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ABSTRACT: In this Letter, the magnetic phase transition and
domain wall motion in a single-crystalline Mn5Ge3 nanowire
were investigated by temperature-dependent magneto-trans-
port measurements. The ferromagnetic Mn5Ge3 nanowire was
fabricated by fully germaniding a single-crystalline Ge
nanowire through the solid-state reaction with Mn contacts
upon thermal annealing at 450 °C. Temperature-dependent
four-probe resistance measurements on the Mn5Ge3 nanowire
showed a clear slope change near 300 K accompanied by a
magnetic phase transition from ferromagnetism to para-
magnetism. The transition temperature was able to be controlled by both axial and radial magnetic fields as the external
magnetic field helped maintain the magnetization aligned in the Mn5Ge3 nanowire. Near the magnetic phase transition, the
critical behavior in the 1D system was characterized by a power-law relation with a critical exponent of α = 0.07 ± 0.01. Besides,
another interesting feature was revealed as a cusp at about 67 K in the first-order derivative of the nanowire resistance, which was
attributed to a possible magnetic transition between two noncollinear and collinear ferromagnetic states in the Mn5Ge3 lattice.
Furthermore, temperature-dependent magneto-transport measurements demonstrated a hysteretic, symmetric, and stepwise axial
magnetoresistance of the Mn5Ge3 nanowire. The interesting features of abrupt jumps indicated the presence of multiple domain
walls in the Mn5Ge3 nanowire and the annihilation of domain walls driven by the magnetic field. The Kurkijar̈vi model was used
to describe the domain wall depinning as thermally assisted escape from a single energy barrier, and the fitting on the
temperature-dependent depinning magnetic fields yielded an energy barrier of 0.166 eV.
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In the effort to fabricate semiconductor nanowire field-effect
transistors (FETs), there have been extensive studies on Si

and Ge nanowire heterostructures through thermal annealing
to form silicide and germanide as Schottky source/drain
contacts to the Si and Ge nanowire channels.1−7 The formed
single-crystalline silicide (germanide) always maintains a high-
quality epitaxial relationship to the Si (Ge) nanowire with
atomically sharp interfaces, even though a substantially large
lattice mismatch was present at the interface or a huge strain
was accumulated in the nanowire heterostructures.7−9 The
length of the formed silicide (germanide) could be well-
controlled by annealing temperature and time, making it
possible to shrink the Si (Ge) nanowire channel length down to
sub-tens nanometers using a simple and low-cost rapid thermal
annealing (RTA) process. This process may provide a
convenient approach to fabricate nanoscale transistors without
using conventional lithographic limit.7,10 With such high-quality
source/drain contacts, as-fabricated nanowire transistors have

demonstrated a much improved performance than those with
direct metal contacts, since conventional metal/semiconductor
nanowire direct contacts usually suffered from Fermi level
pinning problem due to a high density of interface states on
semiconductor nanowire surfaces.11−14 Most of previous
studies have been focused on the growth dynamics of silicides
(germanides) in Si (Ge) nanowires and the electrical property
of silicide (germanide) contacts to determine the resistivities
and Schottky barrier heights to Si (Ge) nanowires, which are
crucial for determining the nanowire transistor perform-
ance.15−17 Furthermore, ferromagnetic silicides and germa-
nides, such as MnSi and Mn5Ge3,

7,10 have been recently
reported in such Si and Ge nanowire heterostructures for
potential spin injection into Si and Ge nanowires and for future
realization of nanowire spinFETs. However, little has been

Received: October 1, 2012
Published: November 20, 2012

Letter

pubs.acs.org/NanoLett

© 2012 American Chemical Society 6372 dx.doi.org/10.1021/nl303645k | Nano Lett. 2012, 12, 6372−6379

pubs.acs.org/NanoLett


done in studying detailed magnetic properties, magnetization
dynamics in particular, of the formed silicide and germanide
nanowires.10 On the other hand, Mn5Ge3 with strong
ferromagnetism up to room temperature has been intensively
studied as a promising high-efficiency spin injection source into
Ge toward the realization of Ge spinFETs.18 Most of the
pioneer work has been focused on the growth and magnetic
properties of Mn5Ge3 3D bulk and 2D thin films,18−22 but there
is very limited study, to the best of our knowledge, on the 1D
Mn5Ge3 nanowire system. In this work, we report a systematic
study on the magnetic phase transition and domain wall motion
in the as-fabricated single-crystalline Mn5Ge3 nanowire using
electrical and magneto-transport measurements.
Results and Discussion. The single-crystalline Mn5Ge3

nanowire was fabricated by thermally converting a single-
crystalline Ge nanowire into Mn5Ge3 through a solid-state
reaction between the Ge nanowire and Mn metal contacts, as
described in a prior work for the formation of Mn5Ge3/Ge/
Mn5Ge3 nanowire transistors.7 The fabrication process is
schematically illustrated in Figures 1a,b. Briefly, Ge nanowires
grown by conventional vapor−liquid−solid (VLS) method with
[111] growth directions were dispersed on a SiO2/Si
substrate23 and then patterned with e-beam lithography
followed by the e-beam deposition of 150-nm-thick Mn
contacts. A 5 nm/20 nm thick Ti/Au capping layer was also
deposited on top of the Mn electrodes to prevent Mn from
oxidization. The Mn−Ge nanowire device was then annealed at
450 °C in the ambient of N2 with rapid thermal annealing
(RTA) to drive Mn atoms diffuse into the Ge nanowire and
then completely convert it into Mn5Ge3. Excessive annealing
could ensure the fully germanidation of the Ge nanowire but
did not change the phase of the formed Mn5Ge3 nanowire,
suggesting that Mn5Ge3 is a thermally stable phase under this
annealing condition.7 The diameter of as-fabricated Mn5Ge3
nanowires was typically 50−80 nm, and the length could be
several micrometers. The nanowire morphology was inspected

with transmission electron microscope (TEM) and scanning
electron microscope (SEM), as shown in Figure 1c and the
inset of Figure 1d, respectively. The high-resolution TEM
image and the corresponding diffraction pattern confirmed the
single crystallinity of the formed Mn5Ge3 nanowire. Mn5Ge3
was found to have a hexagonal lattice structure (space group
no. 193, P63/mcm in the Hermann-Mauguin notation or D88
structure type in the Strukturbericht designation) with lattice
constants: ahex = 0.7184 nm and chex = 0.5053 nm. From the
high-resolution TEM image, the lattice spacings were
determined to be d002 = 0.253 nm for the (002) planes and
d100 = 0.622 nm for the (100) planes, respectively. To extract
the electrical resistivity and exclude the contribution from the
contact, two-probe and four-probe I−V measurements were
performed on a 650-nm-long single-crystalline Mn5Ge3 nano-
wire, as shown in Figure 1d. The inset of Figure 1d shows the
SEM image of a typical Mn5Ge3 nanowire device with multiple
electrodes. The four-probe resistance measurement of the
Mn5Ge3 nanowire (with a diameter of about 60 nm) gave R4p =
551 Ω at T = 300 K, which corresponds to a resistivity of ρ =
240 μΩ·cm. The extracted resistivity is on the same order with
the reported values from an early work on Mn5Ge3 bulk crystals
(ρ ∼ 500 μΩ·cm) and more recent studies on Mn5Ge3 thin
films (ρ = 90−120 μΩ·cm).18,19,24
To study the onset of the magnetic phase transition in

nanoscale material systems, it is quite difficult to use
conventional methods such as superconducting quantum
interference devices (SQUID) and Hall or Torque magneto-
metries,25−29 because of the extremely weak magnetic signal,
for single nanowires in particular. However, the strong
correlation between the magnetism and the electrical transport
in magnetic systems,25 namely, a conductivity signature
accompanied with a magnetic phase transition, enables the
latter to be probed electrically. Following this rationale, we
carried out temperature-dependent magneto-transport meas-
urements to investigate the nature of magnetic phase transition

Figure 1. Formation of single-crystalline Mn5Ge3 nanowire. Schematic illustration of (a) an as-fabricated Ge nanowire device with multiple Mn
electrodes on a SiO2/Si substrate and (b) thermal conversion of a Ge nanowire into a single-crystalline Mn5Ge3 nanowire through rapid thermal
annealing (RTA) at 450 °C. (c) High-resolution TEM image of the formed Mn5Ge3 nanowire, confirming its single crystallinity. The inset shows the
diffraction pattern along the [010] zone axis. (d) Two-probe and four-probe I−V measurements on a single Mn5Ge3 nanowire. The inset shows the
SEM image of a typical Mn5Ge3 nanowire with four electrodes.
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in the Mn5Ge3 nanowire. In particular, temperature-dependent
resistance (R−T) measurements were performed on the
Mn5Ge3 nanowire under various magnetic fields of 0 Oe, 45
kOe, and 90 kOe, as shown in Figure 2a. The axial magnetic
field H// was applied parallel to the nanowire growth direction,
which is also the magnetic easy axis due to the shape anisotropy
(to be discussed below). To exclude the contact resistance, a
standard four-probe measurement setup with lock-in technique
was carried out in a Quantum Design physical property
measurement system (PPMS). Under zero magnetic field (H//

= 0 Oe), the Mn5Ge3 nanowire resistivity decreased from about
248 μΩ·cm at T = 375 K down to a residual resistivity of about
46.5 μΩ·cm at T = 2 K. Note that the nonzero residual
resistivity here is mainly due to impurity scatterings.30 The
monotonic decrease in the resistance when reducing the
temperature confirmed the metallic characteristic of Mn5Ge3,
which was also reaffirmed by the fact that the nanowire
resistance showed no dependence on the gate bias (see Figure
R1 in the Supporting Information). Significantly, there is a clear
transition in the R−T curve near T = 300 K as highlighted in
the inset of Figure 2a, which corresponds to the reported Curie
temperature for Mn5Ge3 bulk materials and thin films (in the
range of 296−304 K).18−20,22,31 The slope change in the R−T
curve near the Curie temperature may be attributed to the spin
order−disorder transition and will be discussed in detail later.30

The resistivity change ratio below the Curie temperature, ρ(300
K)/ρ(2 K) ∼ 5.2, is much larger than that for a normal metal
due to additional electron-magnon scatterings from the
interaction between electron spins and local magnetic moments
in the ferromagnetic Mn5Ge3 nanowire.

18,19,24 For comparison,

the resistivity change ratio above the Curie temperature, ρ(375
K)/ρ(300 K) ∼ 1.03, is typically small, and it is dominated by
phonon scatterings and electron−electron scatterings. It is
worth noting that the R−T curve measured in warming up (as
the temperature increased from 2 K up to 375 K) shows no
apparent difference from that measured in cooling down (as the
temperature decreased from 375 K down to 2 K). The inset of
Figure 2a magnifies the region of the R−T curves near the
Curie temperature, again showing that there is no measurable
thermal hysteresis. Such a feature indicates the absence of latent
heat during the underlying phase transition and is associated
with a second-order magnetic phase transition in the Mn5Ge3
nanowire.27

Interestingly, the transition region near T = 300 K became
smooth when a large axial magnetic field was applied during the
temperature sweeping, as shown in the inset of Figure 2a, which
corresponds to the magnetic field-driven phase transition.
Similar behaviors were observed in the R−T curves of
Mn4FeGe3 single crystals,32 and also in the temperature-
dependent magnetization (M−T) curves of Ge1‑xMnx thin
films.33 In order to reveal the magnetic field-driven phase
transition more clearly, the first-order (dR/dT) and second-
order derivatives (d2R/dT2) of the R−T curves under different
magnetic fields were obtained as shown in Figure 2b. The
curves were intentionally offset for clarity. As indicated by the
arrows, dR/dT curves under zero magnetic field during
warming up (black) and cooling down (green) were both
plotted to further affirm that there is no thermal hysteresis
associated with the magnetic phase transition. The peak
position of d2R/dT2 could be regarded as the “effective”

Figure 2. Temperature-dependent resistance (R−T) measurements on a single Mn5Ge3 nanowire under different axial and radial magnetic fields. (a)
R−T curves under axial magnetic fields of 0 Oe (during both warming up and cooling down), 45 kOe and 90 kOe (during warming up) using a
standard four-probe measurement. The inset shows the enlarged view of the R−T curves near the Curie temperature of about 300 K. The arrows
indicate the temperature sweeping directions, and the dashed lines indicate the slope change in R−T curves near 300 K. (b) First-order (left axis)
and second-order (right axis) derivatives of the R−T curves. The peak position in the second-order derivative corresponds to the “effective” Curie
temperature under the specific magnetic field. Curves under nonzero magnetic fields are intentionally offset. (c) R−T curves (left axis) and the
corresponding first-order derivatives (right axis) under radial magnetic fields of 0 Oe, 45 kOe, and 90 kOe. Curves of dR/dT under nonzero
magnetic fields are intentionally offset. (d) Temperature-dependent resistance change (ΔR−T, left axis) and magnetoresistance (MR−T, right axis)
under axial magnetic fields 45 kOe and 90 kOe extracted from R−T curves in a using ΔR(T) = RH(T) − R0(T) and MR(T) = ΔR(T)/R0(T) ×
100%.
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Curie temperature, and it moved from TC1 = 300 K at H// = 0
Oe to TC2 = 319 K at H// = 45 kOe, and further to TC3 = 322 K
at H// = 90 kOe. The magnetic field-driven phase transition can
be simply understood as following: at zero magnetic field,
magnetizations in the Mn5Ge3 nanowire are well-aligned below
the Curie temperature, and the conduction electrons experience
additional electron-magnon scatterings (as ρ varies with T2 to
the first-order approximation) besides to phonon (as ρ varies
with T5) and electron−electron scatterings (as ρ varies with
T2).30 As the temperature is increased to be above the Curie
temperature, Mn5Ge3 becomes paramagnetic, and then phonon
scatterings and electron−electron scatterings become the
dominant scattering mechanism for conduction electrons.
Reflected in the R−T curve is an abrupt slope change near
the Curie temperature resulting from the vanishing magnetic
orderings and scatterings in the Mn5Ge3 nanowire. However, if
a magnetic field is applied during this process, as the
temperature sweeps across the original Curie temperature,
magnetizations are still aligned by the external magnetic field
until a certain point at which the magnetizations become
randomized again. The higher magnetic field is applied, the
higher temperature can be for magnetization in the system to
maintain alignment.
In addition to the magnetic phase transition near the Curie

temperature of Mn5Ge3, another interesting feature is that there
is a cusp near TMn = 67 K in the dR/dT curves, and the effect of
the axial magnetic field on this cusp, if any, is much smaller than
that near the Curie temperature. Similar behavior was also
observed in Mn5Ge3 thin films epitaxially grown on Ge (111)
substrates, and the cusp position is consistent with the cusp in
the dM/dT curve by taking the first-order derivative from the
temperature-dependent magnetization curve.19 Polarized neu-
tron diffraction studies on the spatial distribution of the
magnetization density in Mn5Ge3 revealed two crystallo-
graphically nonequivalent Mn sublattices, namely, MnI and
MnII, with two distinctive magnetic moments of 1.96 μB and
3.23 μB, respectively.34 Density function calculations also

suggested the coexistence of two energetically degenerate
ferromagnetic states, collinear and noncollinear configurations,
in the Mn5Ge3 lattice,

35 and the observed cusp in the dR/dT
curves may be attributed to a possible magnetic transition
between these two states. A similar scenario occurs in the
antiferromagnetic Mn5Si3 that has the same crystal structure as
Mn5Ge3. Indeed, it was reported that a magnetic transition
from noncollinear to collinear antiferromagnetic spin states in
bulk Mn5Si3 occurred at almost the same temperature of T ∼
66 K as in Mn5Ge3,

36,37 which was accompanied by a partial
disorder of the magnetic moments carried by MnI and MnII
sublattices.
The temperature-dependent resistance measurements under

different radial (perpendicular to the nanowire axis) magnetic
fields of 0 kOe, 45 kOe, and 90 kOe were also performed on
the Mn5Ge3 nanowire, as shown in Figure 2c. The R−T curves
here are almost identical to those under axial magnetic fields,
showing a similar feature of magnetic field-driven phase
transition. However, it is important to point out that the
magnetic behavior under a small magnetic field (i.e., near the
coercivity field) for axial and radial directions could be different
due to the shape anisotropy, as to be discussed in Figure 3.
Furthermore, the temperature-dependent magnetoresistance
ratio (MR−T) under axial magnetic fields of H// = 45 kOe and
90 kOe was obtained by MR(T) = ΔR(T)/R0(T) × 100%, in
which R0(T) is the temperature-dependent nanowire resistance
under zero magnetic field; ΔR(T), the temperature-dependent
resistance change, was obtained by ΔR(T) = RH(T) − R0(T).
As shown in Figure 2a, the Mn5Ge3 nanowire exhibits a
negative MR in the whole temperature range due to the
suppression of electron scatterings with an applied magnetic
field. Again there are two characteristic features in the MR−T
curves: one peak at the Curie temperature TC1 = 300 K
corresponding to the magnetic phase transition of Mn5Ge3 and
the other one at TMn = 67 K attributed to a possible magnetic
transition between two collinear and noncollinear ferromag-
netic states in Mn5Ge3.

Figure 3.Magneto-transport measurements on a single Mn5Ge3 nanowire. (a) MR ratio of the Mn5Ge3 nanowire as a function of axial magnetic field
(top panel) and radial magnetic field (bottom panel) at T = 20 K. The black and red arrows indicate the sweeping direction of the magnetic field.
The MR ratio here is defined as MR = (RH − Rmax)/Rmax × 100%. Both two MR data show ferromagnetic hysteresis during the magnetic field
sweeping. Significantly, unlike the relatively smooth change of the radial MR, the axial MR shows stepwise features. The abrupt jumps in the axial
MR are indicated by the blue and green arrows as H1 = −723.0 Oe, H2 = −871.4 Oe, H3 = 719.2 Oe, and H4 = 849.4 Oe. The blue dash line indicates
the radial coercivity field of Hc = 230 Oe in the radial MR. (b) MR ratio of the Mn5Ge3 nanowire as a function of the axial magnetic field at different
temperatures. The blue (trace 1), green (trace 2), cyan (trace 3), and magenta (trace 4) arrows track the abrupt jumps in the MR curves when
sweeping the magnetic field, suggesting the presence of multiple domain walls along with magnetic field-driven domain wall motion in the Mn5Ge3
nanowire. The MR curves at different temperatures are intentionally offset by multiples of 0.5%. The black and red arrows indicate the magnetic field
sweeping directions.
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In the as-fabricated ferromagnetic nanowires by both top-
down lithographic method and bottom-up chemical synthesis,
there are unavoidable crystalline defects or artificial structural
constraints, which may act as domain wall pinning sites and
alter the magnetization dynamics in the nanowire.38−40 A
similar scenario may also occur in our Mn5Ge3 nanowires. Also,
as Mn atoms diffuse into and react with the Ge nanowire,
appreciable strain would be built up in the Mn5Ge3 nano-
wire,7−9 and the accumulated strain could also favor the
nucleation of domain walls inside the nanowire. To investigate
the domain wall dynamics, magneto-transport studies were
performed on the Mn5Ge3 nanowire by sweeping the magnetic
field at different temperatures. The results shown in Figure 3
(and the following discussion) indicate that the magnetization,
or equivalently the easy axis, lies along the axial direction of the
nanowire. The MR here is defined by MR = (RH − Rmax)/Rmax
× 100%, where Rmax is the maximum nanowire resistance
during magnetic field sweeps. Due to the shape anisotropy, the
MR behavior under the axial (along the easy axis) and the radial
(perpendicular to the easy axis) magnetic field is very different.
For instance, Figure 3a plots the axial MR (top panel) and
radial MR (bottom panel) at T = 20 K. The radial MR shows a
regular hysteretic and smooth characteristic as the magnetic
field sweeps back and forth between +30 kOe and −30 kOe.
The negative MR ratio is about −1.5% under H⊥= 30 kOe, and
the coercivity (regarded as the peak position by parabolic fitting
near the maximum MR value) is about Hc = 230 Oe at T = 20
K. More interestingly, the axial MR shows clear features of
abrupt jumps on top of regular hysteretic loops, as indicated by
the blue and green arrows in Figure 3a: as the magnetic field is
swept from 3 kOe to −3 kOe (backward sweeping, black line),
the nanowire resistance drops abruptly at H1 = −723.0 Oe,
followed by another abrupt decrease at H2 = −871.4 Oe (green
arrows); as the magnetic field is swept back to 3 kOe (forward
sweeping, red line), the nanowire resistance drops abruptly at
H3 = 719.2 Oe, followed by another abrupt decrease at H4 =
849.4 Oe (blue arrows), which are almost symmetric to H1 and
H2. It is noted that the axial switching fields (719.2−871.4 Oe)
are larger than the radial coercivity field of Hc = 230 Oe at T =
20 K, and also the axial MR ratio is about −0.6% under H// = 3
kOe is larger than the value of about −0.3% under an radial

magnetic field H⊥= 3 kOe. These results are consistent with the
previous statement that the easy axis is along the nanowire axial
direction.
Now let us investigate more on the stepwise features in the

axial MR and their temperature dependence. A physical picture
of the abrupt jump in the nanowire resistance can be simply
described as following: Initially a domain wall is pinned at a
certain crystalline defect site inside the nanowire. As the
magnetic field increases to a certain value (the so-called
depinning field), the domain wall is moved out of the nanowire
(or annihilated) as the defect is not able to hold it any more.
This would give rise to an abrupt decrease (roughly by the
amount of the domain wall resistance) in the measured
nanowire resistance. Therefore, the observed multiple abrupt
jumps in the axial MR are a strong evidence for the presence of
multiple domain walls in the Mn5Ge3 nanowire along with
magnetic field-driven domain wall motion. In a simplified
model,41,42 the domain wall depinning in a ferromagnetic
nanowire can be described as the thermally assisted escape from
a single energy barrier. The attempt rate, or inversely the
depinning time of the domain wall, is given by the Kurkijar̈vi
model:38−43

τ τ= −
⎡
⎣⎢

⎤
⎦⎥

E H
k T

exp
( )

0
B (1)

Here τ0 is the attempt rate at zero temperature, kB is the
Boltzmann constant, and E(H) is the magnetic field-dependent
energy barrier. A simple analytical approximation for E(H) is
given by:41,42

= −
⎛
⎝⎜

⎞
⎠⎟E H E

H
H

( ) 10
0

1.5

(2)

in which E0 is the energy barrier height under zero magnetic
field and H0 is the domain wall escape field at zero temperature.
Inserting eq 2 into eq 1 and considering a constant sweeping
rate of the magnetic field would yield the temperature
dependence of the escape field, or equivalently the depinning
field:41,42

Figure 4. (a) Temperature-dependent depinning fields extracted from the MR curves in the temperature range between 50 and 150 K. Trace 1
(green squares) represents the depinning fields indicated by the green arrows in Figure 3b, while trace 2 (blue dots) represents the depinning fields
indicated by the blue arrows in Figure 3b. The fittings (green and blue lines) using the Kurkijar̈vi model reveal a domain wall depinning energy
barrier of 0.166 ± 0.001 eV. (b) Linear fitting in the log−log plot of d2R/dT2 versus the reduced temperature Γ = (T − TC)/TC in the temperature
range of 300−320 K, yielding a critical exponent of α = 0.07 ± 0.01 in the power-law relation of d2R/dT2 ∝ Γ−(1+α). The inset shows the
temperature-dependent curve near the Curie temperature under zero magnetic field.
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where υ = 5 Oe/s is the magnetic field sweeping rate in this
study. To extract the energy barrier height E0, temperature-
dependent MR measurements were performed on the Mn5Ge3
nanowire, and the results are given in Figure 3b, whose arrows
track the abrupt jumps in the MR curves. The switching field of
the last abrupt jump at each temperature is marked by blue and
green arrows, regarding as the major depinning field. The
temperature-dependent depinning fields are then replotted as
solid symbols in Figure 4a for both forward (trace 1, blue
squares) and backward (trace 2, green dots) magnetic field
sweepings. The solid lines are fitted curves using the above
Kurkijar̈vi model. In eq 3, only E0 and H0 are treated as the
fitting parameters. The attempt rate τ0 is typically in the range
of 108−1012 Hz, and here we assume a constant value of τ0 =
1010 Hz. The value of Hd(T)/H0 varies roughly between 0.4
and 1.0 in the fitting temperature range of 50−150 K, and here
an average value of 0.7 is used. The fitted E0 (H0) is 0.167 eV
(990 Oe) and 0.165 eV (1062 Oe) for the forward and
backward magnetic field sweepings, respectively. The values of
the energy barrier height are very close for both magnetic field
sweeping directions, consistent with the symmetric switching in
the MR curves shown in Figure 3. It is worth noting that the
fitted values of E0 and H0 are not sensitive to the given values
for τ0 and Hd(T)/H0. The parameter changes in the range of
108 Hz ≤ τ0 ≤ 1012 Hz and 0.4 ≤ Hd(T)/H0 < 1 would only
lead to a variation within 15% for the fitted value of E0 and less
than 1% for that of H0 (see the Supporting Information),
suggesting that our fitting results are justified.
Finally, to understand the nature of the second-order

magnetic phase transition at the Curie temperature, the d2R/
dT2 curve of the Mn5Ge3 nanowire under H = 0 Oe was
revisited, as shown in the inset of Figure 4b. The critical
behavior near the transition temperature can be described with
the universal scaling hypothesis, which consists of a set of
equations that relate various critical-point exponents.44 For
example, a simple scaling law α + 2β + γ = 2 relates the
exponents α, β, and γ describing the specific heat Cp ∼ |Γ|−α,
the magnetization M ∼ |Γ|−β and the isothermal susceptibility
χT ∼ |Γ|−γ as T approaches TC. Here Γ = (T − TC)/TC is the
reduced temperature. Those exponents offer a systematic
characterization of underlying phase transitions, which can be
accordingly categorized into different universality classes, such
as 2D Ising, 3D Heisenberg, as well as mean field theory
models, despite of different structures and transition temper-
atures.44,45 As discussed previously, the revelation of the critical
behavior from the magnetization information is prevented in
the present system, resulting from the weak magnetic signal
from an individual Mn5Ge3 nanowire. In conventional
ferromagnetic metals, the specific heat curve is proportional
to the dR/dT curve at the critical point,46,47 since the same
electron scattering mechanism in the spin−spin correlation
would dominate both dR/dT and the specific heat as T tends to
TC from above.30 In other words, the critical exponent α in the
specific heat is the same as that in dR/dT, which has been
experimentally verified in various material systems such as iron
and gadolinium.48,49 Assuming this relation holds, here we
discuss an alternative approach to obtain the critical exponent α
from the resistance anomaly near the magnetic phase

transition,50 which can be characterized by a power-law
relation, as derived from the scaling hypothesis function:51
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B T T
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T T
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d

2

2
C

(1 )
C

(5)

As shown in Figure 4b, the linear fitting in the log−log plot
of d2R/dT2 versus Γ in the temperature range of 300−320 K
yields a critical exponent of α = 0.07 ± 0.01. Note that this
value dramatically deviates from both the long-range mean field
model (α = 0) and the nearest neighbor 3D Heisenberg model
(α = 0.134).45 Also, the 1D Ising model, describing an ideal 1D
lattice, has no phase transition; hence clearly it does not apply
to our system. Such a deviation may arise from the variation of
dimensionality from 3D in bulk systems to 1D in nanowires,
which clearly requires further theoretical justification. Noted
that the similar deviation from theoretical models was also
reported in the acquisition of critical exponent β from
temperature-dependent magnetization measurements on 2D
Mn5Ge3 thin films,19 and it was attributed to the finite size
effect.52 Nevertheless, our experimental results offer a practical
approach to investigate the nature of magnetic phase transitions
in 1D systems through electrical transport measurements.

Conclusions. In conclusion, this work presented a system-
atic study on the electrical transport study of magnetic phase
transition and domain wall motion in a ferromagnetic Mn5Ge3
nanowire. The single-crystalline Mn5Ge3 nanowire was
fabricated through the thermal reaction between a Ge nanowire
and Mn contacts, which fully converted the Ge nanowire into a
Mn5Ge3 nanowire upon RTA at 450 °C. R−T measurements
on the Mn5Ge3 nanowire were performed to electrically probe
the magnetic phase transition at the Curie temperature of about
300 K. The nature of the critical behavior accompanied with
this phase transition was characterized using a power-law
relation in d2R/dT2 with a critical exponent of α = 0.07 ± 0.01.
Magnetic field-driven phase transition was also demonstrated
with applied axial and radial magnetic fields of 45 and 90 kOe,
and the effective Curie temperature was increased to about 319
and 322 K, respectively. Besides, a possible magnetic transition
between noncollinear and collinear ferromagnetic states in the
Mn5Ge3 lattice resulted in a cusp feature in the dR/dT and
MR−T curves. Significantly, the domain wall dynamics in the
Mn5Ge3 nanowire were investigated by temperature-dependent
MR studies. Unlike the relatively smooth change in the radial
MR, the axial MR showed symmetric stepwise features, in
which the abrupt jumps in the nanowire resistance were
attributed to the magnetic field-driven domain wall motion in
the Mn5Ge3 nanowire. From the temperature-dependent
depinning field, the energy barrier was estimated to be about
0.166 eV based on the Kurkijar̈vi model that describes the field-
driven domain wall depinning as thermally assisted escape from
a single energy barrier. This magneto-transport study on the
Mn5Ge3 nanowire advances the fundamental understanding of
its ferromagnetic properties, including the magnetic phase
transition and domain wall motion. Therefore, our work serves
as an important step toward the realization of electrical spin
injection from Mn5Ge3 into Ge in the Mn5Ge3/Ge/Mn5Ge3
nanowire transistor and further to build Ge nanowire-based
spinFETs.

Nano Letters Letter

dx.doi.org/10.1021/nl303645k | Nano Lett. 2012, 12, 6372−63796377



■ ASSOCIATED CONTENT
*S Supporting Information
Fitting results of the temperature-dependent depinning
magnetic field; R−T curves under different gate bias voltages.
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: wang@ee.ucla.edu, ljchen@mx.nthu.edu.tw.

Author Contributions
⊥These authors contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was in part supported by Western Institution of
Nanoelectronics (WIN) and the Focus Center on Functional
Engineered Nano Architectonics (FENA). The authors also
acknowledged the support from National Science Council
through Grant No. NSC 101-2221-E-007-078, NSC 100-2628-
E-007-029-MY2, the Ministry of Economic Affairs, Taiwan
(101-EC-17-A-09-S1-198), National Tsing Hua University
(100N2060E1, 100N2041E1), and the assistance from Center
for Energy and Environmental Research, National Tsing Hua
University.

■ REFERENCES
(1) Wu, Y.; Xiang, J.; Yang, C.; Lu, W.; Lieber, C. M. Single-Crystal
Metallic Nanowires and Metal/Semiconductor Nanowire Hetero-
structures. Nature 2004, 430, 61−65.
(2) Hu, Y.; Xiang, J.; Liang, G.; Yan, H.; Lieber, C. M. Sub-100
Nanometer Channel Length Ge/Si Nanowire Transistors with
Potential for 2 THz Switching Speed. Nano Lett. 2008, 8, 925−930.
(3) Lin, Y.-C.; Lu, K.-C.; Wu, W.-W.; Bai, J.; Chen, L. J.; Tu, K. N.;
Huang, Y. Single Crystalline PtSi Nanowires, PtSi/Si/PtSi Nanowire
Heterostructures, and Nanodevices. Nano Lett. 2008, 8, 913−918.
(4) Burchhart, T.; Lugstein, A.; Hyun, Y. J.; Hochleitner, G.;
Bertagnolli, E. Atomic Scale Alignment of Copper-Germanide
Contacts for Ge Nanowire Metal Oxide Field Effect Transistors.
Nano Lett. 2009, 9, 3739−3742.
(5) Tang, J.; Wang, C.-Y; Xiu, F.; Hong, A.; Chen, S.; Wang, M.;
Zeng, C.; Yang, H.-J.; Tuan, H.-Y.; Tsai, C.-J.; et al. Single-Crystalline
Ni2Ge/Ge/Ni2Ge Nanowire Heterostructure Transistors. Nanotech-
nology 2010, 21, 505704.
(6) Tang, J.; Wang, C.-Y.; Xiu, F.; Lang, M.; Chu, L.-W.; Tsai, C.-J.;
Chueh, Y.-L.; Chen, L.-J.; Wang, K. L. Oxide-Confined Formation of
Germanium Nanowire Heterostructures for High-Performance Tran-
sistors. ACS Nano 2011, 5, 6008−6015.
(7) Tang, J.; Wang, C.-Y.; Hung, M.-H.; Jiang, X.; Chang, L.-T.; He,
L.; Liu, P.-H.; Yang, H.-J.; Tuan, H.-Y.; Chen, L.-J.; Wang, K. L.
Ferromagnetic Germanide in Ge nanowire Transistors for Spintronics
Application. ACS Nano 2012, 6, 5710−5717.
(8) Lu, K.-C.; Wu, W.-W.; Wu, H.-W.; Tanner, C. M.; Chang, J. P.;
Chen, L. J.; Tu, K. N. In situ Control of Atomic-Scale Si Layer with
Huge Strain in the Nanoheterostructure NiSi/Si/NiSi through Point
Contact Reaction. Nano Lett. 2007, 7, 2389−2394.
(9) Tang, J.; Wang, C.-Y.; Xiu, F.; Zhou, Y.; Chen, L.-J.; Wang, K. L.
Formation and Device Application of Ge Nanowire Heterostructures
via Rapid Thermal Annealing. Adv. Mater. Sci. Eng. 2011, 2011,
316513.
(10) Lin, Y.-C.; Chen, Y.; Shailos, A.; Huang, Y. Detection of Spin
Polarized Carrier in Silicon Nanowire with Single Crystal MnSi as
Magnetic Contacts. Nano Lett. 2010, 10, 2281−2287.

(11) Dimoulas, A.; Tsipas, P.; Sotiropoulos, A.; Evangelou, E. K.
Fermi-Level Pinning and Charge Neutrality Level in Germanium.
Appl. Phys. Lett. 2006, 89, 252110.
(12) Zhou, Y.; Han, W.; Wang, Y.; Xiu, F.; Zou, J.; Kawakami, R. K.;
Wang, K. L. Investigating the Origin of Fermi Level Pinning in Ge
Schottky Junctions Using Epitaxially Grown Ultrathin MgO Films.
Appl. Phys. Lett. 2010, 96, 102103.
(13) Schricker, A. D.; Joshi, S. V.; Hanrath, T.; Banerjee, S. K.;
Korgel, B. A. Temperature Dependence of the Field Effect Mobility of
Solution-Grown Germanium Nanowires. J. Phys. Chem. B 2006, 110,
6816−6823.
(14) Zhang, S.; Hemesath, E. R.; Perea, D. E.; Wijaya, E.; Lensch-
Falk, J. L.; Lauhon, L. J. Relative Influence of Surface States and Bulk
Impurities on the Electrical Properties of Ge Nanowires. Nano Lett.
2009, 9, 3268−3274.
(15) Wei, L.; Ping, X.; Lieber, C. M. Nanowire Transistor
Performance Limits and Applications. IEEE Trans. Electron Devices
2008, 55, 2859−2876.
(16) Zhang, L.; Kang, Z.; Wang, R.; Huang, R. A Comprehensive
Study on Schottky Barrier Nanowire Transistors (SB-NWTs):
Principle, Physical Limits and Parameter Fluctuations. Int. Conf.
Solid-State Integrated-Circuit Technol. 2008, 157−160.
(17) Zhang, Y.; Wan, J.; Wang, K. L.; Nguyen, B.-Y. Design of 10-
nm-scale Recessed Asymmetric Schottky Barrier MOSFETs. IEEE
Electron Device Lett. 2002, 23, 419−421.
(18) Panguluri, R. P.; Zeng, C.; Weitering, H. H.; Sullivan, J. M.;
Erwin, S. C.; Nadgorny, B. Spin Polarization and Electronic Structure
of Ferromagnetic Mn5Ge3 Epilayers. Phys. Status Solidi B 2005, 242,
R67−R69.
(19) Zeng, C.; Erwin, S. C.; Feldman, L. C.; Li, A. P.; Jin, R.; Song,
Y.; Thompson, J. R.; Weitering, H. H. Epitaxial Ferromagnetic Mn5Ge3
on Ge(111). Appl. Phys. Lett. 2003, 83, 5002−5004.
(20) Olive-Mendez, S.; Spiesser, A.; Michez, L. A.; Le Thanh, V.;
Glachant, A.; Derrien, J.; Devillers, T.; Barski, A.; Jamet, M. Epitaxial
Growth of Mn5Ge3/Ge(111) Heterostructures for Spin Injection. Thin
Solid Films 2008, 517, 191−196.
(21) Picozzi, S.; Continenza, A.; Freeman, A. J. First-Principles
Characterization of Ferromagnetic Mn5Ge3 for Spintronic Applica-
tions. Phys. Rev. B 2004, 70, 235205.
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