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Electron-spin-resonance STM on iron atoms in silicon
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Electron-spin-resonance—scanning tunneling microsd&8R-(STM) of iron atoms in silicon was ob-
served: Si111) surfaces were covered with iron atoms and annealed. This gives surfaces covered with small
islands of different silicide phases. We could detect an ESR-STM signal that corresporgisdtua of 2.07.

The signal was split by magnetic field modulation, and phase-sensitive detection was applied. This shows that
electron-spin-resonan¢ESR)-STM signals can be detected on a surface that is imaged with atomic resolution
and that it is possible to observeya 2 spin center. Getting absorptidinstead of the expected derivathae

shapes with phase-sensitive detection is explained by the asymmetry in the line shape, which is a result of a
rapid scan of the signal. Then, when the integration time of the phase sensitive detector is close to the time it
takes to sweep the linewidth of the signal, absorption line shapes are observed.

. INTRODUCTION ample, the Si/Si@system is not an optimal system as far as
resolution is concerned. Is it possible to observe electron-
It is widely accepted that the upper sensitivity in conven-spin-resonancdESR-STM signals from a surface simul-
tional (cw X band ESR (electron spin resonancés 10°°  tanously with atomic resolution? The Si/Si@pin centers
electron spins. This relatively low sensitivity is basically duehave ag value close to 2. However, looking at this frequency
to the fact that only a fractiofdetermined by the Boltzmann leaves doubts regarding the interpretation of the signals as
facton of spins is actually detected, and to the inefficientoriginated from the Si radicals at the Si/SilDterface, since
method of detection. There is no physical limit to improving this can be also related to free or trapped electrons, etc. In
it by many orders of magnitude. other words Is it possible to observe signals with a frequency
It was shown in the past that it is possible to improve thecorresponding ta+ 2?
sensitivity of spin detection to an extent that single spins can Other questions are related to the unusual detection
be detected. Techniques that are based on single moleculeheme that was used in order to detect electron-spin-
ODMR spectroscopy were proved to be capable of singleesonancd ESR-STM signals: It consists of an impedance
spin detectiort=3 A technique that is based on mechanical matching circuit, a spectrum analyzer, and a phase sensitive
detection of magnetic resonaffosith an atomic force mi-  detector (lock-in amplified. In a previous papérwe ex-
croscope is approaching single spin sensitivity. Howeverplained how such a detection system should lead to a deriva-
both methods give no information on the spatial position oftive line shape from the phase-sensitive detector. However,
the observed spin in the sample. Electron-spin-resonanagis is not in accord with the fact that in many experiments,
(ESR-STM,>~" on the other hand, is an STi4canning tun- absorption line shapes are observed with the phase-sensitive
neling microscopebased technique. The extremely local na-detector. This includes electron-spin-resona(EgR-STM
ture of STM based measurements suggests that electromwork on a paramagnetic molecile.
spin-resonancéESR-STM also has single spin sensitivity. In this paper we try to resolve all these questions. We find
While the claim that it can detect a single sfgmd not a few that the iron-doped silicon system can be a good system to
spins togetherstill has to be proved, it offers a capability to answer them. We show that indeed, the signals can be ob-
correlate between the spectroscopic information and the taserved on surfaces simultanousely with an atomic resolution
pography observed at the atomic scale. topographic image. We show that spectroscopic ESR infor-
The electron-spin-resonan¢ESR-STM experiment was mation can be observed by lookingge 2 spin centers. The
performed with a UHV STM in the presence of an externalproblem of the ocassional observation of nonderivative line
magnetic field. It was found that when the small tip-sampleshapes with the phase-sensitive detector, in both the Si/SiO
tunneling junction includes a paramagnetic at@natoms,  and the Fe in silicon systems, is resolved by showing that
the tunneling current is modulated at the Larmor frequencyhen a time-dependent signal with a finite lifetime is de-
and rf currents appear there. The experiment was first triegected with such a detection scheme, the line shape may
on the Si/SiQ system and the rf current was found to be change to absorption, if certain detection parameters are
spatially localized with a frequency proportional to the mag-used. This is a result of the asymmetry introduced into the
netic field. In this system, the spin centers were prepared bine shape as a result of a rapid sweep.
thermal oxidation of a clean silicon wafer. The spin centers The interstitial iron spin centers in silicdwas studied in
are Si radicals known aB,, centers. They are located at the many ESR experiments. Neutral iron is a fast diffusing ele-
Si/SiG, interface. The dependence of the frequency of thanent in silicon at high temperatures. The preferential posi-
signal on the magnetic field was shown in real timal- tion of iron is in a tetrahedral interstitial site, where it is
though the reality of this effect was proved beyond a doubtimmobilized in room temperature. The electron configuration
several crucial questions still remained unsolved. For exis 3d.® The ESR spectrum of this spin center consists of a
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single line with ag value of 2.07. Although it is in a tetra-
hedral site, it was found that the crystal field at the interstitial
site is mainly determined by the next-nearest-neighbor at-
oms, which are arranged in a regular octahedron. The ground
state is an orbital singlet witB= 1.

In the case of exact cubic symmetry, thel—0 and
0+ 1 transitions are degenerate. This degeneracy can be re-
moved by stress, which reduces the symmetry of the site. In
the case of a uniaxial stress, the line is split into two. How-
ever, the split is anisotropic. For example, it is negligible
when applied in thé111) direction® When the stress is not
uniaxial, it causes line broadening. The width of this line was
used several times in order to measure the stresses induced in
silicon as a result of different processes, such as thermal
oxidation or introducing doping atoms.

It should be emphasized, however, that these studies were
done on a silicon wafer that was doped by Fe atoms, distrib-
uted randomly in the bulk of the silicon crystal. In principle,
one has to take iron doped silicon and try to observegthe

=2.07 signal on this surface. The problem is that the prob-
9 P P FIG. 1. A typical image of a $111) surface after iron deposi-

ability of hitting an iron atom in such a sample is small. tion and annealing. The image size is 40°nfihe island in the

B S genaonn i . 21 hal oS4 (h o
9 ! 9 -FeSp. The insets in the upper-left and upper-right corners are

sample. In this way, the iron atoms are distributed near th - .
surface of the sample. The point is that they induce the for- ourier transforms of these lower and upper parts, respectively.
mation of iron silicides, epitaxially grown on the surface. In ) o
our experiment we used Si wafers with(EL1) orientation.  that some of the small iron silicide clusters on th€1$1)7
Several STM studies were performed on iron silicides, X 7 surface will give a signal ag=2.07, as indeed was
epitaxially grown on silicon surfacé$ 3 In the bulk, the observed. However, the possibility that this is only part of a
most stable silicide ig-FeSp. This is a semiconductor ma- More complicated spectrum, cannot be excluded.
terial with a direct band gap of 0.87 eV. The structure of
B-FeSp is orthorhombic with dimensions obE 0.986 nm,
b=0.779,c=0.783). Despite its stability3-FeS}, is very
hard to grow on SiL11) because of the large lattice mis-  The experiment was performed with a custom-made
match with the SiL11) lattice. Therefore, it was theoretically UHV-STM with a manual approach mechanism. The mag-
predicted” that another phase of FeSiith a fluorite struc-  netic field was induced by two bar magnets that were put on
ture would have a metallic character and a lattice parametehe STM. The magnets induced a magnetic field parallel to
of a=0.5389 nm and be formed on a(8L1) substrate. This the tip. A silicon wafer with a111) orientation was put in
phase has less than 1% mismatch with @ 8i). This me-  the vacuum chamber, after rinsing with several organic sol-
tallic fluorite structure was nameg-FeSj. STM studies vents (trichloroethylene, acetone, methanol, and dionized
showed that this metastable phase can be grown on thegater—in this order After prolonged heating at 900 °C, the
Si(111) surface, and that the surface structure is a hexagonalample was heated to 1200 °C for 1 s—to get rid of the oxide
close-packed symmetry with a<2 periodicity with respect and to induce the X7 reconstruction. By low-energy elec-
to the S{111)1X 1 lattice. tron diffraction we could verify that 5-10 flashes are suffi-
The question relevant to the present paper is what is theient to induce the reconstruction. Afterwards, variable
local structure around the Fe atoms at the Fe8iface? An  amounts of Féfrom 0.05 to 5 MU of iron were deposited on
STM study showed that when transition metal atoms are dethe clean surfacéwe could not find a certain coverage that
posited on the $111)7Xx 7 surface, the metal atoms occupy gives preferable resujtsAnnealing for 3 min at a tempera-
near surface tetrahedral interstitial sitesThe structure of ture of 450 °C gave a surface that is covered by iron silicide
both 3-FeSj, and y-FeSj is such that the iron atoms in the islands.
second layer from the surfa¢the top layer is made of sili- Figure 1 shows an image of a typical surface that is ob-
con atom$ occupy sites that have a distorted tetrahedralerved. The surface is covered by several islands with a di-
structuret® An ESR study of bulk3-FeSj, was performed’  ameter of 35—100 nm. The surface in between the islands is
It showed that in the bulk, the simple ESR spectrum of ironeither at a clean or a partially disordered 7 structure(Fig.
in silicon is complicated by the fine structure terms that re-1). Most of the islands have aX22 reconstruction that can
sult from the removal of the tetrahedral symmetry and thebe easily identified as thg-FeS} phase. The island in the
exchange interactions between the spin centers. Nevertheenter of Fig. 1 is special in that it is made of two equal
less, in a small cluster on the surface, these effects are ekalves of two different phases. While the<2 reconstruc-
pected to be smaller. In principle, the study of a spectruntion in the upper half is characteristic to theFeS} phase,
can provide much information on the particular nanoclusteimaging the lower half of the island does not give atomic
that is investigated. As a result, it was reasonable to expecesolution information. Nevertheless, we could identify the
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FIG. 3. A scheme of the sideband spectrum expected to be de-
tected in the spectrum analyzer as a result of frequency modulation.

age was 0.33 V. Unless otherwise stated, the tunneling cur-
rent was 1 nA. Although the signals appeared to be weaker
as compared to measurements on the SySigstem, they
could be observed with a spectrum analyzer algranmely,
without phase-sensitive detectjoThe motivation for doing
. ) , this is that, as will be shown later, line shapes that are ob-
_ FIG. 2. An enlarged part of the central island in the image ofgaryeq from a phase-sensitive detector, are not always reli-
Fig. 1, showlng an island that is hajf FeSp and halfg-FeSi. The 4114 indicators for the real line shape. Therefore, if one wants
image size is 10 nf to learn something from the line shape, it is better to look
directly at the spectrum analyzer. Our first aim was to show,
structure of this half using a Fourier transform of this part ofin a similar way as was done in Fig. 1 of Ref. 7 for the
the image(shown in the inset in the upper-left corpend  Si/SiO, system, that the line shape is affected by magnetic-
comparing it with the Fourier transform of thex2 part field modulation.
(shown in the inset of the upper-right corneBy using the The frequencyin Hertz) of an ESR signal is proportional
size and the direction of the vectors of th& 2 unit cell, it  to the external magnetic field(= w/27) =[gBB]/h, where
was possible to find that the unit vectors of the rectangulag is theg value of the spin centef is the Bohr magnetorB
unit cell shown in the left inset are 1.26 and 0.78 nm inis the magnetic fieldin Gausg, andh is Planck’s constant.
length. This is precisely the size of th& FeSp(101) unit  Ideally, one would like to change the magnetic field slowly
cell.1® Figure 2 shows the half-FeSj, half B8-FeSj island  and to observe the corresponding change in frequency. It is,
on a larger scale. No atomic resolution is seen in real spadeowever, difficult to keep the STM stable in these condi-
in the B-FeSj part of the island, but it is possible to see tions. An alternative way is to modulate the magnetic field
three prolonged depressions extending from the center of thislich thatB=By+ AB cos,t) and to detect the signal in
part to its edges. These depressions are a result of the larffequency domainBy is the unmodulated field, 2B is the
epitaxial mismatch between the(811) substrate and the peak-to-peak intensity of the modulation, aag, is the
B-FeSp. Similar depressions appear in many other islands imodulation frequencyd,,=2mv,, Wherev, is in units of
the surfacglone such island is shown in the left of Fig. 1 Hertz. The modulation must be faster than the response of
They are clearly characteristic to smglFeSj islands. One the STM feedback loop. In these conditions, the frequency of
can see from these and other images tBafeS) can be the signal should become time dependent such dhatwg
grown on S{111) as long as the island is small enough. +Aw cos,t), wherew, is the unmodulated frequency and
It is possible to explain the appearance of these deprestv(=Aw/27)=[gBAB]/h is the frequency modulation in-
sions in terms of the superstructure formed whentensity introduced by the field modulation.
B-FeSp(101) is grown epitaxially on Si11). What had In Ref. 7 we explained that when the frequency of a signal
probably occurred is that initially the deposition was done onis modulated such thai= wy+ A w cos(,t), then the signal
a S(111) 7x7 surface. On the reconstructed surface, thedetected by the spectrum analyzer shows a sideband spec-
constraints on the growth of thé-FeSj do not exist, and trum with a very well-known structur@=ig. 3). The absolute
therefore smal|3-FeSj islands are formed. However, since magnitude spectrum observed is characterized by a set of
the substrate under the island is covered, it is converted tequally spaced sidebands with frequendigs wgy+ wm,wq
the unreconstructed structure. At this moment, the stress in- o, 0o+ 2wy, 0= 2wy, ...,0o+ NOY, 0o~ Nwy,.  The
duced by thé€111) surface, converts thg@-FeS} to y-FeSp. intensity of thenth sideband is given by,,(m,), whered, is
The island shown in Fig. 2 is in the middle of this conversionthe nth-order Bessel function of the first kind, ang, is the
process. Details about this will be published elsewh&re. modulation index € Aw/w,,). The number of sidebands is
Our electron-spin-resonancéESR-STM measurements roughly 2m,, and the total width of the sideband spectrum is
were mostly done on Fesislands. 2Aw. In the case when there are many closely spaced side-
The electron-spin-resonand&SR-STM measurements bands(large modulation index it is no longer possible to
were performed at a magnetic field of approximately 150 Gdistinguish between them. Nevertheless, the spectrum has a
The exact value of the field was determined precisely beforgery special line shape, with a linewidth oA@. Such a
each experiment with a Gauss meter. The sample bias volspectrum is shown in Fig. &ottom.
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40A x 40A

FIG. 4. An electron-spin-resonan@&SR)-STM spectrum taken
with the spectrum analyzer alone. The analyzer total frequency scan _
was 5 MHz centered at 441 MHz. The trace in the top shows a line 200A x 200A
shape observed from the STM under conditions of field modulation.

The bottom trace is the corresponding frequency modulated signal FIG. 6. A two-dimensional electron-spin-resonafg&R-STM
from a frequency synthesizer. image over a vacancy in #-FeSj surface. The spectrum was re-

corded by looking at the output of the lock-in amplifier when the

detection band of the spectrum analyzer is fixed at a single fre-

Figure 4 shows that also the electron-spin resonancs . . . .
. . . . uency corresponding ©@=2.07. The phasén the lock-in ampli-
(.ESR"STM S|gr_1al from the |ron_at0ms shows this part_lcul_ar fier) of this spectrum is mainly positivevhich corresponds to ab-
line shape, which proves that indeed the frequency is t'mgorption line shape

dependent due to the magnetic-field modulatian= w,
+Awcosw,t)]. The upper trace is an electron-spin-

. L These spectra were recorded at the conditions of a modula-
resonanc€ESR-STM signal observed at a magnetic field of tion frequency of 20 kHz and a modulation intensity of

1525 G which corresponds o a frequency of 442 Mkt 2AB=50 mG. The tunneling current was 0.2 nA. The mag-

gezldz.r(r)17o)du-Igt]ieonmiﬂ(tj::]as?t?/nwf;es%gicgzv;anﬁGz OTIF]?SZ C%T?e_thenetic field in these measurements was 150 G. Unlike the

sponds to Av=240kHz, which is the total width of the spectra that were reported in Ref. 7 these spectra have a clear

sideband spectrum. A svnthesized spectrum with these absorption line shape rather then a derivative line shape.
Sp : y P . P&oth derivative and absorption line shapes were observed
rameters is shown in the lower trace. The detection para

eters in the spectrum analyz@randwidth, sweep time, ejc. Mrom bo_th the Fe in silicon and_ th_e_ Si/Si@ystems. The o
: absorption line shapes have a significant advantage that if it
were the same in both traces. Thus, these two traces are v

€ . ” . -
similar. The similarity between them shows that indeed, the'g possible to stabilize the tip above one position on the

frequency depends in real time on the value of the magneti%urface without drifting away, then several spe.c_trg like this
field—also on the iron spin center Can be added together—to improve the sensitivity. In the

Figure 5 shows two spectra that were recorded when th&3s€ Of_ a _derlvatlve line shape, _the spectr_al diffusion that
may exist in the measurement will prevent improvement of

tip was tunneling above an island similar to those shown in[he sensitivity when the spectra are added

Fig. 1. The spectra were recorded when the output of the A two-dimensional electron-spin-resonan@@SR-STM

spectrum analyzer was fed into a phase-sensitive detecmlF'nage is shown in Fig. 6. The experimental conditions are

similar to those used in observing Fig. 5. The electron-spin-
resonancédESR-STM spectrum in the left was taken from

the area marked by a square in the topographic image in the
right. The position from which the signal is observed is
shown by two arrows. It corresponds to a surface position
where a vacancy in the>22 reconstruction is located. This
makes sense, since as was discussed earlier, the iron atoms
are located in subsurface sites in thes&eSj regions.

Ill. DISCUSSION

In order to demonstrate the circumstances in which de-
rivative and absorption line shapes are expected in our de-
tection system we have made a simulation of it using a
MATLAB signal-processing software. First, a simulation of a
spectrum analyzer has to be done. The spectrum analyzer is a
tunable superheterodyne receiver. The input sifimitially

FIG. 5. Two electron-spin-resonan¢ESR-STM spectra at a @ signal with a fixed frequency casg) is assumeplis mixed
frequency corresponding ip=2.07 with an absorption line shape first with a frequency that is outside the frequency span of
as observed with a lock-in amplifier. interest, and then a broadband fil{gvith the width of the

Frequency (MHz)
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frequency spanis applied. This first mixing and filtering is
known as image rejection. Afterwards, the signal is mixed
again with a frequency that is the frequency of detection of - a
the spectrum analyzer. This frequeneayyj is increasing lin- ol rbw = sw/100 ‘k\w«;
early with time:wy=w,+vt, wherew, is the detection fre-
guency at=0, andw, +vtg, is the frequency at the moment
the sweep is completed(, is the sweep time of the ana-
lyzer). The output of this mixing is composed of both sum
and difference frequencies between the detection frequency

F spectrum analyzer 1
Vg o =sw/l10 i

r lock-in amplifier
Tpsd =t SW 10

and the signal. To get rid of the fast harmonics, the signal is 0
filtered with a narrow-band filter with a width that forms the l(;ck-in amplifier ]
resolution bandwidth of the spectrum analyzer. Mixing with L P -
two frequencieqrather than oneis required to destroy all - Tpsd =ty /20 K
the phase information in the signal in order to give the ab- or

sorption line shape that is observed in the spectrum analyzer.
At this stage, the signal is rectified and filtered again with a .

filter width corresponding to the video bandwidth in the I l°°k'":aml’hﬁer
spectrum analyzer. When a periodic signal is put in this vir- O;WTPSd = tsw /100 el
tual spectrum analyzer, one observes an absolute magnitude  r
signal with a line shape identical to the one observed from a
real spectrum analyzer; the line width is the resolution band- FIG. 7. A computer simulation showing the affect of increasing
width. This required some adjustments: The simulated linghe integration time of the lock-in amplifietr{s on a signal with
shape is dependent to some extent on the exact nature of thdinite lifetime. The upper trace shows the signal in the spectrum
digital filter that is used in the simulation. We have usedanalyzer. The other three traces show the output in the lock-in am-
filters that gave a line shape identical to what is observedlifier for different values ofr,sg.

with our spectrum analyzer.

Afterwards, the frequency of the signal is modulated suchintensity of the first harmonic in the modulation frequency is
thatw = wy+ A w COSt), Wherew, is the unmodulated fre-  maximized whem\ w/w,,=2. At higher modulation indices,
quency,Aw is the modulation intensity, and,, is the modu-  the intensity of the higher harmonics grow at the expense of
lation frequency, for simulating the effect of the field modu- the first one. Therefore, we assumed a modulation index of 2
lation. This introduces,, components in the response of the in the simulation. However, the conclusions of the simula-
spectrum analyzer. In the experimental detection schemeion are valid also in cases where we did not make these
these components are detected with a phase-sensitive detegsumptions.
tor. To simulate this operation, the output of the spectrum The line shape as seen with the spectrum analyzer is
analyzer is mixed with a reference wave eag) and the shown in Fig. 7(top). Since the natural linewidth is assumed
result is filtered by a filter with a width that corresponds toto be much larger than both the modulation intensity and the
the integration time constant{;q) of the lock-in amplifier.  resolution bandwidth, the effect of the modulation is not seen

Linewidths to the signal were introduced in time domainin the simulated spectrum analyzer line shape. Nevertheless,
by assuming that the signal has added some phase noise. TWhen the time dependent output of the analyzer is put into a
phase randomization times are randomly distributed arountbck-in amplifier, the observed line shape depends on the
their average: the correlation timg. We focus on the cases ratio between the time it takes to sweep the linewitip-
where the linewidth of the signal, as appears in the spectrurproximately 10% of the total sweep ting,) and the inte-
analyzer, is determined by its natural lifetime £t rbw, gration time of the lock-in amplifier. When the later is much
whererbw is the resolution bandwidth of the spectrum ana-smaller (r,sq=1,/100) the observed line shape is approxi-
lyzer). In these cases the phase of the signal seen in theately the derivative of the line shape of the spectrum ana-
phase-sensitive detector, depends on the ratio between theer. Thus, if a derivative line shape is observed, it is quite
integration time ,sq and the time it takes to sweep the reasonable to assume, that its linewidth represents the natural
linewidth. This makes sense, because when the bandwidth ihewidth of the signal. However, as the integration time of
the spectrum analyzer is at the lower frequency part of thehe lock-in amplifier increases, the line shape is gradually
line, the output of the spectrum analyzer creates a positiveurned into an absorption line shape, and the linewidth no
output in the phase-sensitive detector. When it is in thdonger represents the natural line shape of the signal. It is
higher-frequency part of the line, this output will becomeimportant to emphasize that in these cases, the line shape can
negative. However, what happens when the integration timéuctuate much more than in the derivative line shape case.
is so large that these two contributions mix together? The The observation of an absorption line shape from the
answer is shown in Fig. 7. The simulations were performeghase-sensitive detector in the simulatiand in the experi-
under the assumption thebw=SW100, namely, the reso- men) needs further clarification. As explained in Ref. 7 our
lution bandwidth is 1% of the total frequency span. As dis-detection system is expected to give a derivative of the line
cussed in a previous papéRef. 7) the signal intensity is shape that is observed in the spectrum analyzer. Thus if the
maximized when the modulation intensity is in the sameline shape is symmetric, when,q is increased, the signal
magnitude as the resolution bandwidth. Therefore, we havehould completely disappear. However, normally the line
assumed\ w=rbw in the simulation. As discussed there, the shape is not symmetric since the spectrum analyzer has a
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will give an absorption line shape. A detailed quantitative
study regarding the observation of absorption line shapes is
currently performed.

In our electron-spin-resonand&SR-STM experiments

rapid passage we observed different line shapes that are similar to either of
spectrum /

the spectra shown in Fig. 7. Coming back to the experimen-
tal data shown here, the time constant of the lock-in amplifier
(7psd that was used to observe the spectrum in Fig. 5, was
0.3 s, while the total sweep time was 3(t@ sweep 5 MHZ
It is thus possible to say something about the order of mag-
nitude of ther; of the signal observed experimentally, but in
FIG. 8. A simulated asymmetric spectrum analyzer line shapeor(.jer to measure it precisely, a derivative line shape is re-
observed at rapid passage conditions. quired. For th|§, the value of,s4 has to be reduced. _

To summarize, we have shown that the electron-spin-
finite sweep time. The line shape is expected to be moréesonanCQESa'STM can be performed on surfaces where
asymmetric as the sweep velocity increagepid passage atomic r_esolunon is observed, and that spin centers wih a
Figure 8 shows a typical line shape under rapid passage cngI‘.Je different thr?m 2 can be detected. We .have. also ex-
ditions, when the sweep is done from left to right. The swee lained the occasm_nal appearance of absorption line shape_s
is much faster than in Fig. {@op). It is clear that the slope at vyhen a phase-sensitive detector is used. Howeyer, the Sensi-
the left side of the line is larger than at the right sidearked t'\."ty problem has not_ beer) solveq yet. A ppssmle solupon
by an arrow. Due to the rapid sweep, the modulation is WI|| _be to det_ect the signal in th_e time domain, as done in a
added to a time-dependent linear sweep that distorts the liraMiiar way in modern magnetic resonance spectrometers,
shape. This is quite similar to the asymmetric rapid passag@nd to yvork at cryogenic temperatures to minimize th‘? ther-
line shapes detected, for example, in cw nuclear magneti f"‘l noise. Also, the question of the precise mechanism of
resonancé? A derivative of this line will be also asymmetric 1S Phenomenon has still to be resolved.
with a larger positive part. Therefore, a large valuerpfy
should give an absorption line shape in the phase-sensitive
detector with a positive phase as is indeed observed. Even if This work was supported by the German Israeli Bina-
the line shape in the spectrum analyzer is largely symmetritional Foundation for Research and Developm&if). Ad-
(such as in Fig. qtop)), still, the symmetric part is elimi- ditional support was given by grants from the Israel Science
nated by phase-sensitive detection, and the asymmetric pabundation(ISF) and from Intel.
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