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A single-layer flat-coil-oscillator activated by a low power backward tunnel
diode has been elaborated and created. As an inductance in a pick-up circuit of the
oscillator, such a flat coil served as a “magnetic-field” probe in such a measuring
instrument. The created oscillator was activated both without and with an external
capacitance Cy in its resonant circuit, i.e. the flat-coil oscillator might be also
activated with its own (internal) capacitance C.. Investigation of “probe-forma-
tive” capabilities of this research instrument with such an unusual coil (versus Cy)
showed that with a reduction of the value of this capacitance the feeling (probing)
field of such a probe exponentially becomes longer, i.e. these probes become more
far-ranging with decreasing C,. The revealed property of “magnetic-field” probes
would permit an essential widening of capabilities of flat-coil-based probe
microscopes. It may also permit to enhance the efficiency of searching and detec-
tion of the nodal structure, arising at an unusual phase transition from the “uni-
form” to “non-uniform” superconductivity, predicted independently by Fulde and
Ferrell, and Larkin and Ovchinnikov.

Keywords: Single-layer Flat-Coil-Oscillator method; SFCO technique based
“magnetic-field” probe; Fulde—Ferrel-Larkin—Ovchinnikov superconductivity;
measurement technique for the searches of the nodal structure in FFLO-state.

Introduction. The single-layer flat-coil-oscillator method (SFCO technique)
offers many unique opportunities. It enables observation of Angstrom-scale
changes of the “skin”-depth of normal conducting materials and the penetration
depth of superconductive materials at low temperatures [1-3], and detection of
negligibly small power absorptions (or insignificant energy releases) of ~10™° W [4] —
especially in thin plate-like objects. According to our earlier investigations [2, 5], the
single-layer flat-coil sensors are notable for strong dependence of the measured
signal on both the spatial gap between a test-object and the detecting coil, and the
lateral position of the object relative to the coil surface. Besides that, such sensors
are “nonperturbative” (influence of the measuring radio-frequency (RF) field on a
tested object is less than 10 n}¥), and capable of long distance probing of objects
(starting from tenths of millimeters and even up to few millimeters). The said ad-
vantages of the flat-coil sensors favored the initiation of a new direction in a probe
microscopy — creation of a conceptually new class “magnetic-field” probes [5].
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Since the invention of tunneling microscopes (TM) [6, 7], the scanning
probe microscopy has enabled a burst of nanotechnology achievements. It enabled
to visualize, characterize and even manipulate by material structures at nanometer
scales, including the features of atomic dimensions. Strong dependence of the
measured signal on the size of the spatial gap Z between the solid-state probe and
the surface of the object is the main physical principle of the probe microscopy [8].
The operation of both tunneling [6, 7] and atomic-force microscopes (AFM) [9] is
based on this principle. But, unfortunately, the working gap between the probe and
objects under test is too small in these microscopes (Z < 1 nm) that limits strongly
chances of the researcher for applying any kind of testing perturbation. Besides,
probe microscopes have also other disadvantages (uncontrolled thermo-extension
of the probe due to its ohmic heating, destructive actions inserted into the object
under study by the probe, complexity of fabrication of solid-state probes (needles
and cantilevers), etc.), to overcome of which, and for making wider abilities of
probe microscopes there was need to formulate new concepts and approaches in
this area. To that end we have suggested [5] to develop and produce conceptually
new “magnetic-field” probes, based on the use of flat shape single-layer pick-up
coils. The probes of this kind are neither solid-state, far-ranging, “nonperturbing”,
nor needing a special fabrication technology.

So, the sensitive flat-coil method, capable of detecting too small changes of
inductance (~107'% H) [1-3] and power release (~10~° W) [4, 10] even in sub-mm
size micron-thick flat objects, seems may suit the probe microscopy enough well.
According to the results of our previous research [5], such a flat-coil sensor satis-
fies to all abovementioned requirements needed for its use in the probe microsco-
py. Besides, being essentially “nonperturbative” the SFCO sensor is also capable
of probing an object from long (specified above) distance. It is worthy to note in
this connection that the working gap Z between such a “probe-formative” flat coil
and the test object may exceed by several orders of magnitude that for the conven-
tional TM and AFM microscopes. Therefore, as a result of further research and
development efforts a novel (new generation) “nonperturbing”, non-contact, long-
range action microscope may appear to provide the probing and investigation of
sub-um size objects, even at millimeter distances.

Measurable parameters for such a “magnetic-field” probing technique are the
frequency, F...s, and the amplitude, A,,.., of the flat-coil oscillator. The measured
signals (observed effects) are formed as a result of the change of MHz-range
measuring field distribution at the flat pick-up coil face and due to absorption of
the same RF testing field power by the test sample, which, in their turn, lead to the
changes of the measuring oscillator frequency and amplitude respectively [1, 2, 5].

In this work we have investigated peculiarities of the geometric configura-
tion of the space distribution of the testing (probing) RF field of “magnetic-field”
probes that were proposed and tested by our group first in 2005 [5].

Results and Discussion. So, we have created a flat-coil-oscillator (@, ~12 mm),
activated by a low-power tunnel diode (TD), and used the radio frequency testing
field near the coil face as a “magnetic-field” probe. According to our earlier con-
clusions [11], it is evident that due to high value of Q-factor (~80 at ~24 MH:z
frequencies) and relatively big value of the own (internal) capacitance C. of the flat
coil used (~30 pF), it was not so hard to run the oscillator similar to that used in
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[11] and obtain stable oscillations in the absence of the external capacitance Cy
(that is the one soldered to the oscillating circuit of the measuring TD-generator).
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Fig. 1. The change of the frequency of a

measuring oscillator versus the distance of the

test tin ball (@~1 mm) from the flat coil face

(@D.oir-12 mm), obtained by scanning the posi-
tion of test ball along the coil axis.

To obtain the configuration (geomet-
ric shape) of the probing (measuring) field
distribution near the flat coil face we have
made a feeling-scan of its MHz-range mag-
netic field using a normal-metallic (tin — Sn)
ball of ~1 mm in diameter. During the 1¥
experiment the test-ball was moved along the
axis of flat coil (it has been moved away
from the coil). The obtained dependence of
the frequency of measuring oscillator on the
position of the ball is shown in the Fig. 1.
The black circles on the figure correspond to
the measured data, while the solid line — ex-
ponential approximation of the measured re-
sults by means of the least-squares technique.

During the second experimental run we moved the same test ball along the dia-
meter of the flat coil at three different (but fixed during each test) distances % (2, 3 and
4 mm) from the surface of the face of the single-layer flat coil. The results of this series
of runs are given in Fig. 2. As is seen in Figs. 1, 2, the measuring RF field near the
surface of flat coil is a needle-like, and the measured signal enough strongly depends
on both the spacing (spatial gap) between the probe (flat coil) and test object and the
lateral position of the object relative to the flat coil surface. Owing to these features, the

use of a flat single-layer coil technique as the
“magnetic-field” probe is quite justified.

Our experiments also indicate that the
length of the probing RF field of flat coil in
the surrounding space depends on the
capacitance of external capacitor Cy, soldered
to the oscillating circuit of the generator.
Namely, with reduction of this capacitance
the “magnetic-field” probes become more
far-ranging — they become capable of discer-
ning metallic objects at larger distances [11].

To estimate the strength of this depen-
dence, one more experiment was conducted
for various specified values of this capacitan-
ce, by moving the mentioned @~1 mm test
ball (that was on the coil axis at the fixed
distance i~1 mm from the coil) by the same
value of Ah~100 um along the coil axis. Here
the absolute change of the frequency of mea-
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Fig. 2. The change of the frequency of a
measuring oscillator versus the test ball po-
sition (@~1 mm) along the diameter of flat
coil (@,,;~12 mm) at three different fixed
distances / from the surface of single-layer
flat coil: m—A=2mm, e —3 mm, A — 4 mm.

suring instrument (TD-oscillator) has been recorded due to the motion of normal-
metallic tin ball. The results of this experiment are shown in Fig. 3. The squares in
the figure correspond to the measurement data, while the solid line is the linear ap-
proximation of these data by means of the least-squares method.
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Since the scale of the abscissa axis in Fig. 3 is logarithmic, the fact that the
measured points lay on a straight line means that the sensitivity of flat coil based
“magnetic-field” probe to the changes of metallic object position exponentially in-
creases as the capacitance of exter-
nal capacity C, decreases. Thus,
184 with a decrease of the value of a
164 capacitance of the external capa-
citor Cy the position-change sensi-
tivity of the measuring TD-oscil-
121 lator for metallic objects (in our
10 case, tin ball) increases by the
exponential low. Hence, the length
0.36788 271828 2008554  14841318] of RF measuring field of the flat coil

Capacitance C, [pF] as a “magnetic-ﬁeld”. probe expo-
nentially increases with decreasing
value of Cj capacity. Thus, with a
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Fig. 3. (m) — change of the frequency of a measuring

TD-oscillator due to the motion of @~1 mm tin test ball .
. . . decrease of the capacitance of the

(being at the fixed distance of h~1 mm from the coil on A

its axis) by the same value of A2~100 wm along the coil capacitor soldered outwardly to the

axis (@.;~ 12 mm) versus the value of external C, oscillating circuit of TD-generator,
capacitor, soldered to the flat coil. the “needle” of “magnetic-field”

probes (the measuring field of a single-layer flat coil) exponentially becomes longer —
the “needle” of “magnetic-field” probes becomes exponentially more far-ranging.
Conclusion. In conclusion note that the study of peculiarities of the geomet-
ric configuration of the spatial distribution of testing (probing) RF field of “mag-
netic-field” probes, proposed and first tested by us [5], is urgent, because by chan-
ging the capacitance of external capacitor Cy, soldered to the oscillating circuit of
the measuring TD-generator, it becomes possible to control both the range of
action and sensitivity of these probes, using the sensitive flat-coil technique. Due to
these, and other specific properties of these probes (described by us in [1, 2]) the
new microscopes (including low-temperature ones) created on the basis of these
probes may permit to make a distinction between magnetic and non-magnetic
regions on the surface of objects (with sub-micrometric spatial resolution predicted
in [5]). Further improvement of this technique transfer from cm-size hand-made
present flat coils to the millimeter and sub-millimeter size lithographic spiral-chip-
inductors deposited of a gold [12] can provide better spatial resolution to be higher
at least by an order of magnitude. With these improvements capabilities of micro-
scopes with discussed “magnetic-field” probes are expected to permit a detailed
study of the unique phase transition from the ‘“uniform” to “non-uniform”
superconductivity. This fine phenomenon was predicted by Fulde and Ferrell [13]
and independently by Larkin and Ovchinnikov [14] (the so-called FFLO state) and
experimentally observed by Prof. Agosta’s group [15] (unfortunately, only
qualitatively). No detailed investigation of this effect was carried out up to date,
however, due to the lack of measuring instruments with required spatial resolution.
However, in terms of the above discussed and other results of our works in this
field [16-18] we hope that with construction of microscopes on the basis of
described flat coils of < 1 mm size [12] an instrument providing sufficient spatial
resolution will be available for solving the above problem, that is of fundamental
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importance for understanding the nature of superconductivity in general, and the
nature of Cooper pairs in particular. With such an instrument at hand (as an effective
micro- and nanoprobing tool) it will be possible to detect and “visualize” the nodal
structure in the FFLO state [15]. Such a fine probing instrument may help also to
distinguish magnetic atoms from the non-magnetic ones (by the sign of frequency
change of the measuring TD-oscillator) that is critical for studying the co-existence
of superconductivity and magnetism — a fine effect that was experimentally observed
only in sub-micrometer scale objects [19]. This phenomenon was also insufficiently
studied due to the lack of methods having the required spatial resolution.
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