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he electrical properties of metallic

nanostructures, which find a range

of applications in nanoscale devices
to circuits, are generally understood in
terms of the Fermi liquid (FL) theory.'™ In
the macroscopic scale, electron interaction
effects in simple metals, such as gold, silver,
etc., are weak and hence prohibit collective
non-Fermi liquid (NFL) behavior.”> However,
one-dimensional (1D) systems are special in
that they are expected to contain collective
excitations of a TLL®” even when the inter-
action is infinitesimally weak."*® Such ex-
citations have been claimed in a variety of
systems including 1D semiconductor hetero-
structures,”~ " nanowires'? and polymers,13
charge density wave nanowires,'® carbon
nanotubes,’>™"” atomic chains,'® etc. Strik-
ing phenomena like charge-spin separa-
tion,'® zero-bias anomalies (ZBAs),'® non-
universal conductance quantization,” and
unusual dependence of conductivity on
temperature'>'>'>' are often interpreted
as NFL effects in the quasi-1D regime. How-
ever, the evidence for NFL effects in metals is
rather sparse owing to difficulties associated
with the fabrication of stable 1D metallic
structures, unavailability of protocols to
synthesize such ultrathin nanostructures of
high quality, and lack of placement and
nondestructive contacting methods.

The prerequisite for the experimental reali-
zation of 1D systems involves confinement to
channels almost as narrow as the electron
Fermi wavelength, which in semiconductors
is on the order of a few tens of nano-
metres but can be nearly 2 orders of magni-
tude smaller in the case of metals. Current
experimental approaches for producing
1D/quasi-1D systems of metals range from
nanostrips fabricated using nanolithographic
edge technique,* polycrystalline metal wires
(10 nm or greater in diameter) by template/
lithographic techniques,®® or electron-beam
irradiation®' to monatomic break junctions.*>
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ABSTRACT Electrical transport measurements on ultrathin single-crystalline Au nanowires,
synthesized via a wet chemical route, show an unexpected insulating behavior. The linear response
electrical resistance exhibits a power-law dependence on temperature. In addition, the variation of
current over a wide range of temperature and voltage obeys a universal scaling relation that
provides compelling evidence for a non-Fermi liquid behavior. Our results demonstrate that the
quantum ground state in ultrathin nanowires of simple metallic systems can be radically different
from their bulk counterparts and can be described in terms of a Tomonaga—Luttinger liquid (TLL), in
the presence of remarkably strong electron—electron interactions.

KEYWORDS: Luttinger liquid - one-dimensional transport - gold nanowires - oriented
attachment process - Fermi liquid

Experiments showing weak localization* and
conductance quantization” have led to con-
siderable interest, but they can be addressed
adequately within the FL framework. In con-
trast, scanning tunneling microscopy studies
on atomic chains of gold reported very
recently'® showed distinct NFL characteristics
and constitute the only reported work in this
regime to date. The recent discoveries” 2 of
simple wet chemical synthesis protocols to
produce ultrathin single-crystalline Au nano-
wires (~2 nm in diameter) provide a new route
to probe the properties of molecular-scale
metal wires. In this method, attachment of
ultrafine nanoparticles (with a very narrow size
distribution) in the solution phase or on sub-
strates is facilitated by selective removal of
capping agent from specific crystallographic
facets and leads to the formation of long
ultrafine nanowires of uniform diameter amen-
able to transport measurements. We present
the electrical transport characteristics in these
wires, which are strongly suggestive of an NFL
behavior and emergence of 1D/quasi-1D TLL
even in a simple metallic system.

* Address correspondence to
nravi@mrc.iisc.ernet.in,
arindam@physics.iisc.ernet.in.

RESULTS AND DISCUSSION e

Ultrathin Au nanowires have been grown
directly on insulating (Si/SiO,) substrates.
Figure Ta—c illustrates transmission elec-

tron microscopy (TEM) images of such wires
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grown in the solution phase, at progressively higher
magnifications, showing long wires (>1 um long) on
the order of 2 nm diameter. The high-resolution TEM
image of a wire segment shows the single-crystalline
face-centered nature of the wires with the long axis
along a (111) direction. In general, growth of isolated
single nanowires to bunches (up to ~30) of nanowires
could be achieved by tuning the growth parameters.
On the Si/SiO, substrates, the nanowire bunches
consisted of laterally stacked or fused nanowires,
forming flat ribbons/strips. A symmetry-unrestricted
relaxation of the nanowires (1.8 nm diameter) using
density functional calculations (Supporting Information)
shows relaxation in the outermost layers of the nano-
wires while the core atoms maintain their bulk posi-
tions (Figure 1d).

Being among the thinnest single-crystalline nano-
wires ever measured, the challenging aspect of device
fabrication is attaching the electrical leads. First, the
wires are barely resolved in a field-emission SEM,
making it difficult to locate them. Prolonged expo-
sure to electron-beam or even mild heating results in
the disintegration of the wires into nanoparticles (see
Supporting Information). Second, their fragile nature
makes them unsuitable for standard electron-beam
lithography. A special fabrication route was hence
developed, where all lithography and device bonding
steps were carried out at room temperature (for details,
see Supporting Information). We found that the yield
percentage is remarkably enhanced with this modified
room temperature lithography as compared to the
conventional lithographic methods (Figure 2a). In ad-
dition, static electric charges acquired during imaging
and device fabrication were found to irrecoverably
damage the devices. We discovered that enclosing
the samples inside a custom-made humidifier, or even
adip in clean water for about 5 min, after SEM imaging
but before the device bonding, resulted in a high yield
(over 90%) as compared to ~12% without the humi-
difier (see Figure 2b). The humidifier serves as a uni-
form bath where the static charges accumulated
during lithography/imaging can be effectively dis-
charged without causing damage to the devices.
Figure 2¢,d shows typical two-probe and four-probe
devices, respectively, that were fabricated using the
modified method.

Electrical characterization of the nanowires consists
of current—voltage (/—V) measurement at fixed tem-
peratures down to ~5 K. In Figure 3a, the detailed
temperature dependence of /—V characteristics is
shown for a two-probe device. The |-V characteristics
were recorded in current-limiting mode, with a max-
imum current of 2—20 nA, depending on the device.
Within this range, the -V traces are linear at room
temperature in all devices, with the resistance varying
from ~50 kQ to 20 MQ2 without any systematic depen-
dence on the nanowire number or device length
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Figure 1. (a) Bright-field TEM image of an array of ultrathin
Au nanowires obtained by the wet chemical route. (b)
Higher magnification image recorded from a selected por-
tion of the parallel array of wires reveals the diameter of the
wire to be ~2 nm. A dark-field image of parallel wires is
shown in the inset. (c) High-resolution TEM image of a wire
segment revealing the interplanar spacing of 2.3 A corre-
sponding to {111} of fcc Au, indicating that the wires have
their long axis parallel to a (111) direction. (d) Density
functional calculations indicating the surface relaxation
with the core atoms intact in their bulk positions.

(~100—300 nm). The corresponding resistivity is about
2—1000 times larger than the specific resistivity re-
ported in thicker Au nanowires.?”?® In the four-probe
configuration, as shown in Figure 3b, the resistance of
the central segment (between V, and V_) of the
nanowire is very similar to its own two-probe resis-
tance, as well as that of the adjacent segments, without
any systematic scaling of resistance with the length of
the wire segment between voltage probes. This indi-
cates that the electrical transport in our nanowires is
different from that in conventional metallic systems
where resistance is related to the length of the wire via
a well-defined resistivity. However, the agreement
between the two-probe and four-probe resistance does
imply a relatively small contribution from the contacts.
Hence, in the remainder of the paper, we present data
and analysis from two-probe devices, with electrode
configuration similar to that shown in Figure 2c. Below
~80—100 K, the |-V traces become progressively
nonlinear with decreasing T, irrespective of the num-
ber of nanowires in the device, resulting in an unex-
pected insulating behavior. The /—V values were found
to vary similarly with T in the four-probe devices, as
well (Figure 3b), which establishes the behavior to be
an intrinsic property of the nanowires, rather than due
to deteriorating contact quality at low T.

Figure 3c shows the differential conductance d//dV
as a function of the source—drain bias V, which exhibits
a clear ZBA in the form of a sharp dip at V = 0. The
Altshuler—Aronov correction,® which treats electron—
electron interactions perturbatively as in a weakly
disordered metal, cannot explain the large changes in
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Figure 2. Device yield statistics for (a) the two different schemes of lithography and (b) for devices fabricated without and
with the humidifier. Green indicates the number of successful devices, while the failed ones are indicated in red. (c) Typical
two-probe device with contacts fabricated using the modified lithographic technique. (d) Four-probe device with current

leads (/,, I_) and voltage leads (V, V_).
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Figure 3. (a) Current—voltage (/I—V) characteristics of a two-
probe device for different temperatures. The /—V values
become nonlinear at low temperatures, revealing an insu-
lating behavior that is generic to all devices. (b) IV charac-
teristics of a four-probe device are shown for different tem-
peratures. The red dashed line is the two-probe /—V between
V. and V_ at 300 K, with a resistance (R,..y_ = 2.05 MQ) very
similar to the four-probe configuration (R;,,_ . v_ = 1.9 MQ),
establishing low contact resistance. The two-probe -V
from other parts (shown for the I, —V, segment as a green
dashed line) of the nanowire displays similar order of
resistance magnitude, as well (Ry,, = 4.3 MQ). (c) Strong
suppressions of the differential conductance (d//dV) at the
Fermi energy (Eg), for different T, indicative of a gap in the
density of states at Er. Note the change in the conductance G
at £, 0G ~ G.

the conductance that we observe (G ~ G). Another
crucial aspect of our devices was evident in the linear
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response regime (eV << kgT), where we discovered that
the increase in zero-bias resistance (R) followed a
power law with temperature, R o< T~ %, This is true for
over the entire temperature range with a varying from
~5.8 in devices with a single nanowire (within the
resolution of the scanning electron micrograph) to ~1
for devices with ~30 nanowires (Figure 4a).

In 1D systems, many processes®'% '>3* may lead
to power-law correlations in transport. However, since
the current flow in most devices, including in single
nanowires, occurs in multiple 1D channels, the inter-
action is expected to be short-ranged in nature,
making a 1D Wigner crystalline state®’ unlikely. The
variation of R does not fit a variable-range hopping™°
behavior in the presence of strong localization even at
low T values, which in disordered 1D systems is ex-
pected to vary as R ~ expl(To/T)""?] in both Mott and
Efros-Shklovskii processes in 1D (see Supporting
Information). This is also supported by the observation
that both R—T and the /—V characteristics were com-
pletely unaffected by magnetic field up to 8 T. Another
likely candidate is the environmental Coulomb block-
ade (ECB),*? in which tunneling into a quasi-1D channel
excites eigenmodes as in an LC transmision line which
predicts a. = 2Ze?/h, where Z is the line impedance.
The kinetic inductance for a single mode wire is
calculated as L = h/2evg, where vg is the Fermi velocity,
and the self-capacitance is C = 2mrege,/In(x/r), where x is
the distance to the leads and r is the radius of the
nanowire. This gives Z o< (L/C)"? ~ 18.6 kQ gives .~ 1.4
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Figure 4. (a) Normalized linear response resistance (R) as a function of temperature for four devices with different number of
wires. The numeric in the device code indicates the estimated number of nanowires in the device. In all cases, R increases with
decreasing T in a power law such that R «< T~*. The value of a is noted against the corresponding device. Inset shows the
variation of temperature exponent (o) with number of nanowires (n). For multiple-nanowire bunches, determination of n = W/D,
where W and D are width of the bunch and diameter of individual nanowires, respectively, is made difficult by intermittent
breaks and discontinuities. The solid line is a fit to demonstrate the variation of o to be in accordance with tunneling into a TLL.
(b) Scaling of IV characteristics at different temperatures within the model of tunneling into a TLL. The scaling for three devices
(with different number of nanowires) is shown. In all cases, the solid red line represents the functional form of eq 1 (see text).

that is nearly a factor of 4 lower than the experimentally
observed value.

A potential transport mechanism in this context
is tunneling into a TLL,' > which can naturally lead to
R ~ T°% where o is determined by the interaction
strength. The characteristic signature of tunneling into
TLL is a power-law correlation in the nonlinear regime
(eV > kT), where | o< V**', The variation of /(V,T) over
the entire range of V and T can be combined into a
single scaling relation®'?

2

(1

Tt veV
IV, T) = T S|nh<—2kBT>

o . yeV
1"(1 + > +12nkBT>

where y signifies the fraction of the applied voltage
that drops across the tunneling barrier(s)."> Figure 4b
shows the scaling of /(V,T) in three devices with differ-
ing number of nanowires. With Iy and vy as fit param-
eters, the |-V traces at different T collapse remarkably
well on the theoretically expected scaling relation
(eq 1), providing compelling evidence that the quasi-
particle excitations in the ultrathin Au nanowires could
indeed be represented by a TLL.

We now focus on the possible modes of tunneling in
our devices. Two scenarios, FL (leads)—TLL (nanowire)
and TLL—TLL, are schematically represented in Figure 5
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for a two-probe configuration. In the case of FL—TLL'®
(Figure 5a,b), the tunneling into and out of the nanowire
constitutes the dominant mechanisms. On the other
hand, in the case of TLL—TLL,'? the wire itself is disin-
tegrated by single or multiple scatterers (Figure 5¢,d),
with very little contribution from the leads. A dominant
FL—TLL tunneling is unlikely in our case as the two-
probe and four-probe resistances (Figure 3b) indicate
that the interfacial contact resistance is small compared
tothat of the bulk resistance, although quantum contact
resistance (h/2¢?) is difficult to be eliminated in such
small devices. The TLL—TLL picture with the resistance
due to backscattering at specific locations also explains
the unexpectedly large values of resistances which de-
pend on the tunneling amplitude corresponding to the
constituting barriers rather than the length or probe
configurations. To further validate this, an alternate strat-
egy of directly growing the wires between prefabricated
Ti/Au contacts was employed, which showed very similar
characteristics. No electron-beam lithography was car-
ried out after the growth of the nanowires in this case.
Since the nanowires grow and terminate at the Au leads,
the contacts are expected to be seamlessly integrated
to the nanowires, with a lower probability of external
residues on the wire surface or any structural degradation
of the wires during the lithography process. The |-V
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Figure 5. Schematic representation of the two possible
tunneling scenarios: FL—TLL, where tunneling into and/or
out of the wire gives the total impedance (a,b); and
TLL—TLL, wherein the tunneling in the bulk of the wire is
dominant over the contacts (c,d). The y is a direct indicator
of the number of dominant barriers present in the system: y
~ 1 (b,d) indicates a single strong scatterer, across which
most of the source voltage (V) drops. However, with multi-
ple barriers of comparable strengths, y < 1 (a,c).

characteristics, as illustrated in Figure 6a, of a typical
in situ grown device shown as the inset in Figure 6c,
bear close resemblance to the lithographically con-
tacted devices (Figure 3 and Figure 4). In spite of the
seamless contacting of the nanowires to the leads, the
room temperature resistance was found to be ~1 MQ,
which is on the same order as the lithographically
contacted devices. The linear response R exhibits
power-law dependence on T over the entire range,
with oo &~ 1, which is reasonable for a bunched nano-
wire device with ~40 nanowires (Figure 6b), confirm-
ing the TLL state. The scaling of the I(V,T) traces
according to eq 1 with y &~ 0.8 is shown in Figure 6c.
Strong support for the TLL—TLL tunneling was ob-
tained from the value of y in the scaling analysis where
we found that y &~ 1 in more than 80% of the devices.
This indicates that the transport is limited by one
dominant barrier across which most of the source
voltage gets dropped (see Figure 5b,d). Multiple bar-
riers of comparable impedance would, on the other
hand, give y < 1 as is indicated in Figure 5a,c. In the
TLL—TLL picture, strong thickness modulations in our
wires can arise not only from stacking faults or twin
boundaries in the wire but also from Rayleigh—Plateau
instability that has been shown to destabilize sub-
10 nm metal nanowires even at room temperature.®*
Indeed, these modulations could be resolved in many
of the nanowires (see Supporting Information). If the
modulations are strong enough to constrict the con-
ducting region below Af, strong backscattering of
quasiparticles from the bulk of the TLL could lead to
R > h/e* at low T. A strong scatterer of this form can
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Figure 6. (a) /—V characteristics of a multiple-nanowire
device grown in situ between two predefined Ti/Au con-
tacts. The magnitude of linear response resistance R and
temperature dependence of |-V characteristics bear close
similarity to lithographically contacted devices. (b) Nor-
malized R exhibits a power-law dependence on tempera-
ture with o ~ 1. (c) Scaling of the |-V traces at different
temperatures onto the theoretical curve defined by eq 1.
Inset: SEM micrograph of the device.

then disintegrate the wire, causing tunneling from one
end of a TLL to another."”

Itis then natural to ask: Can a 2 nm Au nanowire be a
1D/quasi-1D system? As the atomistic simulations in-
dicate, the density of states at the Fermi energy in
these wires is suppressed resulting in g > 1.2 nm,
which indeed is close to their diameter. Whether this is
from a single mode channel would require a complete
band structure calculation. However, assuming the
maximum observed is a =~ 5.8, corresponding to a
single mode wire in the strong backscattering regime,
we get the TLL parameter®® g from a.= 2/g — 2 as g ~
0.25. Taking the Coulomb interaction between the
electrons screened at the metallic leads,'?3? U ~ 4€?In-
(keL)/megehve (Kg, Ve, and L are Fermi wave vector, Fermi
velocity, and sample length, respectively, and ¢, = 1),
we get g ~ (2/U)"? ~ 0.2, agreeing remarkably well
with the experimental observation. In the case of
multiple channels with negligible interchain coupling,
a description involving parallel conductors is appro-
priate. However, in real systems, it is more realistic to
assume finite interchain coupling, with single particle
tunneling between the wires."? In this case, a = (2/N)
(1 + NU)? — 1], where N is the number of 1D
channels, with the same vg. The decrease in a with
increasing number of wires (inset of Figure 4a) closely
follows the theoretical expectation (solid line), provid-
ing additional support to the TLL picture.

CONCLUSION

In conclusion, we have demonstrated the first direct
evidence for strong correlations in a one-dimensional
system of a simple metal that leads to a possible
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breakdown of FL and the emergence of TLL behavior. The
value of g turns out to be very similar to semiconductor
nanowires'? and carbon nanotubes,'> implying remark-
ably strong electron—electron interaction for a metallic
system. From an application viewpoint, the extreme
sensitivity of a Tomonaga—Luttinger liquid to disorder
may set a fundamental limit for the fabrication of low-
resistivity interconnects for nanoelectronics applications.
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Supporting Information Available: Growth of nanowires is
detailed in sections ST and S2 and depicted pictorially in Figures
S1 and S2. Device fabrication procedure using the modified
lithography scheme is given in section $3.In Figure $3,Rvs T~ '/2
in a semilog plot for a sample nanowire device shows that a
variable range hopping model does not fit the data. Thickness
modulations in a nanowire due to Rayleigh instability is shown
in Figure S4, and the adverse effects that heating (or static
charges) can have on the wires are shown in Figure S5. Details of
density functional calculations can be found in section S4 and
Figure S6. This material is available free of charge via the
Internet at http://pubs.acs.org.
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