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’ INTRODUCTION

Room-temperature ferromagnetic semiconductors that enable
voltage-controlled spin alignment could lead to new device
technologies including nonvolatile memory and logic devices
with faster switching speeds and lower power consumption than
charge-based devices.1,2 Significant effort over the past decade
has been directed toward the development of high Curie
temperature dilute magnetic semiconductors (DMS) by doping
group III�V and group-IV hosts with paramagnetic dopant
atoms, especially Mn.3,4 Ge is an appealing host because it has
high intrinsic hole mobility and relatively high Curie temperature
when doped with Mn.3�7 As with III�V materials, however, the
low solubility of Mn in Ge leads to solute segregation,7 and the
precipitation of secondary phases when the Mn content is on the
order of a few percent.3,4,8�11 The formation of regions enriched
in the magnetic dopant, including dimers,12 clusters,3,7,9,11 and
secondary phases,4 complicates the interpretation of magnetiza-
tion measurements because magnetic ordering in DMSmaterials
depends sensitively on the local environment of the dopants and
their spatial distribution. Unfortunately, conventional structural
analysis techniques may not provide evidence of alloy decom-
position even when magnetization and magnetotransport mea-
surements provide evidence of inhomogeneous magnetic
ordering.2,7,13�15 X-ray diffraction, for example, does not detect
segregation in the absence of secondary phase formation. In
addition, XRD samples volumes over several micrometers and is
rather insensitive to compositional variations involving elements
of similar atomic number, especially if the variation is incoherent
and aperiodic. Transmission electron microscopy (TEM) and
scanning TEM (STEM) provide much higher (nonaveraged)
spatial resolution than XRDmethods, but it is very challenging to

concurrently achieve high spatial resolution and general elemen-
tal sensitivity in STEM because a small probe size implies a small
excitation volume.13 The projection of 3-D information into 2-D
is also rather limiting: even when qualitative evidence of few nm
clusters may be evident,3 one cannot quantitatively determine
the distributions of the sizes and shapes of clusters, nor their
connectedness, which would be extremely useful input to theory.

In contrast, atom probe tomography (APT) is an elemental
mapping method that can determine the composition of solids
with single atom sensitivity and subnanometer spatial resolution.16

Knowledge of the distribution of individual atoms in three dimen-
sions enables the construction of real-space distribution and correla-
tion functions, such as radial distribution functions, that provide
completely new insight into material structure at the nanometer
scale. Uniform Mn doping of Ga0.963Mn0.037As thin films has been
reported by APT analysis,17 but the technique has only recently
been applied to analysis of group-IV DMS materials, where Mn
dopant segregation was observed in Ge1‑xMnx.

11 Here we report
APT analysis of the inhomogeneous distribution of Mn and Co in
doped epitaxial Ge thin films for which XRD studies indicate single
phasematerial.18 Previously, the addition of a second dopantCowas
shown to stabilize Mn against secondary phase precipitation for
doping concentrations as high as 15 at. %.6,18 The segregation of
dopants into regions with higher Mn and Co content than the
surrounding matrix is evident upon visual inspection of the APT
reconstruction, and a frequency distribution analysis of the con-
centration of Co, Mn, and Ge atoms verifies that the fluctuations in
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ABSTRACT: Atom probe tomography (APT) was used to quantify inhomogeneities in the
distribution of Mn and Co in doped epitaxial Ge thin films for which X-ray diffraction (XRD)
studies indicate single phase material. The segregation of dopants into Co and Mn-rich regions
with characteristic sizes was evident upon visual inspection of the APT reconstruction and a
frequency distribution analysis of the concentration of Co, Mn, and Ge atoms verified that the
composition fluctuations exceeded those of a random alloy. Isoconcentration surfaces were
generated to establish the connectedness of regions enriched inMn that have been proposed to
enhance the Curie temperature in dilute magnetic semiconductors. The analysis demonstrates
important contributions that APT can make to the understanding of magnetism in these
materials.
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composition exceed those of a random alloy. Regions significantly
enriched in dopants appear connected throughout the analyzed
layer, indicating that conventional models of ferromagnetism in
random alloys are not appropriate; it has been suggested1 that if
dopant rich regions are above the magnetic percolation threshold
and are connected macroscopically, the TC can be significantly
enhanced compared to the homogeneous alloy. Our study provides
new three-dimensional structural information that is needed to
advance quantitative structure�property relationships in DMS
materials, particularly new models of magnetism that take into
account a nonrandom distribution of dopant atoms.

’EXPERIMENTAL METHODS

The growth, structural, and composition characterization, and
magnetic characterization of these Co and Mn codoped Ge films
have been reported previously.6,18,19 The sample chosen for this
study is a superlattice consisting of twenty bilayers of doped and
undoped Ge layers. The sample was grown by molecular beam
epitaxy (MBE) on a Ge (001) substrate at a temperature of
250 �C and a growth rate of 0.01 nm/s, employing sequential
doping of Co andMn for each atomic layer of Ge. The deposition

times for the doped (undoped) layers were 1200 s (230 s), yield-
ing a thickness of 12.0 nm (2.3 nm). Layer thickness was controlled
in situ by monitoring reflection high-energy electron diffraction
(RHEED) oscillations,6 and was measured ex-situ using X-ray
fluorescence (XRF) spectroscopy and X-ray diffraction (XRD).6,19

A nominal concentration of Co0.073Mn0.035Ge0.892 (Ge1.00) was esti-
mated using in situ atomic absorption spectroscopy and ex-situ
XRF spectroscopy.6,19 The sample is a hole-mediated ferromag-
netic semiconductor similar to other reported examples of thick
epitaxial films of doped Ge,3�9 and exhibits large anom-
alous Hall coefficients and strong positive magnetoresistance
(>10 at 5 T).6,18 It exhibits superparamagnetism at high tem-
peratures and undergoes a ferromagnetic transition near 100 K
instead of a superparamagnetic blocking transition, also similar to
earlier reports.6�9 Sample preparation for the local electrode
atom probe (LEAP) analysis was carried out using focused ion
beam (FIB) lift out and annular milling.20,21 Pulsed-laser APT
analysis was conducted using a LEAP 3000� (532 nm laser,
0.6 nJ pulses, 100 kHz pulse frequency) at an evaporation rate of
0.2% and a temperature of 80 K.

’RESULTS AND DISCUSSION

The APT reconstruction accurately reproduces the stoichi-
ometry and superlattice structure of the sample (Figure 1) as
determined by independent measurements.6,19 Clearly visible in
the mass spectrum are the single isotopes of Co and Mn, the five
isotopes of Ge, and H atoms from the ultrahigh vacuum back-
ground (Figure 1a).22 No peaks were identified at higher mass-
to-charge state ratios. The background counts, less than 4% of the
total, are due to evaporation events uncorrelated with the laser
pulsing. The full three-dimensional reconstruction (Figure 1b)
shows the expected composition: alternating layers of undoped
Ge and Ge codoped with Co and Mn. The layers shown here
represents three full bilayers that are closest to the surface
(i.e., farthest from the Ge substrate).

One-dimensional composition profiles along the growth di-
rection reveal enhancements in theMn and Co concentrations at
the interfaces of the codoped Ge layers (Figure 1c). The Mn
distribution shows approximately symmetric enhancement at
each interface, which suggests that someMn diffusion takes place
during growth. The slight enhancement of the Co counterpart at
the bottom interface and the shift between the two profiles are
likely the result of the sequential doping process, where Co was
the first in the evaporation sequence. The growth conditions
were in fact chosen to enable Mn diffusion to and activation in
substitutional sites, with high concentrations of substitutional
Mn stabilized by codoping with Co. The similarities of the Co
and Mn distributions suggest that they diffuse together, though
the nonzero concentration of Co in the undoped layers
(Figure 1c) may indicate that Co diffuses more, particularly at
the bottom of the doped layer. The Co andMn distributions also
establish the interfacial width between the doped and undoped
layers of ∼3 nm, which is consistent with the length scale of
dopant decomposition discussed further below. This interfacial
width is larger than the nominal measurement resolution, which
is 0.3�0.5 nm laterally and as high as 0.1 nm along the analysis
direction (the same as the growth direction).23 We note, how-
ever, that surface diffusion of dopant species during APT analysis
cannot be strictly excluded, and trajectory overlap could also
influence the reconstructed interface width.

Figure 1. (a) Mass spectrum collected while performing APT. (b) 3-D
reconstruction of the Ge/GeCoMn superlattice structure. 100% of
Co and Mn atoms are displayed while only 2% of Ge atoms are shown
for clarity. (dimensions: 26 � 26 � 66 nm3). (c) 1-D concentration
profile of Mn and Co atoms taken in the axial direction of the sample.
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In addition to concentration enhancements along the growth
direction, other projections and thin sections of the reconstruc-
tion demonstrate lateral and vertical inhomogeneity throughout
the doped layers. In particular, regions enriched in Co and Mn
atoms are visible upon inspection of a single codoped layer
viewed from above (Figure 2a). The slightly greater apparent
density of Co and Mn atoms at the top of Figure 2a is a
reconstruction artifact arising from the deviation of the tip shape
from a perfect hemisphere; the Ge density is equally affected, and
therefore does not influence the analysis of variations in compo-
sition. Analysis using radial distribution functions (RDF,
Figure 2b,c) demonstrates a positive correlation between the
dopants, indicating the attractive interactions between Mn�Co,
as well as Co�Co and Mn�Mn atoms. The IVAS v3.2 software
package was used to calculate the RDFs with 0.1 Å thick shells,
which were then smoothed with a weighted moving average
binomial function as described by Sudbrack et al.24 The RDFs
demonstrate unequivocally the tendency for the two dopants to
be found near each other, thus revealing an attraction between
them. The Mn�Mn interaction exhibits the strongest correla-
tion, suggesting that Mn atoms are most likely to be positioned
near other Mn atoms. In addition the RDF analysis establishes
the characteristic size (∼3 nm) and separation (∼6 nm) of the
Co and Mn enriched regions.

Because magnetic interactions in regions with different dopant
concentrations could differ, it is important to quantify the
concentration of Mn and Co in dopant enriched regions and
examine their morphology, specifically the shape and connected-
ness of the regions and their size. The fraction of Mn and Co
contained within enriched regions was determined by generating
a proximity histogram, or proxigram (Figure 3a) about an isocon-
centration surface of the average Ge concentration (91%) in a
single codoped superlattice layer. The average Mn (Co) con-
centration inside the isoconcentration surface (negative distance
in Figure 3a) is 6% (12%), while the Mn (Co) concentration
outside the enriched regions (positive distance in Figure 3a) is
depleted to 1% (2%). Therefore, the majority of magnetically
active species are found in the enriched regions. Further, it is
possible to visualize the morphology and location of these
regions by examining the Co+Mn isoconcentration surfaces at
various concentrations (Figure 3b). The dopant enriched regions
are dispersed throughout the layer and exist as both compact
isolated volumes and as connected meandering volumes that
span the entire layer depending on the choice of isoconcentra-
tion. At or below 10% Co+Mn concentration there are con-
nected enriched regions that span the entire sample (Figure 3b),
and 12% was the highest concentration that defined a single
connected volume spanning the entire layer width. Enriched

Figure 2. (a) Plan view of an individual codoped layer with 100% Co and Mn atoms displayed. Scale bar =10 nm. (b),(c) Radial distribution functions
for Co (b) andMn (c). The distributions of Ge about Co andMn atoms are plotted on expanded axes to provide a more direct comparison of Ge matrix
deficiencies with dilute Co and Mn enrichments.

Figure 3. (a) Proxigram showing concentration as a function of distance from a 91%Ge isoconcentration surface, with average concentrations indicated
by dotted lines. (b) Isoconcentration surfaces with increasing Co+Mn concentration (dimensions: 43 � 43 � 12 nm3).
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regions span the layer vertically but not laterally at 14%, and at
concentrations of 18% and above the enriched volumes are
isolated (Figure 3b).

The degree to which the distribution of Mn and Co atoms
deviate from a random alloy on the nanometer length-scale was
analyzed by comparing the frequency distribution of measured
concentrations in finite 2 � 2 � 2 nm3 “voxels” with a binomial
distribution centered at the mean concentration (Figure 4). The
voxel size, chosen to balance the dopant counting error against
the resolution, resulted in ∼200 detected atoms per voxel.
Frequency distribution analysis was chosen over more sophisti-
cated cluster identification algorithms because it can be applied
efficiently to large data sets to provide quantitative determination
of solute decomposition.25,26 The frequency distributions of Co,
Mn, and the random alloy were normalized to the total number
of voxels. As shown in Figure 4, statistically significant deviations

of the frequency distribution of Mn, Co, and Ge atoms from the
binomial distribution (dashed lines of Figure 4a,b) are obvious.
Specifically, deviations from the binomial distribution were
found at Mn (Co) concentrations approximately below half
and above twice the average values of 3% (6%). The volume
fraction of the enriched regions was obtained from the frequency
distribution, as shown in Figure 4c, enabling determination of the
volume associated with a particular level of enrichment. For
example, 33% of voxels have a concentration greater than
the average concentration of 9.5% Co + Mn (dotted lines in
Figure 4c). It is worth noting that less than 0.1% of voxels have
dopant concentration greater than 22%; this concentration is less
than 2 dopants per unit cell of the matrix, consistent with the
presence of dimerized dopants.

’CONCLUSIONS

Dopant decomposition in the absence of secondary phase
formation was observed through APT analysis of a Co and Mn
doped Ge thin film. The spatial variations in composition,
particularly the connectedness of regions enriched in dopants,
raise important questions about the origins of magnetism in
DMSmaterials determined to be single phase by XRD and TEM.
To date, much theoretical work has focused on percolation of
magnetic interactions in random alloys, but this work indicates
that many “real”materials might be better modeled as composite
materials consisting of dopant rich and dopant poor regions.
Macroscopic connections between the observed enriched re-
gions, for example, may significantly enhance the Curie tempera-
ture compared to a random alloy. It is clear that APT can play a
unique role in establishing a deeper understanding of magnetism
in DMS materials.
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