
Modification of magnetotransport properties across patterned GaMnAs
nanoconstrictions by application of high current densities

Sung Un Cho,1 Hyung Kook Choi,1 Chan Uk Yang,1 Yun Daniel Park,1,a�

Fabio C. S. Da Silva,2 Teresa Osminer,2 and David P. Pappas2

1Department of Physics and Astronomy, Seoul National University, NS 50, Seoul 151-747,
Republic of Korea
2National Institute of Standards and Technology, Boulder, Colorado 80305, USA

�Received 3 April 2009; accepted 18 June 2009; published online 17 July 2009�

We report on modifications in the magnetotransport properties across patterned GaMnAs
nanoconstrictions by the application of high current densities ��107 A /cm2�. Initially, we observe
controllable changes in the electrical resistance with the direction of the bias current. Repeated
biases at high current densities greatly increase the constriction resistances. Subsequent biasing and
magnetotransport measurements show nearly a fourfold increase in the magnetoresistances and large
changes in the magnetic switching behavior of GaMnAs. The initial reversibility of the changes in
resistance suggests that dopant electromigration may locally alter the interstitial concentrations of
Mn at the nanoconstriction. © 2009 American Institute of Physics. �DOI: 10.1063/1.3182720�

Carrier-mediated ferromagnetism in GaMnAs-diluted
magnetic semiconductors has attracted considerable interest
both for fundamental research and in the development of
spintronic semiconductor devices.1 The unique correlations
between the magnetic and electronic properties of GaMnAs
�Ref. 2� have resulted in the demonstration of unconven-
tional manipulation of its magnetic properties, such as by
electric fields3 and strain.4 In addition to intrinsic magne-
totransport effects such as anisotropic magnetoresistance
�AMR� �Ref. 5� and anomalous Hall effect,6 phenomena such
as spin-dependent scattering7 �spin-valve�, tunneling8 �mag-
netic tunnel junction�, and current-induced domain wall
motion9 have also been demonstrated in GaMnAs. Likewise,
the phenomenon of magnetotransport, particularly spin-
dependent transport across a lateral nanoconstriction, has at-
tracted significant attention. In patterned constrictions from
ferromagnetic transition metal thin films, there have been
several reports10–12 of controllably reducing the physical di-
mensions by the electromigration of metallic ions at high
current densities. In GaMnAs, reduction in constriction di-
mensions is primarily limited by standard nanofabrication
processing techniques.4,13–15 In this letter, we investigate how
applying repeated biases of high current densities can alter
the magnetotransport properties across a GaMnAs nanocon-
striction.

The Mn ion in GaMnAs is ambipolar depending on
whether it is substitutional �MnGa� or interstitial �MnI�. The
Mn ion acts as a shallow acceptor or as a deep-level double
donor depending on whether it is substitutional or interstitial,
respectively. Typically, although a small at. % of Mn is in-
corporated into the host GaAs matrix, the observed magnetic
properties have been attributed to only a fraction of the Mn
concentration,2 i.e., to those Mn ions that are located at the
group III �Ga� site. On the other hand, MnI ions as well as
Mn–Mn complexes degrade the magnetic properties of GaM-
nAs. MnI is a double donor, which effectively reduces the
hole carrier concentration and electrical conductance; in the

case of Mn–Mn complexes, the nearest-neighbor complexes
are antiferromagnetically coupled. Nevertheless, researchers
have found that annealing as-grown GaMnAs at growth tem-
peratures of approximately 250 °C increases the hole carrier
concentration �p� and magnetic ordering temperatures �TC�.1

Such drastic improvements in p and TC are thought to be
caused by the thermal diffusion of nonsubstitutional Mn ions
to the surface of GaMnAs with an energy barrier of 0.7 eV
�Refs. 16 and 17�. Annealing at temperatures much higher
than 250 °C brings about a decrease in both p and TC, as
MnGa begins to precipitate, forming nanometer-sized inter-
metallic MnAs particles.18 At reduced dimensions such as
those found in a nanoconstriction, the effect of self-annealing
caused by Joule heating or other mechanisms on the magne-
totransport properties have not yet been addressed.

First, we pattern lateral constrictions in GaMnAs nano-
wires. The geometry of the patterned nanoconstrictions is
expected to enhance the current densities and electric fields
and act as an efficient pinning site for magnetic domain
walls. First, a 100 nm Ga1−xMnxAs �x�0.05� /50 nm low-
temperature �LT�-GaAs buffer/semi-insulating-GaAs �001�
substrate is prepared by LT molecular beam epitaxy. The
details of this process can be found elsewhere.19 After
growth, GaMnAs nanowires �width: 800 nm and length:
10 �m� with 20–100 nm nanoconstriction are patterned by
e-beam lithography and selective wet chemical etching.15

The axis of the nanowire is along the �110� direction. A
typical scanning electron microscopy �SEM� micrograph of
the resulting nanoconstrictions is shown in Figs. 1�a� and
1�b�. After the patterning of the nanoconstriction, electrical
contacts �Ti �20 nm�/Au �200 nm�� are made to the nano-
wires using standard photolithography techniques and in-
volving e-beam evaporation and subsequent lift-off. The
nanoconstriction devices are wire-bonded and their magne-
totransport properties are characterized in a modified com-
mercially available magnetocryostat at 5 K with applied
magnetic fields of up to 7 T. The nanowire is biased by a dc
current source and the potential across the nanoconstriction
is measured using a nanovoltmeter. Figure 1�c� shows the
temperature dependence of normalized resistance for various
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as-patterned �AP� nanoconstrictions and the corresponding
standard Hall bar structure. All temperature dependences in
nanoconstriction resistance, except that of the highest resis-
tance, show a local anomaly, a shoulder, near TC. Although
such anomalies have been associated with ferromagnetic
“metallic” GaMnAs �Ref. 2�, it is not clear whether absence
of such anomalies indicate such AP nanoconstrictions as
nonmagnetic. Nevertheless, we will now concentrate on
nanoconstrictions that show local peak in temperature depen-
dence of resistance near TC.

GaMnAs nanoconstrictions are biased similar to that in a
feedback-controlled electromigration process.20 Since the re-
sistivity of GaMnAs ���5 m� cm at T=5 K� is several
orders of magnitude higher than that of metals, the current
rather than voltage is specified and varied. At cryogenic tem-
peratures �T=5 K�, the bias current is slowly increased
while the voltage drop across the nanoconstriction is moni-
tored. Initial current bias �IB� sweeps �duration: �60 s� are
accompanied by changes in nanoconstriction resistances
�RNC�. The bias current for a particular nanoconstriction is
limited to a current value �IB

Max� a posteriori depending on
the initial RNC value. At this point, the bias current is lowered
and then increased again to IB

Max. The resulting changes in
resistance across the nanoconstriction ��RNC� of a represen-
tative sample are plotted as a function of a series of IB
sweeps �Fig. 2�a��. The values of IB

Max vary from

50–1000 �A �or JB
Max�107 A /cm2� depending on the ini-

tial RNC value. For the nanoconstriction depicted, RNC at low
bias increases by more than threefold �from RNC�10 k� to
RNC�30 k��. Initially, nanoconstriction resistances �RNC�
are nearly independent with bias, but after several repeated
bias sweeps, nonlinear I-V characteristic becomes more evi-
dent with dRNC /dIB�0 �Fig. 2�a� inset�.

We can estimate an upper-bound change in the local
temperature ��TNC�50 K�TC� in terms of joule heating
effects by comparing �RNC /RNC with the resistance as a
function of temperature before applying IB

Max. Furthermore,
to determine whether the initial changes in RNC can be attrib-
uted to self-annealing, which is caused by joule heating ef-
fects, we perform the following experiment. We apply
�IB

Max �50 and 100 �A� for 2 s durations at T=5 K
and measure RNC with a reading current �Ir� of 1 �A
��0.02IB

Max� �Figs. 2�b� and 2�c��. We observe a relative
change in resistance, which depends on the direction of bias
current. We find that �RNC�0 for a particular bias direction
and that �RNC�0 for the opposite bias direction. Although
the dependence of �RNC on the direction of the bias current
reduces after several pulses, such behavior cannot be solely
attributed to self-annealing, which is caused by joule heating
effects �i.e., increase in �RNC cannot be solely attributed to
MnGa precipitation as such process is irreversible�.

In addition to �RNC, relative changes in Mn concentra-
tion near the nanoconstriction affect the magnetotransport
properties, particularly the magnetic switching characteris-
tics and MR values. In an extreme case, nanocrystalline
MnAs impurities have been found to increase the magnetic
coercivity of GaMnAs �Ref. 21�. Thus, at T=5 K between
successive sweeps of IB

Max �Fig. 2�a��, we conduct magne-
totransport measurements with Ir=3 �A and under an ap-
plied magnetic field of ��5 T along the axis of the nano-
wire. Reproducible increases in the MR ratio �MR
= �RNC�H�−RNC�0�� /RNC�0�� are observed when RNC is in-
creased up to �30 k� �Figs. 3�a� and 3�b��. In the case of a

FIG. 1. �Color online� �a� SEM micrograph of GaMnAs wire with nanocon-
striction. �b� Schematic illustration of the experimental setup. �c� Normal-
ized resistances as the function of the temperature for various AP nanocon-
strictions and the corresponding accompanying Hall bar with RNC=7 k�
�C1: Hall bar�, �C2� 12 k�, �C3� 31 k�, �C4� 60 k�, and �C5� 150 k� at
T=300 K.

FIG. 2. �Color online� �a� Observed RNC values as functions of IB for a
series of eight current bias sweeps at T=5 K and H=0 T. Small Roman
numerals indicate the nth bias current sweep �IB :0→ IB

Max→0�. The inset
shows a nonlinear IV response after the eighth current bias sweep �dotted
line depicts a ohmic response as a guide�. �b� Percentage change in resis-
tance �solid circle� across another nanoconstriction is observed for bias cur-
rent �open square� applied for a duration of 2 s at T=5 K. The relative
change in resistance �Ir=1 �A� across the nanoconstriction ��RNC� coin-
cides with the applied bias currents �IB= �100 �A�. �c� Plot of DR�t� /�t
plot for the values mentioned in �b�. For the first duration �IB=+100 �A�,
��R�t� /�t��0. During the second duration �IB=−100 �A�, ��R�t� /�t�
�0. Successive dependences of �RNC on the direction of the bias current
are found to become weaker.

FIG. 3. �Color online� �a� MR= �RNC�H�−RNC�0�� /RNC�0� as a function of
the RNC for the nanoconstriction depicted in Fig. 2�a� shows a marked de-
crease for RNC�30 k�. �b� MR measured at T=5 K for AP and after first
�i�, sixth �vi�, and eighth �viii� current bias sweeps. Increases in HC2 with
successive current bias sweeps are highlighted by the dotted line. �c� Cal-
culated dI /dV �conductance� as a function of the bias current across the
nanoconstriction at T=5 K after the fifth current bias sweep for various
applied magnetic fields �inset�. �d� Angular dependence of MR for another
nanoconstriction at 5 T after various bias current sweeps. The curves are
offset for clarity.
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particular nanoconstriction, we observe a nearly fourfold in-
crease in MR �with MR of 0.5% for AP and 1.7% after tenth
bias current sweep�. As RNC approaches 25.8 k� ��h /e2�,
i.e., the tunneling regime, the MR ratio begins to decrease
�Fig. 3�a��. After a series of bias sweeps, along with an in-
crease in MR, a large increase in HC2 is observed �Fig. 3�b��.
As mentioned previously, nonlinear I-V characteristics and
their applied magnetic field dependence are noted �Fig. 3�c��.

A similar dependence of RNC on MR and an angular
dependence11 �Fig. 3�d�� have been reported in Permalloy
�Ni0.8Fe0.2� break junctions,10 although the exact mechanisms
underlying these dependencies are most likely different. In
contrast, the switching behavior as a function of RNC differs
considerably in GaMnAs nanoconstrictions. The AMR re-
sponse across the GaMnAs constriction deteriorates after
successive sweeps to IB

Max, possibly due to successive in-
creases in defect concentrations within the junction. Further-
more, the magnetic switching behavior in Permalloy break
junctions reflects the shape anisotropy of the Permalloy leads
of differing dimensions. Here, initially the magnetotransport
measurements of the AP nanoconstrictions indicate small dif-
ferences between the magnetic coercivities �HC1 and HC2� of
the left and right leads, as expected; these differences are due
to small nonintentional differences in the lead dimensions.
After successive bias sweeps, large differences between HC1
and HC2 are found, such behavior may be explained in terms
of differences in Mn concentration across the nanoconstric-
tion.

Increases in RNC, MR, and HC2, which are due to the
repeated application of high bias currents at 5 K, cannot be
solely attributed to Joule heating effects. Even at the above-
mentioned current densities, it is not possible to fully at-
tribute Joule heating effects for long-term increases in RNC
since the local temperature at the nanoconstriction is signifi-
cantly lower than the temperature at which MnGa is expected
to readily precipitate. Such an increase in RNC would also
result in degradation of the magnetotransport properties, par-
ticularly MR. Another reason for the changes in RNC is
thought to be the relative change in the MnGa /MnI concen-
trations, similar to those observed during low-temperature
annealing studies. The increase in MR and the changes in
HC2 can be attributed to the relative changes in MnI concen-
tration. The long-term increase in RNC may be explained on
the basis of the defects generated due to the migration of the
MnI ions facilitated by vacancy defects. Transition metal-
doped semiconductors have been modeled as mixed
electronic-ionic conductors, and the transition metal ion dif-
fusion phenomenon influenced by a driving force is
well-studied.22 Analogous to the Mn ions in GaAs, substitu-
tional Cu ions �with rCu

2+ /rMn
2+�1� can also act as immo-

bile acceptors while CuI ions act as donors. Depth profiling
carried out to detect 64Cu in n-GaAs reveals a clear shift in
the profile of 64Cu due to the applied electric field attribut-
able to dopant electromigration of CuI ions.23

In summary, we have shown that the resistance across a
GaMnAs nanoconstriction undergoes controllable and re-
versible changes, initially. From the results of magnetotrans-
port measurements, we found considerable improvements in
MR values even with accompanying increases in RNC and
marked increases in the magnetic switching fields up to the

RNC that corresponds to the tunneling regime. However, the
changes observed cannot be solely attributed to the effects of
self-annealing due to joule heating effects. We believe that
dopant electromigration at the nanoconstriction might have
played an important role in the changes observed in magne-
totransport properties. Thus, further studies are required to
study this effect in more detail.
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