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Laser-frequency mixing in a scanning tunneling microscope at 1.3 Mmm
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The radiation of two single-mode diode lasers at 4 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 @fin®.%urface images produced

by means of the difference-frequency signal show the chemical contrast between micron-sized Au
islands and a graphite substrate. 1©99 American Institute of Physid$§0021-897¢9)08109-9

INTRODUCTION junction. The coupling of the radiation into the junction con-
forms to antenna theory. This model is used to explain the

When electromagnetic radiation is coupled into the scanconsiderable decrease of the mixing signal from 9.3 to 1.3

ning tunneling microscopgSTM), the tunneling junction ,m. In a first application, the possibility of distinguishing

acts as a nonlinear mixer generating harmonics, differencgicron-sized Au islands from the graphite substrate is dem-

frequencies, and rectified currents. These nonlinear signanstrated by using images obtained with the difference-

lead to some interesting additional applications of the STMfrequency signal.

such as imaging of insulating surfacegeneration of new

surface images with atomic resolutidrealization of a laser-

driven STM? and detection of surface plasm8sd surface EXPERIMENTAL SETUP

acoustic waves Many of these experiments aim at develop-

The experimental setup consists of the diode-laser sys-
ment of locally resolved spectroscopy of surface resonances. . .
. . .~ “fem, the STM, and the microwave-detection system. A sche-
This requires access to a broad spectral range from micrg-

. : matic drawing of the laser system is shown in Fig. 1. The
waves to the visible spectral region.

Generation of nonlinear signals was previously observetgeaamtf’]i?(;c 3?:)0 dglo,g? tng;z;gir gggg;?gqacvﬂha?np“ﬂed
with microwaves (second- and third-harmonic gener- y '

ation®~2 and with infrared light at 9.3uzm (difference- emission wavelength of 1.8m are antireflection-coated on

: = o their output facets with a reflectivity of less than10 La-
frequency generation and rectificatjohin the visible spec- o o .
tral range, only rectification has hitherto been obseAid? sers 1 and 2 have external cavities consisting of a grating and

. : ) . . mirror in the Littman configuration in order to achieve
Recent theoretical simulations predict a strong increase of. 1314 o ) .
. . single-mode operatiol?:** This configuration allows wave-
the laser-induced components of the tunneling current whe

the wavelength is decreased from the infrared to the visiblé1ength tuning without displacing the output beam. The maxi-

spectral range, and resonance behavior in the uItrav"i%Iet.muTnS?l?rleé?ogr?moeugfliagogggiﬁf e?)?htr:éészrifirgnrgzvfre-
Experiments at shorter wavelengths are therefore desirable. uenc betwezn the two lasers is é/rucial To maintain a con-
In this contribution we investigate the generation of gi-q y '
i ; . . stant difference frequency we employ a feedback system act-
gahertz difference-frequency signals in the STM by using the ) . .
radiation of two diode lasers at 1,8n, thus bridging the gap ing on laser 2. The difference frequency is measured with a

between 9.3zm and the visible spectral range. The use c)ffast photodiode. In a first step the photodiode output is mixed

. - with a reference signal from a microwave synthesizer, result-
diode lasers has the advantage of providing access to a con-_ . . ;
. . ; .Ing in an intermediate frequency of 200 MHz. In a second
tinuous range of difference frequencies throughout the mi-_: . : .

g mixer this frequency is compared with a reference frequency
crowave region.

. . from a quartz oscillator. The mixer output directly modulates
The experiments prove that difference-frequency genera; - ;
. . . . . he driving current of diode laser(phase-locked loop The
tion, also at 1.3um, is determined by the nonlinearity of the : . .
; . . slow components of the mixer signal are used to tilt the laser
static current—voltagel ¢V) characteristic of the tunneling . . . o
mirror with a piezo drive in order to compensate for slow
fluctuations. A similar feedback loop was recently
dpresent address: Max-Planck-Institit Rikrostrukturphysik, Weinberg 2, reported®

D-06120 Halle, Germany. P . .
Ypresent address: Laser 2000 GmbH, Argelsrieder Feld 14, D-82234, The feedback Clr'CUIt reduces the linewidth of the
Wessling, Germany. difference-frequency signal from about 100 kHz to less than

9Electronic mail: wgk@mpg.mpg.de 30 Hz (the minimum bandwidth of the spectrum analyzer
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FIG. 1. Schematic drawing of the experimental setBp polarizing beam
splitter, PD=photodiode, FR-Faraday rotator
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used for the measurementFhe difference frequency can be
varied from 30 MHz to 10 GHz. The upper limit is set at
present by the bandwidth of the photodiode used for the
experiments.

In order to increase the output power, the superimposed
beams are amplified by a third diode laser without grating.
As shown in Fig. 1, the amplifying diode laser is used in the 0
reflection geometry. The output beam is separated from the . .
input beam by a Faraday rotator in conjunction with a polar- 0.5 0.0 0.5
izing beam splitter. By comparing the magnitude of the beat bias voltage [V]
signals before and after amplification it was verified that the
two beams were equally amplified. To protect diode laser F1G. 3. Bias_dependence ) the tunnelirjg current ang) the difference-
from possible damage, the system was operated with an ou{ffofjency signal for a Au samplgunneling parameters/,= - 600 mv.

i =—4.7uA; total laser powerP=18 mW). The dotted curves are fits as
put power not exceeding 20 mW. described in the text.

The beam is focused into the tunneling junction of the
STM by means of a microscope objective with a focal length
of 25 mm. The diameter of the focus is 1. Its positionis  ith a piezo tube. Commercial PYIr tips were used in the
controlled with a motorizedyztranslation stage. Adjust- T\, The samples investigated were 50-nm-thick Au and
ment is done with the help of a visible tracer .beam from arg layers, evaporated on glass substrates, and highly ori-
He_—Ne Ias_er. In qrder t_o keep the laser focus f|xec_j on the tigpied pyrolytic graphitéHOPG. A pattern of micron-sized
while the image is being recorded, the sample is scannegy|q islands was prepared on a HOPG substrate by evaporat-
ing Au through two fine grids, slightly rotated with respect to
each other to form a Moirgattern'® The island size ob-
tained varied between 1 and 3®n. The HOPG sample was
freshly cleaved before each experiment. To reduce contami-
nation the Au and Ag samples were kept under vacuum be-
fore usage. STM images of the metal samples showed the
grainy structure typical for evaporated films. No crystalline
ordering was apparent.

The difference-frequency signals radiated by the tip are
collected with an open waveguide mounted close to the
STM. After amplification(40 dB) with a low-noise amplifier,
the frequency of the signal is down converted to 200 MHz in
a microwave mixer. The signal is again amplifié@b dB)

0.0} _ and finally detected by means of a spectrum analyzer. This
) ) . heterodyne detection technique has the advantage of making
-1.0 -0.5 0.0 0.5 1.0 resolution bandwidths as small as 100 Hz possible at the low
f-f [kHz] detection frequency. The noise level of the detection system
0 at a bandwidth of 100 Hz is-142 dBm (6x10 18w),
FIG. 2. Spectrum of the difference-frequency signal obtained from the STMWhIch is close to the thermal n,OISG level 67148 dBm at .
on a Au surface. The center frequerfyis 6.9 GHz. The resolution band- '00M temperature. For all experiments the tunneling junction
width of the spectrum analyzer is 100 Hz. was kept under normal pressure conditions in the laboratory.
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FIG. 4. Bias dependence @) the tunneling current angb) the difference-  FIG. 5. Bias dependence @) the tunneling current angb) the difference-
frequency signal for a Ag sampl&unneling parametersv,=600 mV, frequency signal for a graphite samplétunneling parameters:
=4 uA; total laser poweP=18 mW). The dotted curves are fits as de- V,=-300mV, |=—3 uA; total laser powerP=14 mW). The dotted
scribed in the text. curves are fits as described in the text.
RESULTS

MA. The power of the difference-frequency signals observed
The frequency-mixing experiments were carried out atVith Au and Ag samples was typically 16"W. On HOPG
difference frequencies near 7 GHz with laser powers begampl_es, the difference-frequency signals were one order of

tween 14 and 20 mW focused into the tunneling junction.Magnitude smaller. _
This corresponds to intensities between 8 and 11 k\&/cm Since the difference-frequency signals were observed to

The power of the difference-frequency signals wasdrow with the tunneling current, their generation was as-
found to be strongly dependent on the shape of the tips.
Signals were only detected if the diameter of the first few
microns of the tips was of the order of the laser wavelength
A=1.3 um or smaller. The tips were individually selected for __
the experiments using images obtained with a scanning elec- 3
tron microscope. Optimal tips had a cone angle of less than S, s
10°. The cone diameter then remains smaller thaver a
distance of at least\5from the tip.

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

Figure 2 shows a spectrum of the difference-frequency M
signal as obtained with a gold surface using a total incident 0 20 40 60 80 100
laser power of 14 mW. The center frequencyjs-6.9 GHz, position [pm]
and the signal width in this example is limited by the band-
width of the spectrum analyzer of 100 Hz. The tunnelinggg, 6. Laser-induced dc currextipper curvi and difference-frequency
parameters are: bias voltage 500 mV, tunneling current Signal(below) as a function of the focus position along the tip axis.

signal amplitude
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FIG. 7. (a) Topography andb) difference-frequency signal of Au island on FIG. 8. (a) Topography andb) difference-frequency signal of Au island on
HOPG. Image size: 8.amX6 pum. HOPG. Image size: 8.amx6.5 um.

sumed to be connected with the nonlinearity of thev Difference-frequency generation in the STM can be used

characteristics of the tunneling junction. In order to test this[0 distinguish different materials at the sample surface, i.e.,
hypothesis, the bias-voltage dependence of the tunneling cuk,

; ) etect chemical contrast. To demonstrate this possibility the
rent and of the power of the difference-frequency signal Wer?

. ; . attern of Au islands on HOPG was used. Images of the
recorded simultaneously. For this measurement the distan Spography and the difference-frequency signal, simuilta-

control of the STM was periodically interrupted for 200 ms. neously recorded over two such islands, are shown in Figs. 7

During this interval a voltage ramp was applied to the tip,and 8. The image sizes are 8#x6.5 um and 8.5umx

and the tunneling current and the power of the diﬁerence—6 um, respectively. The height of the islands¥§0 nm. The

frequency signal were recorded. The results of such measurg; voltages applied were 100 mV for Fig. 7 and 20 mV for

ments for samples qf Au, Ag, and HOEG are.shown in FigSFig. 8. Both images were obtained with a total laser power of
3, 4, and 5, respectively. The curves in the figures are avely; W at a difference frequency of 6.8 GHz. A mixing

ages over 30 single measurements. Fluctuations in the Si%ignal is only detected on the Au islands. No signal above
nals are ascribed to lateral drifts of the tip position and 9he noise level of & 10~ 8W is observed on the bare HOPG

change§ of the tip—sample distance dqring the voltage SCANS pstrate. The maximum signal on the islands corresponds to
Besides a difference-frequency signal, a laser-induce x10-YW. As seen in Fig. 7, the rise of the difference-

direct currentdc) is also generated in the tunneling junction. frequency signal closely follows the topographical edge of

In order to distinguish this current from the normal b|as—,[he island. The topographical features on top of the island,

induced tuqneling current, it.was measured at_zero bias VO"ﬁowever, do not find any correspondence in the mixing sig-
age. For this purpose the bias \_/oltage was dlsconnegted f?lral image. Similarly the small “holes” in the mixing signal
0.5 ms cevery 25 ms and th_e distance control was S'mUIta()n the island cannot be correlated with any visible topo-
nequsly Q'Sab'.ed- The laser-induced dc cgrrent was measur‘aglljaphical structures. This behavior is strikingly demonstrated
during this period by means of a boxcar integrator. with a different island in Fig. 8 which is divided by a deep

Figure 6 shows a simultaneous measurement of th@ . : . .
alley, when imaged with the difference-frequency signal.
laser-induced dc currerfupper curve and the difference- y g q y s

frequency signalbelow) as the laser focus is moved along

the tip axis. The sample is HOPQ. A mixing signal is onl_y DISCUSSION

observed when the laser focus is located on the tunneling

junction. The width of the signal corresponds to the focus  The nonlinear response of the tunneling junction of the
diameter of 15um. The laser-induced dc current, however, STM to laser radiation can be understood from a model con-
shows a much wider distribution. A dc current is still observ-sisting of two parts: a description of the coupling of the

able when the laser focus is moved more thanu®® from  radiation into the junction, and of the generation of the non-
the tunneling junction. linear current componenté.
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The coupling is modeled either by using antenna theory 92| 2
(in the infrared spectral ranyjé or by excitation of surface Pao(Vb)=al - Py, Pu,t7. (5
plasmons localized between the tip and sample with reso- Vb

nances in the visible spectral ran§eDifferent angular de- The fitting parametersr and y describe the coupling and

pendences of the coupling efficiency are predicted for thesgetection efficiencies, and the noise level, respectively.
two cases. The radiation pattern of a long-wire antenn nd P,, are the laser powers.

above a conducting plane consists of a number of lobes wit : 2 2 .

the main lobe at small incidence angles with respect to the T oF the calculation ob<1/dV lv, the experimental -V
tip (=~20°), whereas the excitation of surface plasmons local£Urves for the dlfferent materials are approxmated by fifth-
ized between a sphefmodeling the front part of the iand ~ degree polynomialsdotted curves in Figs.(d), 4(a), and

a conducting sample occurs in a single broad lobe peaking &@]- Fits of Eq.(5) to the different experimental curves are
550 19 shown as dotted curves in Figs(bg 4(b), and 8b). The

Since difference-frequency signals were only detecte@©0d agreement achieved for all three surface materials dem-
with selected tips of very small diameter and since maximunPnstrates that the nonlinearity of the stafieV curve also
signals were obtained at incidence angles-@0°, it is con- ~ determines difference-frequency generation atn8
cluded that for our experiments at a laser wavelength of 1.3 A dependence on the wavelength of the laser radiation
um the radiation coupling conforms to antenna theory. An-€nters the model only in the description of the radiation cou-
tenna theory can be used to calculate the voltagbetween  Pling in Eq.(1). As the STM tips are nearly conical in shape,

the tip and sample oscillating at the laser frequemoippti- the effective antenna length in terms of the wavelength is
cal voltage. The result is given iH expected to be constant. If all other parameters in(Egare

wavelength independent, we obtai<\2. To test this hy-
1 ( 7oAl ) 12 pothesis, we compare the optical voltages obtained from this

\A/:

v~ 2CR (1) experiment with values from an experiment with Caser
a

radiation at 9.3um.’

whereC is the tip—sample capacitand®, the antenna resis- ‘The optical voltages are calculated by means of the ex-

tance, |, the laser intensity at the tunneling junctidnthe ~ Perimental data from Figs. 3, 4, and 5. Combining HG$.

effective antenna lengthy=1207Q, X the laser wavelength, and (4) and settingV,, =V,,,=V,,, A=2.3cnf, I5,/\4,

and 2w, the beam diameter. =0.75, sinf=1, r=20 mm, we obtainv,=15.4, 24.6, and
Attributing the generation of nonlinear tunneling current12.7 mV for Au, Ag, and HOPG, respectively. Since differ-

components to the nonlinedV curve of the tunneling ent laser powers and focal spot sizes were used in the experi-

junction, we calculate a rectified current componigrand a  ments at 9.3 and 1.3um, we compare the values of

componentl ,,, at the difference frequencpw=w;-w, V(P _/wj) 1. For the experiments at 1,am the results are

3\p/2

(Ref. 17) 0.96, 1.54, and 1.02 mV ctkW ! for the three surface ma-
5 terials. For the experiment at 9@m we use values from
| 11 (V2 492 ) (27  Ref. 17 and obtain 90 mV chkwW L. With V=2, the op-
"4 9Vv? v, @1 e tical voltage is expected to decrease by a factor of 50. Con-

sidering that the total conversion loss of difference-

12 - . frequency generation in the STM is more than 130 dB, one
M= 7 G2 Vi, Vo 3 can regard this deviation of 6 dB as small. We conclude that
vy, the antenna model for the radiation coupling describes the

. . wavelength dependence rather well. In particular, we note
whereV,, andV,,, are the optical voltages at the frequenciesthat the radio frequency current is not found to increase at
w, and w,, andV, is the bias voltage. The difference- shorter wavelengths as expected from Ref. 12.
frequency signal is emitted from the tip, which acts as a  Equation(2) predicts rectification of the laser field. Be-
radiating dipole, and a powd?,,, is received by an open sides the rectified current, however, the total laser-induced dc
waveguide with ared at a distance and an angle:'’ current usually also contains a thermal component. These

two components may be distinguished using the simulta-

neous measurement of the laser-induced current and the mix-
(4) ing signal displayed in Fig. 6. The fact that a laser-induced

current is still observable when the laser focus is moved by
The effective dipole length ik, and\,,, is the wavelength more than 30um from the tunneling junction clearly indi-
of the difference-frequency signal. cates the presence of a thermocurrent. Additional evidence

This model successfully described difference-frequencyemerges from a rough calculation of the rectified current us-
generation in the STM with CQlaser radiation at 9.am.}’  ing Eq. (2) together with an experimental value of the
It is now applied to the measurements at uB. The bias- difference-frequency signal. An upper limit of the rectified
voltage dependence of the difference-frequency signal in Eqeurrent thus obtained turned out to be significantly smaller
(3) is compared with experimental results presented in Figsthan the experimental value. We conclude that the dominant
3, 4, and 5. For this purpose Ed8) and(4) are written in  part of the laser-induced current found in the experiments is
the following form: a thermocurrent.

10.2y 2
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Finally, we discuss the chemical contrast observed in thelrift). Spectroscopic applications of nonlinear signal genera-
images of Figs. {b) and &b), which were recorded using the tion in the STM in the near infrared and visible spectral
difference-frequency signal. This contrast was obtained byanges therefore call for investigation of other efficient meth-
choosing the value of the bias voltage such W%JMV2|Vb ods of coupling laser radiation into the tunneling junction of
has a large difference for the two materials. An interestinghe STM, e.g., excitation of localized surface plasmons.
feature is the deep valley seen on one of the islands WherllG b Kochanski. Phve. Rev. Lefiz. 2285(198
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