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Laser field enhancement at the scanning tunneling microscope junction
measured by optical rectification

A. V. Bragas,a) S. M. Landi, and O. E. Martı́nez
Laboratorio de Electro´nica Cuántica, Departamento de Fı´sica, Facultad de Ciencias Exactas y Naturales,
Universidad de Buenos Aires, Pabello´n 1, Ciudad Universitaria, 1428 Buenos Aires, Argentina

~Received 4 November 1997; accepted for publication 27 February 1998!

In this letter we report the measurement of the field enhancement at the tip of a scanning tunneling
microscope, by means of the detection of the optical rectification current. A field enhancement
factor between 1000 and 2000 is obtained for highly oriented pyrolytic graphite and between 300
and 600 for gold. Field enhancement factors found are strongly dependent on the particular tip used.
The magnitude of the emitted light at the field enhanced region, calculated from the measured
optical voltage, could be easily detected by a simple photodiode. ©1998 American Institute of
Physics.@S0003-6951~98!01317-5#
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The near field scanning optical microscopy~known as
SNOM or NSOM!1 has provided an increase of the reso
tion of optical microscopes by several orders of magnitu
These microscopies rely in the use of an aperture to chop
wave front and the achievable resolution is of the order
tens of nm, limited by fact that the aperture cannot decre
beyond the skin depth of the light.2 Alternative apertureless
schemes have proved to be the solution to this limitati
relying in the emission from the light-induced dipole at t
dielectric tip of a force microscope.3,4 An alternative scheme
would be to use the field enhancement at a metallic tip, a
ing from the plasmon resonance, as found in surface
hanced raman spectroscopy.5 The field enhancement pro
vides an excellent source for linear and nonline
microscopies with high spatial resolution. The actual va
for the field enhancement has never been measured, and
oretical calculations predict enhancement factors larger t
1000, strongly dependent on the tip–sample distance, ge
etry of the tip and sample, and dielectric response of the
and sample materials at the optical frequency.6,7 In this letter,
we report the measurement of the field enhancement a
tip of a scanning tunneling microscope~STM!, by means of
the detection of the optical rectification current. Field e
hancement factors larger than 1000 are found, strongly
pendent on the particular tip used.

Figure 1 shows the experimental setup used. A l
power laser is modulated before being focused into the t
sample junction. The spot size was about 100mm350mm
and the incidence angle was 60° with the horizontal. Res
were obtained in samples of highly oriented pyrolytic grap
ite ~HOPG! and a gold foil of about 0.3 mm thickness. Th
STM tip is approached without light illumination until th
desired tunneling current is obtained at a set tip–sample v
age. The current is preamplified and measured by the S
control module. Time constant of the feedback loop is se
correct drifts of low frequency but does not respond to
frequencies used for the light modulation. UsualI –V curves
are measured applying a voltage ramp to the tip at cons
tip–sample distance. The modulated component is meas

a!Electronic mail: bragas@df.uba.ar
2070003-6951/98/72(17)/2075/3/$15.00
oaded 11 Aug 2010 to 141.211.175.139. Redistribution subject to AIP licen
-
.

he
f

se

,

s-
n-

r
e
he-
n

m-
ip

he

-
e-

–

ts
-

lt-
M
o
e

nt
ed

by a lock-in amplifier in series with the current loop, with
reference signal coming from a photodiode that samples
laser light. The STM current–voltage converter has a kno
frequency dependence with a cutoff at about 8 kHz; the
fore, all the modulated signals have been corrected by
response. The lockin output may be reinjected in the S
data acquisition module in order to recordI –V curves of
photoinduced current simultaneously with normal ones.
our system the sign of the dc voltage coincides with
polarity of the tip. The light is polarized with the electri
field in the incidence plane (p polarization!, so that a net
component appears in the tip–sample direction.

If the electric field from the light is enhanced at the ti
it should induce a voltage between the tip and sample at
optical frequencyv l , Vi5n cos(vlt). If the tunneling is fast
enough, this modulated field should give rise to a rectifi
contribution arising from the series expansion:

FIG. 1. Experimental setup. An electrical modulated low powerp polarized
laser diode (l5670 nm) is focused into the STM junction by a 70 mm foc
length objective. The tunneling current and the modulated current are m
sured, and the tunneling current–voltage (I –V) curve and photoinduced
current–voltage (I p–V) curve can be recorded simultaneously. The detec
samples the laser emission, in order to obtain an absolute reference fo
phase.
5 © 1998 American Institute of Physics
se or copyright; see http://apl.aip.org/about/rights_and_permissions
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Vb
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21¯ , ~1!

where Vb is the bias voltage. The linear term averages
zero, and the second derivative term is proportional to
laser intensity and hence will appear in the lock-in in pha
with the light modulation. This term was shown to appear
Völker et al.8,9 for the infrared at GHz modulation frequen
cies.

As the light is being modulated, a thermal expans
contribution to the tunneling current appears at the mod
tion frequencyv. In a previous work we have shown10 that
the thermal expansion contribution will roll off as 1/v, and
the in phase contribution as 1/v2, above a cutoff frequency
that depends on the thermal diffusivity of the sample and
laser beam spot size. Unfortunately, due to the limited ba
width of the current amplifier of the STM, driving the syste
above the cutoff frequency would require very large s
sizes, that would reduce the beam intensity below detect
levels of light-induced currents. The thermal contributi
cannot be avoided, but can be discriminated by using the
that the thermal expansion gives rise to a change in the
distance, that for small biasing voltages~less than 0.5 V!,
yields a modulated currentI T following an I T–V curve pro-
portional to the staticI –V curve.10 Hence the measure
modulated current (I p) will have two contributions, one o
thermal origin proportional to the background current, a
one from the optical rectification following the last term
Eq. ~1!:

I p5aI1b
]2I

]V2 1c. ~2!

The coefficienta accounts for the in-phase thermal expa
sion contribution. The term withb accounts for the optica
rectification and the constant term was added in orde
account for the observed offset, and will be discussed la

I –V and I p–V curves were recorded for differen
samples~HOPG and Au!, for different tips and at differen
set points of the STM~that would correspond to differen
tip–sample distances!. Two typical cases are shown in Fig.
for gold and Fig. 3 for HOPG, obtained both with the sam
tip ~mechanically cut Pt–Ir tip! and the same laser power an
focusing conditions. The modulated current versus volt
curves were fitted by Eq.~2! for both in-phase and quadra
ture components, and the partial regression coefficients w
obtained for the least square fit. The standard partial reg
sion coefficients b, expresses the relative standardiz
strengths of the effects of the different independent variab
on the same dependent variable in a multiple regression.11 In
all cases a negligible contribution from the optical rectific
tion was obtained from the fit for the in-quadrature comp
nent ~in the inset of the Figs. 2 and 3! as well as for the
curves recorded withs polarized light~no component of the
electric field in the tip–sample direction!, while the in-phase
component always requires a larger relative weight of
optical rectification. The constant term was not present if
light was blocked, indicating it is of optical origin.

From the fitted value of parameterb and using Eqs.~1!
and~2!, the light-induced voltage drop across the tip–sam
junction can be computed~due to the small size, the electro
oaded 11 Aug 2010 to 141.211.175.139. Redistribution subject to AIP licen
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static potential can be used!, yielding 1260.6 mV for Au
and 3863 mV for HOPG. Assuming a tip–sample distan
between 0.5 and 1 nm, which are conservative values
typical STM conditions, and from the laser power~10 mW!
and beam size at the sample~100mm350mm!, a field en-
hancement factor between 1000 and 2000 is obtained
HOPG and between 300 and 600 for gold. The same m
surement repeated with other tips yielded somewhat sma
values.

The constant terms added to the fit were always of
order of magnitude of the noise~a few pA!, so that no sys-
tematic measurement was possible to clearly pin down
origin. Modulation of the capacity between the tip and t
sample due to the thermal expansion yields values too low
account for the observed offset. Direct optical transitions
tween the tip and the sample is one possible mechanism
explain the offset, once the field enhancement is taken
account. In fact, the intensity of 33105 W/m2 enhanced by
106 yields a cross section of 10219 cm2 if the induced current
is 3 pA. This number is within typical values for atom
dipole transitions, and considering that the local nature of
field and the fact that the transition is between neighbor
atoms, no selection rules apply, many states contribute to
transition and the dipole moment should be large. T

FIG. 2. ~a! Tunneling current vs bias voltage curve for a foil gold samp
and Pt–Ir tip. The setpoint was set atVt52100 mV, I t50.2 nA. The inset
shows the 90° dephased component of the photoinduced current, wher
full line is the fit with the tunneling current, making evident the therm
nature of this component.~b! In-phase photoinduced current vs bias voltag
Theb2’s are the standard partial regression coefficients.R2 is the regression
coefficient. The full line is a fit including a linear dependence with t
second derivative of the static curve@see Eq.~2!#. The value of the rectified
voltage ~show in the figure! can be calculated from the fitted paramete
Laser intensity533105 W/m2. Modulation frequency510 kHz.
se or copyright; see http://apl.aip.org/about/rights_and_permissions
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mechanism can only account for the in-phase part of
observed offset. Another optically induced current sou
that could have time delays~and have in-quadrature contr
butions!, is that arising from optically excited charges at t
surface contamination layer always present in ambient S
~water and adsorbates!. The order of magnitude of the ob
served offset, would correspond to one electron per 109 pho-
tons, that represents a very small transition yield. In a
case, the observed offset is too small for a more deta
study with our present instrumentation, and does not re
sent a relevant contribution to the total induced current
cept atV50.

FIG. 3. ~a! Tunneling current vs bias voltage curve for a HOPG sample
Pt–Ir tip. The setpoint wasVt52100 mV, I t50.5 nA. The inset shows the
90° dephased component behavior. The full line is the fit with the tunne
current. ~b! In-phase photoinduced current vs bias voltage. Theb2’s are
shown in the figure. The full line is a fit including a linear dependence w
the second derivative of the staticI –V curve. The value of the rectified
voltage ~show in the figure! can be calculated from the fitted paramete
Laser intensity533105 W/m2. Modulation frequency54 kHz.
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The large enhancement of the field obtained should p
vide an easily detected emitted power from the field e
hanced region. To estimate the order of magnitude of
emitted power expected, a very simple naive model w
used. The light was assumed to induce a dipole at the tip~of
radiusR), and an image at the sample. Requesting a cons
potential surface at the tip and sample, and a voltage droVi

between the tip and the sample~located at a distanced), the
position and moment (p) of the tip dipole can be computed
yielding for R@d:

p59Vi~R3d/6!1/2 ~3!

that would radiate a power between 0.1 and 100 nW fod
50.5 nm andR between 10 nm and 100 nm. These valu
are in agreement with the 2 nW collected power reported
Caldaroneet al.12 for a gold covered silicon sample, in ver
similar experimental conditions.

In conclusion, the optical field enhancement at the ST
junction has been measured for platinum tip and HOPG
gold samples, yielding for some cases values larger t
1000, depending on the particular tip used. These values
dicate that the field enhancement should provide a uni
tool for a new type of microscopy~field enhanced scannin
optical microscopy! and moreover for nonlinear optical m
croscopy and spectroscopy.
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grants from the CONICET, the Universidad de Buenos Ai
and Fundacio´n Antorchas.
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