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Laser-frequency mixing in a scanning tunneling microscope at 1.3 mm
Th. Gutjahr-Löser,a) A. Hornsteiner,b) W. Krieger,c) and H. Walther
Max-Planck-Institut fu¨r Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany

~Received 10 November 1998; accepted for publication 2 February 1999!

The radiation of two single-mode diode lasers at 1.3mm is focused into the tunneling junction of a
scanning tunneling microscope, and gigahertz difference-frequency signals radiated from the tip are
detected. Simultaneous measurements of the bias-voltage dependence of the mixing signal and the
tunneling current for different surface samples show that the mixing process is due to the
nonlinearity of the static current–voltage characteristic of the tunneling junction. The coupling of
the laser radiation into the junction conforms to antenna theory. The experimental results are
compared with previous measurements at a laser wavelength of 9.3mm. Surface images produced
by means of the difference-frequency signal show the chemical contrast between micron-sized Au
islands and a graphite substrate. ©1999 American Institute of Physics.@S0021-8979~99!08109-8#
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INTRODUCTION

When electromagnetic radiation is coupled into the sc
ning tunneling microscope~STM!, the tunneling junction
acts as a nonlinear mixer generating harmonics, differe
frequencies, and rectified currents. These nonlinear sig
lead to some interesting additional applications of the ST
such as imaging of insulating surfaces,1 generation of new
surface images with atomic resolution,2 realization of a laser-
driven STM,3 and detection of surface plasmons4 and surface
acoustic waves.5 Many of these experiments aim at develo
ment of locally resolved spectroscopy of surface resonan
This requires access to a broad spectral range from mi
waves to the visible spectral region.

Generation of nonlinear signals was previously obser
with microwaves ~second- and third-harmonic gene
ation!1,6–8 and with infrared light at 9.3mm ~difference-
frequency generation and rectification!.9 In the visible spec-
tral range, only rectification has hitherto been observed.1,10,11

Recent theoretical simulations predict a strong increase
the laser-induced components of the tunneling current w
the wavelength is decreased from the infrared to the vis
spectral range, and resonance behavior in the ultraviol12

Experiments at shorter wavelengths are therefore desira
In this contribution we investigate the generation of

gahertz difference-frequency signals in the STM by using
radiation of two diode lasers at 1.3mm, thus bridging the gap
between 9.3mm and the visible spectral range. The use
diode lasers has the advantage of providing access to a
tinuous range of difference frequencies throughout the
crowave region.

The experiments prove that difference-frequency gen
tion, also at 1.3mm, is determined by the nonlinearity of th
static current–voltage (I –V) characteristic of the tunneling
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junction. The coupling of the radiation into the junction co
forms to antenna theory. This model is used to explain
considerable decrease of the mixing signal from 9.3 to
mm. In a first application, the possibility of distinguishin
micron-sized Au islands from the graphite substrate is de
onstrated by using images obtained with the differen
frequency signal.

EXPERIMENTAL SETUP

The experimental setup consists of the diode-laser s
tem, the STM, and the microwave-detection system. A sc
matic drawing of the laser system is shown in Fig. 1. T
beams of two diode lasers are superimposed and ampl
by a third diode. All three lasers~Oki OL303A-20! with an
emission wavelength of 1.3mm are antireflection-coated o
their output facets with a reflectivity of less than 1024. La-
sers 1 and 2 have external cavities consisting of a grating
a mirror in the Littman configuration in order to achiev
single-mode operation.13,14 This configuration allows wave
length tuning without displacing the output beam. The ma
mum single-mode output power of each laser is 6 mW.

In our experiment the stability of the difference fre
quency between the two lasers is crucial. To maintain a c
stant difference frequency we employ a feedback system
ing on laser 2. The difference frequency is measured wit
fast photodiode. In a first step the photodiode output is mix
with a reference signal from a microwave synthesizer, res
ing in an intermediate frequency of 200 MHz. In a seco
mixer this frequency is compared with a reference freque
from a quartz oscillator. The mixer output directly modulat
the driving current of diode laser 2~phase-locked loop!. The
slow components of the mixer signal are used to tilt the la
mirror with a piezo drive in order to compensate for slo
fluctuations. A similar feedback loop was recent
reported.15

The feedback circuit reduces the linewidth of th
difference-frequency signal from about 100 kHz to less th
30 Hz ~the minimum bandwidth of the spectrum analyz
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1 © 1999 American Institute of Physics



e
at
th

se
ng
he
th

ar
ea
th
r
o

he
gt

-

t
n

he
nd
ori-

orat-
to

s
mi-
be-
the

ne

are
the

in

his
king
low
tem

ion
ory.

TM
-

s

6332 J. Appl. Phys., Vol. 85, No. 9, 1 May 1999 Gutjahr-Löser et al.
used for the measurements!. The difference frequency can b
varied from 30 MHz to 10 GHz. The upper limit is set
present by the bandwidth of the photodiode used for
experiments.

In order to increase the output power, the superimpo
beams are amplified by a third diode laser without grati
As shown in Fig. 1, the amplifying diode laser is used in t
reflection geometry. The output beam is separated from
input beam by a Faraday rotator in conjunction with a pol
izing beam splitter. By comparing the magnitude of the b
signals before and after amplification it was verified that
two beams were equally amplified. To protect diode lase
from possible damage, the system was operated with an
put power not exceeding 20 mW.

The beam is focused into the tunneling junction of t
STM by means of a microscope objective with a focal len
of 25 mm. The diameter of the focus is 15mm. Its position is
controlled with a motorizedxyz-translation stage. Adjust
ment is done with the help of a visible tracer beam from
He–Ne laser. In order to keep the laser focus fixed on the
while the image is being recorded, the sample is scan

FIG. 2. Spectrum of the difference-frequency signal obtained from the S
on a Au surface. The center frequencyf 0 is 6.9 GHz. The resolution band
width of the spectrum analyzer is 100 Hz.

FIG. 1. Schematic drawing of the experimental setup~P5polarizing beam
splitter, PD5photodiode, FR5Faraday rotator!.
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with a piezo tube. Commercial Pt/Ir tips were used in t
STM. The samples investigated were 50-nm-thick Au a
Ag layers, evaporated on glass substrates, and highly
ented pyrolytic graphite~HOPG!. A pattern of micron-sized
gold islands was prepared on a HOPG substrate by evap
ing Au through two fine grids, slightly rotated with respect
each other to form a Moire´ pattern.16 The island size ob-
tained varied between 1 and 30mm. The HOPG sample wa
freshly cleaved before each experiment. To reduce conta
nation the Au and Ag samples were kept under vacuum
fore usage. STM images of the metal samples showed
grainy structure typical for evaporated films. No crystalli
ordering was apparent.

The difference-frequency signals radiated by the tip
collected with an open waveguide mounted close to
STM. After amplification~40 dB! with a low-noise amplifier,
the frequency of the signal is down converted to 200 MHz
a microwave mixer. The signal is again amplified~65 dB!
and finally detected by means of a spectrum analyzer. T
heterodyne detection technique has the advantage of ma
resolution bandwidths as small as 100 Hz possible at the
detection frequency. The noise level of the detection sys
at a bandwidth of 100 Hz is2142 dBm (6310218W),
which is close to the thermal noise level of2148 dBm at
room temperature. For all experiments the tunneling junct
was kept under normal pressure conditions in the laborat

FIG. 3. Bias dependence of~a! the tunneling current and~b! the difference-
frequency signal for a Au sample~tunneling parameters:Vb52600 mV,
I 524.7mA; total laser powerP518 mW!. The dotted curves are fits a
described in the text.
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RESULTS

The frequency-mixing experiments were carried out
difference frequencies near 7 GHz with laser powers
tween 14 and 20 mW focused into the tunneling junctio
This corresponds to intensities between 8 and 11 kW/cm2.

The power of the difference-frequency signals w
found to be strongly dependent on the shape of the t
Signals were only detected if the diameter of the first f
microns of the tips was of the order of the laser wavelen
l51.3mm or smaller. The tips were individually selected f
the experiments using images obtained with a scanning e
tron microscope. Optimal tips had a cone angle of less t
10°. The cone diameter then remains smaller thanl over a
distance of at least 5l from the tip.

The difference-frequency signal was observed to be
pendent on the polarization direction of the incident la
light. Maximum signals were recorded when this directi
was in the plane defined by the tip axis and the laser be
At perpendicular polarization the signals were reduced
5 dB.

Figure 2 shows a spectrum of the difference-freque
signal as obtained with a gold surface using a total incid
laser power of 14 mW. The center frequency isf 056.9 GHz,
and the signal width in this example is limited by the ban
width of the spectrum analyzer of 100 Hz. The tunneli
parameters are: bias voltage 500 mV, tunneling curren

FIG. 4. Bias dependence of~a! the tunneling current and~b! the difference-
frequency signal for a Ag sample~tunneling parameters:Vb5600 mV,
I 54 mA; total laser powerP518 mW!. The dotted curves are fits as de
scribed in the text.
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mA. The power of the difference-frequency signals observ
with Au and Ag samples was typically 10217W. On HOPG
samples, the difference-frequency signals were one orde
magnitude smaller.

Since the difference-frequency signals were observe
grow with the tunneling current, their generation was a

FIG. 5. Bias dependence of~a! the tunneling current and~b! the difference-
frequency signal for a graphite sample~tunneling parameters:
Vb52300 mV, I 523 mA; total laser powerP514 mW!. The dotted
curves are fits as described in the text.

FIG. 6. Laser-induced dc current~upper curve! and difference-frequency
signal ~below! as a function of the focus position along the tip axis.
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sumed to be connected with the nonlinearity of theI –V
characteristics of the tunneling junction. In order to test t
hypothesis, the bias-voltage dependence of the tunneling
rent and of the power of the difference-frequency signal w
recorded simultaneously. For this measurement the dista
control of the STM was periodically interrupted for 200 m
During this interval a voltage ramp was applied to the t
and the tunneling current and the power of the differen
frequency signal were recorded. The results of such meas
ments for samples of Au, Ag, and HOPG are shown in Fi
3, 4, and 5, respectively. The curves in the figures are a
ages over 30 single measurements. Fluctuations in the
nals are ascribed to lateral drifts of the tip position and
changes of the tip–sample distance during the voltage sc

Besides a difference-frequency signal, a laser-indu
direct current~dc! is also generated in the tunneling junctio
In order to distinguish this current from the normal bia
induced tunneling current, it was measured at zero bias v
age. For this purpose the bias voltage was disconnected
0.5 ms every 25 ms and the distance control was simu
neously disabled. The laser-induced dc current was meas
during this period by means of a boxcar integrator.

Figure 6 shows a simultaneous measurement of
laser-induced dc current~upper curve! and the difference-
frequency signal~below! as the laser focus is moved alon
the tip axis. The sample is HOPG. A mixing signal is on
observed when the laser focus is located on the tunne
junction. The width of the signal corresponds to the foc
diameter of 15mm. The laser-induced dc current, howeve
shows a much wider distribution. A dc current is still obse
able when the laser focus is moved more than 30mm from
the tunneling junction.

FIG. 7. ~a! Topography and~b! difference-frequency signal of Au island o
HOPG. Image size: 8.5mm36 mm.
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Difference-frequency generation in the STM can be us
to distinguish different materials at the sample surface,
detect chemical contrast. To demonstrate this possibility
pattern of Au islands on HOPG was used. Images of
topography and the difference-frequency signal, simu
neously recorded over two such islands, are shown in Fig
and 8. The image sizes are 8.5mm36.5 mm and 8.5mm3
6 mm, respectively. The height of the islands is'50 nm. The
bias voltages applied were 100 mV for Fig. 7 and 20 mV
Fig. 8. Both images were obtained with a total laser powe
17 mW at a difference frequency of 6.8 GHz. A mixin
signal is only detected on the Au islands. No signal abo
the noise level of 6310218W is observed on the bare HOP
substrate. The maximum signal on the islands correspond
3310217W. As seen in Fig. 7, the rise of the differenc
frequency signal closely follows the topographical edge
the island. The topographical features on top of the isla
however, do not find any correspondence in the mixing s
nal image. Similarly the small ‘‘holes’’ in the mixing signa
on the island cannot be correlated with any visible top
graphical structures. This behavior is strikingly demonstra
with a different island in Fig. 8 which is divided by a dee
valley, when imaged with the difference-frequency signa

DISCUSSION

The nonlinear response of the tunneling junction of t
STM to laser radiation can be understood from a model c
sisting of two parts: a description of the coupling of th
radiation into the junction, and of the generation of the no
linear current components.17

FIG. 8. ~a! Topography and~b! difference-frequency signal of Au island o
HOPG. Image size: 8.5mm36.5 mm.
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The coupling is modeled either by using antenna the
~in the infrared spectral range!17 or by excitation of surface
plasmons localized between the tip and sample with re
nances in the visible spectral range.18 Different angular de-
pendences of the coupling efficiency are predicted for th
two cases. The radiation pattern of a long-wire anten
above a conducting plane consists of a number of lobes
the main lobe at small incidence angles with respect to
tip ~'20°!, whereas the excitation of surface plasmons loc
ized between a sphere~modeling the front part of the tip! and
a conducting sample occurs in a single broad lobe peakin
55°.19

Since difference-frequency signals were only detec
with selected tips of very small diameter and since maxim
signals were obtained at incidence angles of'20°, it is con-
cluded that for our experiments at a laser wavelength of
mm the radiation coupling conforms to antenna theory. A
tenna theory can be used to calculate the voltageV̂v between
the tip and sample oscillating at the laser frequencyv ~opti-
cal voltage!. The result is given in17

V̂v5
1

vCRa
S hI 0l l

p3w0
2 D 1/2

, ~1!

whereC is the tip–sample capacitance,Ra the antenna resis
tance,I 0 the laser intensity at the tunneling junction,l the
effective antenna length,h5120pV, l the laser wavelength
and 2w0 the beam diameter.

Attributing the generation of nonlinear tunneling curre
components to the nonlinearI –V curve of the tunneling
junction, we calculate a rectified current componentI r and a
componentI Dv at the difference frequencyDv5v12v2

~Ref. 17!

I r5
1

4

]2I

]V2U
Vb

~V̂v1

2 1V̂v2

2 !, ~2!

I Dv5
1

4

]2I

]V2U
Vb

V̂v1
V̂v2

, ~3!

whereV̂v1
andV̂v2

are the optical voltages at the frequenc
v1 and v2 , and Vb is the bias voltage. The difference
frequency signal is emitted from the tip, which acts as
radiating dipole, and a powerPDv is received by an open
waveguide with areaA at a distancer and an angleu:17

PDv5
10.2h

25p
AS l Dv

lDv

sinu

r
I DvD 2

. ~4!

The effective dipole length isl Dv andlDv is the wavelength
of the difference-frequency signal.

This model successfully described difference-freque
generation in the STM with CO2 laser radiation at 9.3mm.17

It is now applied to the measurements at 1.3mm. The bias-
voltage dependence of the difference-frequency signal in
~3! is compared with experimental results presented in F
3, 4, and 5. For this purpose Eqs.~3! and ~4! are written in
the following form:
y
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PDv~Vb!5aS ]2I

]V2U
Vb

D 2

Pv1
Pv2

1g. ~5!

The fitting parametersa and g describe the coupling and
detection efficiencies, and the noise level, respectively.Pv1

andPv2
are the laser powers.

For the calculation of]2I /]V2uVb
the experimentalI –V

curves for the different materials are approximated by fif
degree polynomials@dotted curves in Figs. 3~a!, 4~a!, and
5~a!#. Fits of Eq.~5! to the different experimental curves a
shown as dotted curves in Figs. 3~b!, 4~b!, and 5~b!. The
good agreement achieved for all three surface materials d
onstrates that the nonlinearity of the staticI –V curve also
determines difference-frequency generation at 1.3mm.

A dependence on the wavelength of the laser radia
enters the model only in the description of the radiation c
pling in Eq.~1!. As the STM tips are nearly conical in shap
the effective antenna length in terms of the wavelength
expected to be constant. If all other parameters in Eq.~1! are
wavelength independent, we obtainV̂v}l2. To test this hy-
pothesis, we compare the optical voltages obtained from
experiment with values from an experiment with CO2 laser
radiation at 9.3mm.17

The optical voltages are calculated by means of the
perimental data from Figs. 3, 4, and 5. Combining Eqs.~3!
and ~4! and settingV̂v1

5V̂v2
5V̂v , A52.3 cm2, l Dv /lDv

50.75, sinu51, r 520 mm, we obtainV̂v515.4, 24.6, and
12.7 mV for Au, Ag, and HOPG, respectively. Since diffe
ent laser powers and focal spot sizes were used in the ex
ments at 9.3 and 1.3mm, we compare the values o
V̂v(PL /w0

2)21. For the experiments at 1.3mm the results are
0.96, 1.54, and 1.02 mV cm2 kW21 for the three surface ma
terials. For the experiment at 9.3mm we use values from
Ref. 17 and obtain 90 mV cm2 kW21. With V̂v}l2, the op-
tical voltage is expected to decrease by a factor of 50. C
sidering that the total conversion loss of differenc
frequency generation in the STM is more than 130 dB, o
can regard this deviation of 6 dB as small. We conclude t
the antenna model for the radiation coupling describes
wavelength dependence rather well. In particular, we n
that the radio frequency current is not found to increase
shorter wavelengths as expected from Ref. 12.

Equation~2! predicts rectification of the laser field. Be
sides the rectified current, however, the total laser-induced
current usually also contains a thermal component. Th
two components may be distinguished using the simu
neous measurement of the laser-induced current and the
ing signal displayed in Fig. 6. The fact that a laser-induc
current is still observable when the laser focus is moved
more than 30mm from the tunneling junction clearly indi
cates the presence of a thermocurrent. Additional evide
emerges from a rough calculation of the rectified current
ing Eq. ~2! together with an experimental value of th
difference-frequency signal. An upper limit of the rectifie
current thus obtained turned out to be significantly sma
than the experimental value. We conclude that the domin
part of the laser-induced current found in the experiment
a thermocurrent.
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Finally, we discuss the chemical contrast observed in
images of Figs. 7~b! and 8~b!, which were recorded using th
difference-frequency signal. This contrast was obtained
choosing the value of the bias voltage such that]2I /]V2uVb

has a large difference for the two materials. An interest
feature is the deep valley seen on one of the islands w
imaged with the difference-frequency signal@Fig. 8~b!#. This
structure was reproduced on repeated scans. Since no
island showed a similar feature we attribute it to chemi
contrast due to a molecular contamination. The spatial re
lution of the difference-frequency signal in the images
limited by the pixel size to'30 nm@e.g., at the border of the
island in Fig. 7~b!#. Atomic resolution is expected, as prev
ously observed at a laser wavelength of 9.3mm.2 Further
experiments in ultrahigh vacuum are necessary to dem
strate chemical contrast on an atomic scale.

CONCLUSIONS

We investigated the generation of gigahertz differen
frequency signals in the tunneling junction of the STM usi
diode-laser radiation at 1.3mm. The experimental results ar
explained by a model which describes the radiation coup
by antenna theory and the mixing process by the nonlinea
of the I –V characteristic of the STM. The measurements
when compared with previous results at a laser wavelen
of 9.3mm—show a decrease of the mixing signal power w
the wavelength which is attributed to the decreasing e
ciency of antenna coupling. Attempting to overcome this
crease by using larger incident laser powers leads to grow
thermal instabilities of the tunneling junction~noise and
e
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l
o-
s

n-

-

g
ty

th

-
-
g

drift!. Spectroscopic applications of nonlinear signal gene
tion in the STM in the near infrared and visible spect
ranges therefore call for investigation of other efficient me
ods of coupling laser radiation into the tunneling junction
the STM, e.g., excitation of localized surface plasmons.
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