperature

and Mn deposition rate) to the ones used for the nanoislands growth. The nanocolumns that

grow perpendicularly to the interface with Ge(001) are uniform in diameter and separated

by an average distance of a tenth of nanometers. Remarkably, such structures present the

highest Curie temperature reported in the (Ge,Mn) system so far (TC > 400 K).32,34 The

growth mechanism has been assigned to a spinodal decomposition occurring layer by layer

like in (Zn,Cr)Te.5 Interestingly, Devillers et al. have shown that the morphology of the

columnar phase is driven by the growth parameters such as the growth temperature (TG)

and the Mn concentration.33 For instance, for a TG of 373 K that is close to our experimental

conditions, these nanostructures are fully strained in the surrounding Ge matrix and exhibit

a cubic structure. Furthermore, their octagonal shapes minimize the interfacial energy.36 If

the columns diameter is not very dependent on the manganese concentration, their density

increases greatly with Mn concentration up to a saturation value of 35000 µm−2,33 which is

comparable with the nanoislands density. Arras et al. have identified the α-Ge2Mn-based

phase as the best candidate to form the nanocolumns, being both energetically favorable

and compatible with experimental findings.36 In this phase, Mn atoms with a concentration

ranging between 20 and 40 % are placed in interstitial position into the single cubic crystal

of Ge. This is in agreement with experimental findings.35 The similarities in spatial distri-

bution, shape and density between the nanoislands (Fig. 5a) and the nanocolumns system

(Fig. 5c) are striking apart from the nanoislands diameter. The latter may be larger as Mn

diffusion is not hampered by Ge deposition. Our experimental study clearly demonstrates

that nanoislands constitute the first stage of the nanocolumnar phase. The fully strained

structure probably contains Mn atoms in the interstitial sites of the subsurface. The experi-
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mental conditions (TG, Mn concentration, slow deposition rates) determine the nanocolumns

characteristics (size, density, composition) that result from a competition between chemical,

elastic and interfacial energy-terms.36

A subsequent anneal of the nanoislands leads to the formation of Mn5Ge3 as demon-

strated by Olive et al.37 The growth of the Mn5Ge3 phase on Ge(001) is remarkable because

endotaxial: its interface is buried in the substrate, as shown in Fig. 5d. Indeed, only part of

the island emerges from the surface, the rest being buried in the substrate of Ge(001). Its

interfaces are coherent with the surrounding Ge matrix. The endotaxial growth has been

discovered in the Co/Si(111) system,38 but also occurs in many other ’TM/Si’ structures.39

It requires the formation of a zone rich in TM element in the subsurface and high annealing

temperatures, resulting in significant diffusion of the transition metal into Ge. The existence

of privileged adsorption positions in the subsurface interstitial sites of Ge (001) allows the Mn

to penetrate into the substrate. Interfaces also play a significant role in the phenomenon of

endotaxy. The energy of the interface Mn5Ge3 [0001] // Ge [001] is very high (89 meV/Å2).

As a result, the direct epitaxy of Mn5Ge3 on Ge (001) is difficult.36 This partly explains the

shape of the island that tends to minimize the area of this interface.

Our experimental results are in very good agreement with the sequential growth scenario

for the nanocolumns formation theoretically proposed by Arras et al.36 The high surface

diffusion makes possible the precipitation of Mn-rich domains, probably from the subsurface

interstitial sites. This defects act as nuclei for the germination of a coherent phase, the

faceted shape of the nanostructures trying to minimize the interface energy. A chemical

analysis would be necessary to determine their composition and compare it with the α-

Ge2Mn-based phase. This metastable phase would eventually transform into the stable and

less coherent Mn5Ge3 phase thanks to 3D-diffusion, thermally activated in our case.
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Figure 5: a) STM images showing the saturation size of Mn islands (Vs = -1.5mV; I = 0.6nA).
b) HR-TEM image, in cross section mode of a Mn-rich island. Inset: Fourier transform of 512
× 512 pixels centered on the Mn-rich island. c) Plane view HR-TEM image of nanocolumns.
d) Mn5Ge3 nanoislands formed after annealing a 4 Å-thick Mn layer grown on Ge(001).
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Conclusion

This comprehensive study describes the initial stages of Mn growth in Ge(001) at (353 ±

5) K. From the early step of the deposition, Mn atoms aggregate in small clusters. These

findings corroborate with the numerous studies reporting on the difficulties of obtaining

homogeneous Ge1−xMnx DMS thin films by codepositing Mn and Ge on Ge(001). In this

system, surface diffusion and Mn-pair interactions are the driving phenomena leading to the

formation of monosized nanoislands as the Mn coverage increases to (0.65 ± 0.05) ML. The

formation of such a nanostructure follows a well-defined sequence. First, small islands are

nucleated in the trench between two adjacent dimer rows. Most probably, these nuclei result

from a reaction of surrounding Ge dimers with Mn adsorbed in the most favorable sites,

namely the subsurface I0 and the surface H sites. As the Mn coverage increases, Ostwald

ripening occurs resulting in an even distribution of Mn-rich nanoislands with a diameter

of 4-5 nm and separated by a distance of 7-8 nm. This spatial distribution is very similar

to the in-plane distribution of Mn-rich nanocolumns grown at 373 K, demonstrating that

their morphology is determined at the very early stage of the growth when Mn atoms reach

the Ge(001) surface. The nanocolumns characteristics with their resulting structural and

magnetic properties can therefore be tuned by controling the growth protocol, opening new

routes for designing new nanostructures during growth.
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