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We probe the magnetotransport properties of individual InAs nanowires in a field-effect transistor geometry.
In the low magnetic field regime we observe magnetoresistance that is well described by the weak localization
description in diffusive conductors. The weak localization correction is modified to weak antilocalization as the
gate voltage is increased. We show that the gate voltage can be used to tune the phase coherence length �l��
and spin-orbit length �lso� by a factor of 2. In the high field and low-temperature regime we observe that the
mobility of devices can be modified significantly as a function of magnetic field. We argue that the role of
skipping orbits and the nature of surface scattering is essential in understanding high-field magnetotransport in
nanowires.
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Electron transport in InAs nanowires has been studied
extensively1–5 because of the interest in high-mobility6

devices,3,7 low bandgap of 0.35 eV, ability to form ohmic
contacts,8 spin-orbit interaction,2,5,9 and coherent supercur-
rent transport.1 Nanowire-based devices have been consid-
ered to be one of the means to realize spintronic devices such
as the spin-dependent field-effect transistor �FET�,10 and one
of the desirable features of such a device is the tunability of
spin-orbit interaction.11 In order to better understand the
spin-orbit interaction and relaxation mechanisms, magne-
totransport measurements have been done on a network of
InAs nanowires2 at low magnetic fields. However, studying
electron transport in individual nanowires at both low and
high magnetic fields can provide additional insight into the
electron transport in nanowires, particularly since there is
strong evidence to suggest that in the case of InAs there is a
subsurface sheet of electrons that participates in the electron
transport together with the electrons in the volume.12–14

In our experiments we probe the low and high magnetic
field electron transports in individual InAs nanowires. Our
experiments improve on the earlier work that measured the
phase coherence length �l�� and spin-orbit interaction length
�lso� in a network of nanowires.2 Our measurements are dif-
ferent because the turn-on threshold of individual nanowires
varies ��5 V� due to the local electrostatic environment and
the nature of unintentional doping. We show that the phase
coherence length is a strong function of gate voltage; as a
result ensemble averaging using a network of wires can be a
simplification. Our measurements also indicate the tunability
of l� and lso. The high-field magnetotransport measurements
with the magnetic field perpendicular to the axis of the wire
show that the mobility of the electrons is significantly modi-
fied with magnetic field. We argue that the degree of surface
scattering, together with skipping orbits along the edges,
plays a significant role in determining the variation in mobil-
ity at high fields. Our experiments show that the high mag-
netic field transport provides a way to decouple the contri-
bution of scattering at the surface and or within the
volume15—this is an important challenge in understanding
electron and thermal transports in nanostructures.

The InAs nanowires used to make devices in this work

were synthesized in a metal organic vapor phase epitaxy sys-
tem using the vapor-liquid-solid �VLS� technique16,17 on a
�111� B-oriented GaAs substrate. All the measurements in
our work were done on wires 80–90 nm in diameter,
2–5 �m long, and oriented in the �111� direction.18 The
devices were fabricated by depositing the wires on a degen-
erately doped silicon wafer with 300 nm of thermally grown
SiO2. The electrodes were then defined by locating the wires
relative to a prepatterned markers using electron-beam li-
thography. After developing, the devices were loaded in a
sputtering chamber with an in situ low-power plasma etcher.
To ensure good ohmic contacts, amorphous oxide/resist resi-
dues were removed by in situ plasma etching before the
deposition of Cr �20 nm� and Au �80 nm� without breaking
vacuum. This procedure for fabricating ohmic contacts dif-
fers from the one reported in the literature using ammonium
polysulphide;8 however, we have consistently fabricated de-
vices with good ohmic contacts. Figure 1�a� shows the con-
ductance �G� of a device as a function of gate voltage �Vg� at
series of temperatures. The inset shows the schematic of the
device and measurement scheme.

To characterize the devices prior to magnetotransport
measurements we performed detailed transport measure-
ments on each device in the zero field to study the mobility
and on-off characteristics of the device as a function of tem-
perature; these measurements also allow us to confirm the
ohmic nature of the contacts. Figure 1�b� shows color scale
conductance plot of one such device as a function of tem-
perature from 4 to 290 K and Vg. Figure 1�c� shows the plot
of mobility as a function of temperature for the device shown
in Fig. 1�b�. The mobility was calculated by taking into ac-
count the device geometry and electrical characteristics.19–21

The variation in the mobility of the device as a function of
the temperature shows phonon scattering dominating at
higher temperatures, and around 30 K the mobility saturates
to indicate the residual contribution of impurity scattering.
Using the mobility of the devices at 4 K we can estimate
the mean-free path �le�40 nm� with Fermi wavelength
��F�30 nm� �at Vg=Vthreshold+5 V�. Considering the length
of the wire and diameter of wire we find that le� l, where l is
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the length of wire, and le�w, where w is the diameter of the
wire.

We next consider the magnetotransport measurements for
the nanowires at low magnetic fields as the density of carri-
ers is modified over a large range by tuning the gate voltage
from off to on state. In the data shown we vary the density of
electrons up to �5�1017 cm−3. Low magnetic field trans-
port measurements measuring the variation in conductance
as a function of magnetic field allow us to measure the phase
coherence length l� and spin-orbit relaxation length lso.

22–24

The increase beyond the Drude conductivity when an elec-
tron gas is subjected to low magnetic field is known as weak
localization �WL� and is due to the destruction of the con-
structive interference between time-reversed trajectories; in
the case of strong spin-orbit interaction this correction be-
comes negative, leading to a drop in conductance known as
weak antilocalization �WAL�.24 Figure 2�a� shows the color
scale conductance plot of one such device as a function of Vg
and B. The banded color scale accentuates the transition WL
to weak WAL regimes that exhibit an increase in conduc-
tance and decrease in conductance, respectively, as a func-
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FIG. 2. �Color� �a� Color scale conductance plot as a function of
gate and magnetic field at 1.7 K. The banded color scale is used to
accentuate the contours of the constant conductance. The weak an-
tilocalization is clearly seen at high gate voltages. The conductance
scale spans from 0 �blue� to 50 �S �red�. �b� Fits using ���B�
corrections as a function of B to two slices of the data shown in Fig.
2�a� at Vg=4.2 and 8.2 V. �c� Phase coherence length l� and lso

extracted from fits to the data shown in Fig. 2�a�. The diameter and
length of the nanowire is 90 nm and 3 �m, respectively.
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FIG. 3. �Color� �a� Color scale conductance plot of a device at
high magnetic field showing the turning on and off of the nanowire
FET as a function of magnetic field. The minimum and maximum
of the scale correspond to 0 �blue� and 11 �S �red�, respectively.
�b� Plot of mobility as a function of magnetic field for two devices
at 1.7 K. The data plotted in red correspond to the device for which
the color scale conductance plot is shown in Fig. 3�a�. Inset shows
the plot of on-state conductance as a function of B for the two
devices shown in Fig. 3�b�.
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FIG. 1. �Color� �a� Conductance as a function of gate voltage
�Vg� at various temperatures. The inset shows the device geometry
with the nanowires contacted with electrodes on a 300-nm-thick
silicon oxide on Si. The degenerately doped silicon serves as a gate.
�b� Color scale conductance plot of InAs nanowire FET as a func-
tion of temperature �4–290 K�. The minimum �blue� and maximum
�red� of the indicated color scale corresponding to 0 and 97 �S. �c�
Mobility as a function of temperature. The inset here shows the
scanning electron microscopy �SEM� image with a scale bar of
5 �m. The diameter of the wire is 90 nm.
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tion of magnetic field.22–24 The conductance can be fitted
based on the calculation of the conductance of a nanowire of
length l and diameter w with the magnetic field oriented
perpendicular to the direction of current flow. In our devices
le�w so we use this2,22,23 limit to analyze our data. The fits
for the data are shown in Fig. 2�b� at two different regimes,
namely, the WL and WAL, in the same device. The fitting is
based on the correction to conductivity, ���B�	 � 3

2 � 1
l�
2

+ w2e2B2

3
2 + 4
3lso

2 �−1/2− 1
2 � 1

l�
2 + w2e2B2

3
2 �−1/2�, in the presence of mag-
netic field B for a rectangular wire of cross-section w and
with e being the charge of an electron.

We have performed similar measurements on several
other devices, and qualitative features of the key analysis and
features are the same, and we discuss them in further detail.
Figure 2�c� shows the evolution of the phase coherence
length �l�� and spin-orbit length �lso�—a measure of the spin-
orbit interaction within the wire. We observe that there is a
continuous variation as a function of gate voltage. We ob-
serve peaklike features in the extracted values of l�; how-
ever, we do not understand the origin of these features. One
other interesting feature of our data is that there is a variation
in l� and lso even after the on-state conductance saturates. We
speculate that this could be a signature of the electric-field-
induced change in the spin-orbit interaction. Further experi-
ments with self-aligned gates that subject the FET channel to
the external electric field are required to better understand
some of these observations.

In our analysis we find that both l� and lso are both tuned
by Vg by a factor of 2. As the turn-on threshold of various
nanowire FET devices varies due to the local electrostatic
environment, the ensemble averaging over a network2 may
suppress mesoscopic effects. The origin of the variation in
magnitude of l� and lso could be due to a variety of reasons,
including Dresselhaus effect,25 the Elliot-Yafet
mechanism,2,26 and Rashba effect.27,28 Dresselhaus effect,25

which depends on bulk-induced asymmetry,28 should not
contribute because of the absence of spin splitting in the
direction of transport ��111��. Hansen et al.2 estimated relax-
ation due to Elliot-Yafet mechanism26,29 to be lso
�0.5–2 �m for similar nanowires. One can estimate for the
case of Rashba effect lso=
2�m�eE�0�−1 which can arise due
to the electric field �E� across the width of the wire due to the
gate, and for bulk InAs �Ref. 30� the effective mass m�

=0.023me and �0=117 Å2. If the lso varies between 200 and
100 nm, as observed in our experiments, this would imply a
voltage drop of �1.2 V as eE�0�10−11 eV /m across the
wire. However, experiments with bulk InAs in metal-oxide-
semiconductor field-effect transistor �MOSFET� geometry31

have observed values of eE�0�10−11 eV /m; such values
have been observed in heterostructures11 as well.

The estimate of lso from the latter two mechanisms using
bulk values is more than the observed lso. The work on InAs
MOSFETs,31 however, clearly shows the crucial role of elec-
trons at the interface of SiO2 and InAs,12,13 particularly at
low density of electrons �low Vg�;this also broadly explains
the trends seen in our data. There are possibly two mecha-
nisms: one dominates at low Vg corresponding to lso and �so
for a two-dimensional �2D� electron gas at the surface of the
nanowire and the other mechanism takes effect when the

electron density in the interior of the wire rises to affect the
contribution of electrons at the InAs and SiO2 interface. Fur-
ther experiments on InAs nanowires that are freely sus-
pended are needed to conclusively resolve the origin of the
mechanism.

We next consider the high magnetic field transport in
these nanowires. In the high magnetic field regime when the
width of the wire is comparable to the magnetic length
�lB=�
 /eB� which leads to a modification of the subband
structure9 and could be of interest for studying spintronic
systems. Additional effects of confinement become important
when the diameter of the radius of cyclotron orbits for the
electrons becomes smaller than the radius of the nanowire
�lc=
kF /eB�w /2�. We have probed high magnetic field
transport in InAs nanowires to study the variation in
magnetoconductance32,33 and mobility of electrons. In these
measurements the magnetic field is oriented perpendicular to
the axis of the nanowires. Figure 3�a� shows the plot of con-
ductance of a device as a function of B and Vg at 1.7 K. We
point out the main features of the data shown in Fig. 3�a�—
first, the slope G from off state to on state varies as a func-
tion of B, second, we see that the on-state conductance G
reduces as a function of B, and lastly, the change in the
Vthreshold as a function of B. Now, we discuss the first
observation—the slope G when the nanowire field effect
transistor �NWFET� turns on. Slope G is proportional to the
mobility � of the transistor via transconductance gm. Figure
3�b� shows plots of � as a function of B from two distinct
devices.

The plot of � �Refs. 7 and 19� as a function of B for the
data shown in Fig. 3�a� is depicted in red. The mobility in-
creases significantly from a value of 1200 cm2 V−1 s−1 at 0
T to about 2200 cm2 V−1 s−1 at 7.5 T. Figure 3�b� also shows
the plot of � as function of magnetic field for a second
device �marked blue� for which the mobility exhibits a sig-
nificant decrease, contrary to what is seen in the first device
�marked red�. In order to understand the microscopic origin
of these observations we have also performed measurements
on similar devices with the magnetic field pointing along and
perpendicular to the axis of the nanowire. We find the varia-
tion in conductance to be larger when the magnetic field is
pointed perpendicular to the axis of the nanowire. We must
note that there are device-to-device variations.

Magnetoconductance variation at high magnetic field
could be due to the variation in the contact resistance with
magnetic field due to spin-selective scattering at a nonohmic
contact; however, we have not used any magnetic materials
for fabricating the contact, and the temperature evolution of
conductance �Fig. 1�a�� indicates that the contacts are ohmic.
Our observation that the variation in � as a function of B is
dependent on the relative orientation of the axis of the wire
and magnetic field indicates that geometrical effects of elec-
tron trajectory are important; this has been observed by oth-
ers as well.34–37 At zero magnetic field the electron traverses
from one electrode to another via a series of scattering events
within the volume of the sample and the surface. In our
measurements we find that l� le, and as one increases the
magnetic field another length scale, lc, becomes relevant—
the cyclotron orbit radius—lc=
kF /eB. When lc�w /2, the
contribution of surface scattering can reduce leading to an
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increase in the mobility.38 For the data shown in Fig. 3�a� the
lc= 1.4�10−7

B�T� m and the crossover field �for w=80 nm� occur
at a value of 3.6 T. The concomitant change in Vthreshold can
also be understood due to the change in the screening of gate
voltage once the electrons are confined tightly to the surface,
and there are localized orbits within the volume of the
nanowires34 while lcw /2. This qualitative picture changes
if the nature of surface scattering is different. Device-to-
device variations result in different trends in the dependence
of � with B, as seen in the data from the two devices in Fig.
3�b�. The main difference between these two devices is their
� at 0 T. The drop in � as a function of B is something that
needs further detailed analysis beyond the scope of this
Rapid Communication. The unusual role of surface scatter-
ing is also seen in another aspect of our data—the evolution
of the conductance at a fixed electron density as a function of
magnetic field �shown in the inset of Fig. 3�b��. We observe
that in all our devices the conductance reduces at high mag-
netic fields, and for the case of narrow channels with diffuse
scattering negative magnetoresistance is expected.34 If one
considers only bulk scattering then this could also happen
when lc� le, and in our devices this will occur at B�3.6 T;
also when lc�w /2 crossover occurs. Surface roughness ef-

fects have been theoretically shown to be important39 in de-
termining transport length scales and may need to be consid-
ered. It is also essential to understand the role of the layer of
electrons confined close to the surface of InAs
nanowires12–14 as this could affect the nature of surface scat-
tering.

We have described detailed magnetotransport measure-
ments on individual InAs nanowires. We find that the lso can
be tuned by over a factor of �2. One possible explanation of
this tunability could be the transition from low to high den-
sity of electrons, changing the relative contribution of elec-
trons in the volume and those confined to the surface of
InAs.12,13 In the high magnetic field regime we find that tran-
sition in mobility occurs when the cyclotron orbit size be-
comes smaller than the width of the wire. These measure-
ments also indicate that surface scattering plays a crucial
role, and magnetic field can be used to tune the contribution
of the two scattering mechanisms in nanostructures.

We acknowledge the help of Vikram Tripathi, Shamashis
Sengupta, and V. Priya during the course of this work. This
work was supported by the Government of India.

*deshmukh@tifr.res.in
1 Y.-J. Doh et al., Science 309, 272 �2005�.
2 A. E. Hansen, M. T. Bjork, I. C. Fasth, C. Thelander, and L.

Samuelson, Phys. Rev. B 71, 205328 �2005�.
3 T. Bryllert, L. E. Wernersson, L. E. Froberg, and L. Samuelson,

IEEE Electron Device Lett. 27, 323 �2006�.
4 T. S. Jespersen, M. Aagesen, C. Sorensen, P. E. Lindelof, and J.

Nygard, Phys. Rev. B 74, 233304 �2006�.
5 C. Fasth, A. Fuhrer, L. Samuelson, V. N. Golovach, and D. Loss,

Phys. Rev. Lett. 98, 266801 �2007�.
6 We refer to the field-effect mobility as mobility in our work.
7 X. Zhou, S. A. Dayeh, D. Aplin, D. Wang, and E. T. Yu, Appl.

Phys. Lett. 89, 053113 �2006�.
8 A. Pfund, I. Shorubalko, R. Leturcq, and K. Ensslin, Appl. Phys.

Lett. 89, 252106 �2006�.
9 S. Debald and B. Kramer, Phys. Rev. B 71, 115322 �2005�.

10 S. Datta and B. Das, Appl. Phys. Lett. 56, 665 �1990�.
11 J. Nitta, T. Akazaki, H. Takayanagi, and T. Enoki, Phys. Rev.

Lett. 78, 1335 �1997�.
12 D. C. Tsui, Phys. Rev. Lett. 24, 303 �1970�.
13 L. O. Olsson, C. B. M. Andersson, M. C. Hakansson, J. Kanski,

L. Ilver, and U. O. Karlsson, Phys. Rev. Lett. 76, 3626 �1996�.
14 M. G. Betti, V. Corradini, G. Bertoni, P. Casarini, C. Mariani,

and A. Abramo, Phys. Rev. B 63, 155315 �2001�.
15 A. Ford et al., Nano Lett. 9, 360 �2009�.
16 X. Duan and C. M. Lieber, Adv. Mater. �Weinheim, Ger.� 12,

298 �2000�.
17 B. J. Ohlsson et al., Physica E 13, 1126 �2002�.
18 M. T. Bjork, A. Fuhrer, A. E. Hansen, M. W. Larsson, L. E.

Froberg, and L. Samuelson, Phys. Rev. B 72, 201307�R� �2005�.
19 W. Lu, J. Xiang, B. P. Timko, Y. Wu, and C. M. Lieber, Proc.

Natl. Acad. Sci. U.S.A. 102, 10046 �2005�.

20 D. R. Khanal and J. Wu, Nano Lett. 7, 2778 �2007�.
21 D. Wang et al., Appl. Phys. Lett. 83, 2432 �2003�.
22 B. L. Al’tshuler, A. G. Aronov, and B. Z. Spivak, JETP Lett. 33,

94 �1981�.
23 A. G. Aronov and Y. V. Sharvin, Rev. Mod. Phys. 59, 755

�1987�.
24 E. Akkermans and G. Montambaux, Mesoscopic Physics of Elec-

trons and Photons �Cambridge University Press, Cambridge,
England, 2007�.

25 G. Dresselhaus, Phys. Rev. 100, 580 �1955�.
26 R. J. Elliott, Phys. Rev. 96, 266 �1954�.
27 Yu. A. Bychkov and E. I. Rashba, J. Phys. C 17, 6039 �1984�.
28 E. I. Rashba, Physica E 34, 31 �2006�.
29 J. N. Chazalviel, Phys. Rev. B 11, 1555 �1975�.
30 W. Knap et al., Phys. Rev. B 53, 3912 �1996�.
31 T. Matsuyama, R. Kursten, C. Meissner, and U. Merkt, Phys.

Rev. B 61, 15588 �2000�.
32 J. P. Bird et al., J. Phys.: Condens. Matter 2, 7847 �1990�.
33 Y. Tserkovnyak and B. I. Halperin, Phys. Rev. B 74, 245327

�2006�.
34 C. W. J. Beenakker and H. van Houten, Solid State Phys. 44, 1

�1991�.
35 T. J. Thornton, M. L. Roukes, A. Scherer, and B. P. Van de Gaag,

Phys. Rev. Lett. 63, 2128 �1989�.
36 K. E. Aidala et al., Nat. Phys. 3, 464 �2007�.
37 J. F. Koch and C. C. Kuo, Phys. Rev. 143, 470 �1966�.
38 J. Heremans, C. M. Thrush, Y. M. Lin, S. Cronin, Z. Zhang, M.

S. Dresselhaus, and J. F. Mansfield, Phys. Rev. B 61, 2921
�2000�.

39 A. Lherbier, M. P. Persson, Y.-M. Niquet, F. Triozon, and S.
Roche, Phys. Rev. B 77, 085301 �2008�.

DHARA et al. PHYSICAL REVIEW B 79, 121311�R� �2009�

RAPID COMMUNICATIONS

121311-4


