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Mn-doped GaAs semiconductors have generated great interest in current research regarding the evolution from a paramagnetic insulator to
a ferromagnetic metal governed by a carrier mediated exchange interaction. The interplay between the charge carriers in a semiconductor and
the electron spin of incorporated ferromagnetic metals can be utilized
for novel spin-sensitive spintronic devices. We have fabricated highly
Mn-doped, single-crystalline GaAs nanowires (NWs) by ion implantation at elevated temperatures to facilitate in-situ dynamic annealing.
To exploit these nanowires in spintronic applications, a detailed understanding of fundamental charge transport mechanisms is however
necessary. It is generally expected that new features, different from
any bulk counterparts, will emerge in systems with reduced dimensionality e.g. quasi-1D NWs. Here we report on a detailed study of
different charge transport mechanisms and localization-related effects
in single Mn-doped GaAs NWs in the temperature range from 300K to
1.6K, and with magnetic fields ranging from 0T to 8T. In general, the
resistance of the nanowires increases strongly from a few M* at 300K
to several G* at 1.6 K. More specifically, the temperature dependence
displays several different interesting regimes described by distinctly different models. Furthermore, the current-voltage (I-V) characteristics
becomes strongly non-linear as the temperature decreases and shows
apparent power-law behavior at low temperatures. In particular, we
interpret our transport data in the temperature range from 80K to
275K in terms of a variable range hopping process influenced by Mninduced disorder in the NWs. Below 50K the magnetotransport data
reveals a large negative magnetoresistance (MR) under both parallel
and perpendicular magnetic fields. We are presently developing models
to explain this large MR signal, including low-temperature transport
mechanisms and possible magnetic interaction between Mn ions.
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Mn-doped GaAs semiconductors have generated interest in current research
nanotechnologies research regarding the possibility to combine the two fundamental
properties of spin and charge of electrons to create novel spin-sensitive spintronic devices.
Due to Mn ions incorporated into GaAs are not only responsible for magnetic moments, but
they also act as acceptors providing holes that mediate ferromagnetic coupling between
the Mn spins.
Then, we have fabricated highly Mn-doped, single-crystalline GaAs nanowires (NWs) by
ion implantation at elevated temperatures to facilitate in-situ dynamic annealing [1]. To
exploit these NWs in spintronic applications, we report on a detailed study of different
charge transport mechanisms in the temperature range from 300K to 1.6K, and with
magnetic fields ranging from 0T to 8T. More specifically, the temperature dependence
displays several different interesting regimes described by distinctly different models.
Furthermore, the current – voltage (I – V) characteristics become strongly non-linear as the
temperature decreases. In particular, we interpret our transport data in the temperature
range from 50K to 300K in terms of a variable range hopping process influenced by Mninduced disorder in the NWs [2]. Below 100K the magnetotransport data reveals a negative
magnetoresistance (MR) under both parallel and perpendicular magnetic fields.

1) SiOx etching for NWs trenches
(Plasma Reaction Ion Etching);
2) NWs mechanically transferred
on SiOx /Si Substrate;
3) Spin Coating Process (PMMA
Resist layer on NWs/SiOx /Si);
4) Eletron – Beam Lithography
(EBL);
5) Development;
6) NWs etching (HCl/H2O) and
surface passivation
(NH4SX/H2O);
7) Thermal evaporation (Pd /Zn
/Pd on sample (NWs/SiOx/Si);
8) Lift-off.

ELECTRICAL PROPERTIES [2] AND MAGNETORESISTANCE

ION IMPLANTATION OF Mn INTO GaAs NWs [1]

Transport measurements were performed in a VariTemp
• GaAs NWs grown by MOVPE
superconducting cryomagnet system (Model 8T-SVM).
Au catalyst, VLS grown mechanism
• NWs resistance decreased: Non-Mn ≈ 200GΩ / Mn ≈ 500kΩ
Typical diameters: 40–80nm
• Estimated hole concentration ≈ 2 x1017 cm–3
• Implantation with Mn Ions (controllable and reproducible):
Fluencies: 2 x1015 to 2 x1016 ions/cm2
At RT, the non-linear I−V curve could be governed by
Ga1-xMnxAs with x up to about 5.0%
incoherent hole hopping between spatially adjacent energy
Implantation temperature:Room temperature,100oC–350oC states in the impurity band formed by the Mn+ implanted. The
expected I−V curve relation for a hopping process is given by
• Characterization: TEM
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Optical and SEM micrograph of a NW with contacts for 4-point resistance
measurements.

parameters, and p is determined by the slope of the double
logarithmic plot of W = d(log(1/R))/d(log(T)) versus T [4].
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where A is a constant which depends on the hopping distance
and the distance between the contacts on the NW.

Room
temperature

The resistance dependence on the temperature at bias of 100mV. Upper inset:
Plot of dlog(1/R)/dlog(T) versus T, where the red solid fitting lines were used to
extract the p-factors. Lower Inset: Arrhenius plot (p = 1 in Eq. III) of the
resistance data in the temperature interval 180K < T < 300 and ΔE = 90meV.
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Non-implanted GaAs NWs
and FFT diffraction pattern.

High electric field conditions (E > kBT/ea)
p
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where R0E and E0 are materials constants. E0 is proportional to
k BT0
I−V curve of a single GaMnAs NW at RT (circles - experimental data / red solid T0 as
(VII)
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curve - ﬁtting to Eq. I. The lower inset shows the strongly nonlinear I−V curves
at lower temperatures. The upper inset shows the (dI/dV) as a function of V−T.
Mn Implanted in GaAs NWs at
room temperature (RT) and NW
is partly amorphized.

Mn Implanted in GaAs NWs at high
temperature (350oC) in-situ dynamic
annealing and NW remains crystalline.
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At low temperature, the hopping conduction is associated
with hole jumping from occupied acceptors to empty ones,
and hopping conductivity is governed by the hopping
probability between impurity sites. At thermal equilibrium
(zero bias), the hopping probability is given by
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where kB is the Boltzmann constant and a is the localization
length of the hole wave function in the impurity band. The
hopping distance r varies with temperature, hence, Variable
range hopping (VRH). According to Mott [3], for a constant
density of states near the Fermi level,
p

Anneling in Vacuum (400oC) after
Mn Implanted in GaAs NWs at
RT and NW become crystalline.
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High magnification of Mn Implanted in
GaAs NW at 350oC-dynamic annealing.

(III)

where p = 1/4, 1/3, 1/2 or 1 for 3D, 2D, 1D systems, and
Arrhenius Equation, respectively. R0 and T0 are materials
.

CONCLUSION
• Room temperature implantation and subsequent annealing is not suitable to create single
crysalline GaAs NWs with a high Mn concentration;
• Implantation at high temperature results in highly Mn doped single crystalline GaAs NWs;
• TEM confirms that the NWs are single crystalline and the electrical data exhibits clear
evidence of disorder and a strong temperature dependence of resistance is observed;
• With E0 and T0 in Eq. VII, the localization length (a) is 1.1nm, it is in very good agreement
with the Mn acceptor Bohr radius;
• The transport is governed by variable range hopping at lower temperatures (50K < T < 180K);

Resistance ﬁtted (red solid line) to the VRH model with p = 1/4 (Eq. III) in 50K < T <
180K. Upper inset: Resistance as a function of electric ﬁeld and temperature. The red
solid line is a square ﬁt to the high-field data. Lower Inset: MR versus temperature for
perpendicular (_|_) and parallel (||) orientation of magnetic field relative to NW (only
one sweep direction is shown).

• At low temperatures and high electric ﬁeld, signs of ﬁeld-induced VRH are revealed;
• Large negative magnetoresistance is observerd at low temperature (1.6K) and no anisotropy.
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