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ABSTRACT: Metallic point contacts (MPCs) with dimensions comparable to the
Fermi wavelength of conduction electrons act as electronic waveguides and might
operate as plasmon transmitters. Here we present a correlated study of optical and
conductance response of MPCs under irradiation with laser light. For elucidating
the role of surface plasmon polaritons (SPPs), we integrate line gratings into the
leads that increase the SPP excitation efficiency. By analyzing spatial, polarization,
and time dependence, we identify two SPP contributions that we attribute to
transmitted and decaying SPPs, respectively. The results demonstrate the role of
SPPs for optically controlling the transport in metallic nanostructures and are A S

important for designing opto-nanoelectronic devices.
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Metallic contacts with the lateral size of one atom have
shown to be ideal testbeds for probing novel low-
dimensional and quantum transport phenomena. Metallic point
contacts (MPCs) accommodate a small number of quantum
mechanical transport channels"” resulting in a conductance in
the order of the conductance quantum G, = 2¢*/h with the
elementary charge e and Planck’s constant h. Simultaneously
they represent the ultimate limit of miniaturization of an
electronic circuit, and much effort has been taken to explore
and actively control their electronic transport properties and to
elucidate potential functionalities. It has been reported before
that the conductance of MPCs can be strongly influenced by
irradiation with electromagnetic fields in the visible and near-
infrared range.””” The origin of the observed conductance
change is interpreted as photoassisted transport (PAT) caused
by the energy dependence of the quantum mechanical
transmission function.®

The typical geometry of the MPCs—a fine constriction
between two tapered leads with atomically fine tips—is close to
the one of bow-tie optical antennae, which are known to give
rise to pronounced enhancement of the local electromagnetic
field at the tips.”~"* The observed strong conductance changes
may thus have been influenced by local field enhancement as
well. Furthermore, it has been suggested that the excitation of
surface plasmon polaritons (SPPs) may additionally contribute
to the conductance changes.”™” The field enhancement of
optical antennae can be probed by the observation of
outcoupled light from an area close to the tips.' These
investigations have been performed mainly independent of
transport measurements, and only recently a correlation
between conductance and optical response of metallic tunnel
contacts has been reported,ls’m18 however not in the size
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regime of single-atom contacts, where pronounced sample-to-
sample variations are imminent,”* because the transport
properties depend on the exact atomic arrangement."” Here,
we present the first comprehensive analysis of the correlation
between SPP transmission and electronic transport through a
given single-atom or few-atom contact. We study the
contribution of SPPs to the conductance changes by
incorporating line gratings into the leads bridging between
the macroscopic electrodes and the constriction forming the
MPC. A detailed analysis of the optical response of the MPC
has been reported separately.” Since light illumination always
goes along with dissipation, special care has to be given to the
disentanglement of thermal and electronic effects.’””*° In
addition to the experiments we therefore perform time-resolved
finite element (FE) simulations elucidating the behavior of a
MPC specimen upon light irradiation to clearly discern
between the contribution of SPPs and of dissipated heat
becoming noticeable in thermal expansion to the conductance
change.

We use the mechanically controllable break junction (MCB]J)
technique to fabricate MPCs of gold at ambient conditions.>*"
By electron beam lithography we pattern a suspended Au
constriction on top of a flexible stainless steel substrate that was
before covered with an electrically insulating layer of polyimide.
The thickness of the gold layer is 100 nm and the length of the
constriction is about 2.5 pgm. Excitation gratings for the SPPs
are fabricated by focused ion beam (FIB) milling. A typical

Received: June 10, 2014

Revised:  July 31, 2014

dx.doi.org/10.1021/n1502165y | Nano Lett. XXXX, XXX, XXX—XXX


pubs.acs.org/NanoLett
http://pubs.acs.org/action/showImage?doi=10.1021/nl502165y&iName=master.img-000.jpg&w=164&h=99

Nano Letters

sample carrying line gratings in the leads is shown in Figure 1.
The details of the fabrication and the parameters of the gratings
are given in ref 19 and in the Supporting Information (SI).
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Figure 1. SEM picture of a sample showing the gratings 1, 2, and 3 on
the left and the right side of the constriction; the grating period is
about 760 nm with trenches of about 0.4 X 3.2 X 0.09 um? in length,
width, and depth. The distances d from the center of the gratings to
the MPC are about 21.6 ym, 6.0 ym, and 8.0 ym (the minus sign
indicates the position at the right side of the MPC).

The sample is mounted between fixed counter supports and
the pushing rod of a three-point bending mechanism (see
Figure S1 in the SI). By moving the pushing rod, the substrate
is bent elastically, resulting in an effective length change of the
constriction. The suspended part of the constriction reacts on
the mechanical strain by a change of the minimal cross section,
and thus a change of the electrical conductance is established.
The mounted sample is multidirectionally movable by a
motorized xyz-stage for adjusting the sample in the focal
plane of a laser illumination system with an accuracy of +250
nm.

Details of the optical microscope setup and the electronic
circuit are given in the SI. We use pulses of about 2.5 us
(fwhm) with a duty cycle of 1:18 of the laser diode (wavelength
780 nm) and a repetition rate in the 10 kHz regime for
inducing a conductance change. The absolute value of the light-
induced conductance change AG is recorded by lock-in
technique and by averaged time-resolved measurements
(time-resolution is about 2 ps). The polarization of the electric
field of the incoming light is either adjusted parallel (p-
polarization) or perpendicular (s-polarization) to the transport
direction. The spot diameter (fwhm) of the laser light at the
surface of the sample is about 1.7 ym, and the optical resolution
is about 800 nm.

In addition to the experiments we perform time-resolved
heat transport simulations for the given sample geometry and
materials. The simulations include the experimental details of
the illumination setup as spot diameter, polarization, and laser
power (for details see SI). From these simulations we extract
the time-dependent displacement of the illuminated lead along
the electronic transport direction toward the constriction as a
function of the position of illumination.

The disentanglement of thermal and electronic effects is a
challenging task in the field of electronic transport measure-
ments under light illumination.’””*° For separating these
effects we excite SPPs by line gratings that are several
micrometers away from the MPC, but still give rise to
significant conductance changes for moderate laser irradiation
and thus moderate heating of the overall sample. As shown in
ref 19, for p-polarization we excite a SPP mode traveling along
the air/gold interface with a decay length of roughly 12 ym. For
s-polarization we found a decay length in the same range, but
the measured SPP intensity at an arbitrary position along the
gold stripe is at least a factor 20 smaller than for p-polarization.

Figure 2 shows the light-induced conductance change AGP*
recorded by a lock-in technique when scanning the laser spot
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Figure 2. Light-induced conductance change AG?* during a scan along
the long axis of the sample for p- (black) and s-polarization (green)
recorded by a lock-in technique. The influence of the three gratings is
clearly visible. The red line indicates a long-ranged background
contribution to the conductance change caused by thermal expansion
of the overall sample. The conductance G of the sample remained
constant at (1.83 + 0.15) G, throughout the whole measurement.

along the long axis of the sample. The sequence of laser pulses
has a time-averaged input power of 42 yW corresponding to an
intensity of about 1.8 kW/cm® The intensity is chosen such
that there is a barely detectable influence when irradiating far
away from the MPC and off the gratings. The signal consists of
three contributions: At first we observe a long-ranged increase
of the conductance when approaching the MPC (illustrated by
the red line in Figure 2). This conductance enhancement is in
agreement with earlier experiments®~” and is discussed in the
SI. The second contribution is a pronounced minimum of
AGP* when the laser spot is located close to the MPC and is
also discussed in the SI. Here, we focus on the third
contribution when the laser spot is located on one of the
gratings and we observe a maximum in AGP®. The experiments
are then repeated for s-polarization, where the long-ranged
signal remains unchanged, but the local maxima at the gratings
are reduced in amplitude, yet by a different factor: While the
maxima at gratings 2 and 3 are only slightly reduced, the
maximum at grating 1 is markedly suppressed, see Figure 2.
This observation indicates that several contributions with a
different length dependence add up to the total observed
conductance changes.

Further insight is obtained from time-resolved transport
measurements when irradiating at the positions of the gratings.
Figure 3a and b show the relative conductance increase dGP* =
AGP*/G versus time depending on the position of illumination
for both polarizations. The power of a single laser pulse is about
432 uW corresponding to an intensity of about 18.5 kW/cm?.
For a better comparison the signals are normalized. The origin
of the time axis t = 0 is at the maximum of the laser pulse
(dashed line).

At first we observe a delay time f,,;, between the maximum of
the laser pulse and the maximum of the conductance change
(for details see SI). For both polarizations tep increases with
distance d. However, for p-polarization the increase is much
smaller than for s-polarization, as it is most clearly visible for
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Figure 3. Time-resolved relative conductance change induced by a laser pulse depending on the position of illumination for (a) p- and (b) s-
polarization. The signal amplitudes are normalized, and the time axis is set to 0 at the maximum of the laser pulse intensity. (c) Dependence of the
ratio A, (see text) on the position of illumination. The ratio increases when increasing the distance d from the MPC to the illuminated gratings.
The black line serves as a “guide to the eye”. The error bars are smaller than the symbols. The conductance G of the sample remained constant at

(1.92 + 0.07) G, throughout the whole measurement.
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Figure 4. Calculated time-resolved thermal expansion induced by a laser/heat source depending on the position of illumination for the two
polarizations ((a) p-, (b) s-polarization). By increasing the distance d from MPC to the position of illumination/heating the maxima are decreasing

and appear later.

grating 1 for which the distance d between grating and MPC is
largest.

For a more quantitative analysis we repeated the experiment
for varying laser power. We divide the maxima of conductance
changes observed in p-polarization by the maxima of
conductance changes observed in s-polarization, obtaining the
signal ratio Au,(x) = dGP(x)/dG’, (%) individually of all
gratings, where dGP*, . (x) = AGP, . (x)/G. Since the dG,,,
values for each polarization state depend linearly on the time-
averaged input power (see Figure S9 in the SI), the ratio A,,, at
a fixed position of illumination is independent of the power.
Figure 3c shows the power-averaged values of A, depending
on the position of illumination with error bars referring to this
power-averaging. A,,, increases when increasing the distance d
from the MPC to the position of illumination.

From the complex behavior of dGP* and in particular the
analysis of A, and t,, we conclude that at least two
mechanisms contribute to the total dG. The shorter delay
times t,,, for p-polarization indicate a faster transport process
from the point of illumination to the MPC than for s-
polarization. We suggest the following scenario that is in
agreement with our experimental findings: The SPPs excited at
the gratings propagate along the stripe and give rise to heat
dissipation as they decay. In simultaneously conducted
experiments of the optical response, the decay length of the

SPPs launched in p-polarization was shown to amount to [ =
(11.7 + 3.3) pm (see the SI). Since the decay length is of the
same order as the distance between excitation and MPC, some
fraction will arrive at the MPC and may contribute to the
conductance change by photoassisted transport (PAT) as
reported earlier.*””

The optical response also revealed an intensity of SPPs in p-
polarization that was at least a factor 20 bigger than in s-
polarization. We therefore assume that in s-polarization SPPs
contribute negligibly to the conductance change that is then
completely caused by thermal effects. One possible thermal
effect is given by enhanced light absorption at the gratings
giving rise to enhanced dissipation and finally enhanced
conductance by thermal expansion. However, this mechanism
should give rise to a uniform ratio between the conductance
changes for the two polarizations at all optical elements.
Indeed, dissipation and thermal expansion depend on the initial
polarization of the light, but the ratio is independent and thus a
length-independent A,,,. The enhanced A, for long distance
must be caused by a polarization-dependent and long-ranged
effect, e.g,, by SPPs.

For deriving additional information about thermal expansion
caused on the one hand by SPP decay and on the other hand by
light absorption at the gratings, we performed FE simulations
(see SI-2). By the implementation of the lateral shape of the
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Figure 5. (a) Dependence of the delay time on the distance of illumination for the experimental (triangles) and simulation (squares) results. The
delay time is increased by increasing the distance from MPC to the position of illumination. At both simulation and experiment, the delay for the
perpendicular polarization (red symbols) is longer than for the parallel polarization. (b) Dependence of the calculated maxima of expansion on the
distance from MPC to the position of illumination for both polarizations. Fitting the s-polarization data by an exponential decay function leads to the
thermal decay length of our system of roughly 8.24 ym.
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Figure 6. (a) Dependence of the ratio A on the distance from MPC to the position of illumination for the experimental (black triangles), simulation
(blue diamonds), and decay length results (red stars). In the experiments, the ratio is increasing with the distance whereas the ratio is almost
independent of the distance in the simulations (the straight lines serve as “guides to the eye”). The error bars for the simulations and for A.,, are
obtained by averaging over data obtained for different heating powers. The error bars of Ay, refer to the uncertainties of the decay lengths / and
 R—— (b) Time-resolved relative conductance change induced by a laser pulse when illuminating grating 1 or grating 3. The difference between

the dashed blue lines indicates the influence of the SPPsypc to the observed conductance enhancement. The conductance G of the sample remained

constant at (1.92 + 0.07) G, throughout the whole measurement.

heat source we took into account the polarization-dependent
excitation of SPPs at the gratings.

At first we study the time dependence of the thermal
expansion after heating for both polarizations with the
corresponding amount of heating power for a single laser
pulse as in the experiments. Figure 4 shows the results obtained
for different points of irradiation. The origin of the time axis ¢ =
0 is at the maximum of the heating pulse (dashed line).

For both polarizations, the maximum thermal expansion
(marked by the solid squares) is found at a delay time t,, that
increases with increasing distance, alike the observations for
dGP® ., in the experiments. A quantitative comparison between
the delay times t,,, gained from experiments (triangles) and tg,
obtained from the simulations (squares) leads to Figure Sa.
Overall the delay times in s-polarization exceed those in p-
polarization, in the simulations as well as in the experiments.

Furthermore, f,,, is slightly bigger than t,, at all positions. The
simulated delay time in s-polarization increases roughly with
the square of the distance as expected for a diffusive transport
mechanism, revealing that heat dissipation and phonon
diffusion is the dominating mechanism. The difference between
p- and s-polarization increases with the distance indicating that
a faster transport process is contributing in p-polarization that
we attribute to SPP transport. From a parabola fit y = By + Bx*
to the simulation results of the s-polarization case (red line), we
deduce a heat diffusion constant Dy, of our system to D, = 1/
By ~ (220 + 0.12) X 107* m?/s, in good agreement with the
literature value Dy, = 4k/ (Cpp) ~ 2.80 X 107* m*/s (cf. ref
21) (kpy = 173 W/(m'K) is the reduced thermal conductivity
due to the reduced film thickness,* C, = 128 J/(kg'K) is the
heat capacity at constant pressure, and p = 19.3-10° kg/m? is
the density of solid gold). This result shows that the heat
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transport in our system is dominated by the gold film and is
directed in one dimension along the stripe, because of the high
ratio between the heat conductivities of gold and polyimide
(Kay = 173 W/(m-K), Kpoyy = 0.15 W/(m:K)) and despite the
comparably small cross-section of the gold film (100 nm X 4
um).

Another important conclusion can be drawn from Figure 4.
The absolute length change of the thermal expansion is in the
same range as in the time-dependent mechanical bending
experiments by a piezo drive (see Figure S8b in the SI). Hence
the thermal expansion is able to change the conductance
considerably. Thus, the overall heating, ie., heating by
absorption of light and heating due to SPP decay, plays an
important role for the conductance change, as already argued
above. From the same data we obtain the thermal decay length
by plotting the maximum expansion over distance and fitting an
exponential decay function to it; see Figure Sb. The thermal
decay length dyergm = (824 + 0.17) pum is in very good
agreement with the experimental value dierm exp = (8.43 +£0.02)
um deduced from the contribution to AG described in Figure
2.

In analogy to the experiments we study the development of
the amplitude ratio A, between the polarizations as a function
of distance (for details of the definition see the SI). At variance
to the behavior of A, Ay, is close to (1.26 + 0.06) and
independent of distance as would be expected for a purely
thermal effect (see Figure 6a, blue diamonds).

Summarizing the simulation results, we find the same
tendency as in the experiments regarding the delay time t.
However, the simulations do not reproduce the experimental
findings regarding the distance dependence of the amplitude
ratio A. The additional effect has to be polarization-dependent
and has to be longer ranged than dy,., because its effect
enhances the conductance change when irradiating in p-
polarization at very long distance from the MPC. We argue that
this contribution is given by SPPs that arrive at the MPC and
are even transmitted across the MPC with a relatively high
probability in the order of 50%."” We denote these SPPs in the
further text as SPPsypc. They may contribute to the
conductance enhancement by PAT and by heating and thermal
expansion, if they decay close to the MPC.

Comparing the simulation and experimental results, the
described thermal effects decay on the scale of the thermal
decay length dy,.,, ® 84 pm. The conductance change in p-
polarization contains contributions of the heating by
absorption, of heating by SPP decay in the leads and of
SPPsypc. The decay length of the SPPs is | =~ 11.7 um." As
both characteristic quantities, dy,..,, and [ are describing an
exponential decay of a heat intensity I, and of a SPP
intensity Iyspp, we calculate the ratio A, (x) between both as
a function of the position of illumination analogously to the
calculation of A.,,. This leads to

Adecay(x) = ISPP(x)/Iheat(x) = [IO,SPP exp(—x/l)]
/[IO,heat eXP(_x/dtherm,exp)] ~ exp(—x/l)
/exp(_x/dtherm,exp) (1)

whereby the initial values I, have to be determined, and ! and
Aihermexp are extracted from the simultaneous transport and
optical measurements.'” We obtain the distance dependence
shown by the star-shaped, red symbols in Figure 6a.

The calculated ratios of Ag.,, show similar distance
dependence as A.,,. Furthermore, the absolute values of these
two ratios are in good agreement, implying that the initial
values Iy spp and Iy, are of the same order, meaning that the
contributions due to heat and SPPsyp are in the same order of
magnitude. For short distance the signal is dominated by
thermal effects, while for longer distance x > dy,..,,, plasmonic
effects become important. This is visualized in Figure 6b, where
we plot the same data as in Figure 3, but without normalization.
The observed conductance enhancements at the gratings
consist of two contributions: The contribution induced by
heating and the additional contribution in p-polarization. The
second contribution has similar size ~1-107> for both positions.
This identifies this second contribution to be the direct
influence of SPPsypc to the total conductance change dG,
because the thermal expansion difference between the two
polarizations should decrease with increasing distance (cf.
Figure Sb), and the ratio between the two polarizations should
be almost constant as Figure 6a (blue symbols) depicted. The
relative contribution of the SPPsypc to dG increases from
roughly 1/6 (17%) at grating 3 to more than 50% at grating 1.

Whether these SPPsypc contribute by the PAT mechanism
or by thermal expansion to the conductance enhancement
cannot be decided from the present investigations and remains
subject of future experimental and simulation work. An
estimation of their contribution calls for additional ingredients
which require calculations and therefore will be published
elsewhere.

Possible additional mechanisms, as e.g. the creation of a
thermovoltage by the Seebeck effect can be ruled out, because
we apply very low laser power and the signal remains unaffected
upon inversion of the bias polarity. As the FE simulations
showed the temperature enhancements at an area close to the
MPC are in the range of 7 K when illuminating the gratings.
According to ref 23, this would cause a thermovoltage in the
range of 7 uV which is about 5 times smaller than the observed
voltage drops across the MPC.

In conclusion, our studies of the optical and electronic
responses of an atomic gold contact under irradiation with
near-infrared laser pulses reveal the complexity of light-metal
interaction at the nanoscale. By linking the optical and the
transport results we elucidate the contribution of SPPs to the
conductance change. We find a clear distance and polarization
dependence of the conductance enhancement. Analyzing these
dependences enables us to demonstrate the direct impact of
SPPs to the conductance change by both, thermal expansion
and PAT. The analysis of the transport experiments is
additionally supported by FE simulations. Our findings are
important for designing opto-nanoelectronic devices whose
conductance is controllable by the excitation of surface plasmon
polaritons.
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