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We introduce the cross-polarized double-beat method for localized excitation of the junction
plasmon of a scanning tunneling microscope with femtosecond laser pulses. We use two pulse trains
derived from a Ti:sapphire laser operating at a repetition frequency of f s = 76 MHz, with a relative
shift between their carrier frequencies a / 2 = f s + f b controlled with an acousto-optic modulator.
The trains are cross-polarized and collinearly focused on the junction, ensuring constant radiation
flux. The anisotropic susceptibility of the junction plasmon mixes the fields, which modulate the
tunneling current at f b 共the difference between carrier beat and repetition frequency兲 at base-band
frequencies that can be used for direct detection of the tunneling current. The interferometric
cross-correlation of the pulses and the polarization dependence of the mixing identify the coupling
to the radiation to be through the coherent z-displacement of the tip plasmon. Single Ag atoms are
used to demonstrate microscopy under irradiation. In the linear coupling regime, the laser-induced
displacement of the plasmon is operationally indistinguishable from the mechanical displacement of
the junction gap. © 2010 American Institute of Physics. 关doi:10.1063/1.3490398兴
The goal of combining scanning tunneling microscopy
共STM兲 with ultrafast spectroscopy to reach the angstrom
femtosecond space-time limit of relevance to molecular science has been long pursued.1–5 Although there have been
significant developments,6–9 including methods such as photoconductivity gated STM,10,11 the promise of imaging with
submolecular spatial resolution on femtosecond timescales
remains unfulfilled. To clock events, the method must involve nonlinear optics 共multiple short pulses兲; and to retain
the spatial resolution of the STM, one of the optical steps
must involve photoinjection of a tunneling electron with a
short laser pulse. Efforts in this regard have had limited success, principally due to thermal artifacts.12–14 To be useful for
imaging purposes, displacements of the junction must be
maintained to a tolerance of ␦z ⬍ 10−3 Å, which is a challenge under conditions of pulsed irradiation. A particular
challenge is the detection of laser-induced tunneling 共LIT兲
current at electron injection rates that fall within the gainbandwidth product of current amplifiers 共⬍10 kHz at picoampere sensitivity兲 without amplitude modulation of radiation because such low frequencies lead to thermal
oscillations of the junction gap.15 Another challenge is to
localize the excitation to the tip apex, the active area of
which 共⬃10 nm兲 is much smaller than the diffraction limit
of light. There have been several approaches to accomplish
the latter aim while minimizing the heat load on the junction:
superfocusing with sharp tips,16 waveguiding tips,17 and
waveguiding substrates18 are among the examples. Here, we
introduce the cross-polarized double-beat method that relies
on the frequency modulation of femtosecond pulse trains and
linear mixing by the anisotropic susceptibility of the junction
a兲
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plasmon.19 The method allows localization of the modulated
excitation to the junction plasmon while maintaining a
steady heat load. We limit the presentation to the weak-field,
linear coupling regime, where photoinduced tunneling with
femtosecond laser pulses can be demonstrated with mechanical displacements of the junction maintained below 10−3 Å.
Using an atomically sharp Ag tip to probe Ag adatoms on
metal surfaces, we demonstrate LIT imaging and compare
the results to mechanical z-modulation of the junction gap.
Extension of the method to the strong field limit 共where ionization harmonics and the generation of attosecond electron
pulse trains can be observed兲 is taken up separately.20
I. DOUBLE-BEAT METHOD

The experimental setup is shown in Fig. 1. The output of
a Ti:sapphire laser is actively intensity stabilized to within
0.05%, then passed through an acousto-optic modulator
共AOM兲. The undiffracted beam and the first order diffracted
beam form two pulse trains
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with a difference in their carrier frequencies a, controlled
by the rf driver of the AOM. The pulse trains are crosspolarized and recombined in a Mach–Zehnder interferometer
and then focused on the STM junction through a planoconvex lens of focal length= 10 cm, with an estimated spot
size at the junction of ⬃50 m. A half-wave plate is used to
rotate the cross-polarized pair, to impinge at ⫾ / 4 relative
to the tip, which is taken to lie along the z-axis 共see inset in
Fig. 1兲
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MHz, the thermal expansion of the tip reaches a steady state
关on the timescale of ⬃10 min at cryogenic temperatures,
under ultra-high vacuum 共UHV兲 conditions兴. In contrast, the
anisotropic susceptibility of the plasmon at the STM
共1兲
共1兲
junction,22 zz
= 共1兲
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yy , mixes the fields through the induced polarization. Now, the z-components of the applied
fields beat in phase with the reference interferometer
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FIG. 1. Schematic of the optical setup. AOM: acousto-optical modulator,
Amp: radio-frequency amplifier with a 40 dB gain, GS: glass slide, BS:
beam splitter, PD: photodiode, PBS: polarizing cube beam splitter, and
HWP: half-wave plate. The cross-polarized pulse pair impinges at ⫾45°
relative to the tip, as shown in the inset.
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A small fraction of the beams is picked off to form the reference double-beat interferometer 共Fig. 1兲. The signal generated on the reference photodiode is the carrier beat a,
sampled with the pulse train
Iref共t兲 = c 兺 2共t − nT兲关1 + cos共at兲兴

共3兲

The scheme allows arbitrary control of the modulation frequency of the tip plasmon. Thus, for a laser repetition rate of
76 MHz, choosing a rf of 76 MHz− 1 kHz, the m = 1, and
n = −1 components in Eq. 共4兲 occur at f b = 1 kHz 共at base
band兲. Lock-in detection of the tunneling current isolates the
photoinjected electrons. Note that the role of the anisotropic
susceptibility of the tip apex is to rotate polarization: when
there is constructive inteference along the z-axis, destructive
interference happens along the y-axis and vice versa. The net
radiation intensity at the tip is constant.
The experiments are carried out in a home-built STM,
with relevant design parameters that have been described
previously.23 The measurements are made at 5 K under UHV
conditions 共base pressure of 4 ⫻ 10−11 torr兲. The junction we
study consists of Ag atoms adsorbed on either a Ag共110兲 or a
NiAl共110兲 surface and an atomically sharp Ag tip. The plasmon resonance of such a junction, which we observe through
electroluminescence, is a broad peak that overlaps the Ti:sapphire spectrum. The laser power used in these experiments is
in the range of 4–10 mW focused down to a spot diameter of
50 m.

n

in which 共t兲 is the pulse envelope of the femtosecond pulses
and the sampling rate f s = 1 / T = 76 MHz is given by the repetition rate of the laser. The power spectrum of the sampled
wave consists of the harmonic comb at the harmonics of
sampling frequency and sidebands
Iref共f兲 = 兺 am,n␦关f − 共mf s + nf a兲兴,
m

m = 0,1,2, ¯ ;

n = 0, ⫾ 1,

共4兲

in which 兩f s − f a兩 ⬅ f b corresponds to the beat between the
envelope and carrier beat. The reference beat can also be
generated electronically by mixing the output of a monitor
photodiode and the rf driver. A feedback loop in which the rf
is adjusted can be used to lock the carrier envelope phase of
the pulse train,21 which becomes valuable in nonlinear mixing applications in the strong field limit.
The cross-polarization of the pulse trains ensures that the
radiation flux reaching the junction is constant. In isotropic
media, such as the cubic crystals of Ag 共fcc兲 or W 共bcc兲 used
to fabricate the STM tip, the linear susceptibility is strictly
diagonal 共共1兲
ii 兲; therefore, the pulse trains do not interfere
共1兲 2 2
共1兲 2 2
P共1兲共t兲2 = 兩11
兩 E1共t兲 + 兩22
兩 E2共t兲 = 共I1共t兲 + I2共t兲兲.

共5兲

This is verified using a square law detector, which shows
interference strictly due to the limited extinction 共10−3兲 of
the polarizing beam splitter. At a laser repetition rate of 76

II. RESULTS AND ANALYSIS

In Fig. 2 we show the interferometric cross-correlation
of pulses, recorded over a silver atom, by detecting the tunneling current as a function of delay  between the two pulse
trains. The measurements are carried out in the tunneling
regime, at a dc current set point of 0.5 nA corresponding to a
junction gap of 6 Å. A lock-in amplifier, locked to the
double-beat frequency of the reference interferometer, is
used. The LIT current follows the optical phase
S共兲 ⬀ e−

2/2⌬t2

cos共2 f bt − o兲,

共7兲

with modulation at the optical carrier frequency of the
Ti:sapphire laser 共375 THz, 800 nm兲, as verified by the Fourier transform of the signal shown in Fig. 2. The pulsewidth
at the junction is 60 fs. The interference signal, over zero
background 共Fig. 2兲, confirms that the signal is strictly due to
the cross term between the pulse trains 关Eq. 共6兲兴.24 The detected tunneling current is only possible as an outcome of the
interference between the coherent cross-polarization of the
tip plasmon at optical frequencies P共o兲Pⴱ共o + a兲 + c.c.
and with instantaneous response. Instead of rectification,25 it
is the polarization that is modulated at a, a frequency too
high for any thermomechanical response of the junction.
The polarization dependence of the LIT current as a
function of the rotation angle  of the 1/2-wave plate is
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FIG. 2. 共a兲 Cross-correlation current using lock-in detection at the doublebeat frequency. The measurement was carried out with the tip placed above
a Ag atom adsorbed on NiAl共110兲, with STM current feedback turned off
共except for periodic tracking tests to ensure that the entire measurement is
recorded at the same position兲. The left ordinate represents the observed
current, while the right ordinate is the current equivalent displacement of the
junction gap obtained from a calibration of the z-piezo response. 共b兲 The
Fourier transform of the cross-correlation shows the optical carrier frequency; the polarization response is instantaneous.

shown in Fig. 3. The angular dependence of the current reveals mixing purely along the z-component of the fields, as
in Eq. 共6兲
I共兲 ⬀ 共ˆ 1 · ẑ兲共ˆ 2 · ẑ兲 = cos共 − /4兲cos共 + /4兲
=

cos共2兲
.
2

共8兲

The perfect reproduction of the angular dependence through
Eq. 共8兲 separately establishes that the interferometric tunneling current is entirely the result of linear mixing of the crosspolarized fields. The phase-locked current can be understood
as the coherent displacement of the plasmon, i.e., modulation
of the collective electron density of the tip. As illustrated
schematically in Fig. 3共b兲, observables associated with the
displacement of the plasmon are indistinguishable from the
mechanical displacement of the junction gap 关Fig. 3共c兲兴. The
current equivalent mechanical z-displacement of the tip,
shown on the right ordinate of Fig. 2, is ⬃10−3 Å; any thermal contribution to the modulation of the tip must be smaller
than this limit.
The more demanding test of LIT microscopy is imaging
with atomic resolution. In Fig. 4, we show images of a Ag
atom on a Ag共110兲 surface. In Fig. 4共a兲, we show the constant current topographic image of the silver atom. The identical image is obtained whether the junction is irradiated or
not. The LIT image recorded by tracing the topographic contour 关Fig. 4共b兲兴 does not show any contrast on the adatom 共at
each pixel, the feedback is turned off and the modulated
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FIG. 3. 共a兲 The polarization dependence of the laser-induced tunneling current shows that it is the anisotropic linear susceptibility that mixes the crosspolarized pulse trains. The LIT current is plotted as a function of the angle
between the tip and the crossed pair. The angle is 0° when the crossed pair
polarizations are at ⫾45° relative to the laboratory z-axis. A 9° tilt of the tip
with respect to the laboratory z-axis is extracted from the fit to Eq. 共8兲,
which assumes mixing through the z-dipole of the tip plasmon. 关共b兲 and 共c兲兴
Schematic of plasmon displacement versus mechanical displacement of the
tip. Both effects lead to the same change in the tunneling probabilities. The
principle distinction between these two processes is in the response time.
While the plasmon modulation follows the optical phase frequency 共Fig. 2兲,
the thermomechanical response time of the tip and substrate are much
slower. The tip shaft is ⬃10 Hz, tip apex is ⬃1 kHz, and surface is
⬃100 kHz, determined by thermal diffusivity and geometry 共Ref. 15兲.

current is recorded兲. In contrast, in constant height mode
imaging, the dc current 关Fig. 4共c兲兴 and the modulated LIT
current 关Fig. 4共d兲兴 yield the same image. It is verified that
this LIT image disappears when the cross-polarized pulses
do not overlap in time 关Fig. 4共e兲兴. These observations are
consistent with the effect of the laser being strictly
z-modulation of the tip plasmon, which is verified by reproducing the constant height mode LIT image with constant
height mode z-modulation imaging 关Fig. 4共f兲兴. As another
demanding test of the method, we consider the librational
spectrum of CO adsorbed on the same surface.26 The spectrum shown in Fig. 4共g兲, obtained as a d2I / dV2 curve with
the bias modulated at 200 Hz, is perfectly reproduced while
irradiating the junction 共double-beat frequency of 1 kHz兲.
There is no cross-talk between the two modulations; no discernible thermal artifact.
III. CONCLUSIONS

The cross-polarized double-beat method enables LIT microscopy void of thermal artifacts. The cross-correlation of
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(a)

(b)

placement of the junction gap. In the present linear limit, the
radiation modulates the tunneling probability. For ultrafast
imaging applications, it is essential that an electron be injected within the laser pulse. To this end, it is essential to
resort to the strong field limit, which we consider in the
follow-up paper.

(c)

(d)
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FIG. 4. Laser-induced tunneling images of Ag atoms on Ag共110兲 surface. 共a兲
Topography at 0.2 nA, 2 V, and 共b兲 simultaneously acquired LIT image in
constant current mode. The laser modulation frequency is 1 kHz and the
incident laser power is 10 mW. 共c兲 Topography and 共d兲 LIT image obtained
at 0.2 nA, 2 V in constant height mode. 共e兲 LIT image obtained when the
two pulses do not overlap in time. 共f兲 dI / dz image obtained at 0.12 nA, 2 V.
The tip piezo modulation frequency is 400 Hz, the modulation amplitude is
6 ⫻ 10−3 Å. 共g兲 A comparison of vibrational spectrum of a single CO molecule under laser illumination 共red兲 and without the laser illumination
共black兲. The inset is the topography of the single CO molecule on which the
spectra were recorded.

the femtosecond pulse trains, the polarization dependence of
the LIT current, and the LIT images identify coherent modulation of the tip plasmon as the mechanism of the observed
LIT microscopy at 800 nm. Operationally, in imaging applications, coherent modulation of the collective surface electron density is indistinguishable from the mechanical dis-

