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Ferromagnetic Ge;— .M, (M = Mn, Fe, and Co) Nanowires
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We synthesized Ge and Ge,— .M, (M = Mn, Co, and Fe, x < 0.4) nanowires using the thermal vapor
transport method. All of the nanowires consisted of single-crystalline Ge nanocrystals grown uniformly
with the [111] direction. High-resolution X-ray diffraction showed no metal cluster formation for any of
the Ge,—,M, nanowires, and the reduction of the lattice constant for the Mn-substituted nanowires. X-ray
absorption spectroscopy and X-ray magnetic circular dichroism measurements revealed that the Mn**
ions preferentially occupy the tetrahedral sites, substituting for Ge. The magnetic moment of the Mn
ions reaches a maximum for x = 0.1, which is much larger than that of the Fe or Co ions. The magnetic
hysteresis confirms the room-temperature ferromagnetism of the Ge;—.Mn, nanowires, which is also
maximized at x = 0.1. We suggest that the Mn ions produce dopant—acceptor hybridization with host
defects in the p-type Ge nanowires. The Mn substitution is more effective to form significant ferromagnetic

Ge nanowires, compared to the Fe or Co substitution.

1. Introduction

Dilute magnetic semiconductors (DMSs) that are obtained
by doping semiconductor materials with magnetic impurities
have been investigated extensively due to their potential
application in spintronic devices." Among the various types
of DMSs, Ge-based DMSs have recently attracted special
attention, due mainly to their potential integration with
conventional Si-based electronic devices. Theoretical calcu-
lations, using the Zener model based on mean-field theory,
predicted the stabilization of the ferromagnetic ordering at
a sufficiently high concentration (3.5 x 10?°/cm?) of hole
carriers and the Curie temperature (7¢) of the p-type
Geo.osMng o5 to be 80 K.2 Other theoretical calculations also
predicted that the ferromagnetic stabilization is dominated
by Ruderman—Kittel—Kasuya— Yosida-like interactions or
double-exchange interactions via localized holes.* Previous
intensive experimental studies of Ge,—,Mn, single crystals
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and nanocrystalline thin films reported a wide range of 7¢
values from 25 to 300 K, which support their high-7¢
ferromagnetism.®'> However, a number of research groups
suggested that their ferromagnetism is due to secondary
phases (e.g., GesMn;; or GesMns alloys).'®> Despite the
confusion surrounding the origin of their ferromagnetism,
Ge;—,Mn, DMSs are still very promising materials for
spintronic devices operating at high temperature.

On the other hand, there have only been a few studies of
Ge-based DMSs using other transition metal dopants such
as Fe and Co."®'® The Tc = 233 K was reported for 5% Fe,
and Tc = 150 K for 2% Co doping.'®'” It has also been
suggested that secondary phases such as Ge,Fe; are respon-
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sible for their 1%:rromagnetism.18 Recently, theoretical cal-
culations were performed for the ferromagnetism of the entire
first-period transition metals, which showed Fe and Co to
be far less efficient than Mn in promoting ferromagnetic
alignment and a high magnetic moment.'® Therefore, ex-
tended studies of doping with various transition metals would
help to obtain a better comprehension of the physical
mechanism determining the magnetic ordering temperature
and possibly lead to the discovery of even more promising
compounds.

Since the discovery of carbon nanotubes, intensive research
activities have been directed toward one-dimensional (1D)
nanostructures, which are considered to be well-defined
building blocks for the construction of various nanoscale
devices.”® As regard transition metal-doped Ge nanowires
(NWs), however, such examples are rather scarce in the
literature. Room-temperature ferromagnetic Ge,— Mn, (x <
0.05) NWs were synthesized within the pores of an anodized
aluminum oxide membrane using a supercritical fluid inclu-
sion-phase technique.>' High-T¢ (>400 K) ferromagnetic
Mn-rich Ge (Ge,Mn alloy) nanocolumns were grown by the
molecular beam epitaxy method.?”> Recent calculations on
Mn-doped Ge NWs showed that the Mn impurities introduce
a local magnetic moment due to d levels resonant with the
valence band. To the best of our knowledge, however, there
have been no previous reports on Ge NWs with Fe or Co
doping. Moreover, it is significant to elucidate the electronic
structures which are responsible for their magnetic properties.
However, the correlations between their electronic structures
and magnetic moments are far from being carefully examined
for well-defined nanowire structures.

Herein, we report the synthesis of single-crystalline
Ge;- M, M = Mn, Fe, and Co, x = 0.4) NWs, Ge,
Go.9sMng os, GeooMng .1, GeosMno 2, GegoFeo 1, Gep9Coo1, and
GepcCops NWs, by the vapor transport method. The metal
substituent was homogeneously distributed along the whole
nanowires, with a controlled concentration. These well-
defined single-crystalline 1D nanostructures (with no cluster
formation) make it possible to scrutinize the magnetic
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properties and electronic structures of DMS materials
depending on the nature of metal dopant and its concentra-
tion. The lattice constants and electronic structures were
thoroughly investigated by high-resolution X-ray diffraction
(XRD), Raman spectroscopy, X-ray photoelectron spectros-
copy (XPS), X-ray absorption spectroscopy (XAS), and
X-ray magnetic circular dichroism (XMCD). All of the
nanowires exhibited ferromagnetic behaviors at room tem-
perature, but their magnetic moment depends strongly on
the properties of the metal dopant. We found a remarkable
correlation of the ferromagnetic properties with their elec-
tronic structures and discussed the origin of their ferromag-
netism.

2. Experimental Section

Ge (99.98%, Aldrich) powder and MnCl, (99%, Aldrich) (or
CoCl, (99%, Aldrich) or FeCl, (99%, Aldrich)) beads were placed
separately inside a quartz tube reactor. A silicon substrate on which
a Au thin film (5 nm thick) was deposited was positioned at a
distance of 10 cm away from the Ge source. Argon was allowed
to flow at a rate of 500 sccm while raising or lowering the
temperature. The metal source was evaporated at temperature in
the range of 700—800 °C, and the Ge powder was evaporated at
900 °C using a separate heating stage, for 1 h under argon flow.
The temperature of the substrate was approximately 800 °C. Higher
evaporation temperature of the metal source increases the metal
contents of the Ge NWs. The undoped Ge NWs were synthesized
using the evaporation of only Ge powder under the same conditions.

The products were analyzed by scanning electron microscopy
(SEM, Hitachi S-4700), field emission transmission electron
microscopy (TEM, Jeol JEM 2100F and FEI TECNAI G* 200 kV),
high-voltage TEM (HVEM, Jeol JEM ARM 13008, 1.25 MV), field
emission TEM (FEI TECNAI G* 200 kV), and energy-dispersive
X-ray fluorescence spectroscopy (EDX). Raman spectroscopy
(Horiba Jobin-Yvon HR-800 UV) was performed using the 514.5
nm line of an argon ion laser. High-resolution XRD patterns were
obtained using the 8C2 beam line of the Pohang Light Source (PLS)
with monochromatic radiation (1 = 1.54520 A). XPS was per-
formed using the 8A1 beam line of the PLS and a laboratory-based
spectrometer (ESCALAB 250, VG Scientifics) using a photon
energy of 1486.6 eV (Al Ka).

The XAS and XMCD measurements were carried out at the PLS
elliptically polarized undulator beam line, 2A. The samples were
introduced into an experimental chamber with a base pressure of 5
x 107'° Torr. The spectra were collected in the total electron yield
(TEY) mode. A 0.1 T electromagnet was used to switch the
magnetization direction. The magnetization direction was flipped
between the parallel (o) and antiparallel (o) directions with
respect to the photon helicity vector for each data point. The degree
of circular polarization (95%) of the incident light was taken into
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Figure 1. (a) SEM images of the GepoMno; NWs grown on the substrates.
(b) The TEM image shows the general morphology of the GegoMng | NWs.
The average diameter is 60 nm. (c) Lattice-resolved TEM images of a
selected nanowire (whose larger-scaled TEM image is shown in the inset
of (b)) and its corresponding FFT ED pattern (inset), revealing the single-
crystalline Ge nanocrystals grown along the [111] direction. (d) EDX
elemental mapping revealing that the nanowires are homogeneously
composed of Ge and Mn. The STEM image is shown on the left. (¢) SEM
images of the GepsMno, NWs and (f) their STEM image and EDX
elemental mapping. The 20% Mn element is distributed homogeneously
over the whole NWs.

account in the spectra. The magnetic properties were studied using
a superconducting quantum interference device (SQUID, Quantum
Design) magnetometer.

3. Results and Discussion

3.1. Morphology and Composition. The Ge NWs were
grown at 800 °C using the thermal vapor transport of Ge
powder and MnCl, (or CoCl,, FeCl,) beads. The growth
mechanism follows the vapor—liquid—solid (VLS) mecha-
nism using the Au catalytic nanoparticles. The doping level
was controlled by adjusting the evaporation temperature of
the metal precursors. The SEM and TEM images of the
undoped Ge NWs are displayed in the Supporting Informa-
tion, Figure S1. The Ge,-,Mn, NW samples were selectively
synthesized with controlled Mn contents: x = 0.05 £ 0.02,
0.1 £ 0.03, and 0.2 £ 0.05. Figure 1a shows the SEM image
of the GepoMny; NWs grown homogeneously on the
substrates. Their average length is 20 um. The TEM image
reveals that the nanowires have a smooth surface and uniform
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outer diameter with an average value of 60 nm (Figure 1b).
The oxide (GeO,) amorphous outer layers (av thickness =
5 nm) usually sheath the nanowire core, forming a Ge/GeO,
core/shell nanocable structure (inset). The lattice-resolved
TEM image for a selected nanowire (its larger-scaled TEM
image is shown in the inset of Figure 1b) is displayed in
Figure 1c. The (111) fringes, perpendicular to the wire axis,
are separated by a distance of about 3.2 A, which is close to
that of face-centered cubic Ge crystal (a = 5.6576 A; JCPDS
card no. 04-0545). The fast Fourier-transformed electron
diffraction (FFT ED) pattern, at the [011] zone axis, confirms
that the single-crystalline Ge nanocrystal grew in the [111]
direction (inset). EDX elemental mapping reveals that the
nanowires are homogeneously composed of Ge and Mn
(Figure 1d). The scanning TEM (STEM) image is shown
on the left. The average Mn content is 0.1 = 0.03. We also
synthesized GegosMny s and GepsMng, NWs having a similar
morphology to that of the GegoMng; NWs. The SEM image
reveals the GepsMny, NWs were grown homogeneously on
the substrates (Figure le). The STEM image and its EDX
mapping for a selected nanowire are shown in Figure 1f.
The Mn element is distributed homogenously over the whole
nanowire with an average Mn content of 0.2 £ 0.05. The
EDX data of an individual nanowire are shown in the
Supporting Information, Figure S2. The average value was
obtained from the EDX measurement of 3—5 nanowires.

Figure 2a corresponds to the SEM image of the GegoFe
NWs grown on the substrates. The TEM image reveals the
Ge/GeOQ, core/shell nanocable structure (Figure 2b and inset).
The diameter of the nanowire core is about 40 nm, and the
outer diameter of the nanocables is about 60 nm. Figure 2¢
shows the lattice-resolved TEM image of a selected Ge NW
(its larger-scaled TEM image is in the inset of Figure 2b).
The selected-area ED (SAED) pattern, measured at the [011]
zone axis, further confirms the formation of single-crystalline
Ge nanocrystals, grown along the [111] growth direction
(inset). The (111) fringes are separated by a distance of about
3.2 A. The EDX elemental mapping reveals the homoge-
neous distribution of 10% =+ 3% Fe over the whole Ge NW
(Figure 2d). The left image shows the corresponding STEM
image. We also synthesized Ge9Cop; NWs and observed
that their morphology is similar to that of the other
nanowires. Figure 2e displays their SEM image. The STEM
image and EDX elemental mapping reveal that the nanowire
consists of Ge and Co components (Figure 2f). The average
Co content is 0.1 % 0.03. Figure 2g corresponds to the TEM
image of the GeysCop4 NWs with a diameter of 70 nm. The
STEM image and EDX elemental mapping reveal that the
Co element is distributed over whole nanowire with an
average content of 0.4 + 0.1 (Figure 2h). The EDX data of
these Fe- and Co-substituted Ge NWs are also shown in the
Supporting Information, Figure S2.

3.2. XRD. The XRD pattern of the nanowire samples is
displayed in Figure 3a. For comparison, the data of the Ge
powder (purity 99.98%) was also measured. The peak
positions of all of the samples exactly match with that of
cubic Ge (Fd3m, a = 5.6576 A; JCPDS card no. 04-0545).
We carefully searched for secondary phases, but none were
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Figure 2. (a) SEM images of the GegoFeg; NWs grown on the substrates.
(b) The TEM image shows their general morphology. The average diameter
is 60 nm and the amorphous oxide layers sheath the nanowire core. (c)
Lattice-resolved TEM images of a selected nanowire (its larger-scaled TEM
image is shown in the inset of (b)) and its corresponding SAED pattern
(inset), revealing the single-crystalline Ge nanocrystals grown along the
[111] direction. (d) EDX elemental mapping shows the homogeneous Fe
incorporation over the whole nanowire. The STEM image is shown on the
left. (¢) SEM images of the GegoCop; NWs grown on the substrates. (f)
STEM image and EDX elemental mapping shows the homogeneous
distribution of Co element over the whole nanowire. (g) TEM images of
the GeosCops NWs grown on the substrates. (h) STEM image and EDX
elemental mapping show the homogeneous distribution of 40% Co over
the whole nanowire.

observable, even in the logarithmically scaled XRD patterns.
All of the Ge,— .M, NWs have a highly crystalline structure
without the formation of secondary phases. Figure 3b shows
the magnified (111) peaks which serve to scrutinize the peak
shift and broadening. The Mn-substituted Ge NWs exhibit
a higher-angle shift; A20) = 0°, 0.035°, and 0.020°,
respectively, for x = 0.05, 0.1, and 0.2. As the Mn content
increases to 0.1, the (111) peak shifts to a higher angle, but
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Figure 3. (a) XRD pattern of the Ge powder, Ge, Geg.9sMng .05, Geo.oMng 1,
Geo,gFeo,z, Geo,gFeo,l, G60,9C00,1, and G60,6C00,4 NWs. (b) The magniﬁed
(111) peak to show the peak shift and broadening.

this higher-angle shift decreases again with x = 0.2. The
GepoFep; NWs show a higher-angle peak shift of 0.035°,
whereas the Gey9Cop; NWs show almost no shift. As the
Co content increases to x = (0.4, the peak shifts slightly to a
lower angle and becomes broader in width. The larger peak
broadening of the nanowires, compared to that of the powder,
indicates that there is more significant lattice distortion at
the surface, probably due to their reduced crystal size. It is
noticed that the GegoMngy; NWs exhibit a minimized lattice
distortion.

The change in the lattice constants was estimated from
the shift of (111) peak, as listed in Table 1, indicating that
the Mn and Fe substitution induces a decrease of the lattice
constant, whereas the Co substitution does not. It is predicted
that the substitution of the covalent Ge (r = 122 pm) with
the metal (covalent radius; rvn = 127 pm; rge = 124 pm;
rco = 120 pm) can expand the lattice constant for Mn and
Fe.®™?* But the result is inconsistent with this prediction.
As shown in section 3.5, we found Mn®>" and Fe*" ions
occupying the Ty sites using the XMCD data. Therefore, it
is certainly difficult to explain the lattice constant change
using the covalent radius. Nevertheless, the Mn-substituted
Ge NWs definitely exhibit a decreasing-to-increasing be-
havior with a minimum at x = 0.1. Similar decreasing-to-
increasing behavior of the lattice constant was observed for
the epitaxially grown Ga,;—,Mn,N (x < 0.09) thin films, which
showed an increase in the lattice constant above x = ~0.03.%
The authors of this report suggested that the maximum value
of the magnetization occurs at the minimized lattice constant,
for the sample containing ~3% Mn. Recently, our group
reported that the lattice constant (c) of room-temperature
ferromagnetic Ga,—,Mn,N NWs decreases initially and then
increases as x increases above 0.03, which is coupled with
their maximized magnetization.?
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Table 1. Change of the Lattice Constant of the Ge;—,M, NWs, Raman Shift, XPS Ge 3d Peak Position/Width, XMCD L3 Peak Intensity, and
M, and H¢ of the Ge NWs and Ge;— M, NWs

XPS Ge 3d peak (eV)

no. dopant (M) xy lattice constant change Aa (A) Raman peak (cm™ ") position width  XMCD intensity” M, (emu/g)® Hc (Oe)*
1 0 299.2 32.6 1.6 0.003 50

2 Mn 0.05 ~0 299.2 (0)¢ 322 (—0.4Y 1.6 7.5 0.01 50

3 Mn 0.1 —0.0068 (—0.12)¢ 299.8 (+0.6) 32.6 (0) 3.3 7.9 0.2 100

4 Mn 0.2 —0.0041 (—0.072) 299.2 (0) 32.3(—0.3) 1.9 5.7 0.05 80

5 Fe 0.1 —0.0068 (—0.12) 299.4 (+0.2) 32.7(—0.3) 3.0 1.1 0.002 50

6 Co 0.1 ~0 298.6 (—0.6) 32.5(—0.1) 1.6 ~0 0.001 50

7 Co 0.4 ~0 297.2 (—2.0) 32.5(—0.1) 1.9 0.5 0.002 50

“ The intensity of the XMCD L; peak of metal ions (24) at 80 K in arbitrary units.  Remanence at 5 K in units of emu/g. < Coercive field at 5 K in

units of Oe. ¢ The parentheses correspond to the percentage reduction (“—

sign) relative to the lattice constant of the Ge NWs. ¢ The value in the

parenthesis represents the frequency shift (cm™ ') of the Ge—Ge phonon mode, relative to that of the Ge NWs. The “+” and “—” signs mean the higher-
and lower-frequency shift, respectively. / The value in the parenthesis represents the shift of the 3d peak position, relative to that of the Ge NWs. The

“—” sign means the lower-energy shift.

Intensity (arb. units)

Ge Powder

20 30 310
Raman Shift (cm")

Figure 4. Raman spectra of the Ge powder, Ge, Geo.9sMng s, Geo.oMny 1,
GegsFeoo, GegoFeq.1, GegoCooi, and GegsCoos NWs. The excitation
wavelength is 514.5 nm from an argon ion laser.

From the present Ge;—Mn, (x = 0.05, 0.1, and 0.2) NWs,
we observed that the minimum value of the lattice constant
(with the minimized lattice distortion) occurs at x = 0.1.
This result can be notably correlated with the maximized
magnetic moment, as described in the following sections
(sections 3.5 and 3.6). Furthermore, this reduced lattice
constant would be ascribed to the hybridization between the
dopants and host defects, as discussed in section 3.4. The
absence of the lattice constant decrease for the GeyoCog
and GeyCops NWs is also well-correlated with their lack
of magnetization and hybridization.

3.3. Raman Spectroscopy. Figure 4 displays the first-
order Raman scattering spectra of the Ge,—,M, NWs, and
Table 1 lists the peak positions. The excitation wavelength
is the 514.5 nm line of an argon ion laser. The appearance
of the Ge—Ge phonon mode at ~299 cm™ ' indicates that
all of the NWs consisted of crystalline Ge. It was reported
that for the Ge nanocrystalline film the spectral position and
shape of this mode are very sensitive to the compressive

strain at the interface with the Si substrates.”” The spectra
show peaks at 299.2, 299.2, 299.8, and 299.2 cm !, for the
Ge, GepgsMng s, GeygoMny;, and GepsMng, NWs, respec-
tively. The higher-frequency shift (0.6 cm™') and the
narrower bandwidth of GeyyMny; NWs would be directly
related to the decrease of the lattice constant, as determined
from the XRD peaks. The peak of the GegoFep; NWs also
appears at a higher frequency of 299.4 cm ™! (with a shift of
0.2 cm_]). However, the GeoCog; and GeysCops NWs show
shifts to lower frequencies (298.6 and 297.2 cm™ ), respec-
tively, corresponding to the shift of 0.6 and 2.0 cm™ ', and
significant peak broadening, which could be related with their
serious lattice distortion. All of these results are quite
consistent with the change of the lattice constants determined
from the XRD peaks.

3.4. XPS. The XPS survey scans of all of the samples
show the Ge and metal peaks (Supporting Information,
Figure S3). Figure 5a shows the fine-scanned Ge 3d peaks
of all of the Ge;—.M, NWs. Due to the thick GeO, shell
layers, the main peak at ~32.5 eV can be assigned mainly
to Ge—O bonding structures, whereas the small peak at ~29
eV originated from Ge—Ge bonding structures. For these
assignments, the XPS peak of the Ge powder is plotted. It
is noteworthy that as the content of metal dopants increases,
the Ge—O peak becomes broader in width and more
asymmetric in the lower-energy region. The binding energy
of the Ge bonded to the metal would be expected to appear
at a lower energy compared to that of the Ge atoms bonded
directly to the O atoms, based on the Pauling’s electrone-
gativity (yp) differences between Ge (yp = 2.01), Mn (yp =
1.55), Fe (yp = 1.83), Co (yp = 1.88), and O (yp = 3.44).

The present XPS results show that the Ge—O peak shifts
of the Ge,—,Mn, NWs are —0.4, 0, and —0.3 eV (negative
sign means the lower-energy shift), relative to the Ge NWs,
for x = 0.05, 0.1, and 0.2, respectively, indicating nonlinear
dependence on the Mn content. For the x = 0.1 Mn, Fe, and
Co substitution, the peak shifts are 0, —0.3, and —0.1 eV,
respectively, showing a lower-energy shift for the Fe and
Co substitution. The x = 0.4 Co substitution does not induce
further lower-energy peak shifts. The peak broadening of
the Ge;—Mn, NWs is most significant with x = 0.1; the
corresponding full width at half-maximums (fwhms) are 1.6,

(27) Cojocaru, C. V.; Bernardi, A.; Reparaz, J. S.; Alonso, M. I.; Macleod,
J. M.; Harnagea, C.; Rosei, F. Appl. Phys. Lett. 2007, 91, 113112.
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Figure 5. (a) Fine-scanned XPS Ge 3d peak of the Ge powder, undoped Ge, Geg.9sMng o5, GeogMny 1, GegsMnog .2, GegoFeq.1, Gep9Coo.1, and GepcCops NWs.
(b) Fine-scanned XPS Mn 2p3, and 2pi,, peaks of GeoosMng s, GegoMny.1, GegsMng> NWs, and MnO powder. (c) Finely scanned XPS Fe 2p3/» and 2pi»
peaks of GegoFep1 NWs and FeO powder. (d) Finely scanned XPS Co 2ps/, and 2pi. peaks of GegoCop.1, Geo.cCops NWs, and CoO powder.

3.3, and 1.9 eV for Mn x = 0.05, 0.1, and 0.2, respectively.
Among the GeyoMng;, GegoFeg 1, and GegyCop; NWs, the
peak broadening is insignificant only for Co substitution;
fwhm = 3.3, 3.0, and 1.6 eV, respectively. The higher Co
content (x = 0.4) increases the fwhm to 1.9 eV. The peak
positions and fwhms are listed in Table 1. The Ge 2p and
3d peaks exhibit the same change of the peak shape and
position for the metal substitution. Parts b—d of Figure 5
correspond to the finely scanned Mn, Co, and Fe 2p peaks,
respectively. The peaks were compared with those of the
MnO, FeO, and CoO powders, respectively. All of the peaks
appear in a lower-energy region than these reference peaks,
indicating that the metal ions are not completely oxidized
to the oxide form. Although the analysis of the Ge—O peak
(and metal peaks) mainly provides information on the
electronic structure of the amorphous GeQO, outer layers, it
may be still important to catch an insight of the electronic
structures of Ge NWs (at least into the interface region). In
fact, we find an attractive connection between the peak
position/broadening and the magnetization, as described
below.

The present Ge;—Mn, NWs exhibit room-temperature
ferromagnetic properties, as in the case of the previously
reported ferromagnetic Ge;—,Mn, NWs, and this will be
discussed below (sections 3.5 and 3.6).2! For the room-
temperature ferromagnetic Co-doped ZnO (Zn;-,Co,0O, x =
0.020, 0.056, and 0.098) nanoparticles reported by Wang et
al., there was a strong correlation between the XPS peak
position and the saturation magnetization.”® The shift of the
Zn 2p core-level to a high-energy region was maximized
for x = 0.056, showing the same trend as the saturation

(28) Wang, X.; Xu, J.; Zhang, B.; Yu, H.; Wang, J.; Zhang, X.; Yu, J.; Li,
Q. Adv. Mater. 2006, 18, 2476.

magnetization. The authors suggested the existence of a
strong hybridization between the dopant and defect wave
functions, which is responsible for the higher-binding energy
shift. They suggested that, for the highest doping concentra-
tions, the energy of the partial Co ions (d levels) moves down
to the O 2p band, thus lowering the probability for the overall
overlap and scaling down the ferromagnetic signal. For the
room-temperature ferromagnetic Zn;—,Mn,O (x = 0.05, 0.1,
and 0.2) NWs, our group reported that as the Mn content
increases, the peak position shifts to the higher-energy region:
0.4 eV for x = 0.05, 0.7 eV for x = 0.1, and 0 eV for x =
0.2, showing a maximum at x = 0.1.> The highest
magnetization at x = 0.1 was correlated with the XPS peak
shift. More recently, for the Ga;-Mn,N (x = 0.01, 0.02,
0.03, and 0.05) NWs, we observed the peak shift of Ga 2p
to the higher-energy region: 0.4 eV for x = 0.05, 0.5 eV for
x = 0.02, and 0.2 eV for x = 0.03 and 0.05, showing a
maximum at x = 0.03, where the magnetization reaches a
maximum.*®

For these Ge;—.Mn, NWs, we also proposed that the
hybridization between the Mn dopant and the defects would
lead a shift to the higher-binding energy. As regards the
origin of the ferromagnetism, Kittilstved et al. suggested that,
in p-type Mn-doped ZnO, there exists a shallow acceptor’s
hole-transfer process onto Mn>* to form Mn>*. This hole-
transfer process can be described as Mn** + h™ (acceptor)
— Mn>" . This dopant—acceptor hybridization is the pivotal
feature determining the value of 7¢ in theoretical models
describing DMS ferromagnetism. The same authors claimed

(29) Kang, Y.J.; Kim, D. S.; Lee, S. H.; Park, J.; Chang, J.; Moon, J. Y.;
Lee, G.; Yoon, J.; Jo, Y.; Jung, M.-H. J. Phys. Chem. C 2007, 111,
14956.

(30) Kittilstved, K. R.; Liu, W. K.; Gamelin, D. R. Nat. Mater. 2006, 5,
291.
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Figure 6. XAS and XMCD spectra of the Mn L, 3 edge region for the (a) Gep9sMngos, (b) GeooMny 1, (c) GepsMng> NWs; Fe L3 edge region for the (d)
GegoFep.1 NWs; Co Ly 3 edge region for the (e) GegoCog,; and (f) GegsCoos NWs, measured at 80 and 300 K.

that there is no ferromagnetism in p-type Co-doped ZnO,
since the hybridization of Co*" ions with holes is not
allowed. This type of hybridization may occur in the present
Mn- and Co-substituted Ge NWs, which presumably contain
p-type defects (i.e., Ge vacancies).

The incorporation of the less electronegative Mn (com-
pared to Ge) would cause the initial lower-energy shift of
the Ge 3d peaks. However, as the Mn content increases from
x = 0.05 to 0.1, the peak moves to a higher energy, which
can be rationalized by the hybridization. However, as the
Mn content increases from x = 0.1 to 0.2, the peak moves
to a lower energy, which can be explained by the reduced
hybridization. The XRD data shows a minimum value of
the lattice constant at x = 0.1, which would be directly related
to the fact that the maximum hybridization takes place. For
the Fe-doped Ge NWs, there may be a chance for
dopant—acceptor hybridization involving the hole-transfer
process Fe*™ + h™ (acceptor) — Fe" to occur, since the
lattice constant decreases (as evidenced by XRD and Raman
spectroscopy). However, the lower-energy shift of the
GegoFep; NWs suggests the presence of insufficient hybrid-
ization at this Fe content. In order to confirm this tentative
conclusion, we need more data regarding the dependence
on the Fe content. The absence of a higher-energy shift for
the GeoCop,; and GeoCop; NWs is directly related to the

absence of hybridization (Co** 4+ h™ (acceptor) — Co>"),
which is supported by no decrease of the lattice constant (as
shown in section 3.2). These results are also consistently
predicted by ab initio calculations on the doping of a series
of first-period transition metals in the Ge matrix, for which
Mn doping is the most efficient in forming ferromagnetism. "'

3.5. XAS and XMCD. In order to further investigate the
electronic structure of the Mn ions, we performed XAS and
XMCD (Ap = p* — p~) measurements at the Mn L, ; edges.
The degree of circular polarization of the incident light is
expected to be 95%. Figure 6a—c, shows the Mn L,; edge
XAS and XMCD spectra of the Geg9sMny o5, GepoMng 1, and
GepsMng, NWs, respectively, measured at 80 and 300 K.
The spectra, which result from the Mn 2p — 3d dipole
transition, are divided roughly into the L3 (2ps») and L,
(2p12) regions. The absorption intensity increases as the
temperature decreases to 80 K. The multiplet absorption
feature and the peak position (639—642.6 eV) suggest that
the Mn dopant is in a bonding state, not in a metallic state
such as Mn clusters.?' The lower figure corresponds to the
XMCD spectra. The main negative signal of the L; peak at
639.0 eV can be observed, which indicates the contribution

(31) Grabis, J.; Bergmann, A.; Nefedov, A.; Westerholt, K.; Zabel, H. Phys.
Rev. B 2005, 72, 024437.
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Figure 7. Field-dependent magnetic moment (M—H) curves for (a) Ge, (b) GeposMngos, (¢) GegoMng 1, (d) GeosMng2, (e) GegoFeo 1, and (f) GepoCoo.i

NWs, measured at 5 and 300 K.

of Mn?" at the Ty sites, substituting for the Ge.?"3? These
Mn?*" ions would be responsible for the ferromagnetism of
the Ge NWs (section 3.6). The positive signals at 640.3 and
642.6 eV can be assigned to Mn®>" and Mn*' ions,
respectively. As the Mn content increases from x = 0.05 to
x = 0.1, the intensity of the XMCD increases. However,
when the Mn content reaches x = (.2, the intensity deceases.
The intensity of the negative Ls Mn*" peak (at 80 K) is listed
in Table 1, indicating that the magnetic moment of the Mn**
ions reaches a maximum when x = 0.1. This result is
consistent with the XRD and XPS data showing that the Mn
substitution with x = 0.1 is most effective in increasing the
dopant—acceptor hybridization. The presence of Mn** ions
may provide evidence for such hybridization involving the
hole-transfer process.

Figure 6d shows the Fe L, 3 edge XAS and XMCD spectra
of the GegoFep; NWs, measured at 80 and 300 K. The split
absorption feature and the position (at 706.5 eV) suggest
that the Fe*" ions are in a bonding state, not metallic Fe.
The lower figure corresponds to the XMCD spectra, showing
a low-intensity negative signal of the L; peak for both
temperatures. This indicates the contribution of the Fe*" ions
at the Ty sites, substituting for Ge. Parts e and f of Figure 6
show the Co L,3 edge XAS and XMCD spectra of the
GeoCop, and GeysCops NWs, respectively, measured at 80
and 300 K. The shape of the GeyyCop; NWs is similar to

(32) Miyamoto, K.; Iori, K.; Kimura, A.; Xie, T.; Taniguchi, M.; Qiao, S.;
Tsuchiya, K. Solid State Commun. 2003, 128, 163.

that of the Co ions in the bonding states; multiplet structures
(like Mn and Fe) are present.*'*> However, the GeysCoq.4
NWs show a typical metallic feature without a split peak,
suggesting that the higher Co doping may induce the
formation of Co metal clusters, which XRD or Raman
spectroscopy cannot detect. The lower figure corresponds
to the XMCD spectrum, showing no magnetic moments for
either sample. This absence of a magnetic moment is
consistent with the XPS data described above.

3.6. Magnetic Moment Measurement Using SQUID.
The magnetic moment (M) versus magnetic field (H) curves
at 5 and 300 K were measured by the SQUID magnetometer.
The nanowires were separated from the substrates. Figure
7a corresponds to the field-dependent M—H curve of the
undoped Ge NWs. Hysteresis occurs with a saturation field
of ~0.3 T at both temperatures. The inset displays the curve
in the vicinity of H = 0, indicating that the coercive field
(Hc) is 50 Oe and the remanence (M,) is 0.003 emu/g at 5
K. Therefore, the existence of ferromagnetism at 5 and 300
K is clearly proven by the coercivity and remanence, and
relatively low saturation field, suggesting that the 7¢ value
is at least 300 K. The field-cooled (FC) and zero-field-cooled
(ZFC) magnetic moment versus temperature (Mpc and Mzgc
vs T) curves with H = 100 Oe are displayed in the
Supporting Information, Figure S4, indicating Tc > 350 K.

Figure 7b—d, displays the M—H curves of the Geg9sMny s,
GepoMny ;, and GepsMng, NWs, respectively, consistently
showing hysteresis at 5 and 300 K. The hysteresis curves
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show that M, = 0.01, 0.2, and 0.05 emu/g and Hc = 50,
100, and 80 Oe, for x = 0.05, 0.1, and 0.2, respectively, at
5 K (inset). The values of M; and Hc are summarized in
Table 1. As the Mn content increases from x = 0.05 to x =
0.1, the M, increases by a factor of ~20. As it increases
further to x = 0.2, the M, decreases by a factor of ~4. This
result indicates that the magnetic moment reaches a maxi-
mum for x = 0.1. The Mrc and Mzrc versus T curves are
displayed in the Supporting Information, Figure S4, indicat-
ing Tc > 350 K.

Figure 7e corresponds to the M—H curves of the GegoFep
NWs, showing hysteresis at 5 and 300 K. Figure 7f displays
the hysteresis curves of the GeyyCop; NWs at 5 and 300 K.
The ferromagnetism can be clearly seen from these samples.
The insets indicate that Hc = 50 Oe and M, = 0.001 and
0.002 emu/g at 5 K, respectively, for the GegoFep; and
GepoCoo.1 NWs. The M—H curve of the GeysCop4s NWs are
very similar to those of the GegoFep; NWs (not shown here),
indicating that the higher Co content does not enhance the
magnetic moment. The Mpc and Myzgc versus T curves are
displayed in the Supporting Information, Figure S4, indicat-
ing Tc > 350 K.

The ferromagnetic behaviors of undoped Ge NWs are quite
surprising. Recently, however, the size-dependent ferromag-
netism of Ge nanoparticles (deposited on polystyrene or Si
substrates) has been reported.*® The authors suggested that
this was due to the occurrence of the quantum confinement
effect owing to their large Bohr radius (~17 nm). For the
magnetism of the nanocrystalline forms, the mechanisms
invoked so far are usually based on uncompensated spins
and surface anisotropy, because of the high surface/volume
ratio. These unusual ferromagnetic properties of the Ge NWs
can probably be explained by the surface contribution.
Further investigation is necessary to clearly explain the
ferromagnetic properties of the Ge NWs. We are currently
conducting experiments to examine the effect of the catalyst
or substrates on the magnetic properties.

The magnetic moment of the Ge, -, Mn, NWs overwhelms
that of the undoped Ge and reaches a maximum with x =
0.1. This result is consistent with the XAS and XMCD data
showing that the Mn substitution with x = 0.1 leads to the
greatest increase in the magnetic moment of the Mn*" ions.
In the case of Fe or Co substitution, the magnitude of the
magnetic moment is nearly the same as that of the undoped
Ge NWs. The Co substitution does not lead to the enhance-
ment of the ferromagnetism, due to the lack of hybridization.
The Fe substitution may induce hybridization (as suggested
by XRD and Raman spectroscopy), but 10% Fe substitution
results in a much lower magnetic moment (or magnetization)
than the Mn substitution. Therefore, we conclude that Mn
substitution can be used to produce powerful ferromagnetic
Ge NWs.

(33) (a) Liou, Y.; Su, P. W.; Shen, Y. L. Appl. Phys. Lett. 2007, 90, 182508.
(b) Liou, Y.; Lee, M. S.; You, K. L. Appl. Phys. Lett. 2007, 91, 082505.
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4. Conclusions

We synthesized Ge, GeysMng s, GeooMng 1, GepsMng 2,
GegpoFeo1, GepoCop, and GeypcCops NWs, by the vapor
transport of Ge and MnCl, (or FeCl,, CoCl,). Their average
diameter is about 60 nm. They all consist of single-crystalline
cubic Ge nanocrystals grown uniformly with the [111]
direction, irrespective to the metal doping. All have amor-
phous GeO, outer layers. The EDX data reveal that the metal
dopes homogeneously over the entire nanowires. We inves-
tigated their electronic structures and magnetic properties by
XRD, Raman spectroscopy, XPS, XAS, XMCD, and MPMS
(magnetic property measurement system).

The XRD pattern shows no formation of metal clusters
for any of the nanowires, and the decrease of the lattice
constant in the case of Mn and Fe substitution, but not in
the case of Co substitution. Raman spectroscopy supports
this result. The XPS data shows a higher-energy shift of the
Ge peak in the case of 10% Mn substitution. The Fe and Co
substitution induces a lower-energy shift for all contents. The
XAS and XMCD measurements reveal that the Mn>" ions
preferentially occupy the Ty sites, substituting for Ge, and
their magnetic moment reaches a maximum at x = 0.1. The
Fe ions also substitute for Ge at the Ty sites, but their
magnetic moment is much smaller than that of the Mn ions.
In contrast, the Co ions do not have any magnetic moment
at all. The magnetic moment measurement using SQUID
reveals that they all exhibit ferromagnetic behaviors at room
temperature, even the undoped Ge NWs. The Ge;— . Mn, NWs
exhibit a much larger magnetic moment than the undoped
Ge NWs and consistently exhibit a maximum value at x =
0.1. However, the Fe and Co substitutions do not lead to a
significant increase in the ferromagnetism. On the basis of
these results, we suggest the possibility of hybridization
between the metal ions and host defects in p-type Ge, which
could be a crucial feature in determining the ferromagnetism.
We conclude that the Mn substitution is more effective to
form ferromagnetic Ge NWs, compared to the Fe or Co
substitution, which can be applicable to the fabrication of
nanoscale spintronic devices.
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