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Abstract

X-ray absorption spectroscopy of epitaxial GeMn thin films reveals an experimentally indistin-
guishable electronic configuration of Mn atoms incorporated in Gej_,Mn, nanoclusters and in
precipitates of the intermetallic compound MnsGes, respectively. However, the average magnetic
response of thin films containing Ge;_,Mn, nanoclusters is lower than the response of films contain-
ing MnsGes precipitates. This reduced magnetic response of Ge;_,Mn, nanoclusters is explained
in terms of a fraction of Mn atoms being magnetically inactive due to antiferromagnetic coupling or
the presence of structural disorder. A determination of the role of magnetically inactive Mn atoms
in the self-assembly of the thermodynamically metastable Gej_,Mn, nanoclusters seems to be an
essential ingredient for an enhanced control of this promising high Curie temperature magnetic

semiconductor.



The material system Ge-Mn represents a promising candidate for magnetic semicon-
ductor applications due to its compatibility to mainstream Si technology and the acces-
sibility of Curie temperatures above room temperature.[1-3] The latter were observed in
epitaxially fabricated GeMn thin films, where specific epitaxy conditions far from thermo-
dynamic equilibrium lead to an inhomogeneous distribution of Mn in the Ge host in the
form of self-assembled, nanometer-sized, Mn-rich regions coherently embedded in the Ge-
rich host matrix.[1, 4] In addition to such thermodynamically metastable Ge;_,Mn, nan-
oclusters, a small number of Mn,Ge, intermetallic compounds are known, like for example
Mn;Ges. MnsGes is a magnetically hard compound[5] with a Curie temperature near room
temperature[6] and a hexagonal lattice structure.[7] Proper control of the epitaxy conditions
in the GeMn material system allows the deposition of layers containing only Ge;_,Mn,
nanoclusters, MnsGes precipitates or both,[8] which is of interest for composite magnetic
semiconductor applications.

At present, the exact nature of the Ge;_,Mn, nanoclusters and a microscopic expla-
nation of the observed magnetism are unresolved issues. An atomic-scale investigation of
these nanometer-sized regions embedded in a crystalline matrix by nanostructural imaging
techniques such as transmission electron microscopy (TEM) is hampered by the difficulty
to eliminate signals stemming from the embedding Ge matrix. Complementary information
is expected from x-ray absorption (XA) spectroscopy, which is inherently element-selective
and influenced by the local electronic structure and the charge state of the Mn impurities
in the Ge matrix. Furthermore, by utilizing circularly-polarized photons we can examine
the x-ray magnetic circular dichroism (XMCD) resulting from the presence of magnetically
active Mn impurities.

In this letter, we compare samples with varying amounts of Ge;_,Mn, nanoclusters and
Mnj;Ges precipitates through their XA and XMCD spectra at the Mn L-edge. We show that
Ge;_,Mn, nanoclusters exhibit a reduced average magnetic response compared to MnsGes
precipitates in epitaxial thin films with equal total Mn content. In spite of these differences,
XA spectroscopy (XAS) indicates a very similar local electronic and structural environment
for Mn incorporated in Ge;_,Mn, and intermetallic MnsGes, respectively.

The thin films investigated in this work were fabricated by solid source low temperature
molecular beam epitaxy on Ge(001) substrates. Details on the fabrication procedure are

given in Ref. 8 and Ref. 4. All thin films were fabricated with a Ge flux rate of rg. =



0.08 As~! and a total Mn content of z = 2.8 %.

Structural properties were measured in cross-sectional TEM with an FEI Titan 80-300
microscope, magnetic properties in a commercial Quantum Design MPMS-XL supercon-
ducting quantum interference device (SQUID). Mn contents were measured by secondary
ion mass spectroscopy using a Mn implanted standard. XA measurements at the Mn L-
edge were carried out at the beamline 4.0.2[9] of the Advanced Light Source in the bulk
sensitive[10] total fluorescence yield (TFY) mode. XMCD spectra, the difference in TFY for
parallel and antiparallel alignment of an external magnetic field and photon helicity, were
acquired in a magnetic field of 0.5T applied collinear with the x-ray beam and at an angle
of 30° to the sample surface. Prior to the measurement, the thin film surfaces were cleaned
from Ge oxides by a deionized water dip.[11]

Three thin films, fabricated at substrate temperatures of Tg = 60°C, 85°C and 120 °C,
are presented in this letter. The epitaxy was found to be controllable with the fabrication
temperature. At Ts = 60°C, thin films consist solely of self-assembled Mn-rich Ge;_,Mn,
nanoclusters embedded in a Ge matrix with diamond-type lattice.[4] Increasing the fabri-
cation temperature beyond 60 °C additionally leads to the precipitation of nanometer-sized
inclusions of the intermetallic compound MnsGes in the Ge matrix.[8] This is shown in
Fig. 1, where a cross-sectional TEM overview image of the Ty = 85 °C thin film is depicted.
The image shows a dense assembly of nanometer-sized, elongated regions of dark contrast
corresponding to self-assembled Ge;_,Mn, nanoclusters. In addition several approximately
round regions, indicated by the white dashed circles, are visible. These regions correspond
to Mn;Ges precipitates with hexagonal D8g lattice structure.[7] In a higher magnification
image these regions exhibit Moiré-patterns, which are due to a crystal structure differ-
ing from the surrounding Ge matrix with diamond-type lattice. Increasing the fabrication
temperature further increases the amount of the Mnz;Ges precipitates while the amount of
self-assembled Ge;_,Mn, nanoclusters decreases. At Ts = 120 °C, only Mn5Ges precipitates
are observed. In the temperature range 60°C < Ty < 120°C, the appearance of the thin
films thus gradually changes from the exclusive presence of self-assembled Ge;_,Mn, nan-
oclusters at Tg = 60°C to a composite material containing both Ge;_,Mn, nanoclusters
and inclusions of intermetallic Mn;Ges at Ts = 85°C. Eventually, at Tg = 120°C, only
Mn5Ges precipitates are present. Note that the total Mn content of the epitaxial film was

not changed from film to film.



Figure 1: Cross-sectional TEM images. (left) Overview image and (right) close-up image. Dashed

white circles mark regions exhibiting Moiré patterns.

XA spectra of the thin films acquired at the Mn L35 edge are shown in Fig. 2(a) and (b).
The absorption spectrum of the Ty = 60 °C Ge;_,Mn, nanocluster thin film exhibits broad
Ly and L3 peaks without a pronounced fine structure. XAS line shapes and L3 » absorption
peak energies serve as a fingerprint for the electronic and structural configuration of the
material under investigation. However, in spite of distinctively different crystal structure
and chemical composition of Ge;_,Mn, nanoclusters and Mn;Ges precipitates, [4, 8] the
transition from solely Ge;_,Mn, nanoclusters at T = 60 °C to solely MnsGes precipitates
at Ts = 120 °C does not alter the XAS line shape nor results in a chemical shift of the Lj
energetic positions. All spectra resemble that of metallic Mn both in line shape and Lj»
branching ratio, indicating the presence of metallic, delocalized 3d states of the absorbing
Mn atoms in all thin films.[12-14]

The fact that the thin films exhibit a common XA fingerprint is further illustrated in
Fig. 2(b), where the spectra of all thin films were scaled to match the Lj peak intensity
of the Ts = 120°C thin film. Clearly, only the intensity of the spectra is decreased as the
content in Ge;_,Mn, nanoclusters is increased with decreasing Ty, demonstrated by the
different scaling factors denoted in the figure.

The similarity in the XA fingerprints indicates a strong similarity in the electronic config-
uration of the Mn atoms incorporated in Ge;_,Mn, nanoclusters and MnsGes precipitates,
respectively. In particular charge state and — as far as the resulting spectral shape is not
washed out due to the delocalized 3d electrons — also the local coordination of the absorbing
Mn in Ge;_,Mn, nanoclusters and Mns;Ges precipitates are indistinguishable within the

resolution of the measurement.
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Figure 2: XA (a, b) and corresponding XMCD spectra (c) of thin films with increasing Mns;Ges
content, measured at 50 K. Substrate temperatures are Ty = 60 °C, 85°C and 120 °C, respectively.
The total Mn content for all films is 2.8%. For comparison, the absorption spectrum of metallic
Mn is included in (a).[15] The XA and XMCD spectra are normalized to the L3 peak intensity of

the Ts = 120°C thin film in (b) and (c), respectively. The scaling factors are given in the figures.

In order to investigate the magnetic activity of the incorporated Mn atoms, XMCD
spectra were measured and are shown in Fig. 2(c). At Ty = 60°C, three broad peaks are
observed in the XMCD spectrum. These three features are clearly distinguishable in spite
of the small signal to noise ratio of the spectra. As in the case of the XA spectra, the
XMCD spectra are indicative of metallic, delocalized Mn 3d states. Again, the transition
from Ge;_,Mn, nanoclusters to MnsGesz precipitates does not alter the line shape of the
XMCD spectra. However, the intensities of all three XMCD peaks decrease with increasing
amount of Ge;_,Mn, nanoclusters. The XMCD spectra shown in Fig. 2(c) are scaled to
match the Ly XMCD intensity of the Ts = 120°C thin film and superimpose within the
experimental error. The scaling factors are given in the figure. It is interesting to note that,
according to the relative spin and orbital moment sum rules,[16] the scalability of the XMCD
spectra translates into similar ratios of the spin and orbital moments of Mn incorporated

in Ge;_,Mn, nanoclusters and in MnsGes precipitates. Furthermore the scaling factors of
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Figure 3: SQUID magnetization loops measured at 50 K. The total Mn content for all films is

2.8 %. Substrate temperatures are Tg = 60 °C, 85°C and 120 °C.

the XAS and XMCD spectra infer a decreased average magnetic moment per Mn when
Ge1_,Mn, nanoclusters are introduced and their amount is increased at the expense of
Mn5Ges precipitates.

This latter finding is corroborated by field dependent magnetization loops, recorded with
conventional SQUID magnetometry and depicted in Fig. 3: In spite of an identical total
Mn content in the three thin films, they display increasing magnetization with increasing
fabrication temperature. The presence of Ge;_,Mn, nanoclusters in the Ts = 60°C and
Ts = 85°C thin films thus leads to reduced magnetic response compared to the Tg = 120 °C
film containing only MnsGes precipitates. Since all samples contain the same total amount
of Mn atoms, SQUID measurements also infer a reduced average magnetic moment per Mn
atom when the amount of Ge;_,Mn, nanoclusters is increased at the expense of MnsGes
precipitates.

In our study XAS indicates an experimentally indistinguishable charge state and local
coordination of Mn in all samples. XMCD underpins this similarity through an equal ratio
of orbital and spin moment. At the same time, both XMCD as well as SQUID magnetome-
try measurements show that when increasing the amount of Ge;_,Mn, nanoclusters at the
expense of MnsGes precipitates, the magnetic response of the thin films decreases. These
apparently opposing observations of a differing Mn magnetic moment with at the same time
strong similarities in the Mn electronic environment and magnetic configuration leads to

the conclusion that not every individual Mn atom contributes to the measured magnetic



response. Although being element-specific, XA like SQUID magnetometry delivers an infor-
mation averaged over the total sample volume. We thus conclude that, while all Mn atoms
exhibit similar atomic magnetic moments, a fraction of the atoms is magnetically inactive
and therefore not contributing to the measured XMCD and SQUID magnetic response. The
amount of the magnetically inactive Mn increases with the presence of nanoclusters and is
highest in the absence of MnsGes precipitates at Ts = 60 °C, hinting towards a relationship
between the presence of nanoclusters and of a fraction of Mn atoms which do not contribute
to the total magnetization.

Magnetic inactivity not only in Ge;_,Mn,, but also in other magnetic semiconductors
may have various origins. These can be antiferromagnetic interaction between Mn atoms
leading to magnetic frustration[17] and spin disorder.[18] They can also be Mn 3d states
forming a low or zero moment, metallic impurity band as it was recently found in amorphous
Si;_Mn,.[15] The latter represents a noteworthy explanation for the magnetic inactivity
observed in this work, since delocalized, metallic 3d states were indeed found in the XAS
fingerprints presented in Fig. 2. Remarkably, hints for crystallographic disorder can be
found in reports on epitaxially fabricated GeMn free of Mn;Ges precipitates.[1, 2, 19, 20] It
will therefore be interesting to investigate the next-nearest neighbour coordination shells of
the Mn atoms, for instance by extended XA fine structure analysis, in order to clarify the
presence of such structural disorder and to ascertain to what extent disorder leads to the
observed magnetic inactivity.

In summary, the combination of x-ray absorption spectroscopy, electron microscopy and
magnetometry reveals a strong similarity of the Mn incorporation in Ge;_,Mn, nanoclusters
and in Mn5Ges precipitates. This close relationship suggests similar magnetic moments of
the magnetically active Mn atoms contributing to the overall magnetization. The observed
reduced average magnetic response of the thin films containing Ge;_,Mn, nanoclusters is
expected to be due to a certain fraction of magnetically inactive Mn atoms. Structural dis-
order stemming from Ge;_,Mn, nanoclusters is considered as a noteworthy explanation for
the observed magnetic inactivity. Investigating crystallographic disorder therefore appears
to be an important and instructive task for further engineering of this promising magnetic
semiconductor.
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