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Magnetically doped Si and Ge nanowires have potential application in future nanowire spin-based 

devices.  Here, we report a supercritical fluid method for producing single crystalline Mn-doped Ge 

nanowires, with a Mn-doping concentration of between 0.5-1.0 atomic %, that display ferromagnetism 

above 300 K and a superior performance with respect to the hole mobility, of around 340 cm2/Vs, 

demonstrating the potential of using these nanowires as building blocks for electronic devices. 

 

Group-IV semiconductor nanowires are of particular interest for integration into future nanoscale device 

structures, as they are compatible with existing complementary metal-oxide-semiconductor (CMOS) 

technologies.  Single crystalline Ge and Si nanowires1,2 have recently been synthesized, isolated and 

utilized in various charge-based nanowire devices, such as field-effect transistors, integrated logic gates, 

memory devices, nanolasers and photodetectors3,4.  However, operational nanowire spin-state devices 

such as spin gain transistors and spin injection devices have not yet been demonstrated.  Theoretical 

predictions show that such devices can be realized by employing dilute magnetic semiconductors 

(DMS)5, as these materials combine the complementary functionalities of ferromagnetic and 

semiconductor materials6-8.  

 

After predicting9,10 and reporting ferromagnetism in Mn-doped germanium for the first time11 many 

papers have been published on Ge1-xMnx DMS materials.  Most research has focused on nanocrystals12 

and thin-films13-20 prepared via ion implantation and molecular beam epitaxy (MBE).  In these materials, 

a Curie temperature (Tc) of 296 K is usually attributed to the formation of the intermetallic precipitate 

Mn5Ge3, while diluted Mn atoms in the Ge matrix result in a Tc of 115 K and ferromagnetic remanence 

below 20 K11,21.  Superparamagnetic and ferromagnetic behavior is observed when manganese-rich 

nanostructures are formed within the Ge matrix22,23. 
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Recently the synthesis of single crystalline Ge1-xMnx nanowires via a thermal vapor transport method 

was reported24-26.  The authors claim the incorporation of 8 %24,25, and even up to 20 %, Mn2+ ions26 in 

the Ge matrix, without observing substantial disorder of the single crystalline Ge lattice, even though the 

limited solubility of transition metals in a semiconductor matrix usually leads to phase separation or 

spinodal decomposition.  However, these wires possessed a thick oxide shell possibly containing 

amorphous MnO. 

In this work, the supercritical fluid-liquid-solid (SFLS) method developed for producing single 

crystalline Ge and Si nanowires2,27-29, was adapted to grow single crystalline Ge1-xMnx nanowires.  We 

report on the structural properties of these nanowires and demonstrate they are promising building 

blocks for both electronic and potentially spintronic devices. 

Freestanding nanowires were synthesized by a SFLS method using sputtered gold nanoparticles, 

supported on porous alumina membranes (Whatman, nominal pore diameter 100 nm), as catalytic seeds 

for growth.  The reaction was performed as an injection flow-through reaction, in which the porous 

support was placed inside a reactor cell and the precursor mixture containing 10 ml of anhydrous 

hexane, 0.1 ml of diphenylgermane, as the germanium precursor, and 0.005 g of dimanganese 

dodecacarbonyl as a manganese precursor was loaded into a premixing cell.  Loading and sealing of the 

reaction and premixing cell were carried out under a nitrogen atmosphere in a glove box.  The reaction 

cell and premixing cell were attached to a high-pressure CO2 pump.  The temperature and pressure of 

the reaction cell were raised to 723 K and 6.9 MPa respectively.  The pressure in the premixing cell was 

raised to 20.7 MPa and the precursor solution was injected into the reaction cell at a flow rate of 1.0-1.5 

mL min-1 for 45 min.  After the reaction, the cell was cooled to room temperature and depressurized. 

 

A top view SEM image of freestanding GexMn1-x nanowires as prepared is shown as an inset in Figure 

1b.  The diameters of the wires range between 30-100 nm.  In the XRD pattern obtained from the 

nanowires (Figure 1a) reflections at 2θ values of 27.4, 45.6 and 53.8° were observed, corresponding to 
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the {111}, {220}, and {331} set of planes for a diamond cubic germanium lattice (JCPDS card no. 04-

0545).  The reflection at a 2θ value of 38.5 corresponds to the Au-Ge alloy that is formed at the interface 

of the Ge nanowires with the catalytic gold seed.  The XRD pattern showed no evidence for the presence 

of secondary phase ferromagnetic alloys, such as for example the Mn5Ge3 phase.  However, it is unlikely 

that a dilute secondary phase at the nanoscale can be detected by conventional XRD.  A large number of 

GexMn1-x nanowires were analyzed via Energy Dispersive X-ray (EDX) spectroscopy.  Figure 1a shows 

a typical EDX spectrum (as inset) of a GexMn1-x nanowire clearly showing the Mn Kα peak.  EDX 

analysis revealed an average Mn concentration of 0.5-1.0 atomic %.  The nanowires were further 

analyzed by HRTEM imaging.  A typical HRTEM image of a GexMn1-x nanowire is shown in Figure 1c.  

The nanowire shows a perfect crystal structure, with the observed lattice planes corresponding to the 

[111] plane of the Ge lattice with a d-spacing of 3.3 Ǻ.  Electron Diffraction of the HRTEM image 

(inset) shows that the nanowire was viewed along the [111] zone axis and confirms that the GexMn1-x 

nanowires are single-crystalline and exhibit the cubic diamond structure.  Secondary phases, nanoscale 

precipitates or large lattice distortions in the Ge lattice were not detected.  Remarkably, no oxide shell 

was observed on the surface of many of the Mn-doped Ge nanowire directly after their synthesis.  

Additionally, elemental Mn maps of individual nanowires were obtained by Electron Energy Loss 

Spectroscopy (EELS) mapping (Figure 1d-f).  The Mn maps confirm the presence of Mn in the 

nanowires.  HRTEM imaging excluded the formation of secondary phases, but the formation of Mn-rich 

and Mn-depleted regions cannot be completely ruled out. However, Mn rich nanoclusters with 

concentrations up to 15 %, such as observed by Bougeard et al.30 and Ge2Mn nanocolumns observed by 

Jamet et al.22 in thin films, were not detected. 

 

Extended X-ray absorption fine structure (EXAFS) were undertaken to further investigate the structural 

properties of the Ge1-xMnx nanowires.  Figure 2a shows the Ge K-edge EXAFS spectrum of the Ge1-

xMnx nanowires.  The best fit results of the Ge K-edge, with an excellent R value of 15, are summarized 

in Table 1.  Ge is surrounded by three shells of Ge atoms at distances of 2.45, 4.01 and 4.71 Ǻ, which 
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confirms the perfect single crystalline nature of the Ge lattice.  The calculated bond distances do not 

show any expansion of the Ge lattice, which suggests that Mn atoms are substitutionally diluted in the 

Ge host lattice.  This is in agreement with electronic structure calculations which show that Mn 

impurities preferentially occupy the substitutional site11.  Furthermore, an isolated substitutional Mn 

creates only negligible distortion of the host lattice, with neighboring Ge atoms perturbed by less than 

0.05 Ǻ.  Also the EXAFS data at the Ge K-edge did not show a Ge-O bonding peak in agreement with 

earlier observations that an oxide shell is absent.  The Mn K-edge EXAFS spectrum is shown in Figure 

2b and the best fit results are summarized in Table 2.  Mn EXAFS data were collected in fluorescence 

mode and are as a result noisier than the Ge EXAFS data.  The R value of 36 is therefore a good fit.  At 

the Mn K-edge the first shell is observed at 2.11 Å, which is typical for a Mn-O bond.  EXAFS is a bulk 

technique and therefore the whole sample is analyzed, including a by-product that was obtained during 

SCF growth in the form of a particulate material (seen by SEM).  This allows us to attribute the Mn-O 

bond to the by-product.  Most importantly, the next-nearest neighbor for Mn is Ge at a bond distance of 

2.40.  Ab initio electronic structure calculations by Continenza et al. show that when a Mn impurity is 

incorporated into a single crystalline Ge-matrix, the Mn-Ge distance is 2.38 for Mn at a substitutional 

site and 2.48 Ǻ for Mn at an interstitial site respectively31.  Our EXAFS data therefore implies that the 

Mn atoms are incorporated into the Ge lattice at substitutional sites. 

 

For magnetization measurements nanowires were harvested from an AAO template and measured in a 

powder form.  Figure 3a demonstrates the field dependence of the magnetic moment for single 

crystalline Ge1-xMnx nanowires.  The M vs. B dependencies were measured at temperatures between 5 

and 300 K.  After background subtraction the curves show saturation at B ≈ 0.3 T (Figure 3a and d).    

All M vs. B dependencies demonstrate a week hysteretic behavior over the whole temperature range.  

The hysteresis is characterized by a small coercive field (Bc = 82 Oe and 154 Oe at T = 300 K and 5 K, 

respectively, Figure 3c) and remanence, MR/MS = 0.10-0.16.  Both the remanence and saturation are 

weakly temperature dependent (Figure 3d).  A well-defined saturation of the magnetic moment, presence 
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of a finite (although rather small) coercive field and remanence at room temperature are typical for a 

weak ferromagnet. 

 

The temperature dependences of magnetization have been measured during field cooling (FC) and zero-

field cooling (ZFC) procedures at B = 100 mT (Figure 3b).  Overall, the low-temperature increase of 

magnetization is relatively small, about 20 % above its room-temperature value for the FC curve.  The 

figure clearly demonstrates two transition temperatures TC1 = 16 K and TC2 = 63 K.  In the low 

temperature regime (T<TC1), the magnetization sharply drops as the temperature increases signifying the 

presence of the paramagnetic component of the magnetization.  The 2nd critical temperature indicates the 

most pronounced phase transition.  As performed magnetic measurements are related to the whole 

sample, the measured transition temperature TC2 could, be attributed to an external oxygen-containing 

phase as structural characterization shows that Mn is partially oxidized as a by-product of the synthesis.  

Mn3O432, a ferromagnetic manganese oxide, exhibits a phase transition in bulk at somewhat lower 

temperature, TC (Mn3O4) = 42 K.  The magnetic properties of Mn3O4 nanocrystals were also widely 

investigated and their Curie temperature was shown to be weakly temperature dependent33-38.  In the 

majority of studies, the TC of Mn3O4 nanoparticles is smaller than the corresponding bulk value and 

drops as the particle size decreases.  For example, transition temperatures of 40.9, 39.0 and 37.8 K were 

measured for samples with particle sizes of 13.4, 9.7 and 5.0 nm, respectively36.  The opposite trend was 

observed in a work by Chang et al, where the Curie temperature of nanoparticles exceeded the bulk 

value and reached the maximum of 44.3 K.  However, in all these cases the transition temperature is 

significantly smaller than TC2=63 K measured in the present study.  Moreover, a very high coercive 

field, up to 7.5 kOe, was reported in all work cited above.  Antiferromagnetic manganese monoxide, 

MnO, exhibits a Neel temperature, TN, of 122 K in its bulk state39 and the blocking temperature (TB)  of 

MnO nanoparticles is about 19-30 K38,39 which is also significantly lower than the TB experimentally 

observed here.  Additionally, MnO nanoparticles are also characterized by a large coercive field (e.g. up 

to 1.75 kOe38).  Antiferromagnetic MnO2 exhibits a Neel transition at 86 K39which also does not 
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correspond to our experimental results.  Thus, the obtained by-product is probably a more complex 

compound containing carbon and oxygen, than one of these ‘standard’ manganese oxides.   However we 

can rule out that these compounds can be responsible for the observed room-temperature 

ferromagnetism as discussed below. 

 

At T>TC2 the m(B) dependence is characterized by a small hysteretic effect and a well-pronounced 

magnetization saturation and hence, can be attributed to ferromagnetic interactions between diluted Mn 

ions.  As the averaged resulting concentration of Mn defects is relatively low (x = 0.5-1 atomic%), the 

observed ferromagnetism is weak, but the critical temperature of the ferromagnetism exceeds 300 K.  

The exact Tc was not directly measured in our experiments and high temperature measurements are 

necessary for determination.  The origin of the high-temperature ferromagnetism in Ge1-xMnx nanowires 

with low averaged concentration of Mn is unknown at this stage.  The existence of typical binary GeMn 

alloys (such as Mn5Ge3, Mn11Ge8) was clearly ruled out.  In general, spinodal decomposition 

(alternating regions with low and high concentrations of magnetic ions) is considered to be the source of 

the high-temperature ferromagnetism40 and has been observed in many DMS systems including GeMn 

semiconductors22,30  The weak room-temperature ferromagnetism observed in our Ge1-xMnx nanowires 

could originate from areas rich in diluted Mn atoms, while areas low in Mn concentration could be 

responsible for the low-temperature paramagnetic signal.  This would be in good correspondence with 

the trends described above as some kind of structural decomposition and inhomogeneous distribution of 

Mn in the Ge host could not completely be ruled out. 

 

With an electronic configuration of 3d54s2, a magnetic moment of 5 μB is expected for Mn at a 

substitutional site in a Ge lattice.  But electronic structure calculations show a reduced magnetic moment 

of about 3 μB per Mn atom due to strong hybridization between d states of Mn and p states of Ge11,31.  

The maximum measured saturation moment per Mn atom in our samples was calculated to be around 

0.8 μB at T = 5 K and drops to 0.7 μB at T = 300 K.   However, it must be stated this is a rough 
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estimation as there might be some experimental error in determining the mass of the powdered nanowire 

samples measured by SQUID, due to the small quantities of samples produced.  Further, spinodal 

decomposition could have an influence on the reduced magnetic moment.  In areas with lower 

concentration Mn does not contribute to the magnetic moment. But in areas with higher concentrations 

of Mn the effective moment will be higher than averaged.  However, determining the magnetic moment 

requires further investigation. 

 

To produce a single Ge1-xMnx nanowire field effect transistor device, drops of a Ge1-xMnx suspension in 

isopropyl alcohol (IPA) were pipetted onto a degenerative doped Si wafer coated with 300 nm thermal 

oxide, which had prefabricated Ti/Au probe pads patterned by optical lithography.  Electron Beam 

Lithography (EBL) was used to define the contacts between the nanowires and the probe pads.  Before 

metal deposition, the nanowires were dipped in diluted HF (10 %) for 2~3 seconds to remove native 

oxide in the contact regions.  180 nmTi/ 20nm Au were deposited using electron beam evaporation as 

source and drain contacts.  Electrical measurements were performed using a home-built probe station 

connected to a Keithley 4200 semiconductor parameter analyzer.  A SEM image of the FET (inset of 

Figure 4a) shows a 1.4 μm long Ge1-xMnx nanowire contacted by the source and drain electrodes.  The 

electrical properties of our Ge1-xMnx nanowire FETs exhibit p-type depletion mode behavior.  Although 

intrinsic germanium displays a p-type depletion mode behavior as well, it has been found that this is the 

result of accumulated holes at the semiconductor surface.  While the surface states do induce hysteresis 

their highest density in Ge has been found to be less than 1015/cm2 41.  Also, there are reports that CVD 

grown intrinsic Ge nanowire devices are unintentionally p-doped from the growth system42.  Therefore, 

our results can be attributed to the acceptor levels introduced by Mn atoms in germanium43 which 

provide a carrier concentration of 1016/cm3.  An on/off current ratio (Ion/Ioff) of ~ 104 at -0.1 V source-

drain bias (Vds) and a subthreshold swing (SS) of 210 mV/decade (Figure 4b) were obtained.  The 

maximum transconductance (gm) at Vds=-0.1 V is 0.2 μS.  A small hysteresis in the transfer 

characteristics is found during a dual sweep which is very common for Ge nanowire FETs and possibly 
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caused by surface oxide species44,45.  Note that even though the Ge1-xMnx nanowires were dipped into 

HF prior to the S/D metal deposition, only the oxides under the S/D region were removed, but the oxides 

in the channel region were not removed.  Surface passivation might help to minimize the hysteresis42.  

Ids-Vds curves at various Vgs (Figure 4b) show an on-current of 2.2 μA at Vds= -0.5 V. 

 

The field effect hole mobility μ can be estimated from the transconductance (gm) at a fixed S/D bias 

(Vds) by using equation (1) 

oxds

m

CV
Lg 2

=µ                                                                 (1) 

where L  is the channel length (~ 1.4 μm) and oxC  is the coupling capacitance between the Ge1-xMnx 

nanowire channel and the back-gate SiO2.  oxC   can be calculated using the cylinder-on-plate model46 

)(cosh

2
1

0

r
tr

LC
ox

ox +
=

−

επε     (2) 

where mF /1085.8 12
0

−×=ε is vacuum permittivity, ε ~3.9 is the dielectric constant, r =50 nm is the 

radius of the Ge1-xMnx nanowire, and oxt =300 nm is the thickness of gate oxide.  The estimated 

capacitance is then FCox
161015.1~ −× , from which a mobility of ~ 340 cm2/Vs is obtained.  The Mn 

doped Ge devices show superior performance with respect to the mobility of intrinsic Ge nanowire FET 

devices.  For example, the mobility for SFLS grown Ge nanowires was found to be less than 10 cm2/Vs 

for various post growth processing of the as grown nanowires45.  Additionally, Ge nanowires grown by 

CVD in the absence of B2H2 have been found to be highly insulating47.  The mobility of our Ge1-xMnx 

nanowire FET is lower than the highest reported mobility of 730 cm2/Vs for Si/Ge heterostructured 

nanowire FETs48 and that of 600 cm2/Vs reported for boron-doped single crystalline nanowires 47.  

However, in these FETs the strain induced Si layer accounted for the superior performance and surface 

passivation respectively.  When the capacitance was calculated using the cylinder-on-plate model, we 

assumed our nanowires are completely embedded in the dielectric material.  However, in our back gated 
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FET, the nanowires are not embedded in the dielectric materials, so the calculated capacitance is in the 

upper limit using this model.  This can be accounted for by an effective dielectric constant of 2.2 for 

SiO2 within the analytical model of the embedded nanowires49.  Therefore, the mobility could be ~ 600 

cm2/Vs, which is comparable to the highest value of Ge nanowire FETs.  The carrier concentration ( en ) 

can be calculated using equation (3) 

Lrq
CVn oxth

e 2π
=       (3) 

where q  is elementary charge and the threshold voltage (Vth) ~ 0.53 V (extracted from the transfer 

characteristics).  The carrier density is estimated to be ~ 3.5×1016/cm3. It should be noted that the carrier 

concentration could be overestimated due to overestimated oxC .  If the effective dielectric constant (2.2) 

of SiO2 is used to calculate the oxC  instead of 3.9, the carrier concentration is ~ 2.0×1016/cm3. 

 

In conclusion, we have synthesized single-crystalline Ge1-xMnx nanowires with an average Mn 

concentration of 0.5-1.0 %.  EXAFS data show that the Mn atoms occupy substitutional sites.  The 

formation of secondary phases was excluded by HRTEM.  However, we observed the coexistance of a 

few magnetic sublattices in the single crystalline nanowires.  The room-temperature ferromagnetism 

most likely originates from areas rich in diluted Mn ions, while areas with depleted Mn concentration (< 

0.5 atomic%) are magnetically non-active.  Increasing of the resulting Mn concentration could enhance 

ferromagnetism in the single crystalline nanowires.  Alternatively, co-doping with a non-magnetic 

impurity (such as As50) can also raise the carrier concentration and facilitate ferromagnetism.  A back-

gated FET based on these single-crystalline nanowires shows an on/off ratio of nearly 104, threshold 

voltage of ~0.53 V, maximum transconductance of 0.2 μS and a subthreshold swing of 210 mV/decade.  

The mobility was estimated around 340 cm2/Vs demonstrating that these nanowires are promising 

building blocks for both electronic and spintronic devices. 
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Figure 1 (a) XRD pattern of GexMn1-x NWs showing the (111), (220) and (331) planes of the diamond 

cubic Ge lattice and Au-Ge alloy formed with catalytic seed and EDX spectrum of a single GexMn1-x 

NW clearly showing Mn peak (Fe peaks are inherent to detector) (b) TEM image of a 30 nm GexMn1-x 

NW. The inset is showing SEM image of GexMn1-x. (c) HRTEM image of a 30 nm GexMn1-x NW 

showing the Ge (111) lattice with a d-spacing of 3.3 Å.  The inset is showing the Electron Diffraction 

pattern of the NW (d) Mn map of a 30 nm GexMn1-x NW (same as in Fig. 1b) obtained by EELS 

mapping. (e) TEM image of a 180 nm GexMn1-x NW. The inset is showing the Electron Diffraction 

pattern of the NW. (f) Mn map of a 180 nm GexMn1-x NW (same as in Fig. 1e) obtained by EELS 

mapping. The inset is showing the EELS spectrum clearly revealing the presence of the Mn peak at L-

edge. 
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Figure 2 EXAFS of GexMn1-x NWs showing the obtained spectrum and best fit at (a) Ge K-edge and (b) 

Mn K-edge. 
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Figure 3 (a) Field dependencies of the magnetization in Ge1-xMnx nanowires.  Inset shows the m(B) 

dependencies in low magnetic field (b) Temperature dependencies of the magnetization (B= 100 mT) 

normalized to its room temperature value (c) Coercivity at temperatures 5-300 K and (d) Saturation & 

Remanence at temperatures 5-300 K. 
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Figure 4 (a) Transfer Ids-Vgs and (b) output characteristics Ids-Vds at various gate bias of a single 

MnxGe1-x nanowire Field Effect Transistor. Inset of (a): SEM image of the FET.  
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Table 1 EXAFS fitting results of Ge1-xMnx NWs at Ge K-edge exhibiting a best of fit parameter of R = 

15 

Shell Atom Distance (Ǻ) 

T1 Ge 2.45 

T2 Ge 4.01 

T3 Ge 4.71 
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Table 2 EXAFS fitting results of Ge1-xMnx NWs at Mn K-edge exhibiting a best of fit parameter of R =  

36. 

Shell Atom Distance (Ǻ) 

T1 O 2.11 

T2 Ge 2.40 
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