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Abstract. The interaction energies between the components of dipolar
solutions can be estimated on the bases of solvatochromic correlations which
allow separating different types of interactions by their supply at the spectral
shifts of the electronic absorption bands, spectral shifts induced by the
modifications of the solvent nature. In the theory of the simple liquids, the
dependence of the spectral shifts on the macroscopic parameters of the solvents
allows to estimate some microscopic parameters of the spectrally active
molecules.

Keywords: azobenzene compounds; interaction energies; theory of simple
liquids; macroscopic/microscopic parameters.

1. Introduction

As a consequence of m-delocalization, aryl azo compounds have vivid
colors, especially red, orange and yellow. Therefore, they are used as dyes, and
are commonly known as azo dyes. Azo compounds are extensively utilized in
chemical industries as dyes and pigments because of their extraordinary

*Corresponding author; e-mail: bencheacelia@yahoo.com
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coloring (Khanmohammadi et al., 2013; Kinali-Demirci, 2013). Moreover, in
biological systems, some of these compounds could be used as inhibitors for
tumor-growth (Ross and Warwick, 1955). Some important food colorants (e.g.
sunset yellow and allura red) also belong to the class of azo dyes. Azo dyes
contain the azo functionality, -N=N-, with attached aryl groups.

Solvents play an important role in physical and chemical processes.
Additionally, solvent effect on absorption spectra can be used to provide
information about solute—solvent interactions (Reichardt, 2005). Solute—solvent
interactions are determined by the electronic and nuclear solvent polarization
and they can be described by functions of the refractive index n and the electric
permittivity &:

n?-1

=" @
c-1

f(g)_g+2 (2)

When the excited state of an azo dye is more polar than its ground state,
the dye exhibits positive solvatochromism with a bathochromic (red) shift in the
UV-Vis spectrum reflecting stabilization of the excited state in the polar solvent
environment. Hypsochromic or blue shifts reflect stabilization of more non-
polar excited states in more non-polar surroundings (Karukstis et al., 2010).

Azobenzene compounds usually exhibit a low intensity n—z* absorption
band in the visible range of the spectrum and a high intensity n—n* band in the
UV spectra due to the conjugation between azobenzene and aromatic ring
system (Airinei et al., 2001).

2. Experimental Part

The azoderivatives (AZ1, AZ2) obtained in our laboratory was used
upon purification by recrystalization. The solvents wused were of
spectrophotometric grade and supply by Aldrich or Fluka.

HyperChem 8.0.6 (www.hyper.com) is a molecular modelling program
frequently utilized to determine some physical and structural parameters of
different kinds of substances.To obtain a configuration characterized by a
minimum free energy the molecules were geometrically optimized using the
Polak Ribiere algorithm with maximum gradient set at 0.001 kcal/(mol*A),
after that through a single point calculation a number of physical and structural
properties have been obtained. The Parametric Method number 3 is a semi-
empirical method for the quantum calculation of molecular structure. PM3
(Stewart, 1989) uses the Hamiltonian and it is parameterized to reproduce a
large number of molecular properties.


http://www.hyper.com/
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The electronic absorption spectra were recorded at a Specord UV Vis
Carl Zeiss Jena Spectrophotometer with data acquisition system.

3. Results and Discussions

The optimized structures of some azo derivatives using the HyperChem
8.0.6. program are represented in Fig. 1 a) 4-aminoazobenzene (AZ1) and b)
4-acetamidoazobenzene (AZ2).

The studied molecules belong to the CS class symmetry: the molecules
of this group are planar and they have only one element of symmetry, the plane
of the molecules.

H24

« H20

Fig. 1 — The optimized structures of AZland AZ2 and the denomination
of the atoms: a) AZ1; b) AZ2.

The bond lengths in [A] were computed for a) AZ1 and b) AZ2 are
listed in Fig. 2.

The positions of the atoms are those from Fig. 1. The single bond
C(12)-N(15) are longer than the single bonds C(4)-N(7) and C(9)- N(8) and also
than the double bond N(7)-N(8), as it results from Fig. 2 a) AZ1.
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1104 13423 1.3461 @7 432/1.2557 1.3463 13424 1.104
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b
Fig. 2 — a) The computed bond lengths of AZ1 in [A]; b) The computed
bond lengths of AZ2 in [A].

It is seen from Fig. 2 b) AZ2 that the single bonds N(15)-C(12) and
N(15)-C(16) are smaller that the single bond C(16)-C(18) and also the double
bonds N(7)-N(8) and C(16)-O(17) are smaller than the single bonds N(7)-C(4)
and N(8)-C(9). In both Figs. a) and b) in benzene cycle the values of bond
lengths are higher than 1.3 [A].

The electronic charges on located near the molecular atoms in percents

of electron elemental charge [e =1.6021662x10™"° C] are given in Fig. 3
a) AZ1 and b) AZ2.
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Fig. 3 —a) The atomic charges and the dipole moment orientation of AZ1 computed by
HyperChem; b) The atomic charges and the dipole moment orientation of AZ2.

As one can see from Fig. 3 a) AZ1 that the negative charges are located
near C, N atoms (the negative values are beetween -0.003 in C(10) atom and -
0.032 in C(9) atom), and the positive charges are located near H atoms and also
located near N(8) atom.

The negative charges are located near C, N and O atoms (the negative
values are beetween -0.011 in N(8) atom and -0.372 in O(17) atom), and the
positive charges are located near H atoms and also located near N(15) and
C(16) atoms, as it results from Fig. 3 b) AZ2.

The Frontier Molecular Orbitals determine the molecular chemical
stability, chemical reactivity and chemical hardness—softness of molecules, and
playing an important role in the optical and electric properties (Fleming, 1976). It
is also used to determine the interaction of the molecules with the other species.
The energy levels of the molecular orbitals border HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) for azo
derivatives give information on the possible electronic transition.

They are highlighted in Fig. 4 AZ1 and Fig. 5 AZ2 (color: gray is
positive value and black is negative value).

[

a b
Fig. 4 — The frontier orbitals of 4-aminoazobenzene:
a) HOMO; b) LUMO.
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GOV ™

.
a b
Fig. 5 — The frontier orbitals of 4-acetamidoazobenzene:
a) HOMO; b) LUMO.

The electrophilic attack occurs most likely to the atomic site with a high
density of orbital HOMO while nucleophilic attack site is correlated with
atomic high-density of orbital LUMO.

Table 1
The Energies Values in the Ground State for the Studied Molecules
Propertiers AZ1 AZ2
Total energy, [kcal/mol] -47788.527 -60742.463
Heat of formation, [kcal/mol] 175.626 132.851
Binding energy, [kcal/mol] -2787.176 -2787.176

Electronic energy, [kcal/mol] | -292280.676 -389698.942
Nuclear energy, [kcal/mol] 244492.149 328956.478

Enomo, [EV] 7.977 -8.492
ELumo, [EV] -1.029 -1.458
AE= | EHOMO - ELUMO | ' [eV] -6.948 -7.035

The AZ2 is more stable than the AZ1 due the higher negative value of
the total energy (Table 1).

The difference AE = Ejomo — ELumo, known as HOMO/LUMO gap,
represents the lowest energy electronic excitation that is possible in a molecule.
For AZ1 this value is smaller than for molecule AZ2 and this demonstrate that
molecule AZ2 is more available to interact with other species.

The ionization potential (1) and electron affinity (A) can be estimated
from the HOMO and LUMO energy values by applying Koopmans theorem
(Koopmans, 1934):

I = - Enomo (3)

A=-Eumo (4)

The density of the total electronic charge (Fig. 6), indicate areas with
high or low electronegativity which determine the orientation of molecules.
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Three regions with density of negative charge corresponding
preferential coupling cation sites were highlighted for the studied molecules.

a b
Fig. 6 — The density of the total electronic charge of the studied molecules:
a) AZ1; b) AZ2.

The dipole moment, the polarizability, the refractivity and logP were
calculated using the QSAR method. Quantitative Structure - Activity
Relationships (QSAR) correlate the molecular structure or properties derived
from molecular structure with a particular chemical or biochemical activity
(Gallegos, 2004).

Table 2
QSAR Parameters Calculated by HyperChem

Parameters AZ1 AZ2
Surface area, [A?] 401.43 457.97
Volume, [A%] 625.46 731.90
Mass, [u.a.m] 197.24 239.28
Hydration energy, [kcal/mol] -12.94 -9.87
Log P 0.25 0.08
Refractivity, [A?] 75.55 82.99
Dipole moment, [D] 3.27 2.22
Polarizability, [A%] 23.50 27.26

The hydration energy is defined as the energy absorbed when the
substance is dissolved in water. The AZ1 have a higher values of the hydration
energy than the AZ2. LogP represents the octanol/water partition coefficient,
the positive values of logP shows that the studied compounds is lipophilic. The
lipophilicity is a major determining factor in a compound’s absorption and
distribution in the body (Parthasarathi et al., 2012). A more lipophilic
compound will have low aqueous solubility, compromising bioavailability.

The Kamlet - Taft solvent parameters (Taft et al., 1985) and Reichardt’s
parameters (Reichardt, 2005) used in LSER, the wavenumbers of electronic
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absorption spectra, the polarizability function f(n) and the polarity function f(¢)
are given in Table 3.

Table 3
UV-Vis Absorption Maxima and the Solvent Parameters for AZ1 and AZ2
Dexps [cm™]
No. Solvent f(e) f(n) a s A71 Nz,
1 n-Hexane 0.229 0.229 0 0 27660 28990
2 Cyclohexane 0.254 0.257 0 0 27510 | 28900
3 CCl4 0.292 0.273 0 0 27210 | 28610
4 Toluene 0.315 0.292 0 0.11 | 26670 | 28330
5 Chloroform 0.212 0.267 0.2 0.1 26880 28610
6 DCM 0.729 0.258 013 ] 01 26700 | 28600
7 DCE 0.758 0.266 0 0 26600 | 28450
8 1-Pentanol 0.825 0.248 0.7 | 0.92 | 25910 | 28450
9 1-Butanol 0.849 0.237 0.84 | 0.84 | 25770 | 28560
10 2-Butanone 0.854 0.230 0.06 | 0.48 | 25640 | 28170
11 Acetone 0.870 0.220 0.08 | 0.48 | 25810 | 28250
12 Ethanol 0.890 0.221 0.86 | 0.75 | 25840 | 28570
13 Methanol 0.914 0.203 098 | 0.66 | 25910 | 28860
14 DMF 0.925 0.259 0 0.69 | 25030 | 27860
15 | DM Acetamide | 0.924 0.263 0 0.76 | 24720 | 27890
16 DMSO 0.939 0.282 0 0.76 | 24750 | 27780

Solvatochromic studies offer information about the strenght of the
dispersive interactions by the spectral shifts measured in non-polar solutions.

The electronic absorbtion band of 4-aminoazobenzene (AZ1) and
4-acetamidoazobenzene (AZ2) in solvents having different physicochemical
parameters has been recorded and the wavenumber in its maximum is listed in
Table 3.

The equation which give the wavenumbers in the maximum of the band is:

U

ae =0, +C f(e)+C, T (N)+C,8+C (5)

A multilinear dependence of the type Eq. (5) was used to describe the
spectral shifts of two azobenzene derivatives measured in the solvents from
Table 4.

Table 4
Characteristics of Eq. for Binary Solutions of Two Azobenzene Derivatives
Molecule {70 ' [cm'l] C, C, Cs C, R

AZ1 29054.677 | -1468.633 | -5371.207 | 803.794 | -1805.136 | 0.9233

AZ2 30160.118 | -512.885 | -5041.258 | 671.349 -682.334 | 0.9081
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A good correlation was obtained as one can see in Table 4.

The calculated wavenumber in the maximum of the UV-Vis of 4-
aminoazobenzene and 4-acetamidoazobenzene using equation mentioned above
are plotted versus the corresponding experimental values in Fig. 9 a) AZ1 and
b) AZ2.

27500 4 9000

288004
27000 4

28600
26500 4

=0

28400 4

26000 4
28200

Vealc (em
4
Vealg (€M )

25500 4
28000

25000 4 pa—

24500

27600 T T T T T T T
27600 27800 28000 28200 28400 28600 28800 29000

Voxp €M™ Veyp (om ™)
a b
Fig. 9 — vy, [cm™] versus v, ,[cm™]: a) AZ1; b) AZ2.

There is a good linear correlation between the calculated and
experimental values of the wavenumbers in the maximum of the visible band of
4-aminoazobenzene Fig. 9a (R = 0.94, SD = 218.13) and for 4-acetamido-
azobenzene Fig. 9b (R = 0.93, SD = 94.70).

4. Conclusions

Different solvents with different electric permittivities, refractive
indices and Kamlet —Taft and Reichardt constants were used in this study, for to
characterize the intermolecular interactions in binary solutions of two
azobenzene derivatives.

The separation of the supply of the universal and specific interactions
was made based on the correlation coefficients from the equations describing
the solvatochromic effect (Rusu et al., 2008).

Dispersive forces are predominant in non-polar solvents containing
spectrally active molecules (Gheorghies et al., 2008).

A series of azobenzene derivatives in the ground electronic state were
analyzed from quantum-mechanical point of view and their electro-optical
parameters were computed, and it demonstrate that the study compunds are
lipophilic.

The results of this study could be used when azo-benzene derivatives
are precursors in various chemical reactions.
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ENERGII DE INTERACTIUNE TN SOLUTII A UNOR
COMPUSI DE AZOBENZEN

(Rezumat)

Energiile de interactiune dintre componentele dipolare ale unei solutii pot fi
estimate Tn cadrul studiilor solvatocromice care permit separarea diverselor tipuri de
interactiuni prin aportul acestora la deplasarile unor benzi electronice de absorbtie,
deplasari cauzate de modificarea naturii solventilor folositi. Tn baza teoriei lichidelor
simple, dependenta deplasarilor spectrale de anumiti parametri macroscopici ai
solventilor permit estimarea unor parametri microscopici din starea excitata a
moleculelor spectral active.
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Abstract. The paper presents theoretical and experimental results regarding
the use of a SQUID magnetometer in detecting the biomagnetic fields, generated
by bioelectric activity of the tissues. The work describes a SQUID magnetometer
configured as a gradiometer, with first and second order and the electromagnetic
environment in which such measurements can be made. Depending on the
biological source, biomagnetic signal can have the induction value up to 50 pT.
Considering a disturbing magnetic field source located at a given distance from
the biological source, the work analyses the signal to noise ratio for the first and
second order gradiometer configuration. Theoretical modelling shows an
increasing signal noise ratio for the second order gradient of the magnetic field
toward the simple measurement of the magnetic field or the first order gradient
of the magnetic field. The signal noise ratio is even greater when the gradient is
of higher order and the distance between the biomagnetic source and magnetic
disturbance, increases. The experimental results show the SQUID gradiometer
structure achieved and the recording of a biomagnetic signal generated by the
heart's electrical activity — magnetocardiography.

Keywords: biomagnetometry; gradiometry; SQUID; magnetocardiography;
magnetic shielded room.
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1. Introduction

Biomagnetic field measurements is a very special subdomain in
magnetometry and is confronted with some difficult aspects such as the very
small value of the measured parameters, which is from 10™ T (the smallest) for
the field generated by foetal heart to 10™ T (the highest) generated by the adult
heart and a poor signal/noise ratio (SNR) for these type of measurements. The
omnipresence of environmental electromagnetic fields, with much higher values
than the biomagnetic fields determines a poor signal/noise ratio and the
necessity to carry out the measurements in spaces where the environmental
electromagnetic fields are diminished to smaller values or comparable with the
measured parameters, in order to improve the SNR. When it speaks about
magnetic fields, the SNR refers to the level of the biomagnetic fields against the
level of environmental electromagnetic fields and natural noises specific to the
utilized magnetic sensor. The environmental magnetic and electromagnetic field
spectrum is complex; therefore the methods to mitigate it are sophisticated from
a conceptual and constructive standpoint. With these aspects in mind, the
researches were focused on the diminution of ambient noise and/or on the
development of certain measuring devices less sensitive to electromagnetic and
magnetic environment. These developed systems with very high sensitivity
threshold known up to now, for very weak magnetic field measurement, very
versatile, are Superconducting Quantum Interference Device or SQUID, which
are flux-voltage converters; they can measure any physical parameter that can
be converted in magnetic flux (magnetic field, magnetic field gradient, magnetic
susceptibility, voltage, current, mechanical displacement). One of the mostly
known methods to improve the SNR is to configure, physically a classical
magnetometric structure in a gradiometric structure. The gradiometers are
preferable mainly because of their ability to detect magnetic field gradients and
reject common vector of magnetic field.

2. Theoretical Aspects and Description of Gradiometer

The gradiometric structure is composed of two coaxial coils, with the
same number of turns and identical sections, located in parallel planes, at a
fixed distance, named baseline, connected in opposition in flux transformer
circuit. This is the 1% order gradiometer but can obtain gradiometers with higher
order by combining a desired numbers of first order gradiometers.

The biogradiometer was configured from a SQUID biomagnetometer
and has three SQUID coaxial coils. The magnetometer sensors are connected
through flux transformers to three independent electronic modules, such that to
obtain three magnetometric channels.
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The adopted solution is advantageous due to the fact that, from the three
SQUID magnetometer channels, one can realize several SQUID gradiometers
by using the electronic subtraction of the signal arrived from the three
individual magnetometric channels (Baltag and Rau, 2015). By electronic
subtraction produced at the output of the three channels, a four channel
gradiometer was realized using the electronic subtraction operation at the output
of the three channels, namely: two 1st order gradiometers with baseline Az = 4
cm, a Ist order gradiometer with baseline Az = 8 cm and 2™ order gradiometer
with baseline Az =4 cm. The configured gradiometer is shown in Fig. 1.

—“LEMOH
+ Connectors

Reference
Coil

d=4cm

Median
Coil

d=4cm

Signal
Coil

Fig. 1 — SQUID gradiometer.

For the operations of calibration and verification of the SQUID
transducer, a Helmholtz coil was realized with a small field constant
(comparable with biomagnetic fields); this permits to apply both fields and field
gradients of known values.

Considering the magnetic moment of the biomagnetic source, Ms and
the magnetic moment of the disturbance source Mp, one can compute, the SNR
for the first order gradient, Eq. (1):
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and for the second order gradient, one can compute the same ratio:

s) G2 MTp
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where S and P are signal respectively, perturbation (noise) source and r, and r,
are the distance between the gradiometer SQUID and the perturbation source
respectively biomagnetic source. Computing the ratio between the two relations
it follows that the signal noise ratio is increased with a ry/r, factor, Eq. (3).

(SP), 1o
(S/P), ®)

In practice, the factor ry/rs < 100.
We have analyzed the distribution with the distance of the magnetic

field and of the 1% and 2™ order gradients produced by the two sources, one of
disturbances and one of biosignal, and we found out that it is more
advantageous to measure the 2" order gradient than the **'order gradient, as the

SNR is improved, see Fig. 2 (Baltag and Rau, 2014).
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Fig. 2 — SNR for first and second order gradient.
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3. Experimental Results

Given the fact that the SQUID magnetometer, an instrument with a very
low sensitivity threshold, manifests some limitations connected with immunity
from the external magnetic and electromagnetic environment, besides some
precautions for providing an adequate screening, one must also take into
account the electromagnetic conditions of the location. The configured SQUID
biogradiometer is working properly only in a magnetic shielded rooms (RMS)
sized (2x2x3)m with a dynamic system for annulment of the magnetic field,
which is formed by a triaxial system of Helmholtz coils sized (4x4x4) m.

The squid gradiometer was used to record for the first time, in Romania,
a biosignal generated by adult heart, a magnetocardiogram. The morphological
aspects of the signal processed are very similar with the ECG signal, Fig. 3.

In the recorded magnetocardiogram signal one can establish the
existence of some disturbing components produced by parasite external fields
(50 Hz). The existence of the non-biological noise was also established in the
absence of the examined patient. Therefore, an additional filtration of the
obtained signal is necessary, being aware that it is mixed with this noise with
the dominant frequency of 50 Hz in whose spectrum are also present the second
and the third harmonics. In order to remove the residual signal of 50 Hz that
appears at the gradiometer output, each electronic subtraction channel has in its
composition circuits for phase correction of the residual signal of 50 Hz. The
phase shifter permits the correction of 50 Hz residual phase such that to obtain a
minimal residual signal at the output. Its peak to peak amplitude is of 21.6 pT .

The obtained MCG signal is a primary signal. It was the first MCG
signal recording in laboratory condition, from Romania (Rau, 2012).
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Fig. 3 — MCG/ECG signal.
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4, Conclusions

The biogradiometer was configured from a SQUID biomagnetometer
and has three SQUID coaxial coils. For theoretical aspects, we considering a
disturbing magnetic field source located at a given distance from the biological
source and analyses the SNR for the first and second order gradiometer
configuration. Theoretical modelling shows an increasing SNR for the second
order gradient of the magnetic field toward the simple measurement of the
magnetic field or the first order gradient of the magnetic field. The SNR is even
greater when the gradient is of higher order and the distance between the
biomagnetic source and magnetic disturbance, increases. The morphological
aspects of the obtained MCG biosignal are similar with the ECG biosignal.
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MAGNETOMETRU SQUID PENTRU DETECTAREA SEMNALELOR
BIOMAGNETICE

(Rezumat)

Lucrarea prezinta rezultatele teoretice si experimentale referitoare la o
instalatie biomagnetometrica realizata de autori. Rezultatele teoretice demonstreaza
faptul ca masuratorile biomagnetometrice realizate Tn regim de gradiometrie au un
raport semnal/zgomot mai mare decét cele realizate in regim clasic, iar intre cele doua
tipuri de gradiometre acest raport este mai mare pentru masuratorile facute cu
gradiometrul de ordin doi decat pentru cele ficute cu gradiometrul de ordin unu.
Rezultatele experimentale au condus la performanta inregistrarii primului semnal
magnetocardiografic in Romania.
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Abstract. A a category of metallic spin valves for read heads presenting
colosal magnetoresistance changing have been analyzed by simulation methods,
using the 3D HFSS program. Hard ferromagnetic alloys were considered in the
stack of the nanometric magnetic/spacer/magnetic layers, based on Fe and Co
and a proper spacer, working in the current-perpendicular-to-plane (CPP) mode.
The magnetoresitance changes (MR, [%]) were calculated by theory and from
simulation data, under different condition of exploitation, in function of the
thickness of the hard magnetic layer and spacer, average grain size, and applied
field respectively. Results indicate us monotone evolutions for some specific
sub-domains and present maxima when the structure parameters can be
correlated. A magnetoresistance ratio of about 0.4...2% have been computed,
dependent on layers nature and thickness, for the alloy grain sizes up to 7-8 nm
and an applied field of 2-10 kOe. Data were used for obtaining high resolution
reading performances, which to overcome the reported results.
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1. Introduction

A category of metallic spin valves for read heads presenting colossal
magnetoresistance changing have been analyzed by simulation methods, using
the 3D HFSS program by Ansoft.

The read heads explore the bits traveling through the recording media
(the disk surface). In the case of the perpendicular recording, the bits point up or
down perpendicular to the disk surface, in comparison with the parallel
recording case, where the bits are moving in the disk plane (Jogo et al., 2007;
Nagasaka et al., 2006). Higher fields are necessary at perpendicular recording to
set the magnetization, but the advantage is that the magnetization is more stable.

The ultrahigh-density recording with areal densities over hundreds of
Gb/in®, can be achieved by exploiting the properties of the tunnel
magnetoresistive (TMR) heads (Tanaka et al., 2002) implemented into the spin
valves for read heads. A few structures of this type have been analyzed in this
paper and their properties have been determined in order to correlate the
parameters to optimize the structure.

2. Characterization of the Spin Valve Materials

Hard ferromagnetic metallic alloys have been considered in the spin
valves, based on Fe and Co and a proper spacer, working in the current-
perpendicular-to-plane (CPP) mode (Fig. 1).

The stack of layers was considered as follows (from top to bottom):

— a soft magnetic layer, on top of the stack - the free layer, with free
oriented magnetization. Materials were chosen like Co,MnSi, Co,CuSn
(Heusler alloys) or NiFeCo, with thicknesses of 5...10 nm.

— a spacer layer, of Cu alloy, + Pt (8%), Ni (14%), with thicknesses of
2..4 nm. This represents a non-magnetic spacer, with role of exchange
decoupler between the magnetic layers.

— a reference layer, with the same nature like the soft layer: Heusler
alloys or NiFeCo, with thicknesses of 12...25 nm

— a inter-layer, of Ru (a heavy metal), with thicknesses of 1...2 nm, the
finer layer, where the most of the exchange interactions occurs

— a hard magnetic layer, which is the pinned layer, with fixed direction
of the magnetization. The same Heusler alloys of NiFeCo were considered for
this layer, with thicknesses of 20...30 nm. The layer is placed at the basis of the
stack, on a substrate which maintains its magnetization direction.

— a substrate, represented by an oxide, MgO (001) or NiO. This is the
pinning layer, antiferromagnetic, which fixes the bottom layer magnetization
and raises its coercivity.

The current-perpendicular-to-plane (CPP) geometry was chosen, where
the sensing current flows perpendicular to the layers.
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Fig. 1 — The considered layers configuration in the spin valve head. Sensing
current flows perpendicular to the ferro / nonferro-magnetic interfaces,
in the current-perpendicular-to-plane (CPP) geometry.

The spin valve working in this geometry presents a greater
magnetoresistance ratio dy, which ensures a greater sensitivity to the device
than in the case of the parallel geometry. The theoretical model was based on
the Valet-Fert theory (Valet and Fert, 1993) - the theory for giant
magnetoresistance (GMR) in the spin valves with CPP geometry. The current
which is passed perpendicular to the ferro / nonferro-magnetic interfaces it is
assumed that presents an uniform current density uniform across the area. The
electronic transport in magnetic multilayers depends on the electrons scattering
phenomena due to the spin-orbit interactions.

An important parameter considered at simulations was the spin-
diffusion lengths lg, which represents the average distance over which the
electrons diffuses between the spin-relaxation events and it is linked by the
losses. These events are more rare in comparison with the electron scattering
events which occurs at current passing through the stack of layers.

In a spin valve, the perpendicular magnetoresistance ratio can be
computed with the formula (Bass, 2013):

n(1—Cosg.
p= Z(—'J (D)
i=1 2 i

where @; = Gyoriomi - Grop,i 1S the difference in the magnetization angle between a
grain from the bottom hard magnetic layer and a grain in the adjacent reference
layer, n = total number of grains. The presence of a percentage of structural
defects was taken into account at simulation.



30 Daniela lonescu and Gabriela Apreotesei

For estimating the MR of the considered spin valves using the
simulation data, another formula has been applied, using the sensing current
which transforms the change in resistance in a readback voltage (Hirota et al.,
2013; Sharma, 2009), given by simulation:

0R_RH)-RO) 2
R(0)

where R(H) is the resistance of the sample in a magnetic field H, and R(0) is the

resistance in null field.

The specific resistance, AR represents the product of the area A through
which an uniform CPP current flows and the sample resistance R. Variation of
this parameter is AAR = ARai — AR,, which represents the difference between
the specific resistances in the anti-parallel and parallel states (magnetizations of
adjacent ferromagnetic layers in the stack) (Hirota et al., 2013; Rychkov et al.,
2009). On the context, the CPP magnetoresistance ratio was considered as:

AAR
MRcpp[%] =

©)

antill

3. Results for Magnetoresitance Changes

For the considered magnetic materials in the spin valve (Co,MnSi,
Co,CuSn or NiFeCo), the magnetoresitance changes (MR, [%]) were calculated
by theory and from simulation data, under different condition of exploitation.

Dependence of the MR, [%] on physical and geometrical parameters of
the successions of nanometric magnetic/spacer/magnetic (anti-parallel
magnetized) layers have been determined and represented on graphs. A sense
current, I, of 0...3 mA has been considered in the stack.

Parametrical representations of the magnetoresistance ratio on thickness
of the hard magnetic layer and spacer, average grain size, and applied field
respectively, indicate us monotone evolutions for some specific sub-domains
and present maxima which are of interest in practice. In order to obtain better
results in material exploitation, we have focused on correlation of the
parameters which ensure a maximal response of the structure (spin valve read
head), on the basis of simulation results.

The CPP magnetoresistance ratio of the considered spin valves in
function of the average grain size of the hard magnetic layer was given in Fig. 2.
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Fig. 2 — The CPP magnetoresistance ratio of the considered spin valves in
function of the average grain size of the hard magnetic layer. Simulational
and theoretical maxima were illustrated on graphs.

Simulations have indicated us that the interlayer exchange coupling
field decreases when the hard layer thickness increases. Coupling depends on
grain sizes, consequently smaller grains are equivalent with a higher
magnetoresistance. MR dependence on g is resonant, the maximum occurring
also at lower values for g in the hard magnetic material.

Theoretical predicted maxima are of lower magnitude and slightly
shifted in respect with simulational maxima, due to the fact that the theoretical
model do not take into account all the influences and parameters
interdependence considered in the simulations, from the lattice level to grains,
interfaces and thin film level.

The CPP magnetoresistance ratio for the considered magnetic materials
in the spin valves in function of the applied magnetic field H was illustrated in
Fig. 3. For clarity reason, we have focused on the curves corresponding to the
higher magnitude of the maximum, when spacer / inter-layer thickness varies,
which were illustrated on graphs for each material.

Change in magnetoresistance presents resonant evolutions in function
of the field, the maximum which characterizes the interaction (magnetization -
spins - field) being high and sharp. One can conclude that the device operation
out of maximum area is not of interest in practice. The maximum position has to
be determined and simulation offers a non-destructive reliable method.
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Fig. 3 — The CPP magnetoresistance ratio of the considered hard magnetic
materials in the spin valves in function of the applied magnetic field H. Curves
corresponding to the higher magnitude of the maximum, when spacer / inter-layer
thickness varies, were illustrated on graphs for each material.

The simulations have also indicated that, for a given hard magnetic
material, spacer nature imposes the magnitude report of the maxima for
different curves.

The changes in the CPP magnetoresistance ratio in function of the
spacer layer thickness s, for the considered combinations of materials in the spin
valve, are given in Fig. 4. The MR ratio presents an increasing and than a
decreasing with s, with a wide maximum, which is more wide and flat then
magnetic material magnetization is lower. If the spacer thickness has greater
values than the value corresponding to the MR ratio maximum, greater is the s,
weaker the interlayer interactions and weaker the MR.

We have also to consider the presence of current shunting effects, when
electrons preferentially flow through the thicker spacer instead of undergoing
scattering at the magnetic layer/spacer interfaces. This determines in practice a
slight decreasing of the MR ratio values, no more than a few percents.

Our studies, based on physical considerations (Bass, 2013; Eid et al.,
2002), use the simulational parametrical analysis for explaining the MR ratio
maximum causes: the hysteresis phenomenon (maximum magnitude depends on
the value of the hysteresis magnetization — field); the presence of defects, in
particular of the Pinhole defects, which degrade significantly the MR due to the
direct interactions between the magnetic layers.
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Fig. 4 — The CPP magnetoresistance ratio of the considered hard magnetic
materials in the spin valves in function of the spacer layer thickness s,
for the considered combinations of materials in the spin valve.
Theoretical predicted maxima were indicated on graphs.

As a conclusion of our study, the areal density of hard disk drives in
function of the CPP magnetoresistance ratio of the considered spin valves was
represented in Fig. 5. The presence of groups of single and multiple maxima can
be noticed on graphs.

The main structural maxima of the areal density are imposed by the
magnetic ion in the hard magnetic alloy and their characteristics depend on the
internal interactions in the exchange coupled system, hard - soft magnetic. A
few interaction maxima, generally less intense, are controlled by other factors,
like the resonant coupling phenomena between structure, external field and
sensing current.

By modifying different parameters of the structure, maxima with
magnitude depending on the spin current were identified. Their originate in the
magnetization dynamics, which is determined by the torques moving the spins,
torques generated by the exchange interaction between conduction electrons and
DW magnetizations, under the influence of external magnetic filed.
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Fig. 5 — Areal density of hard disk drives in function of the CPP magnetoresistance
ratio of the considered spin valves. Structural, respectively
interaction maxima were illustrated on graph.

4. Structure Optimization and Conclusions

A set of new magnetic materials (& Heusler alloys) have been
considered in this paper, placed in a nano-layered structure inside a spin valve
for read heads. The advantages of such a kind of structures for specific
applications were illustrated, when the structure parameters can be correlated
using the results given by the 3D structural simulation.

For the considered spin valve structures we have computed a
magnetoresistance ratio of about 0.4...2.2%, dependent on the magnetic/spacer
layers nature and thickness, for alloy grain sizes up to 7-8 nm and an applied
field of 2-10 kOe.

For ultrahigh-density recording, an areal density of a few hundred of
Gb/in® was found, with maxima depending on the magnetoresistance changes at
structure level. Our purpose was the parameter correlations in order to obtain
maxima of the magnetoresistance ratio associated with a maximal areal density,
for high resolution reading performances, which to overcome the results
reported until now.

Our simulational data have been able to indicate solutions for a better
response of the considered spin valves in the subdomains of parametrical
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computed maxima. The set of parameters of interest can be extracted from
graphs represented on the basis of simulation results and generates the structure
implementation.
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OPTIMIZAREA DENSITATII DE STOCARE PE SUPRAFATA
TN MODUL PERPENDICULAR FOLOSIND CAPURI DE INREGISTRARE
PARTICULARE CU VALVA DE SPIN

(Rezumat)
A fost analizata prin metode de simulare o categorie de valve de spin metalice

prezentdnd magnetorezistentd gigant, folosite pentru capuri de citire, cu ajutorul
programului 3D HFSS. In stiva de straturi nanometrice magnetic/separator/magnetic au
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fost considerate aliaje feromagmetice de nalta rezistivitate pe baza de Fe, Co si Al, cu
un material potrivit ca strat separator, functiondnd Tn modul de operare curent-
perpendicular-pe-plan (CPP). Modificérile de magnetorezitentd (AR) au fost calculate
din considerente teoretice si in paralel cu ajutorul datelor obtinute prin simulare, in
diferite conditii de exploatare, functie de grosimea stratului magnetic dur si a
separatorului, de dimensiunea grauntilor cristalini §i respectiv de campul aplicat.
Rezultatele ne indica evolutii monotone pentru unele subdomenii specifice §i prezinta
maxime cand parametrii structurali pot fi corelati. A fost calculat un raport al
magnetorezistentei (MR) de circa 0.4..1.7%, dependent de natura si grosimea
straturilor, pentru dimensiuni ale grauntilor cristalini ai aliajului de péna la 7-8 nm si un
camp aplicat de 2-10 kOe. Datele au fost folosite pentru obtinerea unei proces de citire
performanta de inaltd rezolutie a datelor, cu rezultate superioare celor raportate pana in
prezent.
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Abstract. The impedance of the Medtronic 3387 deep brain stimulation
(DBS) electrode was characterized wusing electrochemical impedance
spectroscopy (EIS). The interface meta-saline was modeled as a parallel
combination of faradaic resistance (Rg(fj)) and double layer capacitance
(Ca(f,))). The model took in consideration the dependence of Rg(f,j) and Cqy(f,j)
of frequency f and current density j. The coupling capacitance between the
metallic wires was included in the model. Cy(f,j) and Rg(f,j) were determined
from the fit of the data to the electrical model. We documented a significant
frequency-dependent voltage drop on the interface and it influences the spread of
the stimulation voltage. The electrical efficiency of the electrode was small for
low frequencies, increased to 56% at 3 kHz and was constant for higher
frequencies.
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1. Introduction

The Medtronic 3387 DBS electrode (Medtronic® Inc, Minneapolis,
MN, USA) is used in therapy (stimulation) or electrophysiological recordings.
Constant voltage (voltage-controlled) stimulation imposes a voltage spread
within the brain that depends on the impedances of the contact-electrolyte
interface and of the tissue (Butson and Mcintyre, 2005; Miocinovic et al.,
2009). The frequency and j dependence of the impedance of the contact—
electrolyte interface can be monitored with EIS (Macdonald, 1992; Cogan,
2008). Few studies report on the interface impedance behavior for j above the
linearity limit (Ragheb and Geddes, 1990; Schwan and Maczuk, 1965; Geddes
et al., 1971). The impedance was measured in vitro (Holsheimer et al., 2000;
Wei and Grill, 2009) or in vivo (Wei and Grill, 2009) using biphasic constant-
voltage pulses (Holsheimer et al., 2000), biphasic square current pulses and
sinusoidal signals of 1 Hz to 10 kHz (Wei and Grill, 2009). EIS measurements
were carried on a scaled-down version of the DBS electrode, suitable for
implantation in the non-human primate brain (Lempka et al., 2009).

A detailed description of the electrical impedance of the Medtronic
3387 DBS electrode and the contact-saline interface with stimulation settings
relevant for therapy is currently lacking. This is because the design of the DBS
electrode is complex from the electrical impedance measurements point of
view. Also it has been difficult to determine the interface impedance from the
measurements because the saline impedance (bulk impedance) was
approximated with the asymptotic high frequency impedance (Holsheimer et
al., 2000; Wei and Grill, 2009). Overlooking the impedance of the contact-
electrolyte interface can affect the volume of neuronal activation (Mcintyre et
al., 2004), the tendency for tissue damage (McCreery et al., 1990) and electrode
corrosion (Shepherd and Clark, 1991).

Previous electrical models of the Medtronic 3387 DBS electrode
neglected the coupling capacitance between the leads (Holsheimer et al., 2000;
Wei and Grill, 2009). An accurate description of the electrode impedance and of
the contact-saline interface impedance will further our knowledge in several
directions: understand the relation between the stimulation voltage and the
current passing through tissue in vivo, establish a relation between the
stimulation voltage and the voltage actually delivered to the tissue, analysis of
the in vivo EIS data and for the development of computational models of neural
recording and stimulation.

The goal of this study was to propose a quantitative electrical model for
the DBS electrode impedance and the contact-saline interface. The model
accounts for the nonlinear dependence of Rg(f,j) and Cq(f,j) with frequency and
current density. Our results complete the previous published work on DBS
electrode.
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2. Methods

Broad-band EIS was performed for two adjacent contacts of the
Medtronic 3387 DBS electrode (the electrode has four platinum iridium
contacts, Fig. 1).

Wires connector Three insulating rings ~ 1.27. mm
1.5 mm long each diameter
©leee =1 ]| @
Wires, about E3 E2 E1 EO
40 cm long Four contacts EO to E3

1.5 mm long each

Fig. 1 — The Medtronic 3387 electrode for deep brain stimulation.

2.1. Electrochemical Impedance Spectroscopy

Sine wave signal was used to measure the impedance using a QuadTech
7600 Precision Resistance-Capacitance-Inductance meter. The range of
stimulation frequencies was 10 Hz to 2 MHz with 106 frequency points, 20
points for a frequency decade, spaced logarithmically. We used constant current
(0.3 to 6 mA rms; j from 5 to 100 mA cm™) and voltage-controlled stimulation
signals (0.3 to 1 V, rms). If not otherwise noted, the reported results are for 1 V rms
voltage-controlled sinusoidal signal or for 1 mA rms constant current. These
values are relevant for therapeutic stimulation settings. Measurements were
performed in a tank filled with 2 | saline, placed in a Faraday cage.
Measurements were carried in different saline concentrations for two reasons:
i) the electrical conductivity of the tissue can be lower than that of 0.9%
saline; ii) to detect the variation of Cg(f,j) and Rg(f,j) with saline conductivity.
At the same time an encapsulation layer may form on the surface of the
electrode which is equivalent to a decrease of the electrical conductivity of the
medium. Unless otherwise noted, the saline was 0.154 M NaCl (9 gll,
conductivity 1.5 S m™). In addition to measurements in saline, the impedance
was measured: with the DBS electrode in the air to measure the coupling
capacitance between the leads (C,), including the individual contacts of the
DBS electrode, and the electrical resistance (R;) of the 2x40 cm long leads;
with the DBS electrode in distilled water to estimate the capacitance between
two adjacent contacts (C). If not otherwise noted, the measurements were
replicated three times at identical conditions and the mean values are
presented.
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2.2. Electrical Model of the DBS Electrode
2.2.1. Electrode in the Air

The impedance of the leads running from the DBS electrode connectors
to the contacts, Z(f), has real and imaginary components. The real component
(Ry) is determined by the length of the metallic leads between the DBS electrode
connectors and the contacts and by the resistance of the insulating material
around the metallic leads Ry. The imaginary component of Z,(f) has three parts:
(i) the coupling capacitance C,, between the metallic leads running from the
DBS electrode connector to the contacts, (ii) the inductance of the leads which
is small and was neglected and (iii) the capacitance C between the two
adjacent contacts. Rq is important during measurements with the electrode in the
air. The equivalent circuit of the DBS electrode in the air is shown in Fig. 2a.

(a) Ri(leads) (b) Ri(leads)  Rs(saline)

—\W\H —\W\

Cle e C d ] CI A Cd|(f.j)/2
—— Rd . Ze(f ) _L2Re(f)) (double
(leadS) (dielectriC) (CylmderS) (leads & T (faradaic) layer)

cylinders)

Fig. 2 — a) The equivalent circuits of the DBS electrode in air for the case of bipolar
configuration; b) The equivalent circuits of the DBS electrode in saline solution
for the case of bipolar configuration.

2.2.2. Electrode in Saline

We made the following assumptions: (i) Rywas negligible, thus C,. and
C. appeared connected in parallel and they were replaced by C;; (ii) the two
electrode—saline interfaces have the same impedance characteristics.

Rs was in series with the interface impedance Zy(f,j) which consisted of
an f and j dependent double layer capacitance Cq(f,j)/2 in parallel with an f and
J dependent faradaic resistance 2Rg(f,j). The equivalent circuit of the DBS
electrode in saline is shown in Fig. 2b. The parallel equivalent circuit of the
electrode consists of Ry(f,j) in parallel with C(fj). The impedance of the DBS
electrode measured in saline was Z(f,j). The theoretical impedance (components
showed in Fig. 2b was Z(f,j). To determine Cy(f,j) and Rg(f,j) we need an
analytical equation for Z(f,j). We assumed that:
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Ca(f.)) = 0 ¢y
and: '
Re(f,)) = "8 @

where Cyq,(j) (units Fs™) was a measure of the double layer capacitance at 1 Hz,
n was a measure of the deviation from pure capacitive behavior, Rey(j) (units
Qs™) was a measure of the faradaic resistance at 1 Hz and m was a measure of
the deviation from pure ohmic behavior.

3. Results

3.1. Resistance of the Lead Wires

With the electrode in the air and contacts E1 and E2 short-circuited, R,
was 86.4+0.3 Q (5 measurements), comparable with previous results
(Holsheimer et al., 2000; Wei and Grill, 2009).

3.2. Electrode Impedance

The measured Cy(f) and Ry(f) of the electrode in air, distilled water or
saline (0.4, 2 and 9 g/l) are shown in Fig. 3 for 1V rms. Similar results were
reported by measurements in buffered saline solution with frequencies in the
range 1 Hz to 10 kHz (Wei and Grill, 2009).

10" (2)——air - - distilled water s o . 0.4 g/l
=N S 049/ =10% --2 g
010> -=2 gl x —_--9 gl
8107 NN -.=9 aqal 810 S~
S . A onset of 8,5 ——ar N
5 10 . RN electrode g 1077 - - distilled water \\
2109+~ =~ polarization  © 1¢* r
8 10 N o " '\\'LJ || o Il el el el felbalelill i
10 —— 102 MRS A
10" 1¢* 10° 10° 1)05 10° 10" 10* 10° 10" 10° 10°
Frequency (Hz Frequency (Hz)

Fig. 3 —a) The equivalent parallel capacitance C,(f) of the DBS electrode. The arrow
indicates the onset of electrode polarization. The onset frequency is lower as the saline
concentration is lower; b) The equivalent parallel resistance R,(f) of the DBS electrode.

Above a certain frequency which increases with saline concentration R, is
frequency-independent and allows to calculate the geometry factor.

Clinical measurements of the DBS electrode impedance reported values
between 415 and 1999 Q (Coffey, 2008). These values are higher than the
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values reported in Fig. 3b for 0.9% NaCl concentration. Data in Fig. 3b allows to
calculate the geometry factor (GF) as 0.0058 m for bipolar configuration and
0.0049 m for monopolar configuration. The electrode capacitance increased with
decreasing frequency due to the ion charges accumulating at the metal-saline
interface (Bard and Faulkner, 1980; Ackmann and Seitz, 1984; McAdams and
Jossinet, 1995). The onset of electrode polarization was clearly observed (Fig. 4a)
while complete electrode polarization (the frequencies for which the capacitance
was constant) was not. The capacitance of the Medtronic DBS electrode was
estimated to be 3.3 pF (Butson and Mclintyre, 2005) or 1.5 uF (Holsheimer et al.,
2009). Our results showed that 3.3 pF was the capacitance at 112 Hz in 0.9%
saline. The equivalent resistance Ry(f) increased at low frequencies and the
increase was higher for higher NaCl concentration. The capacitive or resistive
nature of the current depends on the frequency and the conductivity of the solution.
This is why we tested a large range of saline concentrations. The main contribution
to C,(f) was given by the double layer capacitance, yet C,(f) does not represent the
double layer capacitance. The double layer capacitance and the faradaic resistance
will be obtained by fitting the data to the analytical model we presented.

3.3. Impedance Dependence on Current Density

Because the double layer impedance changes with j (Bard and Faulkner,
1980; Lempka et al., 2009; Schwan, 1968), the electrode impedance changes with j.
Fig. 4 shows the measured impedance | Z(f)) | and Cy(f,j) with the DBS electrode
in physiologic saline for 0.3, 1 and 6 mA. The impedance decreased when the
current increased. The dependence of the impedance with j decreased when f
increased. For frequencies higher than 3 kHz the impedance was independent of j.
Fig. 4b showed that for low frequencies the capacitance increased with j. For
frequencies higher than 300 Hz, the capacitance did not depend on j. For
frequencies higher than 3 kHz, the resistance was independent of j (data not shown).

&
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% e —— ‘ @ &\ onset of
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010 ) - 1 mA— o \ ] :

g |\ - -6 mA = polarization
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- ' 8 1--6 ma N
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Fig. 4 — a) The impedance modulus 1Z(f,j)I measured with the DBS electrode in
physiologic saline for three values of the current: 0.3, 1 and 6 mA (current density 5 to
100 mA cm); b) The equivalent parallel capacitance C,(f,j) of the DBS electrode
measured in the same conditions as above.
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3.4. Monopolar Configuration

We measured the impedance when a stimulation voltage of 1 V was
applied between E1 and an AgCl reference electrode. The results in Fig. 5 show
that the impedance was smaller for monopolar configuration. The monopolar
and bipolar impedances decreased with increasing f and above 3 kHz the
decrease was insignificant.

3.5. The Coupling Capacitance Between the Leads and
the Geometrical Capacitance Between Two Adjacent Contacts

The capacitance was constant (6.20x10™" F, Fig. 3a) between 10 Hz and
2 MHz when the DBS electrode was in the air. The total impedance of the
electrode in the air is characteristic for capacitive impedance:

1200
S \
N~ X
o 800+
e A —o— monopolar
S A —a— bipolar
D FiN
o
E 400-0%%%4
10 10° 10° 10* 10° 10°

Frequency (Hz)

Fig. 5 — The absolute value of the impedance of the DBS electrode
in 0.9% NacCl saline for the case of monopolar (circles) and bipolar (triangles)
configuration. The applied voltage was 1V rms.

Xc = wCr (3)

where w=2zf is the angular frequency. Eq. (3) was used to fit the data
from Fig. 3a and determine C,. The capacitance in the air was
C=Cje+Cy=(6.21+0.08)x10™ F, similar to the result from Fig. 3a.

The real part of the dielectric permittivity of pure water is constant
(e’=78) for frequencies from 0 Hz to several GHz. Fig. 3a shows that for f > 10 kHz
the capacitance was frequency independent with a value of 6.44x10™" F. The
capacitance of the contacts was estimated from the difference between the high-
frequency capacitances (MHz range) in air and distilled water. The value was
Cy=(3.1£0.9)x10™ F. The capacitance of the two cylinders is very small
compared to the coupling capacitance.
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This conclusion is important for the use of electrode for EIS in vivo.
The signal recorded in vivo depends on the capacitance of the contacts and the
phenomena that take place at the metal-tissue interface. If the geometrical
capacitance of the contacts is small, the recorded signal is small. This can result
in a small Signal/Noise ratio, thus affecting data analysis.

3.6. Calculation of the Double Layer Capacitance
and the Faradaic Resistance

For saline concentrations above 0.4%, the resistance decreased with
increasing f and the variation was higher for higher NaCl concentrations (Fig. 3b).
Above 1 kHz, the resistance was almost f independent and it is thought to reflect
the saline resistance (Holsheimer et al., 2000; Wei and Grill, 2009). The
measured resistance has 2 components: R, and R;.

We used a fitting procedure (and the theoretical model) to determine
the unknown parameters: Cgio(j), N, Rro(j) and m. The circles in Fig. 6a
represent Z,(f) for 0.9% NaCl and 6 mA and the solid line is the best fit curve.
The circles in Fig. 6b represent Cy(f) for 0.9% NaCl and 6 mA and the solid
line is the best fit curve.

@ . (b)
1.2x10° 10 I 6 mA
S 9x10° @Qm‘ﬁ \\ best fit curve
N ) ° 6mMA O 107 R onset of
Q 6x10%4 IR best fitcurve | & ‘% electrode
G 5 10 ‘\\ polarization
: 0\ n e
S 3x10 8 o
E - (%10

1 2 3 4 5 6

10° 10° 10" 10" 10° 10 10' 10° 10° 10° 10° 10°
Frequency (Hz) Frequency (Hz)

Fig. 6 — Typical fitting curves to determine the unknown parameters
Caio(), n, Reo(j) and m.

The fit for Cy(f) is less precise for f > 0.3 MHz. This may happen
because at high f the coupling capacitance between the leads is the main
capacitance and it is distributed along the leads. The data obtained for n and m
are weakly but linearly dependent on logarithm of j. Cyo and Rg, cannot be
expressed as simple functions of j. When j decreases, Cq0 and n decrease and
Rro and m increase. Cqo and n are less sensitive to j than Rgq and m. Ry was
calculated using the geometry factor GF.
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Table 1
The Values of Cyjo, N, Rrg and m obtained from the Fitting of the Experimental Data
for Different j with the Proposed Model. The Relative Errors Affecting the
Parameters are Below 7% for Cgyj, and Rgy and Below 4% for n, m

i, [ImA cm?] Caio, [Fs™ n Reo, [Qs™] m
100 62.11 x10°® 0.360 5088 0.259
66.7 44.81 x10° 0.341 8570 0.291
33.3 37.11 x10° 0.309 14226 0.350
16.7 29.21 x10° 0.291 22167 0.401
11.7 22.11 x10° 0.272 34265 0.439

5 14.41 x10° 0.250 55453 0.490

The data in Table 1 are in good agreement with the general behavior of
Ca and Rg at different current densities above the linearity limit (Ragheb and
Geddes, 1990; Onaral and Schwan, 1983). Because the f range was large and the
number of the unknown parameters deduced from the fitting procedure was low,
the fitting procedure yielded unique values for the parameters. We know all the
components of the equivalent circuit presented in Fig. 2b.

4. Discussion

Our goal was to provide an electrical model for DBS electrode
impedance and to characterize the contact-saline impedance which is part of a
complex electrical circuit. We made distinction between the saline solution, the
metal-saline interface and other components related to DBS electrode design.

4.1. Model of the Equivalent Electric Circuit
for the Interface Impedance

Previous studies modeled the DBS electrode interface with f
independent lumped components (Holsheimer et al., 2000), constant phase
element (Lempka et al., 2009) or an f and j dependent resistor in parallel with an
f and j dependent capacitor (Wei and Grill, 2009). We make here a step further
and show how Cg(fj) and Rg(fj) change with f and j for therapy-relevant
parameters. Egs. (1) and (2) were used to quantify this variation (Onaral and
Schwan, 1982; Geddes, 1997).

4.2. Electrical Efficiency of the DBS Electrode

We propose to use the ratio between the voltage drop on the saline and
the stimulation voltage to characterize the electrical (energy) efficiency of the
electrode during the stimulation process. The voltage U,, generated by the
stimulator will determine a current:
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— Uw
'O =zm @
The voltage drop on saline is:
Us(f) = I(f)Rs (%)
The electrical efficiency #(f) for a given current is:
Us(f) R
— — 6
0=, =z ©)

It reflects how much of the applied voltage will spread in the tissue and
eventually contribute to stimulation. Eq. (6) is equally valid for constant current
stimulation. Fig. 7 shows the electrical efficiency for three values of the current
from 0.3 to 6 mA. The electrical efficiency was f dependent: it was low at low f,
increased to 56% at 3 kHz and was constant at higher frequencies. For
monopolar stimulation, when the implanted pulse generator is used as reference,
the electrical impedance between the active contact and the reference was
estimated at 1001 Q (Walckiers et al., 2010). The smallest value of the
resistance for the stimulated volume can be approximated with R; yet the
electrical efficiency of monopolar stimulation is low. The efficiency will drop
further if other series resistances at the electrode-tissue interface are taken into
account such as the encapsulation layer at the surface of the contact or the
implanted pulse generator. Finding solutions to decrease R, seems reasonable in
order to increase the electrical efficiency of the DBS electrode.

< 60 ===
S =-r=T
g 0 /A
2 40 il 0.3 mA
E . - -

5 30 / 1 mA
T ~7 - 6 mA
(&S]

L /7

S 201 .7

s s/

10 10* 10° 10° 10° 10°
Frequency (Hz)

Fig. 7 — The electrical efficiency #(f) for three values of the current.
The electrical efficiency is frequency dependent.
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4.3. Electric Charge Transfer at the Interface

The capacitive current determines a capacitive charge transfer (Qc(f))
through the double layer capacitance and the resistive current determines a
resistive charge transfer (Qg(f)) through the faradaic resistance. Q./Qr can be
used to evaluate the tendency of the stimulation process to cause electrode or
tissue damage. Using the proposed model, for a given current the above ratio
can be written as:

o) _ () _ _ o
o)~ 1rgy ~ “RrCar = 2mRpoCarof (7)

Data in Table 1 show that m+n < 1. For the whole data range in Table 1
Q./Qr > 4, is j dependent and the ratio increases when f increase. The ratio Q./Qr
was relatively insensitive to frequency for f < 10 kHz (Wei and Grill, 2009).
When Cq and Re were calculated the coupling capacitance between the leads was
neglected and the saline impedance was taken equal with the asymptotic high
frequency impedance of the DBS electrode (Wei and Grill, 2009).

4.4. Limitations

Our results showed that the DBS electrode impedance was selectively
parameter-dependent. The electrical models are complex and the complexity
varies based on parameters variability. A major difficulty in choosing a model is
the interface impedance whose f dependence is different from that of a
capacitor. Although there are many attempts to model the metal-saline interface,
we hereby propose a new model. Results from a large range of experimental
conditions can be analyzed with this model. The model must be further
completed if it were to describe the electrode behavior for lower frequencies of
stimulation (below 10 Hz). It is known that the interface is nonlinear at low
frequencies. In this situation the analysis of the higher order harmonic response
of a system to sinusoidal current or voltage perturbation is useful (Richardot
and McAdams, 2002). For frequencies higher than 0.6 MHz, the DBS electrode
cannot be used for tissue electrical properties measurements because of the
coupling capacitance between the leads.

We did not take into consideration the spatial variation of the current
density along the contact (Bard and Faulkner, 1980). The model can be further
refined if it includes the effects related to the presence of an encapsulation layer.

4.5. Clinical Relevance of the Results

The electrode is used for therapy, but its use for electrophysiological
characterization of the nervous tissue presents a particular interest. The current
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passing through tissue for a stimulation voltage can be calculated accurately if
the electrode impedance is known. This may facilitate a better selection of the
stimulation parameters. The average value of the impedance determined in
patients is about 1200 Q (range: 415-1999 Q) (Coffey, 2008). As a safety
feature, the programming device calculates the charge density based on a
conservative impedance value of 500 Q. Our results showed that when the
current varied from 0.3 to 6 mA the impedance varied between 600 and 400 Q,
when f varied from 50 to 300 Hz (Fig. 4a). For frequencies above 300 Hz the
impedance was lower than 400 Q. The clinical pulse repetition frequency range
is between 130 and 185 Hz at pulse widths between 60 and 210 ps. This results
in harmonics above 2.38 kHz and for this frequency range our results showed
that the parameter of interest for stimulation programming, Z(fj) was
practically j independent and f independent. The impedance was below the
safety conservative impedance value and the electrode efficiency was about
56%. For a pulse duration of 200 ps the fundamental harmonic is 2.5 kHz. Data
in Table 1 shows that the relaxation time at this f is 2.5 ms. If pulse repetition
frequency is 185 Hz (T = 5.4 ms) the time between two pulses is too short for
double layer capacitor discharging. Consequently charge balanced pulses (Coffey,
2008) are used to assure completely discharge of the double layer capacitor.

The ratio between the capacitive and resistive charge can be calculated
using Eq. (7) and data in Table 1 and can be used to evaluate the tendency of the
stimulation process to cause electrode or tissue damage.

We evaluate here the coupling capacitance between the leads and the
geometrical capacitance between two adjacent contacts. They are important in
understanding the upper f limit for electrode use to EIS measurements in vivo.

5. Conclusions

We proposed a model for the DBS electrode and contact-saline
interface which accounts for the nonlinear dependence of Rg(f,j) and Cg(f,))
with f and j. The impedance of the DBS electrode decreased when the applied
voltage increased. The voltage dependence became less important with
increasing frequency. For frequencies higher than 3 kHz the impedance was
independent of the applied voltage (0.3 — 1 V rms) or j (5 to 100 mA cm™), and
it was below the safety conservative impedance value. The electrical (energy)
efficiency of stimulation was f dependent and about 56% above 3 kHz for bipolar
stimulation and lower for monopolar stimulation. The relaxation time of charge
accumulated at the interface is 0.8 to 100 times the signal period indicating that
the relaxation of the charge accumulated in the double layer is a slow process.

The geometrical capacitance of the active part of the DBS electrode was
very low compared with the coupling capacitances C,, between the metallic
wires. Consequently, a change of the dielectric properties of the medium around
the electrode will determine a weak change of the collected signal.
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CARACTERIZAREA IMPEDANTEI ELECTRODULUI PENTRU STIMULARE
PROFUNDA TN CREIER: SPECTROSCOPIE
DE IMPEDANTA ELECTROCHIMICA IN CURENT ALTERNATIV

(Rezumat)

Impedanta electrodului pentru stimulare profunda in creier (DBS) Medtronic
3387 este caracterizatd folosind spectroscopia de impedantd electrochimica (EIS).
Interfata metal-solutie salina a fost modelatd ca un circuit paralel format din rezistenta
Re(fj) si capacitatea stratului dublu Cgy(f,j). Modelul ia in considerare dependenta lui
Re(fj) si Ca(f,j)) de frecventa f si densitatea de curent j. In model a fost inclusa si
capacitatea parazitad dintre firele metalice care fac legatura intre cilindri si conector.
Ca(fj) si Re(fj) au fost determinate din fitarea modelului teoretic cu datele
experimentale. Se aratd ca existd o importanta ciddere de tensiune la interfatd care
afecteazd distributia tensiunii de stimulare in creier. Randamentul electric al
electrodului este mic pentru frecvente joase, creste la 56% la 3 kHz si ramane constant
la frecvente mai mari.
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1. Introduction

Polycrystalline oxides with general formula A"B"'O;, which have an
inorganic chameleon due to the large flexibility of the structure (Hamdad, 2011)
have drawn attention of researchers because of various applications. These
materials can act as efficient heterogeneous catalysts (Watanabe et al., 2015)
(Su et al., 2014), sensors (Ghasdi and Alamdari, 2010; Fergus, 2007), electrode
materials for solid oxide fuel cells (Zhong et al., 2005) and gas storage (Xian et
al., 2010; Chen et al., 2015).

Although FeMnO; properties were investigated by several research
groups (Sfeir et al., 2005; Rayaprol et al., 2013; Seifu et al., 2000; Herranz et
al., 2006; Leith et al., 1988), only a few applications have been reported. Li et
al. studied electrochemical energy storage performances of supercapacitor
based on FeMnOs hollow sphere/graphene composites. They reported that the
obtained FeMnO; perovskite displays improved crystallization and different
morphologies as the calcination temperature is increased (Li et al., 2014).
Kulshreshtha et al. reported catalytic CO oxidation over y-FeMnO; after
palladium addition (Kulshreshtha et al., 2004). Rezlescu et al. prepared
FeMnO3 perovskite by sol-gel self-combustion method and tested the samples
for catalytic combustion of dilute acetone in air. The acetone conversion degree
over perovskite catalysts exceeded 95% at 300°C (Rezlescu et al., 2015).
Doroftei et al. studied the catalytic activity of the nanocrystalline FeMnO; for
the combustion of acetone vapors and of some hydrocarbons diluted in air. The
authors reported that the obtained perovskite is a good catalyst for gas and
vapor combustion (Doroftei et al., 2014). Also, FeMnO; shows high capacity,
excellent rate capability, and good cycling stability when used as electrode for
Li batteries (Cao et al., 2016).

Our main objective was to synthesize pure nanocrystalline iron
manganese oxide powders by sol-gel auto-combustion method and to
investigate the influence of chelating/combustion agents on the structural
features and magnetic properties by using, for the first time, five different
chelating/combustion agents. As far as we know, no other papers reported the
combined effect of different chelating/fuel agents on the structural, magnetic
and sensing properties of FeMnOs;. The influence of different
chelating/combustion agents on structural and physical properties of spinel
oxides is related to their different interactions with the reactants, changing the
morphology and crystallinity of the resulting powders (depending on the
amount of generated heat) (Druc et al., 2013). The effectiveness of magnetic
materials used in sensor applications depends on the microstructural and
magnetic properties of starting powders. The raw materials are very sensitive to
the preparation conditions of sol-gel autocombustion method (Slatineanu et al.,
2011). This method offers specific advantages in preparations of multi-component
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oxide materials, such as: stoichiometric control of simple reactants, reduced
synthesis time, good chemical homogeneity and nanometric size of the particles.

The novelty of this research consists in preparation of iron manganese
oxide fine particles with various average size using different combustion agents
for further application as humidity sensors. The particle size and phase content
were controlled by changing the type of fuel agent which imposes different
reaction speeds and temperatures. The influence of post annealing processes
applied to achieve the desired phase was also studied. Detailed investigations of
the structure and magnetic properties were done in order to understand the
evolution from precursor solutions to the final powders.

2. Experimental Details

FeMnO; nanoparticles were prepared by sol-gel auto-combustion
method. Analytical grade manganese nitrate, [Mn(NO;),-4H,0] (Aldrich) and
iron nitrate (I11), [Fe(NO3)s3-9H,0] (Aldrich) were mixed in stoichiometric
proportions with different chelating/combustion agents such as: tartaric acid
(99.9%, Aldrich) (AT), citric acid (99.9%, Merck) (AC), urea (99.9%, Merck)
(V), glycine (99.9%, Merck) (Gly), and hexamethylenetetramine (99%, Merck)
(Hex). Fig. 1 illustrates the reaction process that takes place during nanopowder
synthesis. Reagents were dissolved in distilled water forming one solution for
each chelating/combustion agent. Then fuel agents were added to each sample
of metal nitrates mixture in 1:1 molar ratio of fuel agent: metallic cations. After
synthesis step, the solutions were heated at 75°C through gel phase
transformation and then naturally cooled down to room temperature to obtain
dry gel. The gels were gradually heated at 300°C, during which autocombustion
occurred (Slatineanu et al., 2011). The samples were labelled as MF_AT,
MF_AC, MF_U, MF_Gly and MF_Hex.

Metallic nitrates
+
combustion agents

/-3 & 300°C 500°C

5h. Cool 4h, Cool 5h, Cool

SEM, 200um

[Mn(NO,),*4H,0] ’&T:?rFarinacid (AT), C,H¢O¢
+ £~ ¥Citricacid (AC), CsHsO,
. #Urea (U), CH;N,0
. ¥Glycine (Gly), C,HsNO,
“syHexamethylenetetramine (Hex), CsHy,N,

Fig. 1 — An illustrated sol-gel combustion method process for
the synthesis of FeMnQs.

[Fe(NO;);29H,0]
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To understand the process dynamics, the as-synthesized powders
were micro-structurally and magnetically characterized. After a first phase
content analysis of the powders annealed at 500°C for 5 h a subsequent
thermal treatment was done at 900°C for 7h. Part of as-synthesized powders
was directly calcined at 1200°C for 4h in air. The phase content and magnetic
properties were checked at every synthesis step. X-ray diffraction (XRD) was
performed using a Shimadzu LabX XRD-6000 (Cu Ka radiation, A = 1.5405 A)
with 26 ranging between 20° and 90° and 0.02° scanning rate. Magnetic
measurements were performed at room temperature using a vibrating sample
magnetometer system (Model VSM 3900 Princeton). Electrical properties
were studied using an Agilent E4980A Precision LCR Meter-type impedance
analyzer. Permittivity and electrical resistivity measurements, in the
frequency range of 20 Hz - 107 Hz, were performed in parallel-plate
capacitor configuration, by applying Pd — Ag electrodes on the polished
surfaces of the FeMnQO; disks (6 mm diameter, 2 mm thickness) obtained by
pressing. The influence of humidity on the electrical properties was analyzed
by placing the samples into a closed box at 23°C with controlled humidity
between 0% and 100% RH.

3. Results and Discussion

3.1. Structural Analysis

The XRD patterns of the iron manganese oxides calcined at 500°C are
shown in Fig. 2a. All the identified peaks were indexed in good agreement with
the referred ICDD cards (- « ICDD). The results revealed the presence of a-Fe,05
(antiferromagnetic) and FeMnO; (ferrimagnetic) phases in different ratios.
Phases content for each sample and lattice parameters determined from Rietveld
analysis are reported in Table 1. One can observe that the combustion agent has
a significant influence on a-Fe,O; phase content which varies from 20.89% in
MF_Hex to 94.2% in MF_U.

A further thermal treatment of the powders at higher temperature was
performed at 900°C. As one can observe from the diffraction patterns presented
in Fig. 2b, the a-Fe,O3; phase increases, but a small amount of FeMnQO; still
exist. Phase content analysis of samples calcined directly at 1200°C
demonstrated that high temperatures favor the formation of FeMnOs;
(ferrimagnetic structure at room temperature) accompanied by a low percentage
of MnFe,Q, (ferrimagnetic spinel structure). The highest ratio of spinel phase
content of 4% corresponds to MF_U sample.
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Table 1
Phase Content of Samples Annealed at Different Temperatures. GofF
Represents the Goodness of Fit
o MnFe,0, o-Fe,04 FeMnOg; GofF
% a % a c % a
500 7156 | 5.03(2) | 13.7596(3) | 28.44 | 9.4057(1) | 1.09
MF_AT| 900 15.73 | 5.3089(6) | 13.4737(3) | 84.27 | 9.4175(9) | 1.82
1200 |1.41| 8.5266(5) 98.59 | 9.4139(1) | 1.45
500 44.9 | 5.0336(4) | 13.4734(5) | 55.1 | 9.408(7) | 1.06
MF_AC| 900 6.65 | 5.3068(1) | 13.7453(7) | 93.35 | 9.4119(7) | 1.34
1200 | 0.31 | 8.6378(6) 99.69 | 9.4073(5) | 1.62
ME U 500 94.2 | 5.9267(5) | 13.7754(4) | 5.8 | 9.6082(9) | 1.17
- 900 4.34 | 5.0419(1) | 13.7609(8) | 95.66 | 9.4166(7) | 1.54
1200 | 4.03 | 8.5343(6) 95.97 | 9.4212(9) | 1.38
MF_Gly| 500 353 | 5.0293 | 13.775(2) | 64.7 | 9.4057(1) | 1.1
900 1.02 | 5.0344(7) | 13.7945(3) | 98.98 | 9.4142(5) | 1.36
1200 {0.44| 8.1595 99.56 | 9.4131(3) | 1.47
500 20.89 | 5.0475(6) 13.72 76.36 | 9.4024(8) | 1.17
MF_Hex" 900 346 | 5.3094 | 13.7558(5) | 96.54 | 9.1347(5) | 1.76
1200 |1.85| 8.5257(1) 98.15 | 9.4138(6) | 1.39

The broad XRD lines indicate that crystallites are in nanosize scale. The
crystallite sizes listed in Table 2 were calculated from 222 peak broadening

found at 26 = 33° using Debye-Scherrer formula: D =

0.89:1
[-cos 6

, where D is the

crystallite size, 4 is the wavelength of X-ray used, g (rad) is the full width at half
maximum of the diffraction peak and @ is the diffraction angle. The highest
value of 41 nm was observed for MF_AT sample calcined at 900°C.

Table 2

Crystallites Size in Nanometers of FeMnOz; Powders Thermally
Treated from X-ray Diffraction Patterns

FeMnO; AT AC U Gly Hex
500°C 18 21 15 28 27
900°C 41 34 28 29 35

1200°C 36 15 29 35 35

The average crystallite size is strongly influenced by the intensity of the
combustion reaction. Combustion induced by tartaric acid is the less intense
(Dumitrescu et al., 2013) and it explains the larger crystallite size than in the
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other cases. Usually, high annealing temperature increases the particle size due
to Oswald ripening (Zeng, 2007).

3.2. Magnetic Properties

Magnetizations (M) versus magnetic field (H) hysteresis loop measured
at room temperature are presented in Fig. 3 and the values of the magnetic
parameters are listed in Table 3. Magnetic properties of nanoparticles are
influenced by the phase content and average particles size. The shape of the
curves for the powders calcined at 500°C and synthesized using
hexamethylenetetramine and citric acid as combustion agents have higher
magnetization values, which can be explained by the higher FeMnO; phase
percentage determined from XRD patterns.
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Fig. 3 — Magnetization as a function of applied field loops of FeMnO;
powders sintered at: a) 500°C and b) 1200°C.
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For powders corresponding to same annealing temperatures, the higher
magnetization is due to the higher percentage of the magnetic phase. The use of
different fuel agents influences the geometrical arrangement of the different
cations and the resulting magnetic coupling.

Table 3

Magnetic Parameters of FeMnO; Powders

FeMnO, Ms (emu/q) Hc (Oe)
500°C | 1200°C |500°C | 1200°C

MF_AT 0.4 54 - 11
MF_AC 0.7 4.1 70 14

MFU 0.3 111 - 12
MF_Gly 2 3.9 - 20
MF Hex | 9 4.4 109 15

MF_Hex powder calcined at 500°C, with D¢ys = 27 nm, exhibits the
largest values of coercivity, 109 Oe, and specific magnetization, 10.7 emu/g.
The powders prepared with urea and tartaric acid appears to be paramagnetic at
room temperature, observation that can be correlated to the large ratio of a-
Fe,0O; identified in XRD patterns. The values of saturation magnetization for the
powders thermally treated at 1200°C are generally higher compared with the
samples calcined at 500°C. These values ranging between 4 and 11 emul/g
correspond to the FeMnO; phase and are comparable with ones reported in
literature (Rayaprol et al., 2013). For example, in case of MF_U, a crystalline
FeMnO; and MnFe,O, phase was formed at 1200°C, leading to a magnetization
increase to 10 emu/g. In addition, a small increase in the magnetic properties
can be attributed to the increase in crystallite size for all materials from 15 nm
at 500°C to 36 nm at 1200°C. This behavior indicates a direct relationship
between magnetic properties and crystal growth as observed by Zhang et al. in
their study on MnFe,O,4 obtained by coprecipitation (Zhang and Nan, 2015).

3.3. Electrical Properties under Humidity Influence

In order to use the materials as humidity sensors, their electrical
properties are relevant. The relative permittivity and electrical resistivity are
mainly dependent on the ion exchange mechanism between ions from different
positions, corresponding to typical cubic structures. As shown in Figs. 4 and 5,
the relative permittivity and electrical resistivity of all samples decrease with
the frequency in the relative humidity range 0-100% RH, in accordance with
typically Maxwell-Wagner type interfacial polarization (Jawada et al., 2012).
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According to this theory, the conductivity of grain boundaries
contributes more to the relative permittivity at lower frequencies. Normally,
with increasing of annealing temperature, there is an increase of relative
permittivity and a decrease of electrical resistivity due to the formation of grains
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with high conductivity (Petrila and Tudorache, 2013). Therefore, we have
investigated the electrical properties of the cubic type oxides annealed at 900°C,
because the high values of electrical resistivity hinder the use as materials for
humidity sensors, although its sensitivity to humidity is high. The difference
between the values of electrical resistivity indicates that the use of urea as fuel
agent is favorable. Instead, the use of the hexamethylenetetramine (Hex) as
chelating/combustion agent lead to the formation of secondary phases which
occur due to short combustion time and high temperature during combustion
(Druc et al., 2013). However, the resistivity of all materials prepared is brought
into the measurable zone, useful for sensors applications.

At 20 Hz, the relative permittivity values of MF_Uand MF_Hex
samples at 100% relative humidity are 400 and 140, respectively. The rest of
materials have the permittivity almost equal to 200. The variation of
permittivity response depending on the frequency is strongly influenced by the
crystallinity, porosity, grain size, and pore-size distribution within the
microstructure (Muthu and Lakshminarasimhan, 2013). Hence, this variation
can be attributed to the structural changes caused by fuel agents. The humidity,
as expected, produces an increase in permittivity and a decrease in resistivity of
the materials, because of open pores filling with water vapors. It can be
observed that for low relative humidity, all samples possess high electrical
resistivity values, which decreases with increasing of RH, [%]. Therefore, the
humidity influence on the relative permittivity and electrical resistivity function
of frequency can be attributed to the Maxwell-Wagner Debye relaxation in the
case of the vapors that fill the materials pores (Tudorache et al., 2013)
However, it is interesting that for MF_U was obtained the lowest value of
electrical resistivity. This could be related to the long time of the auto-
combustion process, allowing stabilization of the structure. Another reason
could be the occupation of the lattice positions by the ions. The results indicate
large variations of permittivity and electrical resistivity under humidity of
prepared samples, and recommend that these materials can be used as humidity
sensors. In this respect, the sensitivity to humidity can be highlighted by the
capacitive or resistive humidity sensitivity coefficients. In Fig. 6(a-b) the
capacitive and resistive humidity sensitivity coefficients of sensors in function
of relative humidity based on iron manganese oxides are represented. As can be
seen, the sensitivity of both resistive and capacitive sensors is increased with
increase of the temperature treatment mainly due to the microstructure and pore
size distribution. All the sensors exhibit Sg smaller than 60%, and started to
respond for extremely low RH values (of about 2%). It is worth to note that the
device based on MF_U oxide showed higher Sk (about 58%), but the onset for
all materials did not change.
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Fig. 6 — Humidity sensitivity characteristics of iron manganese material: a) Capacitive
humidity sensitivity dependence on relative humidity; b) Resistive
humidity sensitivity dependence on relative humidity.

According to literature, the chemisorption in oxides can be discarded at
higher humidity levels, while physical adsorption takes place in the whole range
of relative humidity and the time required to reach equilibrium is the time
necessary for the H,O pressure to establish into the various parts of the
materials (Cavalieri et al., 2012). At room temperature, the resistance humidity
coefficient is mainly determined by the grain boundary resistance of the MF
oxides. Taking this into account, the mechanism could consist in water
adsorption, when a few water vapors tend to chemically adsorb on the grain
surfaces of the oxide oxides giving rise to M—OH hydroxyl groups (Jing-Li et
al., 1991). Then, if more water vapor is adsorbed, liquid-like multilayer of
hydrogen-bonded water molecules is formed, which condense into mesopores.
Therefore, the dominant charge carriers in the water adsorbed in the mesopores
are H” protons, which increase with increasing the moisture content. Protons H*
can move freely in liquid water, giving a decrease of grain surface resistance
with increasing relative humidity RH. This mechanism explains why electrical
resistivity decreases with increasing relative humidity RH, leading to an increase
of sensitive response Sk (Viviani et al.,, 2001). In contrast to the resistive
coefficient, the capacitive increases with increasing relative humidity RH,
because the capacitance reflects the dielectric property of the MF oxides. Since
water vapor molecules can be highly polarized, the accumulation of water on the
grain surface of the MF samples increases the dielectric coefficient of the sensors.

3. Conclusions
Iron manganese oxides powders were synthesized by autocombustion

method using five different combustion agents. The combustion fuels strongly
influenced the phase composition. The FeMnO; percentage varied from 6% (for
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MFU) to 76% (for MF_Hex) in the case of the powders calcined at 500°C. As a
result the magnetic behavior changed from a paramagnetic state (MFU and
MF_AT) to a ferrimagnetic one (MF_Hex and MF_AC). For the powders
calcined at 1200°C the main observed phase was a ferrimagnetic oxide
accompanied by small percentages of manganese ferrite. The highest saturation
magnetization value of 11 emu/g was observed for MFU sample which also
presented the highest percentage of manganese ferrite phase. MF perovskites
exhibit large variations of permittivity and electrical resistivity under humidity
influence, suggesting possible application as humidity sensors.
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INFLUENTA AGENTILOR DE COMBUSTIE SI A
TRATAMENTELOR TERMICE ASUPRA
PROPRIETATILOR OXIZILOR FERICI DE MANGAN

(Rezumat)

Nanoparticule de oxizi ferici de mangan cu structurd spinelicd au fost
sintetizate prin metoda solgel utilizdnd diferiti agenti de combustie si supuse ulterior
unei serii de tratamente termice. Esantioanele au fost caracterizate din punct de vedere
structural, magnetic si electric. Masuratorile magnetice au fost realizate la temperatura
camerei prin intermediul unui sistem magnetometric cu probd vibrantd. Analizele de
difractometrie au indicat ca continutul de fazd dupa combustie si in diferite etape ale
tratamentului termic este influentat de agentul de combustie folosit in procesul de
sintezd. Dimensiunea cristalitelor esantioanelor obtinute este in domeniul nanometric.
Masuratorile magnetizatiei de saturatie specifica si a cAmpurilor coercitive au confirmat
realizate pe esantioanele contindnd hexametilentetramind, uree si acid citric recomanda
utilizarea acestora ca materiale de baza in confectionarea senzorilor.
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Abstract. In this paper, we demonstrate the de Broglie's hypothesis of the
existence of a thermodynamic particle is correct. For stochastic model of
electron, we demonstrate that the electron as stochastic oscillator (system in
accelerated motion) “sees” the stochastic Classical Zero-Point Field (CZPF) as a
Planckian field with temperature equal to the anticipated de Broglie temperature
(T, =mc?/kg ). Using the event horizon for a small bubble in vacuum that
oscillating frequency equal to zitterbewegung frequency, we show that it behaves
like an electric charge that have a stochastic motion and scattering the stochastic
Classical Zero-Point Field (CZPF).

Keywords: Broglie's hypothesis; event horizon; Classical Zero-Point Field.

1. Introduction

The article is trying to establish a link between the isolated particle
thermodynamics and the acceleration horizon in the framework of stochastic
physics.

Louis de Broglie, in order to explain quantum effects as an interaction
of microscopic systems with a sub-quantum environment, proposed a

*Corresponding author; e-mail: isimaciu@yahoo.com
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thermodynamics of the isolated particle, i.e. the hidden thermodynamics of
isolated particles (de Broglie, 1961; de Broglie, 1967) in which the particle is
modelled as a thermodynamic system in interaction with the sub-quantum
medium (the stochastic medium).

In the stochastic electrodynamics (stochastic physics of the charged
particles), stochastic environment is modelled as a homogeneous and isotropic
background of electromagnetic waves having randomly distributed phases.

Because this background is analogue the of the zero fluctuations
background of the vacuum in quantum electrodynamics, was named Classical
Zero-Point Field-CZPF (Puthoff, 1989; Boyer, 1969; Rueda, 1978; Rueda and
Lecompte, 1979; Rueda, 1981; Rueda and Cavalleri, 1983).

To an accelerated observer (non-inertial) the electromagnetic radiation
background with the zero temperature is perceived as a background of thermal
radiation with temperature proportional to acceleration. This phenomenon is
known as Unruh-Davies effect (Unruh, 1976; Davies, 1975). Timothy M. Boyer
deduced the formula expressing the thermal radiation temperature depending on
acceleration in the framework of the stochastic electrodynamics (Boyer, 1980).

In the second part of the paper we determine the average temperature
corresponding to the modelled particles as an oscillator electrically charged in
interaction with CZPF.

In the third part, we demonstrate that the angular frequency
corresponding to the maximum (per Wien's displacement law) the Planckian
background attached of the particle is angular frequency own of particle
(modelled as a stochastic oscillator).

In the fourth part, we analyse the properties of the acceleration (Rindler,
2001) for a system (a particle) in oscillatory motion. We obtain the expressions
of energy densities and the radiation entropy from the particle horizon. With
these get to the expressions of energy, entropy and power corresponding to the
particle horizon.

In the fifth part, we study the problem of the stochastic model horizon
of electron and we find results like those of the second part.

The sixth part is devoted to discussions and conclusions.

2. The Average Temperature Corresponding to a Particle in
Interaction with CZPF

A particle with the electric charge g, and mass m is modelled like an
oscillator with the natural angular frequency a, in interaction with the CZPF
background of vectors (Simaciu et al., 1995; Simaciu and Ciubotariu, 2001).

2 12
E (7 \t) = Re;JdBK & [8?30] exp| i (@t -k -0)], (1a)
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0

Below the action of CZPF (fund) background, the particle running a
nonrelativistic oscillatory motion given by the equation

?+a)§r=%|§o+r'ﬁ', @)

with the radiation damping coefficient I' = g /6zs,mc® = 2e?/3mc® .
The solution of this equation is

R o Qe
r=—=E,, 3
O 50 3)

. . 2
with D = @f —@* —iTw’ and DD =|D|2 =(a)§ —a)z) +T%a°.
The acceleration of the oscillator is

2
. .. w =
a=?=%EO=?)—mEO. (4a)

The average acceleration (we average after the random phase) is zero
and the average square of the acceleration is

2 4=2
(a)= T (220 ) 20, (4b)
m™\ [D]
Substituting the expression of the electric intensity of CZPF background

(1a) in <a)4(E02/|D|2)> result that

(95 neg S oree o) (o]

expli(k - IZ')r —i(w— @)t +i0— i9’]> - (5)
i o , 1o p(w)
'[27r c3|D| j D’

If we replace in (5) the section of scattering of the plan-polarized
radiation by the particle

2
GTa)4 8z e’ o’ 67ZF2C2a)4
o(w) =

. : (6)
DD’ 3 o o]’
result that
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42 2\ 4
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Substituting (7) in (4) we obtain as follow
2 [ ag2 2 (2\2 | 4
<§2>ZQ_2 CUEZO _3q C_2 jwp(zw)dw:
m=\ |D| 8me,y \ e D
3(c*
E[e_zj j o(o)p(w)do.

Excepting a factor of the unity order that depends of the expression the
scattering section of an isotropic background, according to the paper (Simaciu
and Ciubotariu, 2001) integral

P=P=P= j co(@)p(w)dw, (9)
represent scattered power (the power absorbed is equal to the radiated power
and therefore the CZPF background is scattered by oscillator) by the oscillator

from CZPF.
Replacing (9) in (8) result the Larmor relationship (Jackson, 1975)

2(e* )/,
If is calculated the absorbed power according to the equation (9), result
w 23 3
P, = j co(a)plw)do="" *, (1)
0 mc

Equalling the two relations we obtain expression of the mean square
acceleration

(8)

3w
=2 0
a)= 12
< > 2m (12)
and the average acceleration of the oscillator is

a, =,/<az> =a)04/32§])0 . (13)

According to the works (Boyer, 1984), for particle accelerated the
CZPF background becomes a Planckian background with temperature
h
27Ckg

which also includes of the zero-point field.
Replacing (13) in (14) result:

T =l gt 4/ Sy (15)
27cKg kg \87°mc

a (14)
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If the total energy of the oscillator (as a two-dimensional system with
two degrees of freedom) is

mc® = e, (16)
replacing (15) result:

2
T - h am;ha)of?)z:mc f3 , (17)
27ckg kg 87 kg \'87

i.e. the oscillator acts as a particle submerged in a thermostat having the
temperature proportional to the mass of the oscillator (de Broglie, 1961; de
Broglie,1962).

A similar result is obtained according to the approach made by
Feynman (Feynman, 1964, Ch. 41, § 2) of an oscillator charged in interaction
with the of equilibrium thermal radiation having the temperatureT .

According to the relation (41.4) from (Feynman, 1964), the power
radiated by an oscillator is proportional to the energy of the oscillator\W,

2( 2t
P, =TW, =§( mcg JWO. (18)

If the oscillator is in equilibrium with a thermostat having the
temperature T , its average (medium) energy is

W, = 2kBTT =kgT, (19)
for a one-dimensional oscillator.
Replacing (19) in (18) result
2( eaf
P, =TW, 25[_mc3 jkBT . (20)

If the oscillator is in interaction with CZPF background, absorbed power
is given by (11). Equalling (18) with (11) result the zero energy of the oscillator
W, = h% (21)

0

Since the power absorbed was calculated for a three-dimensional
oscillator, result that the energy for a one-dimensional oscillator in interaction

with CZPF is
ho
Wy =—2° : (22)

3. The Wien's Displacement Law for the Thermostat
Attached of the Particle

According to Wien's displacement law (Boyer, 1984), the Planckian
background attached of the particle has a maximum for the wavelength
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AT, =M« —4,965 (23a)
kaB
or
PR NPV 3 LS (23b)
X KoT, A 27 7

Replacing the expression of the oscillator temperature (17) in (23b),
result the remarkable relationship

mc 3x2
8z’ 8 z =
Relation (24) demonstrates that the particle, as oscillator, absorbs and
emits resonant from CZPF background, the natural angular frequency being
angular frequency for which Planckian background has the spectral density

ploT).

(24)

4. The Properties of the Acceleration Horizon

4.1. The Horizon of a System in Accelerated Movement

A system in accelerated motion on Ox the direction, with acceleration
a, perceive a horizon at distance (Rindler, 2001),

d, =—. (25)

The horizon is a plane perpendicular to the direction of movement
located at distance given by (25)

From physical point of view, the existence of horizon is interpreted as
limit until which the system can interact through fields that propagate at the
speed of light. Systems located beyond the horizon, x>d,, no longer interact
with the system located in the origin of coordinates - are not causally related to
accelerated system. In this case, area and volume of the horizon are infinite
because on directions in the sense of the acceleration, horizon radius is infinite.

4.2. The Horizon of a System in Oscillatory Motion

Either a physical system which accomplish an oscillatory movement by
amplitude g, and the angular frequency @

q(t)=0psin(at). (26)
Acceleration of this system is
G = gyo° sin(at) = ’q. (27)

We consider that a particle in the physical vacuum is a bubble
(Leighton, 1994). The radius of this bubble is at equilibrium R. The bubble
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executes under the action of the vacuum waves radial oscillations of instant
amplitude q<<R, given by (26).

An observer at instantly rest on the surface of the bubble perceives a
horizon of the acceleration by spherical form with variable radius.

Replacing equation (27) in the expression of the horizon distance result

c? c?

(1) = wq(t) - @*q, sin(wt) (28)

and ¢’/@’q, <r, (t) <.

The horizon radius relative to the centre of the bubble is

C2

R, (t)=R+r, R+——-o. (29)
(D=Ren()=R s
This radius of the horizon mediated in time can be calculated using the
average acceleration of the horizon surface

With this average acceleration, average radius of horizon as against the
bubble centre is

(30)

2
Ry —R+ 2. @)
50 QO
The average area of horizon is
A =47zR2 _4;sz( 2! J (32)
RQO
and
v, =3ps A7 paly L2 (33)
3 3 Rq0

is the volume of the accelerate horizon.

4.3. Energy's and Entropy's Densities
from Particle Horizon

The observer from bubble surface perceives the CZPF background of as
a of background of thermal radiation having temperature proportional to
acceleration, according to the relation (14).
The energy density of this radiation is
_4o%s 14, (34)
c
Replacing (14) in (34) result
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owh® 4
V&)= St )
Because the Stefan-Boltzmann constant has the expression
3(1,082)k*
% =R (%)
resulting, through replacement within (35)
3(1,082)%
w( )=ﬁa“. (37)
The expression of entropy density of the radiation is
dw(@) 2'cg
a)= 38
w(@) = [Ty = 5 (T@)" (38)
Replacing (14) and (36) in (38), result
1, 082 k
ws (a) = ( ) a’. (39)

4.4. Energy, Entropy and Power of Particle Horizon

The energy contained by the horizon with radius given by the relations
(31) and having the volume given by (33) is, with a=a,,

3
(1,082)7( . Ry’ | g’
W (a V,w(a 1+ 40
(an) =VpW(a,) = S5 NS (40)
The entropy contained in the horizon volume is with (33) and (38), for
a=a,
3

4(1,082)(, Rgy0°
S(a. )=V w.(a,)= 1+ K. 41
(m) m S( m) 372_4 ( CZ\/E ( )

We find corresponding power for this radiation considering that is
emitted through the area the horizon (32), with a=a,

22 2\?
a4 -2 B[] o

If we consider approximation of small oscillations, that is q, <<R ,

c/w>>q, and Rgyw®/c? <<1, result that entropy from volume of the horizon
is a constant

S(a)= 4(1 082)

and dispersed power (absorbed and emltted, at equilibrium) is of Larmor type

k (43)
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(
P(a, )= = a, 44
(an) 2752 | 2 PEvELY (44)
i.e. it is power emitted of an accelerated electric charge. According to the
classical theory, a charged particle with electrical charge and which is a in an
accelerated motion radiates a power given by Larmor relation (Jackson, 1975)

1, 082)h[q0a)2 jz (L082)7 _,

2e¢* , 2(e*\n
P=—Z-a"=—| — |=a°. 45
L3¢l SEhc]cz (43)

Comparing relations (45) and (46), result, with a=a,,

2

e 3(1,082

¢ _30.082) (46)

fic 2°rm

The difference between the two values is relatively small:
e?/hc =1/137 and 3(1,082)/(227r5);]/102. Improving the model can lead to
parameter values which determine the equality of constants.

5. The Horizon of Stochastic Model for Electron

In stochastic physics (Simaciu and Ciubotariu, 2001) the electron is a
two-dimensional oscillator (circular motion), that changes the plan of the
circular motion with zitter frequency (equivalent of movement on a sphere).
Result that this model is just a case of generating a spherical acceleration
horizon.

According to this model, the speed on orbit is v =c, and replacing in
(25) and (29) with R =R, result the centripetal acceleration and the horizon

radius:

A, =—, (47)

ce

C2
Roce = 2¥= 2R, . (48)
Replacing those sizes in the energy expressions (40) and power (42),
with a=a, =a, result

2
We (ace) =V (ace )W(ace) = % A, (49)
Py (o) = 2282 oz (50
7w C

Outside of the acceleration horizon, is issued radiation with power
given by relations (50 and 51). According to the classical theory of the oscillator
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electrically charged, this radiates a power given by relation (45) which

becomes, with a=a,_,,
2(e*\n ,
P =52 |2.5%. 51
- 3(7&0}02 e D

Comparing the expression (51) with expressions of power emitted by
the accelerating horizon (51) or (50), result that power issued of the horizon
could be interpreted as the power radiated by oscillator, if the coefficients front

the expression ha,, / ¢* are equal. These coefficients have the values:

2
E(G—J _4,86.10°, 2982 353103, (52)
3\ hc z°

The coincidence of expressions powers is not accidental. We found the
result from Section 4.4. An analysis more exact for mechanisms for the
generating of horizon for a system which execute a moving of oscillation three-
dimensional, is likely to lead to better coincidence of the powers relations.

If we replace in the expression (49) the acceleration corresponding to

the model of electron, R, =#/m,c, a,, =m,c* /  result:

22(1,082)7 mc® 22(1,082
W,(a,,) = 2 L082% me_ 2 (1082) o
7°c fi T

It follows that there is a connection between the thermal radiation
energy captured in the volume of horizon and energy electron mec2 .

6. Discussion and Conclusions

We emphasized the fact that de Broglie's hypothesis about the existence
a thermodynamic of the particle is correct. In the case of electron stochastic
model, we demonstrated that the electron as stochastic oscillator and therefore
system in accelerated motion “sees” the CZPF background like a Planckian
background with temperature equal to the anticipated one by Broglie
(T, 2mc?/kg ).

It is interesting that the angular frequency corresponding to the
maximum of spectral density of the Planckian background is equal to the natural
frequency of the stochastic oscillator (expression 24). This behaviour of the
stochastic oscillator is consistent with bubble model (a hole in the physical
vacuum) oscillating radially, for an electrically charged particle. The
oscillations are induced and maintained by the interaction of the bubble with the
zero oscillations of the vacuum. At equilibrium bubble absorbs and emits waves
with angular frequency nearly, as size, to the natural frequency. For electron,
this is the zitterbewegung frequency. According the results section 4 and 5, the
two models, punctual task that absorbs and emits radiation of CZPF (in other
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words scattered this radiation) and the bubble in vacuum radial's oscillating
(centre bubble's is at rest) are equivalent.

Two such bubbles interact with forces of attraction or repulsion,
depending on the phase difference of the oscillations. This phenomenon is
known in acoustic as Bjerknes secondary interaction (Bjerknes, 1906; Bjerknes,
1915; Barbat et al., 1999). This interaction has been studied theoretically and
experimentally only in case the two bubbles are in the field of plane acoustic
waves that propagate or is stationary. The highlighting a task acoustic electric
type is made only studying the interaction two bubbles with a thermal
background of acoustic waves. In this case the bubble absorbs energy from the
background, at resonance, for natural frequency. This acoustic model will be
studied in a future study.

The existence of a spherical horizon, for the particle models proposed in
the paper, brings into question and the existence of gravitational charge
corresponding to the particle. This connection exists because the gravitational
interaction for a body with mass involves a horizon of events in case collapsing at a
radius equal to the Schwarzschild radius (the radius of black hole) (Rindler, 2001).
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ORIZONTUL ACCELERARII SI TERMODINAMICA
PARTICULEI IZOLATE

(Rezumat)

Tn lucrare demonstrim ca ipoteza lui de Broglie a existentei unei
termodinamici a particulei este corectd. in cazul modelului stocastic de electron
demonstram ca electronul, ca oscilator stocastic si deci sistem in migcare
acceleratd, “vede” fondul CZPF ca un fond planckian cu temperatura egald cu cea
anticipatd de Broglie (T, =mc?/k, ). Folosind orizontul evenimentelor, pentru o buld

din vacuum care executa mici oscilatii egale cu frecventa de zitterbewegung, ardtam ca
aceasta se comportd ca o sarcind electricd care se misca stocastic si imprastie Classical
Zero-Point Field (CZPF).
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Abstract. Our purpose in this paper is to underline the limitations of
ordinary differential equations of motion for providing dynamical basis for
complex phenomena which justify our approach of using scale relativity theory.
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1. Linear Physics

In 1695 Leibniz speculate on the idea of calculating a derivative of
order 0.5, in response to a request from L'Hospital. However, in physics, such
things as fractional derivatives, have been left aside in favour of long study
analytic functions. It was supposed, probably since Galileo, that the physical
phenomena can be largely represented by analytic functions and dynamics of
physical phenomena can be represented mathematically by equations of motion
in which such functions are involved. The truth of this assumption was almost
confirmed by Sturm-Liouville Theory success in formalizing acoustic or
electromagnetic phenomena, transmission of heat, diffusion or quantum
processes. Even when phenomena like phase transitions, turbulence and
rheology of polymeric materials could not be explained using the approach
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mentioned above, it is believed that the solution can come from a more detailed
analysis of the same type.

2. Nonlinear Physics

In the last 45 years, working methodologies in physics have changed,
abandoning more and more the linear mathematical methods, analytical and
guantitative (Stoyan, 1979; Benoit, 1982; West and Deering, 1994; Schroeder,
2009; Meakin, 2011), heading for a combination of nonlinear mathematical
methods, numerical and quantitative (Meakin, 2011). Not only linear methods
often have proved inadequate, but even the Euclidean geometry use has not
always proved adequate. In any case, Newton formulated the mechanical laws
using geometric arguments, although he had developed earlier the differential
calculus. Nowhere in “Principia” you will find the famous equation, F=ma,
nor any discussion about derivatives or solving differential equations, but you
will find used geometry of Euclid and reports of geometric lengths which are
presumed to converge on finite values when the size of timeframes tends to
zero. Default felled everywhere in “Principia” is the notion of limit, but
nowhere is explicitly discussed this concept. Newton's dynamic arguments are
based on the assumption of an absolute space and absolute time, the dimensions
are without beginning or end and the continuity is everywhere. The allegations
of a continuous and infinite time and space, combined with Euclidean geometry,
almost guarantees the continuity of measurements of derived quantities as
speed, acceleration and force.

3. Questioning of Differentiability

In the context of modern physics, we learned that the assumptions of
absolute space and time are no longer valid and the Euclid’s geometry has little
to do with physical world. In his lessons about the principles of mechanics,
Ludwig Boltzmann (1974), the father of statistical physics, said “... we have,
without apology, presented differentiability as an assumption that agrees with
the experimental facts to date”.

But this assumption was invalidated in many cases, of which we evoke
here three: a) the problem of turbulence: in 1926, Richardson (Richardson,
1926) published his research on irregular fluctuations in the velocity field of
turbulent wind in the atmosphere; b) Levy Statistics: Levy (Levy, 1925;
Bologna et al., 2002) has set the most general properties needed by a statistical
process to violate accepted form, at that time, of the central limit theorem but
yet to converge to a limit distribution; c) Brownian motion: the dynamic of this
process, developed by Langevin in 1908 using a stochastic differential equation
(Levy, 1954) is incompatible with continuous and differentiable nature of the
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microscopic Hamiltonian dynamics. The differentiability of empirical functions
of mechanics is something given by the observational tools which are at our
disposal and so nothing precludes, in fact, the use of non-differentiable
functions to represent the experimental results. There are at least as many
differentiable functions as those non-differentiable. An example of such
functions are fractal functions for which an illustrious example being
generalized Weierstrass function:

F(t)= i %sin[b”wqﬁn] (1)

n=—o0

which has the derivative:

dF(t) & (b)Y
— L= — | cos|b"t+ 2
" Z[a [b"t+4, ] @)

If b > a, the series (2) diverge in an absolute manner when N —oo.
Note that the function (1) may be either a deterministic fractal function (if the

phases {¢, } are zero), or a stochastic fractal function (in the phases {¢, } are
random).

4. Central Limit Theorem (CLT)

There is a link between the non-differentiability of microscopic
processes (Abbott and Wise, 1981), the differentiability of macroscopic
processes and the CLT conditions. Let we remind that, according to central limit

theorem, if W, (t), w, (t), ..., are statistically independent stochastic processes,
with identically distribution, than the sum variable:

w(t):nfl:wn (1) (3)

is a Gaussian stochastic process.

CLT applies to dynamical systems that have the time scale of
microscopic processes much smaller than the time scale for macroscopic
processes. In this situation of separation between the two time scales, on long
duration, the memory of details given by microscopic dynamics is lost and we
can apply a Gaussian statistics on the result at the macroscale. This separation
of time scales also means that we can use again ordinary differential calculus at
macroscopic scale, even if microscopic dynamics is incompatible with ordinary
differential calculus.
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5. Two Time Scales

Whether the two time scales are different or not, we must resort to
statistical physics. There are two approaches enshrined in this physics. One is
the approach of Heisenberg that use dynamic variables. In this approach, in the
case of the separation between the two time scales, the transition from
microscopic to macroscopic leads to a stochastic differential equation of
Langevin type for a macroscopic dynamic variable which corresponds to a
random process with Gaussian distribution. The second approach uses
Schrodinger's perspective according to which the time evolution of a Liouville
density defined in the phase space of the system. The result of this approach is a
master equation that usually leads to a conventional diffusion equation, which is
a partial differential equation, of second order in relation to space and first-order
in relation to time. Therefore, in case of separation of time scales between
microscopic and macroscopic, the mathematical description remains in the field
of conventional differentiable analytic functions which describe the dynamics
(Heisenberg’s approach, centred on particle) or the conventional differential
operator (second order partial derivatives in Schrodinger’s approach, centred on
the wave). These two approaches were considered equivalent thought for a
hundred years, until this equivalence was questionable when different solutions,
to the same physical problem, have been obtained using these two approaches
(Bologna et al., 2002).

When the separation between microscopic time scale and macroscopic
time scale is not valid, the memory of non-differentiable nature of the
phenomena at the microscopic level is preserved. Thus, transport equations
cannot be expressed in terms of ordinary differential calculus, even if our
observation is macroscopically.

6. Conclusions

Inability of using macroscopically the ordinary differential calculus is
the explanation why the temporal derivative in Langevin equation is replaced by
a fractional derivative in relation with time, obtaining a fractional stochastic
equation. Likewise, Laplace operator of normal diffusion equation is replaced
by a fractional Laplace operator, yielding a fractional diffusion equation in the
phase space of the system. We have developed these arguments in (Agop and
Casian-Botez, 2015; Agop et al. 2015; Casian-Botez and Agop, 2015a; Casian-
Botez and Agop, 2015b; Casian-Botez et al., 2015).
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PROCESE NEDIFERENTIABILE
(Rezumat)
Scopul nostru in aceastd lucrare este de a sublinia limitarile ecuatiilor

diferentiale ordinare de miscare pentru a pune bazele descrierii dinamici fenomenelor
complexe prin utilizarea teoriei relativitatii de scara.
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