PHYSICAL REVIEW B 73, 195207 (2006)

Growth of ferromagnetic nanoparticles in a diluted magnetic semiconductor obtained by Mn

implantation on Ge single crystals
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We used transmission electron microscopy and magneto-optical Kerr effect measurements to investigate the
chemical, structural, and magnetic properties of MnGe alloys fabricated by ion implantation of Mn* at doses
of 1X10'%, 210", and 4 X 10'® at./cm? on Ge(100) single crystals at a substrate temperature of 300 °C.
Transmission electron microscopy images show the presence of Mn-rich clusters buried in a crystalline Ge
matrix. These clusters are either MnsGes crystallites (with mean diameters of 9.5 and 13.1 nm for the samples
implanted at 2 10'® and 4 X 10'0 at./cm? doses, respectively) or in an amorphous phase (with average
diameters of 4.3, 6.6, and 7.5 nm for the samples implanted at 1 X 10'%, 2 10'%, and 4 X 10'® at./cm? doses,
respectively). Chemical maps obtained by electron energy loss spectroscopy reveal also the presence of man-
ganese diluted in the host Ge matrix. The samples with higher doses are ferromagnetic with the Curie tem-
perature approaching 270 K. The sample implanted at the 1X 10'® at./cm? dose exhibits ferromagnetic hys-

+

teresis only at 5 K.
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Hybrid magnetic semiconductor materials of low dimen-
sions are of great relevance in fundamental research and
technological applications involving spintronic device
developments.!=> Although most experimental work on fer-
romagnetic semiconductors has focused on III-V and II-VI
compounds, there is broad interest in the group-IV semicon-
ductors, C, Si, Ge, and Si;_,Ge,, owing to their potential
compatibility with current Si-based processing technology.

Most of the current studies deal with diluted phases
grown by molecular beam epitaxy (MBE). Low-temperature
epitaxial growth has been used with Mn-doped GaAs (Ref.
6) achieving ferromagnetism with a transition temperature of
110 K, which is remarkably high compared to traditional di-
lute magnetic semiconductor (DMS) materials. More re-
cently, ferromagnetism has been reported at temperatures
above 300 K for (Cd, 9sMn o5)GeP, (Ref. 7), Zn,_ Mn,GeP,
(Refs. 8 and 9), GaMnN (Refs. 10 and 11), GaMnP (Ref. 12),
Co-TiO, (Refs. 13 and 14), and ZnSnAs, (Ref. 15). Some
articles about Ge-based diluted magnetic semiconductors
were presented in the past years. Park et al.'® reported on the
epitaxial growth of Mn,Ge;_, by MBE, in which the Curie
temperature (T) is found to increase linearly with Mn con-
centration from 25 to 116 K. The Mn dilution in Ge sub-
strate is strongly dependent on the substrate temperature dur-
ing the MBE growth, and already at 85 °C it has been shown
that the films become strongly ferromagnetic (FM) with a T
of 296 K due to the formation of MnsGe; precipitates.'”
Moreover, it has been reported phase separation in Mn-rich
precipitates with diameters of the same order of the typical
film thicknesses for Mn,Ge,_, samples grown by MBE at a
substrate temperature 7= 250 °C (Ref. 18).

In this paper, we show that ion implantation is by far more
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PACS number(s): 75.50.Pp, 61.72.Tt, 75.50.Kj, 81.07.Bc

effective for Mn dilution into Ge. We show that Mn doping
of Ge results in the formation of ferromagnetic nanoparticles,
some in a crystalline phase and some in an amorphous phase,
with different size distributions (that vary from 4 to 13 nm)
depending on the implanted dose. A coexistence of a DMS
phase, previously indirectly evidenced with x-ray diffraction
(XRD) and x-ray photoemission spectroscopy (XPS) on the
same samples,!? is here directly demonstrated. These alloys
are ferromagnetic up to 270 K.

The samples were prepared by implanting Mn* on com-
mercially purchased single-crystal Ge(100) wafers (p
=40-57 ) cm). Mn" ions were implanted with an energy of
100 keV at doses of 1x10' 2x10% and 4
X 10'¢ at./cm?. The three samples so obtained will be de-
noted A, B, and C, respectively. These doses produce an
average volume concentration of about 3, 6, and 12 at. %,
respectively, on top of the Ge substrate.!” During the implan-
tation, the samples were held at 300 °C to avoid amorphiza-
tion. The depth projected range?® (Rp) of Mn ions was esti-
mated to be 57 nm with the implant designed to yield a
quasi-Gaussian profile.

The structure of the implanted region and the characteris-
tics of the nanoclusters populations were determined from
transmission electron microscopy (TEM), high-resolution
TEM (HRTEM), and elemental mapping of Mn atoms.

The magnetic characterization of the samples was ob-
tained by magneto-optical Kerr effect (MOKE) measure-
ments. The experiments were carried out at temperatures be-
tween 5 and 300 K using near-infrared radiation of 2 um,
incident with s polarization at an angle of 45° with respect to
the sample surface. Since germanium is transparent at this
wavelength, this assured that the whole MnGe implanted
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FIG. 1. Bright-field cross-sectional TEM images of the samples
implanted at a dose of (a) 1Xx10', (b) 2Xx10'° and (c) 4
X 106 at./cm?.

layer was tested by the experimental technique. Polar and
longitudinal geometry gave similar trends as a function of
temperature, indicating that no particular easy magnetization
axis was present in the samples.

Figures 1(a)-1(c) are bright-field cross-sectional TEM im-
ages of the Mn-Ge implanted layer of the samples A, B, and
C, respectively. The images show a fine dispersion of
nanometer-size particles embedded in the Ge matrix. The
population of the nanoclusters extends up to a depth, below
the surface, of about 130 nm for samples A and B, and
140 nm for sample C, in agreement with the XPS depth pro-
file reported in Ref. 19. Extended defects, induced by the
implantation damage, are visible up to depths of 220, 240,
and 280 nm for the samples A, B, and C, respectively.

The presence of the Moire fringes in Figs. 1(b) and 1(c)
indicates that some of the nanoparticles are in a crystalline
phase. By increasing the Mn dose, we can observe an in-
crease of the number of the particles with Moire fringes. The
orientation of these fringes is not random, since they are
almost all perpendicular to the surface. This indicates that in
average they are in the same register with the Ge matrix.

The mean diameter of the nanoclusters and their density
are extracted from the TEM images. Table I summarizes the
TEM results for the particle dimensions and the relative frac-
tion of the total volume occupied by amorphous and crystal-
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FIG. 2. HRTEM image, with the electron beam along the [011]
direction, of the samples implanted at a dose of 1X 10'® (a) and
410" at./cm? (b). In the right panels, the fast Fourier transform
of the square regions are reported; they identify the reciprocal lat-
tice of the Ge matrix [panels (1) and (3)] and of the nanoparticles
[panels (2) and (4)].

line particles. The general trend is that, by increasing the Mn
dose, the mean particle size increases (see Table I for de-
tails). In particular, we obtain a mean diameter of 9.5 and
13.1 nm for the crystalline phase of samples B and C, re-
spectively. A comparison with the work of Park et al.'® is
worthwhile. They reported, for Mn,Ge,_, samples grown by
MBE at substrate temperatures ranging from 250 to 350 °C,
a formation of Mn-rich precipitate with an average size
(100 nm) one order of magnitude larger than the typical val-
ues observed in our case.

Figures 2(a) and 2(b) are HRTEM images of samples A
and C, respectively, showing the Ge matrix and the embed-
ded clusters. The direction of the electron beam referred to
the Ge crystalline structure is [011] in both cases. It is al-
ready evident from the direct space TEM images that the
host matrix has a good overall crystallinity, as shown in Fig.
2(b), where the {111} planes of the matrix are identified. This
is also confirmed by the fast Fourier transforms (FFT) of the

TABLE I. Implantation conditions and measured parameters of the Mn-rich particles in the samples.

Particle diameter
(nm) (%)

Particle volume

Amorphous phase (D,)

Crystalline phase (D)

Mn implanted dose standard standard ~ Amorphous Crystalline
Sample (at./cm?) mean deviation mean deviation  phase (V) phase (V)
A 110 4.3 1.3 100
B 2% 10 6.6 1.8 9.5 1.1 51 49
C 4x10' 7.5 3.1 13.1 2.7 15 85
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FIG. 3. EELS elemental mapping of Mn in Ge of the sample
implanted at a dose of 4 X 10'© at./cm?. Panels (a) and (b) show the
plasmon loss image and EELS elemental mapping taken at the Mn
L edge, respectively. Bright regions in (b) correspond to higher Mn
content.

Ge cubic structure near the [011] zone axis, shown in panels
(1) and (3) of Fig. 2.

The particles without Moiré fringes in Figs. 1(a)-1(c) re-
veal a HRTEM image as the one reported in Fig. 2(a). There
is no crystalline order inside such clusters [see also the FFT
in panel (2) of Fig. 2]. On the other hand, a crystalline order
is found in some clusters of samples B and C, as shown for
the latter case in Fig. 2(b). Using the FFT image of the clus-
ter crystal phase, shown in panel (4), we can ascertain that it
represents a diffraction pattern for an hcp structure in the

[2110] beam direction. Moreover, we can determine the in-
terplanar spacing corresponding to the reciprocal lattice
points indexed in panel (4): we find 3.64, 2.53, and 2.06 A,

for the planes (0110), (0002), and (0112), respectively.
These values are in excellent agreement with the correspond-
ing theoretical distances (3.60, 2.53, and 2.07 A, respec-
tively) for the MnsGe; compound, with unit-cell parameters:
a=b=7.18 A and ¢=5.05 A (Ref. 21). Comparing panels (3)
and (4) of Fig. 2, we observe that the (001)g. plane is paral-
lel to the (OOOZ)MHSG% plane. This result, together with the

parallelism of the directions [011]g. and [ZIl_O]MniGCS,
uniquely determines the orientation of the MnsGe; crystal
structure with respect to the substrate Ge matrix. Similar
results were obtained for the crystalline clusters of sample B.
It follows that the ¢ axis of MnsGe; is perpendicular to the
Ge(100) plane. This hypothesis is confirmed by XRD mea-
surements performed on the same samples (B and C), in
which we see only the (0002) and (0004) reflections of
Mn;Gej; in the Bragg—Brentano geometry.'® On the contrary,
no features are obtained in XRD grazing incidence mode (at
an incident angle of 0.5°), indicating a crystallization of the
nanoparticles with well-oriented (0002) planes.

Energy dispersive x-ray spectroscopy data were obtained
from several locations of the samples (not shown). From
these measurements it is not clear whether the Mn is present
only in the precipitates or is also diluted in the matrix.

For this reason, we have analyzed sample C by means of
electron energy loss spectroscopy (EELS). Figure 3 shows
the plasmon loss image (a) and the EELS elemental mapping
(b) taken at the Mn L; edge. The plasmon loss image shows
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a population of dark spots dispersed in the brighter matrix.
The size distribution of these dark spots allows us to make a
one-to-one correspondence between these spots and the
populations of the MnsGe; particles observed in Fig. 1(c).
Consistent with this assignment, the particles are metallic
(higher plasmon loss intensity). The Mn presence in the clus-
ters is directly evidenced in the corresponding EELS image
of Fig. 3(b). Beside the obvious high Mn content of the
clusters, there is a significant Mn EELS signal also from the
surrounding Ge matrix. Close to the surface, where there is
no efficient Mn implantation, the EELS image is dark. On
the contrary, more deeply in the sample, there is a diffuse
brighter background that can be assigned to Mn not belong-
ing to precipitates. In summary, we have here direct evidence
of the coexistence of the MnsGe; precipitates and diluted Mn
in the host Ge matrix, already indirectly evidenced in Ref.
19.

EELS measurements were also performed on the other
samples. In particular, the nanoclusters in sample A are also
Mn-rich precipitates. Since this sample differs from the oth-
ers in the implanted dose, obtained with a shorter implanta-
tion time, we can consider the clusters in A as precursors of
the clusters in B and C, and we expect them to be in an
amorphous Mn-rich phase. Presumably, a critical cluster size
and Mn concentration must be reached in order to trigger the
formation of the crystalline phase.

Saturation, remanence, and coercivity were obtained from
the polar MOKE hysteresis loops using a phenomenological
fitting similar to the one described elsewhere.?? Figure 4(a)
reports the polar loop of sample A at 5 K. In this case the
amplitude of the Kerr signal is extremely small even at the
lowest temperature. Moreover, the coercivity rapidly disap-
pears as the temperature is raised, since it is undetectable at
12 K, although a weak saturation is found up to about
200 K. This magnetic behavior is in quantitative agreement
with the one reported for MBE-grown MnGe alloys, with
comparable Mn concentration, where the effective Mn dilu-
tion in the Ge matrix is clearly assessed;!” although, recently,
Sugahara et al., in a similar MBE film, attributed the mag-
netic response to the presence of amorphous semiconducting
Mn-rich precipitates.?

Figure 4(b) reports the polar loops of samples B and C at
100 K. Clearly, these samples show much higher magneto-
optical signal and a stronger hysteresis with respect to
sample A. Comparing the loops shown in the figure, we no-
tice that the Kerr rotation scales approximately with the Mn
content. Moreover, we notice a different shape of the loops,
i.e., a larger coercivity and squareness of sample C; a feature
that is maintained at all the other temperatures investigated.
For both samples the remanence and the coercivity remain
up to almost room temperature [Figs. 4(c) and 4(d)]. The
values of T estimated from the temperature dependence of
these two parameters are about 255 and 270 K for samples B
and C, respectively. Notice that the initial increase of rema-
nence with temperature for sample C in Fig. 4(c) is only
apparent due to the limited range of magnetic fields avail-
able: at low temperature, when the irreversible field exceeds
the maximum field of the measurement apparatus, we obtain
minor loops. The dashed line in the figure represents quali-
tatively the expected remanence that would be obtained from
a major loop.

195207-3



PASSACANTANDO et al.

@ I ’ 40F 7 Sample B
g Sample A . = Sample C
o 2F ry 1
8 Sh 20k
=
0 3 0 4t
5 7 T
© * 1aut st
ool o . 120 1
E (a) T=5K 0 (b) T=100 K
v B ) L L ]-40L2 ) L ,-
8 3 0 3 6 6 3 0 3 6
— Magnetic Field (kOe)
8 0 ZF ™
A Remanence §° &
o Pl <3
) - "o 2 20} "
EY x <
20 = 5 o %
£ £ H
= = Bob ow
c c & ]
S e - - g, . %
= 10F T ug N .x 256 300
‘5 T a Temperature (K)
< (C) Yo, m
= [Ty
o 0 + + =
N4 . .
e, Coercive field
3F o =
— i .
[ n =
o 2l E =
= " = C Sample B
IO o = = Sample C
1k
= x
(d) o
0 . L oo .

0 50 100 150 200 250 300 350
Temperature (K)

FIG. 4. Polar MOKE hysteresis loops: (a) at 5 K of sample A,
implanted at a dose of 1X 10'¢ at./cm?; (b) at 100 K of samples B
(0) and C (M), implanted at a dose of 2X10'® and 4
X 10'% at./cm?, respectively. Temperature dependence of the
MOKE remanence (c) and coercive field (d) for the samples B and
C. The dashed line in (c) represents the extrapolated low-
temperature remanence from major loops of sample C (see com-
ment in the text). In the inset of panel (c) part of the temperature
dependence of the MOKE saturation for samples B ((J) and C (H)
are also shown.

The different magnetic response of the two samples re-
vealed in Figs. 4(b)-4(d), in particular the higher coercive
field reported in the latter figure, indicates a larger magneto-
crystalline anisotropy of sample C. This may be attributed to
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the larger size of its particles, to the higher relative amount
of crystalline particles, and to the higher overall Mn concen-
tration. In this respect, the preferential orientation of the
Mn;sGe; crystallites may play an important role, since the
[0001] direction of that structure results in an easy magneti-
zation axis which would provide an out-of-plane component
to the resulting anisotropy, balancing the in-plane contribu-
tion from the film shape anisotropy expected for a long-range
interaction among the particles. This justifies the aforemen-
tioned observed similar polar and longitudinal MOKE ex-
perimental results. Actually, it is possible that not only the
Mn;sGe; particles, but also the diluted Mn region, contribute
to the MOKE signal. Likely, the presence of the magnetic
particles embedded in the DMS enhances the long-range
magnetic order of the DMS matrix, increasing its Curie tem-
perature and the squareness of the hysteresis loops. Clearly,
the two phases have a single cooperative magnetic response.
A similar interpretation was also given for the observed in-
homogeneously distributed Mn in MBE-grown Ge:Mn
alloys.?*

In the inset of Fig. 4(c) we report the high-temperature
portion of the saturation. It is evident that the samples mani-
fest a magnetic character also above T, up to about 300 K.
This value is very close to the reported Curie temperature
T." of MnsGe; (Ref. 25) suggesting, for Tc<T<T,, the
loss of strong interactions among the MnsGes particles, leav-
ing them in a super-paramagnetic state.

In conclusion, we have demonstrated that implantation of
Mn ions in a Ge matrix generates Mn-rich clusters embedded
in a diluted Mn-Ge semiconducting matrix. The choice of the
implanted dose of ions affects the number and dimension of
the particles, their compositional and crystalline character,
and the relative amount of Mn located in the cluster or in the
matrix. In turn, these factors influence the magnetic response
of the system. The control of the other implantation param-
eters (energy, temperature, and rate) may also affect the re-
sulting structural and magnetic properties of the compound.
This opens a wide playground for further investigations in
the field of magnetic semiconductors.
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