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of vi to obtain the phase of the signal. Fourier expansion ofIn ESR-STM (1–3) , the tip of a scanning tunneling mi-
this signal givescroscope (STM) scans a surface which contains isolated

paramagnetic spin centers. It was found previously that, in
the presence of an external magnetic field, an AC component F( t) Å A{J0(mv)sin(vct) / J1(mv)[sin(vc / vm) t
at the Larmor frequency appears in addition to the DC tun-

0 sin(vc 0 vm) t] / J2(mv)[sin(vc / 2vm) tneling current and that this RF signal is spatially localized
to a region with a radius of 0.5–1 nm. The AC signal was / sin(vc 0 2vm) t] / rrr},
detected, after amplification, by a spectrum analyzer. An
impedance-matching circuit is added to match the output

where Jn(mv) are n th-order Bessel functions of the first kind.
impedance of the STM to 50 V and to optimize the sensitiv-

For a large modulation index, there are many significant
ity. The sample which was used for this observation was

frequency terms. A spectral analysis results in a set of
a silicon surface covered with several monolayers of SiO2 equally spaced sidebands, each separated by vm from a
produced by thermal oxidation, and the paramagnetic centers neighbor, and the sideband spectrum looks as in Fig. 1,
are isolated silicon dangling bonds located at the Si/SiO2 bottom. The intensity of each sideband is given by Jn . The
interface (Pb centers) . total number of sidebands of significant intensity in this

Although it was shown that the signal observed was spectrum is 2mv; they are too close to each other to be
detected at the proper frequencies for different magnetic distinguished in Fig. 1. The frequency difference between
fields, this observation remained somewhat controversial. the two largest sidebands at the two edges of this spectrum
One claim was that there was no way of distinguishing is approximately 2Dv (4) .
between spurious signals which might accidently exist at In order to check the real-time response of ESR-STM
the frequency examined and the real signals. In this Note, signals, a coil was added to the STM that can generate a
this concern is eliminated by showing that the signals small oscillatory field component parallel to the DC mag-
respond in real time to changes in the magnetic field: In netic field. Both fields are applied parallel to the tip. The
addition to the static DC magnetic field, a small time- DC magnetic field was 150.5 { 0.5 G. The error of 0.5 G
dependent sinusoidal field is applied. This field modula- is due to the inhomogeneous component of the magnetic
tion causes a modulation of the signal. The response to the field which creates a slight variation in the intensity of the
field modulation enables phase-sensitive detection (PSD) . field. This occurs mainly because of small changes in the
The previous observation of the two-dimensional spatial precise position of the tunneling region (for example, be-
localization is reconfirmed; this time the signal is detected cause of tips with different lengths) . The precision of the
by PSD when the magnetic field is modulated. This obser- gaussmeter is also {0.5 G. The modulation intensity DH
vation eliminates concerns that the previous observations was 27 mG. This was measured by applying a DC current
were due to traps or any other species on the surface which to the coil and monitoring the change in the DC field. A
could, in principle, create a local increase in the high- change of the field by 2–3 G was measured. Then, by extrap-
frequency noise level. olation, the field intensity for smaller current values was

Suppose that the signal is driven by a field (in frequency estimated. The error in the value of the modulation intensity
units) of the form vi Å vc / Dv cos(vmt) , where vc is the is {10%. The modulation frequency was 300 Hz, the tunnel-
carrier frequency, vm is the modulation frequency, and Dv ing current was 1 nA, and the tip to sample bias voltage was
is the modulation intensity. This signal can be expressed as 0.32 V. The static magnetic field, the tunneling current, and
F( t) Å A sin[vct / mvsin(vmt)] , where mv is the modula- the tip to sample bias voltage were the same for all the

measurements reported in this Note.tion index mv ÅDv /vm. This is obtained by line integration
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134 NOTES

FIG. 1. (Top) A modulated ESR-STM signal detected only with a spectrum analyzer. It is observed under the conditions of field modulation described
in the text. For comparison, an analogous frequency-modulated signal (bottom) from a frequency synthesizer is shown.

An ESR-STM signal observed in these circumstances is and the intensity of the higher sidebands is negligible. Figure
2 provides a simple scheme of how such a phase-sensitiveshown in Fig. 1, upper trace. For comparison, the lower

trace shows a simulated frequency-modulated signal from a detector works in our system.
The spectrum analyzer works with a certain resolution ban-frequency synthesizer with the same modulation frequency

and with modulation intensity of Dn (ÅDv /2p) Å dwidth (marked in Fig. 2 by a rectangle). The phase of the
output from the PSD depends on the relative frequency shift[gbDH] /h Å 75 kHz (mv Å 250). The g value of the spin

center is assumed to be 2. b is the Bohr magneton and h is between the ESR-STM signal and the detection band of the
spectrum analyzer. When the average frequency of the ESR-Planck’s constant. The similarity between the two traces is

striking. Not only was the ESR-STM signal split with the STM signal is smaller than the central frequency of the detec-
tion band, then the nm modulation will create a time-dependentfrequency difference between the edges precisely 2Dn, but

even the lineshape is similar. This proves, beyond doubt, output S( t) in the spectrum analyzer which has the same
phase as the reference wave and will give a positive outputthat the frequency of the signals depends, in real time, on

the value of the magnetic field. No spurious signal known in the PSD (Figs. 2A and 2B). If the average frequency of
the ESR-STM signal is higher than the central frequency ofto the author can give such a response.

In order to achieve improved reliability, the real-time re- the detection band, the modulated output of the analyzer will
be 1807 out of phase with respect to the reference wave andsponse of the ESR-STM signals was fed to a lock-in ampli-

fier and a phase-sensitive signal was detected. However, will give a negative output in the PSD (Figs. 2C and 2D).
Note that S( t), the output of the spectrum analyzer, has onlysince in this phase-sensitive detector the signal is mixed with

a reference wave oscillating at nm (Åvm/2p) , it is necessary positive values due to the fact that it is an absolute-magnitude
detector. For this reason when the lineshape of the unmodu-to have a signal with a much smaller modulation index. To

observe maximum sensitivity it is anticipated that mv should lated signal is perfectly symmetric, the lineshape observed at
the PSD will look like the well-known symmetric derivativebe close to 2, where the value of the J1 term is the largest
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FIG. 2. A scheme of the detection mechanism with a spectrum analyzer and a lock-in amplifier. (A) The signal enters the detection band from the
low-frequency side. (B) The relative phase between the output of the spectrum analyzer S( t) and the field H( t) creates a positive output at the PSD.
(C) The signal enters the detection band from the high-frequency side. (D) This gives a negative output at the PSD. Altogether, this gives a derivative
shape, as the spectrum analyzer sweeps the signal.

signal. This conclusion can be easily verified by detecting Figure 3A shows a signal which has a derivative shape.
This signal is detected under the conditions nm Å 300 Hza synthesized frequency-modulated signal with a spectrum

analyzer and a lock-in amplifier. and DH Å 20 mG. This signal exhibits a good S /N ratio
despite the large modulation index. C and E also have aThe main disadvantage of such a detection scheme is the

fact that the sensitivity is a complex function of many param- similar derivative shape. However, B and D are examples
of different lineshapes. These experiments were performedeters. In addition to the requirement that mv Å 2, Dn should

be of the same order of magnitude as the bandwidth of under variable conditions: B with nm Å 20 kHz and DH Å
18 mG; C, the same as B; D with nm Å 3 kHz and DH Åthe spectrum analyzer. If Dn is too small, there will be no

modulation, since the modulated signal will stay within the 12.5 mG; E, the same as D. Moreover, E was observed
immediately after D without moving the tip. The signalsdetection band during the entire modulation cycle, and the

output S( t) of the spectrum analyzer will be time indepen- shown in D and E originate from precisely the same region
on the surface. Still, their lineshapes are different.dent. On the other hand, if Dv will be much larger than the

bandwidth, the signal will be mostly out of the detection The phase-randomization phenomenon can be explained
to some extent by small random fluctuations in the frequencyband during the modulation cycle, giving a weaker output

S( t) . Additional important parameters are the sweep time and the lineshape of the ESR-STM signal. Asymmetric lines-
hapes of the ESR-STM signals are often observed. For exam-of the analyzer, the time constant of the lock-in amplifier,

and the phase of the lock-in amplifier. Fortunately, it is ple, in Fig. 1, top, the asymmetric shape of the modulated
signal originates from an asymmetric shape of the unmodu-possible to search for the conditions of the optimal sensitivity

with a synthesized signal. In such a simulation, however, lated ESR-STM signal. This conclusion was verified with a
simple computer simulation. However, in order to providethe originally unmodulated signal is assumed to contain a

single frequency vc . The effect of a finite linewidth of this a complete explanation, one must gain a better understanding
of the dynamics of the system, together with the mechanismsignal on the observed sensitivity and lineshape in the phase-

sensitive detector must be pronounced. Currently, however, by which the tunneling process is affected.
Two-dimensional spatial localization was demonstratedwe have no way of eliminating this spectral parameter from

the observed PSD lineshapes. also for the modulated signal. Figure 4A shows a signal that
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was detected by the two consecutive frequency sensors: the
spectrum analyzer with a fixed frequency and a fixed band-
width and the lock-in amplifier. Here, the spectrum analyzer
works as a superheterodyne receiver. The experimental con-
ditions were as follows: 421.7 MHz detection frequency,
300 kHz spectrum analyzer bandwidth, nm Å 20 kHz, and
DH Å 14 mG. The phase of the signal fluctuates while the
tip is scanning the region from which the signal originates.
The fluctuations could be a measure of the small fluctuations
in frequency of the ESR-STM signals. A signal with a fixed
frequency should give either a positive or a negative output
at the PSD depending on the relevant frequency shift be-

FIG. 4. A two-dimensional ESR-STM spectrum observed with a spec-
trum analyzer at a constant frequency and a lock-in amplifier. The modula-
tion conditions are described in the text. (B, C) Cross sections that intersect
the y axis at the points marked by the arrows. (D) A cross section that
intersects the x axis at the point marked by the arrow. A single line scan
is approximately three seconds.

tween the unmodulated signal and the detection band of theFIG. 3. Different ESR-STM spectra detected with a spectrum analyzer
spectrum analyzer (Fig. 2) . The fact that this frequencyand a lock-in amplifier. The experimental modulation conditions are de-

scribed in the text. difference fluctuates creates a random fluctuation of the sign
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of the PSD output. One should realize that the STM tip scans understanding of the mechanism, a better S /N ratio of the
signal, and a better characterization of the dependence onthe surface line by line. Only after completing a whole line
various experimental parameters before this technique canscan in the x direction does the tip scan a parallel line with
be exploited.a slightly different y coordinate. Traces B and C are cross

sections parallel to the x axis ( the fast scan direction), while
ACKNOWLEDGMENTStrace D is a cross section parallel to the y axis. The frequency
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