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Composition and morphology of self-organized Mn-rich nanocolumns
embedded in Ge: Correlation with the magnetic properties
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The morphology and composition of self organized manganese (Mn)-rich nanocolumns embedded
in germanium (Ge) thin films were characterized at the atomic scale and in three dimensions with
high resolution transmission electron microscopy and atom probe tomography. Experiments
revealed Mn-enriched nano-columns of 3nm in diameter with various morphologies. Their Mn-
content was found smaller than that of the expected equilibrium phases and chemical fluctuations
along the growth axis were additionally observed. By contrast, less than 0.05% of Mn was
measured in the Ge-matrix. These results were correlated to the magnetic properties and allowed
understanding the magnetic behavior of the nanocolumns. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4768723]

. INTRODUCTION

The search for future spintronic devices compatible with
silicon technology has motivated many studies on ferromag-
netic semiconductors. Diluted magnetic semiconductors
(DMSs) were first believed as the most promising materials."
In such materials, transition metal (TM) magnetic atoms are
randomly dispersed in a semiconducting host matrix. DMS
are close to materials used in microelectronics and show
simultaneously semiconducting and ferromagnetic proper-
ties.? However, nowadays well-controlled DMS based on
II-VI and III-V semiconductors still have very low Curie
temperature (Tc), which constitutes the main obstacle for
practical applications. Although some groups have reported
room temperature ferromagnetism in some DMS systems, its
origin is still unclear and remains a matter of intense debate.’
In heavily TM doped magnetic semiconductors, it is now
admitted that the magnetic and magneto-transport properties
may be attributed to the uncontrolled formation of nanosized
TM-rich regions.* Initially, these chemical inhomogeneities
were considered undesirable. They are now foreseen as a
way to produce devices with higher Tc.” Indeed, the pres-
ence of magnetically active zones can increase the critical
temperature and lead to enhanced magnetotransport and
magneto-optical properties. Such inhomogeneous magnetic
semiconductors could pave the way for a variety of novel
applications (i.e., magnetic memories, magnetic sensors, and
spintronic devices).’ Among these systems, Mn-doped Ge
has attracted particular attention and several studies®'” have
already been carried out. It was shown that Mn rich precipi-
tates can be formed in a Ge matrix depending on the Mn con-
centration and growth conditions. Equilibrium Ges;Mns and

YAuthor to whom correspondence should be addressed. Electronic mail:
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GegMn;; phases or unstable Mn-rich nanostructures (i.e.,
tadpoles'® or self organized nanocolumns'') were reported.
In this context, the precise characterisation and control of the
nanostructure as well as a deeper understanding of nucleation
and growth process and links with magnetism is as a chal-
lenge. Therefore, a detailed investigation at the ultimate
length scale becomes crucial. Although Ge-Mn materials
were widely characterized by high resolution electron trans-
mission microscopy (HRTEM) and chemically analyzed by
energy dispersive spectrometry (EDS) and electron energy-
loss spectroscopy (EELS), there is still a lack of information
about (i) the spatial distribution of Mn atoms and (ii) the
chemical composition of inhomogeneities. In this paper, we
have used HRTEM and atom probe tomography (APT) in a
complementary way in order to bring additional information
on the morphology and composition of self organized Mn-
rich nanocolumns in Ge-Mn thin films. Subsequent new and
refined correlations to the magnetic properties were sug-
gested. APT is the only three dimensional (3D) analytical
microscope able to map out the distribution of atoms at the
atomic-scale.'®'® APT is therefore a unique approach to
investigate phase transformations at the sub-nanoscale. Few
APT experiments dealing with magnetic semiconductors
were reported. Let us mention those on GaMnAs,?’ Cr-doped
In,053,2! and Co-doped Zn0.>>7>* Results on Ge-Mn individ-
ual and stacked clusters and on co-doped Ge-(Mn,Co) thin
films were also published by Bougeard et al.'* and Riley
et al.,'* respectively.

Il. EXPERIMENTAL PROCEDURE

A Ge-Mn thin film containing ~10 at. % Mn was grown
by molecular beam epitaxy on a Ge (001) substrate. A 13 nm
thick Ge buffer was first grown after thermal desorption of
the native oxide. Ge and Mn atoms were subsequently

© 2012 American Institute of Physics
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co-evaporated in order to obtain an 80nm thick GegoMny
layer. The growth temperature was set to ~100°C and the
growth rate was ~0.02nm/s. In a previous work, it was
shown that these growth conditions lead to an inhomogene-
ous distribution of Mn atoms and to the formation of pseudo-
crystalline Mn-rich nanocolumns finely dispersed in Ge ma-
trix.'" The film grown was first investigated through
HRTEM at 200kV by using both a JEOL ARM 200F micro-
scope (probe cs-corrected) and a FEI-Titan 80-300kV
(probe and image cs-corrected) microscope and then ana-
lysed using a laser assisted wide angle tomographic atom
probe (LAWATAP-CAMECA). TEM cross-section lamella
and APT specimens (sharp tips) were prepared by lift-out
method and standard milling®® using a dual beam ZEISS
Nvision 40. In order to reduce Ga implantation and to avoid
damages in the region of interest, the GegoMng thin film
was capped with 500 nm of Pt and a final polishing was per-
formed at low acceleration voltage (2kV). Chemical me-
chanical wedge polishing was used for TEM plane view
lamella. For APT experiments, specimens were cooled at
80K and field evaporated using 350 fs laser pulses (wave-
length: 2 = 342nm). The principle of APT is based on the
elemental identification of field evaporated ions by time of
flight spectrometry. A position sensitive detector provides
the location of surface atoms. The volume analysed, which is
field evaporated layer by layer, is subsequently reconstructed
in 3D. The magnetic properties have been investigated by
using SQUID magnetometry with a magnetic field applied in
the sample plane.

Ill. RESULTS
A. Structural and chemical characterization

Figures 1(a) and 1(b) show TEM cross section views of
the GegoMny ; thin film. The images were taken in scanning
mode at low angle annular dark field (STEM-LAADF) and
in classical TEM mode, respectively. Note that the bright
contrast observed in Figure 1(a) corresponds to the dark con-
trast in Figure 1(b). The Ge buffer layer and the GeyoMng ;
thin film are clearly observed. The Ge-buffer/Ge-substrate
interface is revealed by a lighter line which corresponds to
the initial prepared surface of the Ge substrate. Vertical inho-
mogeneities running over the whole film are clearly distin-
guished. Energy filtering images (not shown here) correlate
these inhomogeneities to the presence of Mn-rich nanocol-
umns embedded in a Mn-poor Ge matrix. Figures 1(c) and
1(d) show a plane view of the GegoMng ; layer obtained by
STEM bright field (BF) and annular dark field (ADF),
respectively. This shows the spatial distribution of the nano-
columns. The two reversed contrasts are complementary and
underline the features of the columns in projection and along
the growth direction. The high resolution imaging reveals
that they are not fully crystalline.

Figures 2(a) and 2(b) show TEM cross section views of
the Gey9Mng ; thin film in high resolution mode (HRTEM).
The HRTEM images show that the Gey oMng ; layer and the
buffer layer are in perfect epitaxial match with the Ge sub-
strate. We clearly observe the presence of nanocolumns
elongated along the growth axis and their diameter is

J. Appl. Phys. 112, 113918 (2012)

5
G

Protective cap

Protective cap

Geg Mo,

Buffer GeggMng

Ge substrate

Ge substrate

FIG. 1. Cross section TEM views of the GegoMng; thin film: (a) STEM-
LAADF mode, (b) classical TEM mode, and high resolution observations in
plane view of the Mn-rich nanocolumns: (c) BF image acquired with a col-
lection angle of 0 to 10.5 mrad. (d) ADF image of the same area acquired
simultaneously with a collection angle of 44 to 110 mrad.

~3nm. The interface between the Ge buffer layer and the
GCOVQMH()_I is flat.

The nanostructures observed in HRTEM were charac-
terized by atom probe tomography. Figure 3 represents the
mass spectrum obtained after atom probe analyses of the
Geg oMny ; thin film. The single isotope of Mn and the five

FIG. 2. Cross section TEM views of the GegoMng ; thin film in high resolu-
tion mode: (a) image of the interface between the Ge buffer layer and the
GepoMng; film. (b) Image of the GeyoMng; layer; the nanocolumns are
clearly observed.
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FIG. 3. Mass spectrum of the GegoMng ; thin film obtained by LAWATAP
(=342 nm).

isotopes of Ge are clearly visible. The atomic-scale recon-
struction of the Gey9Mny ; film in 3D is plotted in Figure 4.
Note that each dot represents one Ge or Mn atom. It clearly
shows the 3D inhomogeneous distribution of Mn atoms
within the Ge matrix. They form nanocolumns along the
growth axis in the whole thickness of the GeyoMng ; thin
film. Their diameters range between 2.5 and 3 nm and their
average distance is of about 5nm. The quasi-periodicity of
the nanocolumns observed is an intriguing issue. The latter
could originate from the overlap of elastic coherency stress
fields generated by the lattice misfit between (coherent)
nanocolumns and the surrounding matrix.

This result confirms that Mn atoms tend to segregate dur-
ing the growth of the layer as a consequence of the almost
null solubility limit of Mn in Ge. Note that most of the nano-
columns display a rippled aspect and are regularly distributed
in the layer volume with a characteristic spacing of around 3
to 4 nm. This spacing is in agreement with TEM observations.
APT measurements also show that a significant number of
nanocolumns do not extend over the whole thickness of the

(b)

Top layer

(33x33x10 nm?)

Substrate

@ Mnatoms [l Ge matrix

(28x28x'50 nm?)
FIG. 4. 3D images of Mn-rich nanocolumns embedded in the Ge matrix

obtained by atom probe tomography. (a) Side view, (b) top view. The Mn
atoms and the Ge matrix are represented in blue and red, respectively.
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FIG. 5. 3D images of single Mn-rich nanocolumns (only the Mn are repre-
sented for clarity). (a) Continuous nanocolumn, (b) curved nanocolumn cor-
related to the nucleation and growth of another nanocolumn, (c) junctions
between bent nanocolumns followed by an interruption, (d) discontinuous
nanocolumn.

GegoMng ; film. Figure 5 shows characteristic morphologies
of the Mn-rich nanocolumns observed in the reconstructed
volume. Indeed, continuous (Fig. 5(a)) and interrupted or dis-
continuous columns are observed (Figs. 5(c) and 5(d)).
Curved columns, new nucleation within the layer and junc-
tions between bent nanocolumns are also observed (Figs. 5(b)
and 5(c)). This bending is very likely related to the growth
process of the nanocolumns which can be influenced by the
roughness of the substrate surface.?®

Similar features are also observed from the STEM plane
view images of Figures 1(c) and 1(d). It appears that the pro-
jections of the columns are not identical but rather show var-
ious shapes. The zoom captures in Figure 6 show for
instance two kinds of nanocolumns exhibiting straight shape
(Figs. 6(a) and 6(b)) probably similar to the one shown on
Figure 5(a), and Y shape (Figs. 6(c) and 6(d)) with only two
branches emerging on the top surface which correspond to
the reversed geometry of Figure 5(c). In this latter case, the
main branch stops within the volume and does not emerge.
As a consequence its contrast is lower on the STEM image.

Figure 7 shows an APT-3D image of the interface
between the Ge buffer layer and the Gey 9Mny ; thin film. The
cross section of 2 nm thick is taken in this volume (Fig. 7(b))
and confirms that the interface is well defined and flat. Once
again interrupted columns are observed. These APT observa-
tions show that not all the nanocolumns are identical in shape
and length. More interesting are the chemical measurements
showing that the matrix contains a very small amount of Mn
(smaller than the background noise level of the APT:
~0.05%) in accordance with the almost null solubility of Mn
in the diamond structure of Ge. Mn atoms are exclusively
located in the nanocolumns. This means that during the depo-
sition process, Mn atoms rapidly migrate (surface diffusion)
in order to form Mn-enriched nuclei. In proportion as Ge and
Mn atoms are co-deposited, one assists to the axial growth of
Mn-enriched nuclei perpendicular to the substrate surface.
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FIG. 6. Zoom of Figures 1(c) and 1(d) (the zoomed area are indicated by
square): (a) and (b) BF and ADF images, respectively, of the same emerging
nanocolumns with a straight shape. (c) and (d) BF and ADF images, respec-
tively, of other nanocolumns exhibiting a Y shape with two emerging
branches and a nonemerging central-one.

Due to both, the very large driving force for nucleation (very
high Mn amount compared to solubility) and the very high
surface mobility of Mn atoms even at the low temperature
(100 °C, temperature at which the MBE was performed), Mn
nanoculomns rapidly grow leading to an almost complete Mn-
depletion in the remaining Ge phase.

(b) (001) axis

FIG. 7. (a) 3D images of the interface between the Ge buffer layer and the
GepoMng ; thin film. (b) Slice of 2 nm thick taken in the 3D volume showing
the interface between the Ge buffer layer and the Gey oMny ; thin film; black
arrows indicate the interruption of some nanocolumns. The Mn atoms and
the Ge matrix are represented in blue and red, respectively.

J. Appl. Phys. 112, 113918 (2012)

The chemical composition of the nanocolumns as
derived from APT investigations was carefully assessed. It is
well known that the analysis of samples composed of phases
with distinct evaporation fields may lead to biased composi-
tion data.’’ Careful examination of atomic maps demon-
strates that the apparent atomic density (at./nm?>) in the
Mn-rich regions (Fig. 4(b)) was much larger than the sur-
rounding Ge phase. This confirms that Mn-rich nanocolumns
have a lower evaporation field than Ge. Lower field Mn-rich
regions exhibit larger curvatures at the tip surface. This
focuses the effects of ion trajectories that give rise to appa-
rent higher atomic densities in Mn-rich regions from the
APT reconstructions. In addition to possible overlap of ions
trajectories, these local magnification effects result from the
close vicinity of nanocolumns-Ge interfaces. Ge ions coming
from the surrounding matrix may therefore fall in the Mn
enriched region (Fig. 4(b)) then leading to an overestimation
of the atomic fraction of Ge in the nanocolumns or equiva-
lently to an underestimation of the atomic fraction of Mn in
the nanocolumns. We note that the smaller the precipitates
(here the nanocolumns), the larger the composition bias.

The composition of a series of nanocolumns was thus
measured and corrected using the model of Blavette er al.*®
Similar corrections were done following Talbot et al.*® The
corrected atomic fraction in the nanocolumns was almost 50%
larger than that measured. The corrected Mn content in the
nanocolumns ranged from 25% to 35% with a mean value of
30%. It is worth mentioning that apparent solute content is
expected to increase with increasing sizes (i.e., decrease of
the influence of trajectory overlaps, lower bias). No correla-
tion between the corrected Mn content and the nanocolumns
radius was evidenced (Fig. 8), suggesting that our corrections
are reliable. In addition, corrected APT data (30 at. %) are in
fair agreement with previous TEM-EELS measurements (30
at. % to 38 at. %)."" The molar fraction (close to the volume
fraction if the nanocolumns are considered with the same
structure as Ge) of Mn-enriched magnetic phase as derived by
the lever rule was f = Cy/Cp ~ 20% (with Co the nominal
composition of the layer egal to 6% as measured by APT,
and Cbeta the mean composition of the nanocolumns egal to
30 at%). It is interesting to compare this latter value to the
volume fraction f, derived from the microstructure features of
Fig. 4. Around 42 nanocolumns (n =42) are observed in this
figure (33 x 33 nm?), leading to a mean spacing d ~ JS/n

40 ——————————T——————
38+ .

36 { { ]
34
32]

30] f _
28 } b
i — i T E—
i : :
6] :

2.0 22 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
Nanocolumns diameter (nm)

Mn at%

FIG. 8. Mn content in at. % of the nanocolumns as a function of the nano-
columns diameter.
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close to 5nm and a volume fraction f, ~ n(I)2/(4d2) ~ 23%.
This value of f, is very close to that derived from the phase
composition (lever rule). This is an additional argument in
favour of the reliability of the present composition measure-
ments and that consolidates the corrected amount of Mn in
nanocolumns (i.e., 30 at. %).

Mn levels in the nanocolumns, close to 30 at. %, are
much smaller than those in the expected equilibrium phases
(57.9 at. % for GegMny; or 62.5 at. % of Mn Ges;Mns). This
raises the important question of the decomposition mechanism
and of the kinetic pathway as well. The nucleation of the nano-
columns with a low Mn content compared to the equilibrium
phases is expected for highly supersaturated systems.**' Non-
classical theories of nucleation, which rely on the minimisation
of the nucleation barrier (that is a function of the driving force,
the interfacial and elastic energies), indeed predict that nuclei
may have a smaller solute content and diffuse interfaces.’' 2D
spinodal decomposition was also postulated in this system and
in other DMS ((Ga,Mn)As).**** Spinodal decomposition pro-
ceeds via the amplification of concentration fluctuations with
increasing amplitudes. Because of the very high supersatura-
tion, it is likely that the Mn concentration exceeds the spinodal
limit. The system may therefore enter in an unstable regime
(versus a metastable regime for nucleation and growth) and
decompose spinodaly. In addition to such thermodynamics
arguments, kinetics effects related to diffusion may also
account for this low content in the nanocolumns.

Corrected concentration profiles across the nanocolumns
were also performed. Figure 9 shows two concentration pro-
files taken from two distinct heights in the same column. The
core concentration along a single object varies from 35 at. %
(profile 1) to 50 at. % (profile 2). These results, which could
not be accessed by EELS experiments, indicate that chemical
variations also occur along the growth axis.

B. Magnetic properties

SQUID measurements were performed in order to inves-
tigate the magnetic properties of the Gey 9Mng ; thin film. The
magnetic field was applied in the sample plane. Hysteresis
loops, temperature-dependent magnetization in zero-field
cooled (ZFC) and field cooled (FC) conditions, and
temperature-dependent magnetization at 5 Tesla (Mst)) are
shown in Figures 10(a)-10(c), respectively. The hysteresis
loops exhibit a ferromagnetic behaviour at 5K characterized

lgg —-=|.—-—-l——'\':‘_-:<:~\“‘ j:lrl:l*'\'.:»lfl"—' 7
80 5
70 H
60
50

401 /J\ A\ - = Mn-profile 2

30 B
20 / / A\/\ ]
104 / / N ]

N

—=—Ge-profile 1 |
—e— Mn-profile 1

at. %

~-=---Ge-profile 2 |

0 _.-l-.—s-V:'z/:' g N amtee it |
T T T T T

0 1 2 3 4 5 6

Depth (nm)

FIG. 9. Corrected concentration profiles taken across a single Mn-rich nano-
column at two different heights.
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FIG. 10. (a) Hysteresis loops M(H) at 5, 150, and 300 K. (b) ZFC/FC meas-
urements recorded with a field of 0.015T. (c) Temperature dependence of
the magnetization at 5T (Msr). The magnetic field was applied in the film
plane.

by a coercive field poH.=0.09T and a remanent magnetiza-
tion Mg equal to 5.8 kA m L toHe and Mg vanish and the
magnetization curves exhibit a pronounced S-shape when the
temperature is increased. We do not see a clear difference
between in-plane and out-of-plane magnetic measurements
(not shown). It mainly arises from shape anisotropy: the mag-
netization lies along the columns axis. However, due to the
very low value of Mg, this shape anisotropy is very small.
Only electron paramagnetic resonance (EPR) measurements
could give us an estimation of it.'” When nanocolumns are
crystalline, it is also possible to measure an in-plane four-fold
magnetic anisotropy due to cubic anisotropy.'” The shape of
the ZFC/FC curves (Fig. 10(b)) is typically observed in super-
paramagnetic (SPM) particle assemblies with a narrow size
distribution. The Mzgc curve exhibits a narrow peak (which
reflects the size dispersion) with a maximum temperature
Tmax around 15K and a quasi perfect overlapping with the
Mgc curve above T,,... Note that T,,,, is usually considered
as the blocking temperature. The 1/T decrease of the magnet-
ization is a typical signature of superparamagnetism. This is
in good agreement with the temperature dependence of
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magnetization curves plotted in Fig. 10(a). The Msr(T) curve
in Fig. 10(c) gives more precisions about the magnetic behav-
iour of the Gey oMnyg ; thin film. It displays two distinct contri-
butions: a paramagnetic contribution at very low temperature
as shown in Figure 10(c) and a ferromagnetic contribution
which does not exhibit a precise Curie temperature (T.) sug-
gesting a T, distribution with a mean value around 150K.
Based on the previous studies and on the results obtained by
atom probe tomography, we can attribute the magnetic prop-
erties of the GeyoMny ; thin film to the nanocolumns embed-
ded in the Ge matrix. In the previous studies, from EELS
measurements, we raised the hypothesis that diluted Mn
atoms in the Ge matrix (<1 at. %) give the paramagnetic sig-
nal observed at low temperature in the Msp(T) curve.!' The
more resolved APT and its ability to perform 3D images
allows us to revise this initial hypothesis. It allows us to
clearly rule out diluted Mn atoms in the Ge matrix as the ori-
gin of this low temperature paramagnetic signal. Taking into
account the variation of Mn content in the nanocolumns, we
may now infer that this paramagnetic signal rather comes
from fragments of nanocolumns in which the Mn concentra-
tion is reduced down to the limit where Mn atoms are para-
magnetic. The T¢ distribution observed in Figure 10(c) may
be also correlated to the Mn content fluctuation in the nano-
columns. Thus the nanocolumns seem to be composed of dif-
ferent regions with different Mn content which lead to the
appearance of two distinct magnetic phases: a paramagnetic
phase and a ferromagnetic one. Moreover, the small diameter
of the nanocolumns gives rise to the superparamagnetic
behaviour of the ferromagnetic phase above ~15K. At 300K,
the nanocolumns are all paramagnetic.

IV. CONCLUSION

HRTEM and HRSTEM coupled with APT measure-
ments were used as complementary technique to characterize
self-organised Mn-rich nanocolumns embedded in a Ge ma-
trix. Thanks to the 3D imaging capability of APT and its
high spatial resolution, a precise characterization of Mn-rich
nanocolumns was provided. Subsequent new and refined cor-
relations to the magnetic properties were suggested. The
morphology and the local chemical compositions of nanocol-
umns were characterized and new features were revealed. It
was confirmed that Mn-rich nanocolumns along the growth
axis with a diameter of ~3 nm are regularly dispersed in the
Ge matrix. Curved, interrupted, bent and joint nanocolumns
were additionally evidenced. It was also highlighted that
nanocolumns can nucleate within the GegoMng ; thin film
and not necessarily at the interface with the Ge buffer layer.
Quantitatively, it was shown that the Mn content of the nano-
columns ranges between 25% and 35% with a mean value of
about 30%. In addition, the APT technique allowed us to
measure that the nanocolumns exhibit chemical fluctuations
along the growth direction. It was also found that, contrary
to previous experiments with lower resolution, the remaining
matrix is composed of almost pure Ge (<0.05% of Mn).
These finding constituted important information in order
to definitely conclude on the various origins of the magnetic
contributions of the film. At 300 K, the nanocolumns exhibited
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a paramagnetic behaviour. At lower temperature, two mag-
netic phases were observed. The first one is a paramagnetic
phase that can now be, in the light of the present ATP obser-
vations, attributed to fragments of nanocolumns with a low
Mn content. The second one is a ferromagnetic phase exhib-
iting a T distribution. In view of the present study, we can
infer that this latter distribution likely originates from the
variation of the Mn content in the nanocolumns. Further-
more, the small diameter and low shape anisotropy (due to
the low saturation magnetization) of the nanocolumns cer-
tainly leads to the occurrence of the superparamagnetic
relaxations of the ferromagnetic regions.

A deeper understanding of atomic-scale mechanisms
beneath the formation of such self-organised nanostructures
is a key issue both from a fundamental point of view but also
to produce magnetic semiconductors with advanced proper-
ties. This evidently raises the problem of the crystallographic
structure of Mn-enriched nanocolumns. It is well known that
coherent nucleation (i.e., nuclei with the same structure as
the Ge-substrate and/or the surrounding Ge phase) is much
easier that the nucleation of noniso-structural phases. Conse-
quently, we would expect that the nanocolumns have the dia-
mond structure of Ge or a neighbour structure. Resolving
unambiguously, the structure of such small nanocolumns
using TEM is far from trivial. Further investigations are
needed. More generally, the kinetic pathway of formation of
such nanostructures (non-classical nucleation? Spinodal
decomposition?) during the deposit process is a very exciting
issue but dealing with this at the atomic scale is also a great
challenge. Further experiments related to the growth kinetics
are planned and simulations based on rigid lattice Kinetic
Monte-Carlo are in progress.
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