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The negative-capacitance effect in devices based on combined ferroelectric-dielectric gate oxides is
thought to be a potential solution to break free from the so-called Boltzmann tyranny. To lower the power
consumption in field-effect transistors, the subthreshold swing factor S should be reduced below the ther-
modynamic limit of 60 mV per decade. Yet, despite numerous studies dedicated to this effect in the past
decade, its origin in ferroelectric capacitors or ferroelectric-based superlattices remains unclear, being
considered either a transitory product of polarization switching or an intrinsic phenomenon related to the
presence of ferroelectric polarization. In this study it is shown, starting from simple electrostatic con-
siderations, that negative capacitance is present during polarization switching and is accompanied by a
significant increase of the current flowing through the ferroelectric capacitor. Coupled with piezo-force
microscopy results, it is shown that the polarization orientation suddenly changes at the coercive voltage,
accompanied by a complete reconfiguration of the potential barriers at the Schottky-like contacts present
at the electrode-ferroelectric interfaces. A method to estimate the polarization-switching time, as the time
associated with the presence of the negative-capacitance effect, is proposed. Values in the range from 100
to 1000 ns are obtained for epitaxial PbZr(,Tigp O3 films. These findings suggest that negative capacitance
may be an intrinsic effect in ferroelectrics but that it is a transitory effect, present only when ferroelectric

polarization passes through zero (switching).

DOL: 10.1103/PhysRevApplied.14.014080

I. INTRODUCTION

The phenomenon of negative capacitance (NC) was dis-
covered in the 1960s in amorphous semiconductor chalco-
genide thin films [1]. Since then, it has been reported in
various systems, including Schottky diodes, solar cells,
and metal-insulator-metal (M-I-M) structures [2—8]. Its
origin is still unclear, although several explanations have
been suggested, such as the following: inductive behavior
at low frequencies in impedance spectroscopy, leading to
opposite variations of voltage and charge [3,9]; the cur-
rent time response to a steplike bias, which can lead to
NC if the transient current increases while the voltage
is decreased [10]; the variation of the charge trapped on
interface states due to impact ionization [2]; and nonequi-
librium carrier injection in the case of quantum wells,
leading to current transients [11]. Regarded at the begin-
ning as an exotic phenomenon, the interest in negative
capacitance has exploded since it has been suggested that
it may exist in ferroelectrics and may be useful to over-
come the thermodynamic limit of 60 mV per decade in the
slope of the subthreshold (S) characteristic of a field-effect
transistor (FET) [12]. In other words, if a ferroelectric
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is combined with a dielectric as gate layers in a FET
structures, then a voltage amplification may occur in the
ferroelectric, leading to significantly lower slopes and thus
leading to significant reduction of the energy budget in
the FET. Since then, hundreds of papers have been pub-
lished, claiming S values as low as about 10 mV per decade
[13,14].

However, to this day, there are two fundamental ques-
tions that are yet to be answered definitively:

(1) Is “negative capacitance” a true physical effect or
just an artifact due to some sudden changes in the charge
transport through the tested structure?

(i1) Is “negative capacitance” a transitory effect or can
it be stabilized in the steady state?

Before going further, one has to remember that, in the spe-
cific case of ferroelectrics, the presence of NC is related
to the double-well shape of the free-energy dependence
on the order parameter (dielectric displacement or ferro-
electric polarization). Thermodynamic theory predicts that
the double derivative of the free energy, meaning the per-
mittivity, should be negative at polarization values around
zero, where the free energy has a maximum [15,16].

© 2020 American Physical Society
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Many structures and experiments have been designed to
respond to the two questions mentioned above. For exam-
ple, steady-state NC has been reported in ferroelectric-
dielectric superlattices [17,18]. In other experiments,
transient NC has been demonstrated in the case of fer-
roelectric capacitors in series with passive resistors or
capacitors [19—22]. NC has also been claimed in dielectric-
ferroelectric multilayers, based on the fact that the capac-
itance of the structure is larger than that expected from
the simple serial model of capacitors or than that expected
from a capacitor having the same dielectric and the same
thickness as the multilayer [23,24]. In all these cases, the
presence of NC has been attributed to the ferroelectric
component being placed in situations where the polariza-
tion value is near zero, as happens near the phase transition
or near the coercive voltage or field.

However, there are also studies that question the pres-
ence of the NC effect, and suggest that it may be an artifact
associated with resistive and/or capacitive elements cou-
pled to the ferroelectric layer or that it may be related
to the presence of interface charges that can lead to a
higher capacitance in superlattices than that estimated from
the serial model of capacitances [25—27]. Nevertheless,
it is clear that, despite numerous efforts dedicated to the
understanding of the physical nature of the NC effect in fer-
roelectric structures, this phenomenon still remains elusive
and far from any real-life applications.

II. MATERIALS AND METHODS

The samples used for the present study are epitaxial
PbZry,TipgO3 (PZT) thin films with a thickness of 50 nm,
grown by pulsed-laser deposition (PLD) on a single-crystal
SrTiO; (STO) substrate with an (001) orientation, and
having a bottom SrRuO; (SRO) electrode layer with a
thickness of 20 nm, deposited by the same method. The
capacitor structure is completed by the deposition of a
top SRO contact with an area of 100 x 100 xm?. Details
of the deposition parameters and the structural quality of
the deposited films can be found in previously published
papers [28,29].

The capacitance-voltage (C-V)) characteristics are mea-
sured using a Hioki 3536 LCR bridge connected to a Keith-
ley 6517 electrometer with an incorporated dc voltage
source for the incremental application of a dc voltage to
the sample. The measurements are performed using an ac
signal with a frequency of 100 kHz and with an amplitude
of 0.05 V. The ferroelectric characterization is performed
using a TF2000 Ferritester Analyzer, in positive up nega-
tive down and/or pulse mode. The electrical measurements
are performed by placing the sample inside a cryogenic
probe station (from Lake Shore) with micromanipulated
arms and by contacting the bottom and top electrodes with
Cu-Be needles. All the measurements are performed at
room temperature and in a normal atmosphere.

For the piezoresponse-force microscopy (PFM) stud-
ies, an MFP-3D-SA microscope (from Asylum Research)
is used in dual ac resonance tracking (DART) mode.
An OMCL-AC 240TM cantilever is used, with a spring
constant of 2 Nm~! and a resonant frequency of 70 kHz.

III. RESULTS

Here, we present our contributions to this very hot topic
by analyzing in detail the polarization hysteresis loops and
the processes taking place during switching and discussing
possible alternatives for what it is actually interpreted
as NC in ferroelectric capacitors or related structures.
The starting point is the relation between the dielectric
displacement D, the electric field £, and the dielectric
polarization P [30,31]:

D = gE +P, (D

where g is the vacuum permittivity, and P is the total
polarization, including the linear part P; specific for any
dielectric and/or semiconductor material and the nonlinear
ferroelectric part characterized by the spontaneous polar-
ization Ps. Replacing P; with gy x E (where y is the electric
susceptibility), Eq. (1) can be written as

D =gy(1 + x)E + Ps = goepE + Ps. 2)

Here, ¢, is the background static dielectric constant of
the ferroelectric. The total static dielectric constant of a
ferroelectric &7 can be defined as

= —_— 3
e 8b+8 (3)

In this form, Eq. (3) provides some important clues:

(1) if the spontaneous polarization is saturated (i.e., no
longer changes with the applied electric field), &y = &.

(ii) &7 can be negative if the derivative of the spon-
taneous polarization with respect to the applied electric
field is negative (e.g., the polarization increases when the
electric field decreases).

(i11) The electric field dependence of the dielectric con-
stant is the derivative of the ferroelectric hysteresis loop (in
other words, the C-J characteristics should be the deriva-
tive of the D-E or P-E loop, assuming that the term gyF in
Eq. (1) is negligible).

Typical hysteresis loops for the polarization and the cur-
rent are presented in Fig. 1(a). The polarization value is
high and similar to the values reported in the literature. A
significant internal electric field is present in the film, as
suggested by the shift of the hysteresis loops toward posi-
tive voltage values. Considering that the top SRO electrode
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FIG. 1. (a) Polarization and current hysteresis loops obtained
for a SRO/PZT/SRO ferroelectric capacitor by applying a tri-
angular voltage pulse with a frequency of 1 kHz. (b) The C-V
characteristics obtained by direct measurement of capacitance
using an ac signal of 0.1 V amplitude and 10 kHz frequency,
while the dc voltage is modified step by step [marked (1)],
and the C-V characteristic obtained by deriving the polarization
hysteresis presented in Fig. 1(a) [marked as (2)].

is the “hot” contact, one can deduce that the internal elec-
tric field is oriented from the bottom SRO contact toward
the top one. Figure 1(b) presents theC-V characteristic
obtained on the same contact, together with the C-V “char-
acteristic” obtained by deriving the polarization hysteresis
loop shown in Fig. 1(a).

Figure 1(b) reveals some interesting aspects:

(a) The shape of the directly measured C-V charac-
teristic is totally different compared to the shape of the
characteristic obtained by deriving the polarization hys-
teresis loop; the capacitance peaks associated with polar-
ization switching are very sharp in the case of the directly
measured C-V characteristic, with a sudden change in the
capacitance value after switching.

(b) The capacitance values normalized to the electrode
area are very different; there is a 2-order-of-magnitude dif-
ference between the ones obtained from the derived C-V
characteristic and the ones that are directly measured.

(c) In the case of the directly measured C-V char-
acteristic, the capacitance still varies with the applied
voltage after polarization switching, while in the case of
the derived characteristic the capacitance value seems to
remain constant with voltage, except for the interval where
the switching takes place.

(d) NC values are present in the case of the derived C-V
characteristic [marked with a circle in Fig. 1(b)].

The last observation leads to more detailed experiments
such as the one in Fig. 2(a), showing intermediate hys-
teresis loops. A careful analysis of the circled areas in
Fig. 2(a) reveals that the polarization still increases while
the applied voltage decreases from the maximum applied
value toward zero. This is the fingerprint of NC!. Indeed,
the derivatives of the hysteresis loops presented in Fig. 2(a)
exhibit clear negative values in the voltage range where
polarization switching takes place(roughly between 1.5 V
and 3.8 V, with the coercive voltage around 3 V), as shown
in Fig. 2(b). One can also see that NC has a maximum
value at voltages roughly equal to the coercive value. This
is in agreement with the findings that NC is more visible if
the value of P is close to zero [18].

Moving further, an even more interesting evolution is
that of the current hysteresis shown in Fig. 3(a), espe-
cially near the maximum applied voltage [see the inset
in Fig. 3(a)], where the arrow evidences the increase and
decrease of the current recorded during the hysteresis mea-
surements, at voltages near the maximum applied one.
Figure 3(b) explicitly shows that there is a direct corre-
lation between NC and the current recorded during the
hysteresis measurement: when NC reaches its maximum
value, the current is also a maximum.

Another interesting result is obtained if the voltage
dependence is converted into a time dependence, given the
knowledge that all the hysteresis measurements are per-
formed with triangular voltage pulses at 1 kHz and thus the
voltage varies linearly in time between zero and maximum
amplitudes for positive and negative polarities [see also the
inset in Fig. 2(a)]. Then, for each quarter ' = «t, where the
voltage variation rate v can be obtained with knowledge of
the amplitude of the applied triangular voltage pulse Viax
and its frequency, resulting in o = 4fV .. The real rate
for the voltage change will change the sign when the volt-
age is increasing from 0 to Vi, and is decreasing from
Vimax to 0, but in absolute-value terms, it remains the same.
Therefore, the time ¢ that elapses from the moment # = 0
when the measurement starts until the applied voltage
reaches a value V is obtained as # = V/4fVimax. Apply-
ing this procedure to the points marked with arrows in
Fig. 3(b), the times 71 and #2 can be calculated. The differ-
ence 12 — ¢t1 can be regarded as the polarization-switching
time, considering that NC exists as a nonzero quantity only
during switching. The obtained values for several contacts
on the same sample are in the range from 200 to 500 ns,
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(a) The opening of the polarization hysteresis loop as the amplitude of the triangular voltage pulse is gradually increased

(the red arrow marks the increase). (b) The C-V characteristics derived from the hysteresis loops presented in (a). The arrows mark the
increase and decrease of NC observed for voltages corresponding to the domains marked in (a).

showing that switching is very fast and probably dependent
on the structural quality of the film beneath the measured
contact (since structural defects may act as pinning centers,
making the switching more difficult, which is reflected in
longer switching times).

So far, all the conclusions are drawn from classical elec-
trical measurements; however, equally interesting results
are obtained if specially designed PFM measurements are
used to observed the switching process at the microscopic
level. The results are summarized in Fig. 4, revealing
that during switching, there is no mix of ferroelectric

domains of different orientations, the polarization going
very rapidly from one orientation to the other. The map
of the poling voltage is shown in Fig. 4(a) and the volt-
age variation during the scan along the line in Fig. 4(a)
is shown in Fig. 4(b). Figure 4(c) shows the phase con-
trast after applying the poling map from Fig. 4(a). The
image is a little shifted due to the low scan rate, which
is only 0.5 Hz. In any case, one can see an outer white
frame associated with the poling voltage of +5.33 V and
an inner black frame associated with the poling voltage
of —5.33 V. Inside the frames, two dominant regions can
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FIG. 3.

(a) The current hysteresis recorded at the same time as the polarization-hysteresis measurements in Fig. 2(a). (b) The voltage

dependence of the maximum value of NC in the positive voltage range [see also the arrows in Fig. 2(a)], together with the voltage
dependence of the current recorded at the maximum applied voltage during the hysteresis measurement.
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(a) The poling map. (b) The voltage variation while the PFM tip scans the line in (a)—it starts at +5.33 'V, then after about

0.1 wm drops to —5.33 V and starts to slowly increase to +5.33 V while the tip is moving on the surface of the sample, after which it
drops again to —5.33 V for about 0.1 «m and suddenly changes to 4+5.33 V for the final 0.1 um. (c) The phase contrast after applying
the poling map from (a). (d) The phase variation while the tip scans the line in (c).

distinguished: one black, corresponding to voltages from
—5.33 V to +1.6 V; and one white, for voltages from +1.6
V up to +5.33 V. Inside the two regions are points or lines
of opposite color, suggesting different polarization orienta-
tions compared to the rest of the region [see also Fig. 4(d)],
showing the phase variation during the scan along the line
from Fig. 4(c).

These results suggest that the switching is abrupt, with
no intermediate states composed of ferroelectric domains
of different orientations. The findings presented above are,
apparently, in contrast to existing theories claiming that
the polarization switching between two states with com-
pletely opposite orientations takes place through a series
of intermediate states composed of ferroelectric domains
with opposite polarization orientations. However, one has
to consider the time scale and the spatial resolution of the
PFM characterization. For very fast switching, implying
very fast nucleation and growth of domains, it may be that
intermediate-domain structures are not visible during the
time frame of the measurement (the time for a scan is 2 s;
during this time, the voltage varies from —5.33 V to
+5.33 V). In discussing and explaining the experimen-
tal results, one has to take into account that the analyzed
structure is metal-ferroelectric-metal (M-F-M) and that the
electrode-ferroelectric interfaces behave as Schottky-like
contacts. The ferroelectric polarization affects the band
bending at the interfaces in the sense that for the interface

where polarization ends with a positive surface charge, the
band bending is lower than for the interface where the
polarization ends with a negative surface charge. These
assumptions are valid for an n-type semiconductor and
epitaxial PZT is thought to be of »n type due to oxygen
vacancies formed by self-doping to preserve the out-of-
plane orientation of the polarization [28] (it is documented
in the literature that epitaxial PZT grown on STO/SRO
substrates has out-of-plane polarization oriented from the
substrate toward the surface). Therefore, the band bending
at a ferroelectric Schottky-like contact is given by

P

E0&st

Vi = Voi — 3, 4)

where V|, is an apparent built-in potential, V; is the built-in
potential in the absence of polarization, P is the polariza-
tion, &g is the vacuum permittivity, g is the low-frequency
dielectric constant, and § is the thickness of the interface
layer (the layer between the polarization bound charges
and the physical electrode interface). When the polariza-
tion charges are positive, they will attract more electrons
for compensation and the band bending will be reduced,
as well as the thickness of the depleted region. If the
polarization charges are negative, then electrons will be
repelled from the interface and the band bending will
increase, as well as the thickness of the depleted region.
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If the polarization is zero, then the built-in potential is not
altered.

The question is: How can Schottky-like contacts explain
the occurrence of NC during polarization switching and
the fact that this process takes place directly from 4P
to —P or vice versa, without apparent intermediate states
characterized by a mix of domains with opposite orien-
tations? To answer this question, one has to consider the
present interpretation of polarization switching based on
the nucleation-and-growth model. There are three main
steps during switching from one monodomain state to the
other monodomain state:

(1) The nucleation of domains of opposite polarization
orientation. This is thought to happen on structural defects
from the bulk and interfaces. If the bulk is free of defects,
then nucleation takes place at electrode interfaces.

(2) The growth of the domains of opposite polarization
orientation until the new monodomain state is attained.

(3) The compensation of the depolarization field estab-
lished during switching and just after the switching is
completed. This is achieved with carriers existing inside
the ferroelectric film or in the external circuit (electrodes),
carriers that can move from one electrode interface to the
other.

The results presented in this study suggest that the first
step, nucleation, takes place at the electrode interface over
the entire area of the electrode, followed by the second
step, growth. In practice, the polarization switches very
rapidly from one direction to the other, with the zero-
polarization state assumed to happen when the polarization
in half of the volume has switched while that in the other
half has not. The lifetime of the zero-polarization state is
very short, since this state is not thermodynamically stable,
according to the theoretical models [17]. This means that
the external electric field applied on the M-F-M structure
pushes the system from the energy minima corresponding
to 4P to the minima corresponding to —P and vice versa,
with no intermediate values for P.

The first two steps of polarization switching, nucleation
and growth, are supposed to be very fast (hundreds of
picoseconds) [32]. The third step, compensation of the
depolarization field, appears to be the longer one, since it
involves charge redistribution from one electrode interface
to the other.

The relation between NC and the increase of the current
during switching [see Fig. 3(b)] can be explained on the
basis of Eq. (4). We only discuss what happens at one elec-
trode interface, since the same process is valid for the other
interface—it is only the sign of the charges that changes.
Let us then assume that the polarization is in the up direc-
tion, meaning a positive polarization charge at the top
interface. The built-in potential will be reduced, accord-
ing to Eq. (4). The switching involves a sudden (or very

rapid) change from a positive to a negative polarization
charge, with a corresponding change in the magnitude of
the built-in potential and depletion width. It also involves
a replacement of the negative charges that are initially
present at the top interface to compensate the positive
polarization charges with positive charges. This triggers a
rapid increase of the current flowing through the circuit,
which reaches a maximum when it appears that the sys-
tem is passing through the state with zero polarization. At
this point, V}, = V4, according to Eq. (4); then opposite
polarization (down) occurs, leading to a sharp increase of
the apparent built-in potential and to a drop of the current
magnitude. However, the current variation is continuous
during switching due to the fact that charges are con-
tinuously flowing through the circuit to compensate the
depolarization field during switching. The sharp changes
in the apparent built-in potential are visible in the C-V
characteristics presented in Fig. 1(b) [“(1)” on the graph].
One can note that the capacitance value decreases sharply
after switching, which is correlated with the increase of the
apparent built-in potential and the increase of the depletion
width.

In order to better understand the discussion related
to Eq. (4), the successive steps taking place inside the
structure during polarization switching are represented
schematically in Fig. 5. Starting from the top, the charge
density at the two interfaces is shown with changing color
gradients, to correlate with Eq. (4):

(a) The initial state, with a well-defined orientation of
polarization, from left to right in the present case, and with
well-defined space charge regions at the electrodes.

(b) The polarization state at electric fields below the
coercive values, but of opposite orientation compared to
the polarization; the direction of polarization is still main-
tained but the width of the depletion regions starts to
change as the applied voltage increases.

(c) The polarization state at electric fields around the
coercive value; the polarization is near zero, with signifi-
cantly reduced depletion regions at the electrode interfaces,
allowing a significant flow of charge (high current), as
suggested by the small blue arrows at the electrodes.

(d) Polarization switching to the opposite direction,
with an applied electric field higher than the coercive
value; the depletion barriers are restored, leading to a
significantly reduced flow of charge (low current).

Using the visual representation in Fig. 5, polarization
switching takes place in three successive steps starting
from the moment an external electric field E is applied to
the system in Fig. 5(b):

(a) Free electrons will start to accumulate at the left
interface, reducing the depletion region, while at the right
interface electrons will be injected, adding to the already
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FIG. 5. A sketch of an electrode/PZT/electrode capacitor,
showing the polarization charges (light blue, negative charges;
red, positive charges), external electric fields, depleted regions
(red gradient), and “clouds” of free charges compensating the
bound polarization charges (light blue gradient) in four situ-
ations: (a) the initial state of the PZT film; (b) the start of
the polarization switching by the application of a reverse elec-
tric field; and (c) a ferroelectric near the switching point. The
incoming (left interface) and outgoing (right interface) charge
transfer destabilizes the charge compensation of polarization
until polarization switching takes place in (d). At this point, at
the right interface, the depletion region is formed to compen-
sate the negative polarization charges while at the left interface
an electron accumulation appears to complete the polarization
compensation.

existing electrons that compensate the +P polarization
charges. As the external electric field is increased, more
electrons will be injected through the right interface and
extracted to the left interface, leading to an increase of the
current.

(b) When the external electric field reaches the coercive
value, polarization is now zero (ideally) and there will be
no polarization influence on the built-in potential and on
the width of the depletion regions; thus the current will
have reached its peak, while negative capacitance is also
at a maximum. This is an unstable thermodynamic state,
where the structure behaves more like a resistor than a

capacitor. In the free-energy landscape, it is the state cor-
responding to the concave local maximum P = 0, from
which the system can equally go into one of the stable
energy minima, each corresponding to one polarization
orientation. Further increase of the external electric field
pushes the system into the minimum corresponding to the
opposite polarization direction compared to the initial one.

(c) The polarization rapidly saturates after switching,
being accompanied by the reappearance of the depletion
region at the right interface and of the electron cloud at the
left interface. Once the polarization-controlled depletion
regions are re-established and the necessary compensation
charges redistributed, the current flow decreases and the
NC effect vanishes.

IV. CONCLUSIONS

Several conclusions can be drawn based on the above
results and analysis:

(1) Experimentally measured P-V and C-V loops do not
verify the theoretical prediction that C(V) dependence is
obtained as the derivative of the P(V) dependence. While
Egs. (1)«3) are deduced using electrostatic theory, the
experimental methods used for P-V and C-V measurements
are dynamic and assume the application of a periodic time-
varying voltage. The frequencies, amplitudes, and shapes
of the periodic voltage signals used for the two types
of measurements are different; thus one cannot apply the
theoretical deduction that the C-J characteristic is the
derivative of the P-V loop for experimentally recorded
results.

(2) Polarization switching is very fast in epitaxial films,
the switching time being of the order of 100 ns.

(3) Switching starts from the interface where, most
probably, the Schottky-like contact disappears and the
compensation charge is no longer stable.

(4) The PFM results presented in Fig. 4 suggest that the
switching takes place without visible intermediate states
composed of up and down polarization; apparently, the
system just switches from up to down polarization or vice
versa. The P = 0 state, if present, is not stable and the sys-
tem changes rapidly from one polarization orientation to
the other.

(5) NC occurs only during switching. Its amplitude and
temporal extension may depend on the structural quality of
the electrode interfaces and of the films itself. In essence,
NC is intrinsically related to polarization switching and
occurs due to a large increase of the current due to the
redistribution of the charges that compensate the depolar-
ization field. The magnitude of NC may depend on the
structural quality but it is always present as a transitory
effect. It remains to be clarified if such an effect is useful in
practical applications such as FETs for reduction of power
consumption [12].
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The present study supports the presence of an intrinsic
transitory NC effect in epitaxial ferroelectric films, occur-
ring around the coercive voltage when the polarization
value is close to zero. However, the topic of the NC
effect in relation to polarization switching is far from being
closed. There are still many open questions, such as the
following. What is the influence of structure quality (epi-
taxial, textured, or polycrystalline) on the NC effect? If
one adopts the mechanism based on the occurrence of fer-
roelectric domains during switching, then the polarization
values are the same in all the domains? (One can assume
that different polarization values can be obtained from dif-
ferent volumes of domains with different orientations of
polarization but with the same value of polarization.) Is it
possible that the switching takes place without the forma-
tion of domains but just by moving the central atom (Ti or
Zr) in the cell, from one off-center stable position to the
other position along the ¢ axis in the case of a tetragonal
structure? (This can lead to different polarization values
between maximum values associated with the two stable
states of the central atom.) Switching through the forma-
tion of domains with the same polarization value seems to
be supported by thermodynamic theory, in which only two
minima exist in the free energy, all the other states being
unstable. On the other hand, there are recent results sug-
gesting the moving of the central atom as the mechanism
for switching (including the present study) [33,34]. Further
studies are needed to provide answers to the above ques-
tions, pushing the experiments to the limits of the existing
equipment.
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