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Room-temperature ferromagnetism in Mn-implanted amorphous Ge
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A 2 x 10" Mn*/cm? 100 keV ion implantation at liquid-nitrogen temperature onto Ge(100) surfaces
produces a perfect Mn dilution into a completely amorphized Ge layer (155 nm thickness and 4% average Mn
concentration) as directly demonstrated by Mn K -edge x-ray absorption spectroscopy. Superconducting quantum
interference device (SQUID) investigations demonstrate that this diluted magnetic semiconductor system exhibits
ferromagnetism up to room temperature. The magnetic response is explained within the model of percolation of
bound polarons. Once the Mn fluence is doubled during the implantation, SQUID measurements clearly point
to formation of Mn-Mn dimers and phase separation of Mn into Mn-rich amorphous clusters. First-principles
calculations on Mn-doped amorphous Ge give a rationale to the experiments at the lowest fluence showing that
disorder in the amorphous phase with the distortion of the Ge tetrahedra plays a crucial role, favoring the Mn
substitutional inclusion and, correspondingly, enhancing the magnetic response of the system.

DOI: 10.1103/PhysRevB.83.134426

I. INTRODUCTION

Spintronics, i.e., spin transport electronics, is a revolution-
ary concept of the last two decades that already has had a
tremendous impact on everyday life and technology with the
discovery of giant magnetoresistance, which has led to an
explosive development of magnetic storage devices.! When
compared to such glorious success, the route toward the
realization of another class of materials (whose importance
is largely believed to be pivotal in the development of future
spintronic devices), namely, diluted magnetic semiconductors
(DMSs), has not been very straightforward. No consensus has
yet been reached on a technologically appealing procedure
to reliably and reproducibly obtain a room temperature
(RT) DMS, where spin and charge can be simultaneously
controlled.? Indeed, with the notable exception of metal oxide
semiconductors® and GaN,* despite tremendous efforts, the
achievement of ferromagnetism at room temperature (and
above) for those semiconductors that are by far the most widely
used and of technological appeal (i.e., GaAs for groups III-V
and Si and Ge for group IV semiconductors) has not been
reported so far for the bulk phase. On the other hand the interest
in Mn doping of Ge systems has very recently witnessed a
strong revival.>"1

In a DMS, high Curie temperatures T¢ (namely, above RT)
can be typically achieved by increasing the concentration of
the magnetic dopants (typically Mn) in the semiconductor. The
required concentration values are well beyond the extremely
low solubility limit of the magnetic dopants in any host
semiconductor matrix.!! To resolve this problem, the use of
far from equilibrium fabrication techniques such as molecular
beam epitaxy (MBE) is needed. In this case, usually, only by
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carefully playing with the growth parameters (such as substrate
temperature, or adopting the ”delta-doping” strategy'?) can the
presence of precipitates be minimized. For example, focusing
the attention on the Mn-Ge system, the typical occurrence
of the secondary phase is in the form of amorphous Mn-
rich cluster'3, or even the more stable MnsGe; (Refs. 14
and 15) or MnsGe, and Mn;;Gesg (Ref. 16) precipitates.
Of particular disadvantage is the tendency of Mn to form
dimers (antiferromagnetically coupled) in the host crystalline
matrix.'”!8 These occurrences altogether hamper the raising of
the 7¢ with an increase of the dopant concentration. Moreover,
in the presence of precipitates in a host DMS matrix, the
whole system can exhibit fascinating phenomena typical of
a “meta-material” such as the occurrence of magnetically
induced low-temperature metal insulator transitions,'® or
cluster-related memory effects.? On the other hand, from the
point of view of spintronics applications, which require the
fabrication of homogeneous materials at the nanoscale, the
presence of precipitates can indeed significantly deteriorate
the potential appeal of such real world materials.

An alternative approach to MBE, proposed in the latest
years is ion implantation. Our group has extensively con-
sidered this strategy in the case of Mn doping of Ge (see
Ref. 14 and references therein). Nonetheless, also with ion
implantation, even if almost perfect dilution can be achieved
in a subsurface implanted layer,17 we still observed either
unavoidable phase precipitation [for implantation substrate
temperatures above 240°C (Ref. 17)] or the occurrence of Ge
swelling below 200°C (Ref. 21) with the formation of a highly
radiation damaged layer of porous sponge-like amorphous Ge
usually on top of a compact amorphous Ge-Mn layer.?> Thus,
all the evidence accumulated so far indicate that there is little
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or no room for a significant stable and homogeneous dilution
of Mn in crystalline Ge.

Evidently other routes have to be explored. Already in
Ref. 22 we envisaged the possibility of obtaining a single-
phase ferromagnetic response from the implanted compact
amorphized layer. Others®® have speculated on the expectation
to significantly lift the Mn solubility in the host semiconductor
matrix (and accordingly the 7 of the DMS) by diluting Mn
in amorphized Ge (a-Ge). Magnetic doping of a-Ge has been
already explored by Choe,”* Paek,”* and Yu? (by means of
rf sputtering, or thermal co-evaporation on substrates kept
at room temperature) but with controversial results and little
insight into their properties from a fundamental point of view.
For instance, a rationale was not proposed to explain why
magnetic doping of a-Ge should be more viable in terms of
dilution and more effective in terms of the magnetic response.

Ton implantation of Ge can be the best suitable technique
for Mn doping in an amorphous semiconductor matrix. It
has been extensively studied that swelling typically occurs
only in a well-defined range of the substrate temperatures
Ty during ion implantation [7 >~ 300-500 K (Ref. 26)]. On
the other hand, swelling is almost independent of the ion
species, ion energy, and ion fluence. It is important to note
that when the substrate temperature during the implantation
is kept well below room temperature (ie., Ty =77 K),
the swelling is not observed anymore, and the implantation
produces only a compact layer of amorphized Ge. This
was directly demonstrated by Holland?® and Appleton®’ with
transmission electron microscopy (TEM) images and electron
diffraction patterns in the case of Bi ion implantation on
Ge(100) kept at liquid-nitrogen (LN) temperature. Similarly,
Stritzker?® demonstrated that, almost regardless of the ion
fluence, swelling does not occur at Ty below 190 K. Thus,
with the aim of obtaining a homogeneous Mn dilution into
amorphous Ge, we prepared our system via ion implantation
of Mn in Ge(100) at T = 77 K, and performed a thorough
and complementary theoretical and experimental investigation
of its properties.

In this paper we report two main observations: (i) For
a 2 x 10'® Mn/cm? fluence, LN ion implantation produces
amorphization; Mn is perfectly diluted in a-Ge; the system
exhibits a single-phase ferromagnetic response at least up to
room temperature; and the structural disorder effectively lifts
the Mn solubility and improves the magnetic response of such
a DMS. (ii) When the Mn concentration is doubled (4 x 10'¢
Mn/cm? fluence), the magnetic response is significantly
weaker, and phase separation into Mn-rich clusters occurs.

II. EXPERIMENTAL AND CALCULATION DETAILS

The (001)-oriented n-type Czochralski (Cz) Ge wafers, with
a nominal resistivity 1072-1072 Q cm, were implanted with
100 keV Mn™ ions with two fluences of 2 x 10'6 and 4 x 10'6
ions/cm?, respectively. During the implantation the substrate
was set with the (001) axis forming an angle of 7° with respect
to the impinging beam direction to avoid channeling. From
SRIM Monte Carlo simulation,? the expected projected range
R, (i.e., the depth of maximum concentration) for Mn ions
at the chosen beam energy is ~55 nm, and the end of the
implantation range is situated at ~160 nm. The substrate
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temperature during the implantation was checked by means of
athermocouple (faced to the wafer back side) with an accuracy
of 2°C. For implantation at the LN temperature the substrate
was kept in thermal equilibrium with a liquid-nitrogen cold
finger. The Mn concentration distribution profile for Mn ion
implanted Ge at identical fluences can be found in Ref. 30;
the implantation produces a quasi-Gaussian Mn concentration
profile in the 160 nm thick implanted film with Mn peak
concentrations, respectively, of 0.08 and 0.16 at 50 nm depth
from the implanted surface (Fig. 1 in Ref. 30).

Tapping-mode atomic force microscopy (AFM) measure-
ments were performed ex situ in air with a Digital Dimension
D5000 instrument equipped with a Nanoscope IV controller,
using a Si cantilever (300 kHz resonance frequency). Scanning
electron microscopy (SEM) images were taken with a LEO
1503 apparatus equipped with a field effect gun. X-ray
absorption (XAS) measurements were performed at the BM8
beamline in the European Synchrotron Radiation Facility
(ESRF) in conventional fluorescence mode by an array of
13 elements of a Ge solid-state detector.’! The Mn K -edge
was measured around the absorption white line (6550 eV) by
means of a Si(111) monochromator and passing bandwidth of
1/10000.

XAS spectra of reference standards like MnsGe;, MnO,
and Mn;0; were also measured. All XAS measurements
were performed at room temperature, and a metal reference
sample was used to calibrate the photon beam energy during
the measurement sessions. Theoretical XAS spectra were
calculated within a full multiple scattering (MS) potential
formalism (extensively illustrated in Ref. 32) choosing various
structural cluster models. Magnetic properties of as prepared
Ge-Mn thin films were studied using superconducting quan-
tum interference device (SQUID) magnetometry (Quantum
Design). Measurements were performed in a dc regime at
temperatures between 1.8 and 300 K and in fields up to 10
kOe with the magnetic field applied in the film plane.

Standard precautions for working with low-moment sam-
ples were undertaken, in particular, only ceramic tools were
used for sample handling. The identical experimental routine
was applied to the reference sample (nonimplanted Ge from
the same batch of wafers used for the implantation). The
magnetization of the Ge-Mn thin film was calculated by
normalization of the experimental magnetic moment by the
volume of the magnetic material, assuming a film thickness of
t = 150 nm (from SRIM and SEM evidence). First-principles
VASP (Vienna ab initio simulation package) calculations
were carried out for Mn impurities substituted in the ST12
structure which is generally acknowledged as a good model
of disordered tetrahedrally coordinated Ge.>* To calculate the
magnetic interaction between Mn impurities, a 2x2x?2 unit
cell (96 atoms) was used, placing two Mn atoms into two
inequivalent structural sites (at increasing distances in different
calculations).

III. SEM, AFM, AND STRUCTURAL XAS ANALYSIS

Figure 1 shows cross-sectional SEM images of 100 keV
Mn* implanted Ge(100) at 170°C (top panel), and at LN
substrate temperature (bottom panel). The top panel image
is shown for comparison. The electron beam to the Ge(100)
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FIG. 1. Cross-sectional SEM images of 100 keV 2 x 10'® Mn
ions/cm? irradiated Ge(100) surfaces at 170°C (top panel) and LN
substrate temperature (bottom panel).

surface normal angle during acquisition of the images was
70°. In the two panels two horizontal black lines are drawn
as a guide for the eye to mark the edge between the Ge(100)
surface (upper part of the images) and the cross-sectional wall.
The top panel of the figure shows the effects of Ge swelling
upon ion irradiation (substrate at 170°C). As a guide to the eye,
a white line in the image marks the depth where a clear SEM
contrast change is observed. The black-white line separation
is roughly consistent with the SRIM-predicted depth of the
implantation layer; accordingly we assign the implanted layer
to the region in between the dark and white lines. The topmost
implanted layer shows a sponge-like morphology with a
random network of columnar Ge nanostructures and voids
of 10-20 nm size. This is the so-called swelled Ge layer:
amorphous and containing oxidized Mn.??

We observed swelling whenever the Ge substrate tem-
perature was kept below (about) 200°C, and down to RT
during implantation.?”> This phenomenon is likely due to the
coalescence of vacancies into large voids® but its quantitative
understanding is beyond the scope of the present investigation.
Instead, for the purposes of our work, it is interesting to
note that the implanted layer underneath the swelled one is
amorphous. This was directly verified by us with TEM in
Ref. 22 for RT Mn implantation onto Ge(100).

Once the substrate temperature is decreased (down to LN),
then swelling is not observed anymore (see the bottom panel
of Fig. 1). The implanted sample surface does not show
voids and a sponge-like structure. The surface morphology of
such LN ion implanted samples was investigated with AFM.
Figure 2 does not show the three-dimensional morphology
typical of swelled Ge (like in Ref. 21), the surface is flat with
a root-mean-square value of the roughness equal to 2.2 A. Tt is
also interesting to note that the samples (implanted at LN) show
absence of swelling already after a visual inspection, having a
mirror-like surface [definitely different from the black color of
oxidized swelled implanted Ge (Ref. 26)]. Very interestingly,
in the SEM cross sectional view there is a well-defined
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FIG. 2. (Color online) Top: AFM image of the surface of a
Ge(100) sample after ion implantation of 100 keV, 2 x 10'® Mn (LN
substrate temperature). Bottom: corresponding height distribution
with rms roughness of 2.2 A.

region of darker contrast whose width (155 4+ 5 nm) is
in excellent agreement with the amorphous layer thickness
(160 nm) determined with a SRIM simulation (2 x 10'® Mn
at 100 keV) once a displaced per atom (DPA) number of 0.1
[typical for implantation in a Ge matrix at LN (Ref. 36)] is
assumed. The occurrence of such sharp contrast is not observed
in TEM images for Mn implantation temperatures well above
the swelling regime (at 300°C) where dynamical annealing
occurs and the Ge matrix remains compact and crystalline.?’
This contrast, which does not show a modulation in the 155 nm
region below the edge, cannot be assigned to a “chemical
contrast” caused by the Mn inclusion, because Mn has a
pseudo-Gaussian profile of concentration in the implanted
layer.22 Rather, consistent with SRIM, we assign this contrast as
due to a “phase” contrast between the implanted amorphous
Ge layer and the crystalline Ge beneath. The formation of
a nonswelled amorphous Ge layer by ion irradiation, once
the substrate is kept at LN, has been already demonstrated
with TEM and Rutherford back-scattering measurements by
Holland et al.*® More recently Impellizzeri et al.® studying
the self-implantation of Ge with Ge at LN at equivalent
implantation fluences, demonstrated (by means of Rutherford
back scattering and profilometry) that the implanted layer of
Ge at LN temperature is amorphous with a density decrease
of about 2.0%. Though such a direct measurement was not
performed in our case, a similar density decrease effect can
be more than likely assumed for the LN implantation of Mn
in Ge. We thus assign our observation of a uniform darker
contrast of the LN implanted Ge to its being amorphous and
less dense, and accordingly to its generating a lower electron
yield under the primary electron beam of the SEM system.
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The structural characterization of the Mn-Ge implanted
samples, like the one shown in Fig. 1, has been carried out
by means of XAS. It is worth stressing that this technique
is extremely suitable to investigating the local chemical
and structural environment of magnetic dopants in DMS
systems. For instance, very recently, Soo et al. preformed a
similar SQUID-XAS combined investigation on magnetically
doped (Mn and Cr) amorphous silicon.*® As pointed out in
Refs. 17 and 39 for Mn-Ge alloys (fabricated either with ion
implantation or MBE) Mn K-edge XAS experiments, allow
(i) observation of the occurrence of phase precipitation in
the DMS alloy of Mn into Mn-rich phases (like MnsGes
crystalline or amorphous clusters), (ii) evidence of the oc-
currence of formation of Mn-Mn dimers, (iii) discrimination
between interstitial and substitutional Mn in a Ge host, and
(iv) quantitative determination the type of order or disorder
(crystalline or amorphous) of the local (very first few nm
around the Mn atom) Ge host matrix surrounding the Mn atom.
The above information is of utmost importance in determining
the degree of Mn dilution in the Ge matrix.

The Mn K-edge XAS spectrum of the Mn-Ge system
under investigation is reported in the upper panel of Fig. 3
(diamonds). A number of very solid points can be raised
before discussing a quantitative analysis of the data. First,
compared to other ion implanted Mn-Ge systems with identical
Mn implantation fluence!” the XAS features are really faint.
This occurrence can be straightforwardly assigned to the
high degree of disorder in this specific system pointing to
the assignment of an amorphous phase. Second, this XAS
spectrum is very similar to the one (the RT Mn-implanted
sample reported in Ref. 39) obtained from XAS experiments
on another Mn-Ge system whose amorphous nature has been
evidenced with TEM.?? This occurrence is verified once the
swelled amorphous Ge layer of the RT implanted alloy is
removed (Fig. 3 in Ref. 22) and the subsurface disordered
Mn-implanted amorphous Ge layer is measured with XAS.
Third, our XAS experiments allow us to rule out with high
confidence the presence of interstitial occupation of Mn.
Interstitials are very prone to diffusion and cluster formation
upon annealing of the samples.>® This typically produces
notable changes in the XAS spectra of Mn-Ge systems prior to
and after annealing. Noteworthily, instead, the XAS spectrum
of Fig. 3 remains totally unchanged upon annealing the sample
even up to 400°C.

Another occurrence that can be ruled out by analyzing this
spectrum is the absence of any detectable trace of Mn-rich
precipitates either in the amorphous or crystalline phase; this
occurrence (according to Refs. 17 and 39) would lead to very
specific peaks in the XAS spectrum at the energies of 6553,
6563, 6575, and 6596 eV, which are definitely absent in the
spectrum of Fig. 3.

Thus the above arguments point to the absence of Mn
interstitials and Mn atoms in Mn-rich Mn-Ge clusters. More
detailed structural information can be determined by the
fitting analysis of the extended x-ray absorption fine structure
(EXAFS) x(k) spectrum reported in the inset of the lower
panel of Fig. 3. The solid line in the x (k) x k> is the fitting
line of the experimental data (dots). The fitting curve is
calculated once considering just a single shell of 4 + 0.1 first
Ge neighbors at a distance of 2.51(2) A. The variance o2 of
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FIG. 3. Mn K-edge XAS absorption data for Mn-Ge LN im-
planted. Top panel: The ordered (dashes) and the disordered (solid)
MS theory of the XAS are compared with the LN implanted
experimental spectrum (diamonds). Lower panel: Fourier transform
of the EXAFS signal (inset in the panel) from the experimental
spectrum of the top panel.

such distance is 0.008 A? comparable to the one determined
for other Mn-Ge alloys.** Noteworthily, the fitting analysis
allows us to exclude any detectable presence of Mn dimers.
All the above information leads to the conclusion that the Mn
is in a substitutional site. To answer the question, “Is the host
Ge matrix crystalline or disordered ?” we then performed full
multiple scattering (MS) calculations for a cluster of Mn in a
crystalline diamond substitutional site (dashed curve in Fig. 3)
or, on the other hand, with an Mn atom hosted substitutionally
in a distorted ST12 Ge structure** (solid curve in Fig. 3). The
calculated XAS spectra have been adjusted to the experimental
one by normalization of the jump of the cross section between
6535 and 6625 eV. The ST12 phase, described later on in the
section of first-principles calculations, is still a crystalline one,
but in terms of nearest-neighbor pair distribution function, it
very nicely mimics (on the short-range order, which is the
one probed by XAS) germanium in the amorphous phase.**
Direct comparison of the two MS calculated spectra with
the experimental one, clearly shows that a better agreement
is observed when passing from the crystalline diamond MS
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spectrum to the one of the ST12 phase, where local distortion
of the tetrahedra is taken into account. To further support
this point we also note that the Fourier transform (FT) of
Fig. 3 (lower panel) is very similar to the FT of amorphized
Ge (EXAFS experiments) obtained by LN implantation of Ge
into Ge by Ridgeway et al.** Thus this evidence also indicates,
from a microscopic point of view, that the host Ge matrix in
our Mn-Ge system is amorphous.

A final but very important remark concerning this struc-
tural analysis is on the determined value of the Mn-Ge
nearest-neighbor distance 2.51 A. This is the typical Mn-Ge
coordination distance for Mn diluted in a host Ge matrix.*
This value is about 2% larger than the Ge-Ge coordination
distance in crystalline Ge (c-Ge), and this mismatch is a sign
of the difficulty of Mn dilution in the Ge matrix. On the
other hand, once Ge is amorphized (by Ge ion implantation),
as reported by Ridgeway et al.,* there is a clear trend
(with the ion fluence) to the increase of the Ge-Ge nearest-
neighbor distance toward 2.47 A. This indicates the presence
in the Ge matrix of point defects, i.e., threefold (T3) and
fivefold (T5) coordinated atoms. Noteworthily, such defects
are characterized by a nearest-neighbor distance of 2.52 and
2.57 A, respectively.*! Accordingly we suggest that Mn atoms
are most likely accommodated in T3 and TS5 sites. The fact
that the average number of nearest neighbors as determined
by the EXAFS analysis of Fig. 3 is about 4.0 is because
the five-fold coordinated Mn’s likely occur with the same
probability as the three-fold ones, as in Ref. 40. Finally we
note that the direct observation in our case of a 2% strain of
the lattice parameter, together with a similar finding for the
Ge-Ge distance in the very similarly prepared a-Ge system
of Ridgeway,* are perfectly in line with the determination
of a 2.0% density decrease of Ge implanted Ge at LN by
Impellizzeri et al.*®

IV. MAGNETIC RESPONSE: SQUID MEASUREMENTS

The summary of magnetization measurements is shown
in Fig. 4. Diamagnetic background originating from a Ge
substrate and a plastic straw used for the samples mounting was
subtracted from all experimental results. The field dependence
of the magnetization, the M(H) curve, demonstrates a clear
hysteretic behavior in the whole studied temperature range,
T = 5-293 K [Fig. 4(a)]. Even at room temperature, the M (H)
dependence is characterized by a distinctive coercive field,
H,. = 120 Oe, and saturation at Hg,; = 2 kOe [Fig. 4(a) inset].
As temperature decreases to 7 = 50 K, the overall shape of
the hysteresis curve remains unaltered. In this temperature
range, the saturation magnetization is on the order of 0.45-0.50
emu/cm?®. Opening of the hysteresis loop and their saturation
in the moderate magnetic field suggest a ferromagnetic type of
ordering in the system at 7 < 300 K. However, the observed
ferromagnetic properties are relatively weak, as indicated
by the low saturation moment. As temperature decreases,
the saturation magnetization increases rapidly and reaches 1
emu/cm’ at T =5 K. The shape of the hysteresis notably
changes and the saturation shifts toward higher magnetic fields
as the temperature decreases. From this saturation value, the
thickness of the implanted layer, and by knowing the Mn flu-
ence, we estimate ~0.08 @ g/Mn, in line with an anomalously
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FIG. 4. (Color online) Magnetization measurements of the LN
Mn-implanted Ge: (a) field and (b) temperature dependences of
magnetization. In (b) magnetization was measured after field cooling
and zero-field cooling at H = 100 Oe. The magnetization of a Ge-Mn
sample implanted at 7 = 573 K is shown in (b) for comparison. (c)
Temperature dependence of magnetization in normalized coordinates.
The solid line is an approximation by Eq. (1) with the fitting parameter
ayn, =2.5x1073.

low value observed also for Mn-doped amorphous silicon*?
and with recent results obtained for ion implanted Mn-Ge by
Zhou et al® Tt should be noted, that the hysteretic behavior
was never observed in the reference sample [unimplanted
Ge(100)], where the M (H) dependence remained linear.
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Figure 4(b) shows temperature dependences of the magne-
tization, M vs T, as measured in the warming cycle after either
field cooling (FC) or zero-field cooling (ZFC) of the sample
at H = 100 Oe. Both curves have a well-pronounced concave
shape where the magnetization gradually decreases with
temperature. It should be stressed that we do not observe any
pronounced transition temperatures in the whole investigated
temperature range, which could denote presence of a magnet-
ically inhomogeneous phase or clusters of various nature. The
FC and ZFC curves coincide in the whole temperature range,
which signifies the reversibility of the field-induced changes
and absence of the blocking temperature typical for the para-
or super-paramagnetic systems. Another interesting feature is
an absence of a sharp step at 290-295 K, which is typical for
ferromagnetic transition in metallic MnsGes precipitates. This
observation is consistent with the XAS results and rules out
the presence of this extremely undesirable, but unfortunately
very common metallic phase in other Ge-Mn systems (see,
e.g., Refs. 43 and 44). For comparison, we plot the M(T') de-
pendence for a similar Ge-Mn sample implanted at 7 = 573 K
[Fig. 4(b)]. The curve clearly demonstrates the occurrence of
an inhomogeneous magnetic structure, consisting of MnsGes
precipitates, amorphous Ge,Mn,, clusters and diluted Mn>*
ions. Each subsystem is characterized by its own transition
temperature.*’ Further, we discuss the magnetic properties of
the present a-Ge-Mn film within the percolation model*’ using
assumptions of a strong disorder in the system and the fact that
the indirect exchange between magnetic centers (Mn>* ions)
is carried out by localized charge carriers (holes in the case of
Ge-Mn). In the case of an MBE grown Mn-Ge DMS system,
this model has been adopted by Li et al.*® The exchange
interaction between localized holes and magnetic ions leads to
formation of magnetic polarons (quasiparticles consisting of
a localized and polarized hole and a number of surrounding
magnetic ions). Using a formalism developed in Ref. 45 (the
Kaminski and Das Sarma model), the temperature dependence
of magnetization can be written as

M(T)/Mak  0.86 + (ayny) "In(TZ/T), (1)

where Mg is the magnetization at T =2 K, ap is the
decay length of the hole’s wave function, n;, is the hole
concentration.*’ Thus, the shape of the magnetization curve is
determined only by the dimensionless fitting parameter an.
The experimental results were fitted using Eq. (1), see Fig. 4(c).
A close correlation between the fit and the experimental data
indicates a percolation nature of the ferromagnetism in the
Ge-Mn thin film. The parameter agn, =2.5x 1073 obtained
from the fit is significantly less than unity, which also points
to the percolation mechanism of the ferromagnetic ordering
and is associated with a strong localization of holes in the
amorphous system.

Of particular interest is the comparison of the fitting
parameter agnh determined in this work with values of
other DMS systems where the magnetic response is also
within the frame of the percolation model.**** In particular,
it was demonstrated** that once the contribution of Mn-rich
precipitates is subtracted, this model explains quite well the
magnetic response of the Mn properly diluted in a crystalline
Ge matrix, giving agn, = 1.4x1072. On the other hand, the
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same percolation model holds for Cr-doped amorphous silicon,
as demonstrated by Yao,*® and in that case agn, =2.7x107>.
The three values span almost three orders of magnitude, where
a smaller value generally corresponds to a stronger carrier
localization.

From the observed trend in the above a%nh values we
extrapolate the effectiveness of the magnetic dopant dilution
in substitutional tetrahedrally coordinated sites of the semi-
conductor matrix and, accordingly, the concentration of holes
ny. To this aim, particularly enlightening is the comparison
between the a-Ge (this work) and the c-Ge Mn-diluted
system.44 In both cases, an identical Mn fluence was used.
In the case when the Ge matrix is crystalline (c-Ge), despite
a well-pronounced phase precipitation into Mn-rich clusters,
a very significant fraction of Mn atoms was diluted in c-Ge
substitutional sites.!” On the other hand, in the present case all
the Mn atoms are “diluted,” but as discussed above (EXAFS
results), they are very likely preferentially accommodated in
defective T3 and TS5 sites. Thus, such “defect trapped” Mn
ions do not increase the hole concentration in the system. In
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FIG. 5. (Color online) Magnetization measurements of LN Mn-
implanted Ge for a 4 x 10'® Mn ions/cm? fluence: (a) field and
(b) FC (ZFC) [black (red or gray) plots] temperature dependences of
magnetization. In (a) the magnetization for the 2 x 10'® Mn ions/cm?
fluence [purple or gray line] is reported for comparison.
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line with this, the a%nh value is lower by almost an order of
magnitude in a-Ge than in c-Ge. Finally, in the Cr a-Si system,
a real dilution is definitely more difficult than in Ge,*” and
expectedly a very little fraction of the magnetic impurities
contribute to holes, the ajn; parameter further drops two
orders of magnitude.

Thus, our EXAFS results show that Mn dopants are
incorporated in amorphous Ge without forming detectable
Mn-Mn dimers and, therefore, exclude the possibility of a
dominant direct exchange interaction between magnetic ions.
The magnetic measurements also clearly demonstrate the
absence of any detectable secondary phase and prove FM-type
of ordering at T < 300 K. The observed magnetic properties
can be satisfactorily described within the bound magnetic
polaron model.

The above illustrated model is not valid any longer once
the Mn concentration is doubled. We observe in Fig. 5(a) that
the saturation magnetization is reduced by almost a factor of
2 (1.8, i.e., ~0.045 pp/Mn). This occurrence can only be
assigned to significant formation of Mn-Mn dimers, which
are antiferromagnetically coupled and do not contribute to the
overall magnetic response of the alloy. We estimate that, with
doubling the Mn fluence, almost 50% of the Mn atoms, which
could be magnetically active at lower fluence, are quenched
by dimer formation. Furthermore, the M(T) behavior of the
Mn-implanted alloy at higher fluence significantly deviates
from the pure “percolation” model [Fig. 5(b)]. In agreement
with similar results reported recently®!? for Mn ion implanted
Ge at a comparable fluence, the M(T) curve shows a feature
clearly noticeable in the 60—70 K temperature range that is
always ascribed to phase precipitation of Mn into Mn-rich
amorphous clusters (see Refs. 9 and 10 and references therein).
This observation places an upper limit on the Mn concentration
where perfect Mn dilution and a magnetic response solely due
to percolation can be realized.

V. FIRST-PRINCIPLES CALCULATIONS

Different theoretical approaches have been proposed to
describe the structural and electronic properties of amorphous
semiconductor systems.®%! The most sophisticated ones use
both molecular dynamics (MD) and density functional theory
(DFT) calculations taking into account large (i.e., at least 64
atoms) supercells subsequently “melted” and “quenched” in
the simulation.®! The amorphization strategies via MD are
substantially based on a seminal paper proposed in Ref. 52.
Moreover, the approach can be simpler, by calculating within
DFT, the structural and electronic properties of crystalline
systems with reduced symmetry that locally mimic the
structure of the real amorphous systems. In the case of a-Ge
such a “simpler” structure is the ST12 phase.** This phase is
a weakly ordered crystal, which turns out to be a very good
compromise between structural likelihood and computational
efforts to model a-Ge.™® It has 12 atoms per unit cell and a
space group with few symmetry operations.”® Unlike diamond,
the ST12 crystalline network exhibits seven- and five-fold
atom rings and a fairly broad distribution of configurations
of bonds on neighbors atoms, similar to a-Ge.?* Simulations
of a-Ge with such a distorted crystal phase model allow one to
grasp most of the important properties of the real a-Ge system
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FIG. 6. (Color online) Magnetic interaction energy (eV/Mn-
pairs) between two substitutional Mn atoms in the diamond (open
symbols) and a-Ge phase (filled symbols). The inset shows the heat
of formation of a substitutional Mn impurity as a function of Mn
concentrations for diamond (open symbols) and ST12 Ge (filled
symbols).

like its optical and electronic properties.>*> Our choice, thus,
was to carry out first-principles calculations using as a model
structure the ST12 phase.>* The reasons for this choice are
(i) the system is simpler than computer-generated amorphous
systems, but still retains many important and fundamental
structural properties of true a-Ge, (ii) most importantly, there
is a very good fit of the local structural ST12 environment with
the one of our a-Ge system (see Fig. 3), and (iii) finally, though
comparison of MD simulations from subsequently melted and
quenched structures is realistic for some experiments (like the
a-Ge preparation in Ref. 8) it is far from obvious that the Ge
amorphous structure obtained by ion implantation is consistent
with the one obtained in MD simulations. In addition, as will be
shown in the following, in terms of local magnetic moment the
results obtained with our model calculation are quantitatively
in agreement with those obtained using more sophisticated and
computationally demanding approaches.®

The strength of the magnetic interaction between nearby
Mn’s, is related to the total energy difference between mutually
antialigned (antiferromagnetic, AFM) and aligned (ferromag-
netic, FM) spin directions on the Mn sites. This quantity is
shown on Fig. 6 as a function of the distance between the
two interacting Mn atoms and compared with the case of the
Ge-diamond lattice. The peculiar ST12 structure allows for
different possible substitutional sites depending on whether
the Mn site lies along a chain of symmetry equivalent atoms
(squares) or if it is connected to symmetry-nonequivalent
sites (circles). While the symmetry of the diamond lattice
imposes strongly directional magnetic interactions [favored
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along the (110) axis], the same is no longer true for the
more isotropic ST12 structure which (i) keeps the same total
magnetic moment (3up) as in the diamond structure®® in
agreement with what was obtained, in the average, using
more complex simulations for this same system in Ref. 8, (ii)
shows AFM interaction between nearest-neighbor Mn atoms
about 30% less, (iii) exhibits a monotonic and almost constant
FM interaction at larger Mn distances, (iv) does not show
strong anisotropy in the magnetic interaction (as expected in
an amorphous-like compound), and (v) as a difference with the
diamond structure—where a Ruderman-Kittel-Kasuya-Yosida
(RKKY)-like interaction has been invoked—the magnetic
coupling is always ferromagnetic at all distances larger than the
nearest neighbor. Finally, as shown in the inset of Fig. 6 the
heat of formation at Mn concentrations close to experiment
(a few %) is quite lower if the Ge-host matrix is ST12
rather than diamond. This finding, together with the results
obtained for the magnetic interactions between Mn’s, suggests
that an amorphous environment might favor incorporation
of substitutional Mn impurity and possibly results in a
stronger ferromagnetic interaction with respect to a perfect
diamond-crystalline coordination. More details regarding the
calculations together with a more complete discussion of the
results can be found in Ref. 56. Finally, we argue that the
discrepancy between the calculated magnetic moment per Mn
atom with the value experimentally observed (in this work
and also in similarly prepared systems®) has to be ascribed
to the presence in the real a-Ge system of nonmagnetically
active three- and five-fold Mn coordinated substitution atoms
(as discussed in the previous section), which are difficult to
be taken into account in the ST12 structure or in other more
sophisticated calculations reported in the literature.’

VI. CONCLUSIONS

In conclusion, in this work we report a thorough ex-
perimental and theoretical investigation of the structural

PHYSICAL REVIEW B 83, 134426 (2011)

and magnetic properties of a manganese-doped amorphous
germanium. The system has been fabricated by Mn ion
implantation (2 x 10'® Mn*/cm? fluence) onto crystalline
Ge. The structural environment of the Mn impurities has
been carefully investigated by Mn K-edge XAS, and, within
the uncertainty of the method, the experimental evidences
clearly point to (i) absence of Mn dimers, (ii) absence of
Mn-rich precipitates in the form of clusters either crystalline
or amorphous (as otherwise typically observed for attempts of
Mn dilution in crystalline Ge), and (iii) absence of interstitial
Mn atoms. Moreover, the EXAFS analysis clearly points
to a model of distorted tetrahedra (amorphous Ge) where
Mn impurities are substitutional with an average number
of nearest Ge neighbors of 4 (40.1). The Mn atoms are
accommodated in defective T3 and T5 sites not useful for
lifting the magnetic response of the system. In line with this,
SQUID measurements show a weak magnetic response (*0.08
up/Mn) which, on the other hand, notably persists with a
ferromagnetic behavior (opening of the hysteresis loop) up to
room temperature. The magnetic response is explained in terms
of the bound magnetic polaron model. Finally, first-principles
calculations demonstrate the higher solubility of Mn in an
amorphous-like (ST12) structure of Ge and that, at variance
with the crystalline Ge case, the coupling of the Mn atoms
is always ferromagnetic. When the Mn fluence is doubled (to
4 x 10'® Mn* /cm?), the system loses its peculiar features of
pure dilution. SQUID magnetometry results point at Mn dimer
formation and precipitation of Mn into amorphous Mn-rich
clusters.
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