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Abstract

We report measurements of magnetoresistance (MR) fluctuations in a weak disorder indium
nitride nanowire. The MR fluctuations are reproducible, aperiodic and symmetric in magnetic
field but are asymmetric upon reversal of bias direction. The fluctuations are analysed for both
perpendicular and parallel external magnetic field configurations in the light of tunnel
magnetoresistance at low field and impurity scattering at higher field. The asymmetry in bias

reversal is caused by breakdown of time reversal symmetry.

(Some figures in this article are in colour only in the electronic version)

Nanowires are a promising class of powerful materials, which,
together with controlled growth and organization, can open
avenues for next generation nano-scale electronic devices
[1]. Indium nitride (InN) is an interesting candidate for
these applications because of its revised direct band gap of
0.7-0.8 eV in the visible range [2—4]. Magnetoresistance (MR)
is the relative change in electrical resistance upon application
of a magnetic field and this has already found much scope
for application. It is our attempt to integrate these versatile
nanowire materials with advanced fabrication technology.
The state-of-the-art patterning techniques allow us to make
electrodes with very small separation so that the device falls
into the mesoscopic regime. In this paper we present the
interesting interplay between MR fingerprints and diffusive
electron transport in single crystal wurtzite InN nanowires in
both parallel and perpendicular magnetic field configurations.
In particular, the low field (within +1kGs) data show typical
signatures of tunnel magnetoresistance (TMR) while the high
field (up to £50kGs) data exhibit aperiodic, non-attenuating
fluctuations, which are a characteristic manifestation of the
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hypothesis [5] predicting a complete change in impurity
configuration in a sweeping magnetic field.

Single crystalline nanowires used in this device were
grown by guided stream thermal chemical vapour deposition
with trimethyl indium as indium source, ammonia as nitrogen
source and gold as catalyst [6]. The diameters of the wires
were in the range 35—120 nm with a typical length 15-20 pm.
The nanowires were first dispersed in isopropanol solution. A
few droplets of this solution were then placed on Si substrates
with micrometre-sized Pt/Ti measurement pads pre-fabricated
on a 300 nm thick SiO, oxide surface. Subsequently, nano-
scaled electrodes were fabricated by standard electron beam
lithographic technology, which served as inter-connectors
between nanowires and Pt/Ti pads. Electron beam writing
and identification of the positions of the dispersed nanowires
for e-beam exposure purpose were performed using a
field emission scanning electron microscope (FESEM). The
nanometre electrodes were made of Ni (50 nm) covered with
Au (50 nm) protection layer and were found to provide good
Ohmic contacts to the InN nanowires. The top-left inset of
figure 1 shows an FESEM image of the measured device. For
this device the wire diameter is about 80 nm and the separation
between the source and drain electrodes is approximately
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Figure 1. Differential resistance (dV,/d /) as a function of bias
voltage at T = 300 K (grey), 4.2 K (green), 0.55 K (blue) and 0.32 K
(red). The variation of the differential resistance Ry as a function of
temperature is plotted in the top-right inset, the red curve is for the
zero bias resistance while the green curve is the asymptotic
resistance. The top-left inset is an FESEM image of the nanowire
device under study. The left and central electrodes seen in the SEM
image are used to study the electron transport and can be labelled as
source and drain, respectively, for clarity and convenience in
discussions. The right electrode is used to estimate the contact
resistances. (Colour online.)

120nm.  The differential resistance measurements were
performed using a dc current/voltage amplifier equipped
with external bias inputs and two lock-in amplifiers (Signal
Recovery 7265) for measuring current and voltage signals
simultaneously. The resistance values at bias V, were obtained
by setting an appropriate offset voltage to the external bias
input and an excitation of 19.3 uV at 1.7 Hz.

Before discussing the transport characteristics and MR
signatures of this device, it is useful to understand the intrinsic
electronic properties of InN nanowires. It is widely believed
that clean InN surface has electron accumulation [7] unlike
other III-V semiconductors because its branch point energy
lies within the conduction band at the I'-point [8]. In InN
wires, the presence of nitrogen vacancies, residual hydrogen
and other unintentional impurities was reported [9], which is
responsible for the appearance of surface charge states, making
the wires a weak disorder system. We shall confirm this point
using the observed weak localization and MR fluctuations and
deduce the phase breaking length.

The FESEM of the measured device is shown in the left
inset of figure 1. The main panel shows the variation of
differential resistance Ry = dV;,/dI with bias V,,. The 1V,
characteristics (not shown) at room temperature are linear with
a linear resistance equal to 39 K2 and as the temperature is
lowered to 0.3 K, the IV}, characteristic becomes nonlinear:
the current at low bias voltages is suppressed whereas the
asymptotic resistanceincreases slightly to 47 K. This is in
contrast to the observed trend of decreasing resistance with
decreasing temperature in InN nanowires as reported by Chang
et al [9] in which the decreased resistance was attributed
to thermally induced structural changes while neglecting the

temperature dependence of the contact resistance. In our
device, this decreasing part is compensated by the increased
contact resistance due to fluctuation-induced tunnelling
conduction at the disordered wire—electrode interface [10].
From three-probe measurements, we extracted a contact
resistance of around 20 KS2. This number is in line with other
measured devices made with the same technique. Assuming
a similar contact resistance for other leads, the wire resistance
is estimated to be about 7KQ at T = 0.3 K. The observed
peak in differential resistance Ry = dV;,/dI at zero-bias can
be attributed to electron—electron interaction in a disordered
nanowire. At low temperatures, the IV}, characteristics can
be described by a power-law of a form I o V. [11]
with § = 0.07 at T = 0.32K. Due to the presence of
surface accumulation states, conduction electrons experience
scattering with random potential and the wire can be considered
as in the disorder regime. Coulomb interactions related to
charge redistribution between randomly positioned disorder
potential wells with varying strength were shown to deplete
the density of states at the Fermi level [12]. At higher
temperatures, the differential resistance peak is smeared as
seen from the grey and blue curves measured at 4 K and 300 K,
respectively.

The differential resistance peak was further studied in
several magnetic fields, as shown in figure 2(a). As would
be expected, the electron—electron interaction is not strongly
affected by the magnetic field and the overall shape of the
curves is preserved. To quantify the observation, we swept
the magnetic field and measured the differential resistance at
several fixed bias voltages. The recorded Ry—B curves are
depicted in figure 2(b) for perpendicular fields ramped back
and forth between —50kGs and +50kGs at T ~ 0.35K. The
differential resistance shows aperiodic oscillation, which is
symmetric in field and persists all the way to high magnetic
fields. The non-self averaging fluctuations are reproducible
and cannot be overlooked as noise.

In the weak disorder regime, one can associate the
MR fluctuations with impurity scattering, which enhances
[13] the electron—electron interaction described above. A
sweeping magnetic field may be viewed as to change the
impurity configurations, giving rise to the MR fluctuations.
In the mesoscopic regime the sample size is smaller than
or comparable to the phase breaking length and a zero-
bias universal conductance fluctuation (UCF) amplitude of
the order of e?/h is expected [14,15]. Since the contact
resistance does not contribute to the MR, it is subtracted from
the measured Ry and we obtained a conductance fluctuation
amplitude of about 0.15¢% / h (figure 3(a)). An estimate for the
phase breaking length L, can be obtained using the scaling law
of the form §G = (L/L,)~3/* proposed by Skocpol [16] and
discussed again by Beenakker and van Houten [17], where
L is the length of the wire between the electrodes. In our
case, L is about 120 nm, and using the observed amplitude
of conductance fluctuations, the phase breaking length is
estimated to be of the order of 34 nm. Phase coherence length
in InN nanowires has already been addressed meticulously as
a function of both temperature and wire size [18] and our data
are consistent with the reported results.
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Figure 2. (a) Differential resistance as a function of bias voltage in various perpendicular magnetic fields. (b) Magnetic field dependence of
differential resistance measured at various bias voltages. The vertical coordinate is the same as in (a). In (b) curves from the top are plotted
for V, = 0 to 1.2mV in steps of 0.3 mV and are not shifted. The magnetic field was ramped from —50kGs to +50kGs and to —50kGs. To

show reproducibility, cyan curves taken from another set of measurements are displayed on the same plot. All data shown in (a) and (b)
were taken at 7 &~ 350 mK using lock-in technique with 1.7 Hz, 19.3 4V excitation voltage. (Colour online.)
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Figure 3. (a) Conductance fluctuations normalized to ¢?/ h obtained from V;, = 0 trace in figure 2(b). (b) MR fluctuations measured at
Vb = +0.59 mV (red) and —0.58 mV (blue) in magnetic fields ramping back and forth between —50 kGs and +50kGs. (Colour online.)

In spite of the smallness of §G, we note that the MR
fluctuation pattern is symmetric with respect to sign reversal
of the magnetic field originating from Onsager’s relations of
reversibility [18,19]. The bias voltage dependence of the
MR fluctuations is less explored. As shown in figure 2(b),
upon increasing bias voltage three features are observed:
(1) the amplitude of MR fluctuations decreases, (2) the MR
patterns change with bias voltage, but certain correlation exists
and (3) the symmetry survives even at high bias voltages.
Increasing the bias voltage would increase the momentum
of electrons participating in the transport [20], surmounting
the counteracting electron-impurity scattering, leading to a
monotonic decrease in the MR fluctuations. However, since
the impurity configuration is not to be changed by the biasing
electric field, the MR patterns should retain. In reality, the bias
voltage causes a minute rearrangement of the charge impurity
configuration and gives rise to progression of the MR patterns.

This bias-driven rearrangement of impurities is reversible
and is confirmed by repeated measurements, shown as cyan
traces in figure 2(b). Identical patterns of the MR fluctuations
upon current reversal are suggested by Onsager’s relations.
However, as highlighted in figure 3(b), the patterns are
not identical even with the same magnitude of current (i.e.
bias voltage), implying that time reversal symmetry is not
preserved. We find that the symmetry of the MR patterns with

magnetic field reversal is much more robust in comparison with
the bias voltage reversal.

This interesting discrepancy has been observed in a few
diffuse metallic systems where MR is symmetric in magnetic
field and the asymmetry in electric field was attributed to
short phase breaking lengths and the absence of an inversion
symmetry centre [21]. As clearly seen in the amplitude of
our conductance fluctuations, we are in the mesoscopic limit
and the observed UCF asymmetry in bias reversal can be
understood in the light of Thouless energy. Thouless energy is
a measure of the diffusion broadening of eigen states, defined
as Er ~ h/tr ~ hD/L?, where tr is the diffusion time for
travelling through a sample of length L or Thouless time. In
our case Et is about 16 ueV using D = 3.4 x 107*m?s~!
[22] and L = 120nm. It was proposed that applied bias
voltages greater than Et/e result in an arbitrary change in
phase information [23] and this explains the observed MR
asymmetry and breakdown of time reversal symmetry at bias
voltage V, = 0.59 mV shown in figure 3(b).

Experimental study of this evolution requires more dense
data sets, which would be a subject for our future work.

The effect of magnetic field orientation on the magneto-
oscillation was also studied. In figure 4(a) we can clearly
see that the resistance fluctuations are hazier for the magnetic
field parallel to the wire direction compared with that for the
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Figure 4. (a) Differential resistance measured at various bias voltages in parallel magnetic fields ramping back and forth between —50 kGs
and +50kGs. (b) A blowup of the low field region showing TMR structures and the orange dotted lines corresponding to coercivity field of
the Ni electrodes. (c) Measured low field MR signatures from a different device, clearly identifying the switching field of Ni electrodes. The
X and Y labels are identical to that of main panels. The bias voltages for each curve (from top) are 0.053(black), 0.26(blue), 0.47(red),
0.67(green) and 0.88 mV (brown). The magenta traces are the data points for reverse magnetic field sweeps. Data were taken at

T = 190 uK and excitation voltage of 96 V. (Colour online.)

perpendicular field shown in figure 2(b). In both perpendicular
and parallel fields, there is a dip in the differential resistance
near 1kGs, and similar switching fields were reported for
the case of pure nickel nano-junctions [24,25]. Also
note these dips are prominent only for zero-bias resistance
and are smeared in high bias regions in both parallel and
perpendicular fields. These low field MR and hysteresis
signatures can be understood in the light of TMR which
originated from the difference in the spin density of states in
the two ferromagnetic electrodes in the antiparallel and parallel
magnetization configurations. At high bias voltages, typical
TMR structures with peak in Ry in antiparallel magnetization
are observed. However, at small bias voltages (see curve for
53 uV), we find a reversed TMR structure. Similar switching
from inverse TMR at low bias to normal TMR at high bias
has also been observed in three different systems. Firstly,
this phenomenon is reported in a Ni/NiO/Co system [26]
where they argued that there is a finite probability of spin
polarization inversion inside the oxide layer due to disorder
driven statistical variations. Secondly, Tan et al [27] have
also reported very similar switching in superlattices of Co—Fe
nanoparticles and highlighted the importance of electron—
electron Coulomb interactions prevalent at low bias and low
temperatures. Thirdly, the same behaviour reported in a
Ni/InAs/Ni Coulomb blockade system [28] was attributed to
spin filtering effects from the majority and minority bands
of the ferromagnetic leads. While the above examples are
of different systems, the underlying physics of the observed
switching behaviour remains the same, namely, the Coulomb
blockade effects. However, the precise consensus of the role
of electron—electron Coulomb interactions on the sign of TMR
is not available to date. We propose an intuitive explanation of
the observed signatures to serve as pointers for future efforts.
Recall that in figure 2(a), the high R4 value in the low bias
region is attributed to the strong electron—electron interactions,
resulting in the Coulomb blockade feature. Undoubtedly, there
is a clear relationship between the observed sign of TMR and

the electron—electron interaction. The low energy electron—
electron scattering events involving exchange interactions lead
to pronounced spin flips, and this has been theoretically
established using the quantum scattering approach in quantum
dots [29] and generalized to metals [30]. However, at high bias
the Ry is smaller and there is no significant contribution from
the electron—electron interactions (due to smaller scattering
cross-section [28]) and thus the normal TMR is restored. The
evolution from low field TMR structure to high field MR
fluctuations thus indicates a crossover from the spin-dependent
transport to scattering mediated transport at the surface.

In summary, we present MR signatures in both parallel
and perpendicular magnetic field configurations for a disorder
InN nanowire. Interesting symmetry effects upon reversal
of magnetic and electric fields on the electron transport are
discussed in the regime where impurity scattering plays a
significant role, observed in the form of magneto-fingerprints.
The use of ferromagnetic electrodes gives additional structures
at low magnetic fields, originating from typical TMR effects.
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