Observation of ondulatory correlations in Ferrofluids

Alessandro Chiolerio->", Giuseppe Vitiello’, Mohammad Mahdi Dehshibi*, Marco
Crepaldi’, Diego Torazza®, and Andrew Adamatzky?

IBioinspired Soft Robotics, Istituto Italiano di Tecnologia, Via Morego 30, Genova, 16163, ltaly

2Unconventional Computing Laboratory, University of the West of England, Coldharbour Lane, Bristol, BS16 1QY,
England, UK

3Dipartimento di Fisica “E.R. Caianiello”, Universita di Salerno, Via Giovanni Paolo Il 132, Fisciano, 84084, Italy
“Department of Computer Science and Engineering, Universidad Carlos Il de Madrid, Avda. de la Universidad 30,
Leganes, 28911, Spain

SElectronic Design Laboratory, Istituto Italiano di Tecnologia, Via Melen 83, Genova, 16152, Italy

%Mechanical Workshop, Istituto Italiano di Tecnologia, Via S. Quirico 19d, Genova, 16163, Italy

ABSTRACT

Supplementary Information



Contents:
Measurements 1
Machine-Powered Analyses 2
Distance Effect 3
Temperature Effect 4
Time Effect 5
Volume Effect 6
Solvent Effect 7
Relaxation Time 8

1 Measurements

In the following figures, we show the bilogarithmic plots of the parameter Z]Cl for the entire set of the experiments of both

the untwinned and twinned groups. The statistical sample shown in every graph is composed by 4.000 entries for each of the
plotted curve.
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Figure 1. Zﬁ fluctuations during Exp1 in the untwinned case.
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Figure 2. Zlc1 fluctuations during Exp1 in the twinned case.
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Figure 3. Zlc1 fluctuations during Exp2 in the untwinned case.
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Figure 4. Zlc1 fluctuations during Exp2 in the twinned case.
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Figure 5. ZIC1 fluctuations during Exp3 in the untwinned case.
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Figure 6. Zlc1 fluctuations during Exp3 in the twinned case.
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Figure 7. ZIC1 fluctuations during Exp4 in the untwinned case.
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Figure 8. Zlc1 fluctuations during Exp4 in the twinned case.
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gure 9. ZIC1 fluctuations during Exp5 in the untwinned case.
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Figure 10. ZIC1 fluctuations during Exp5 in the twinned case.
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Figure 11. Zfl fluctuations during Exp6 in the untwinned case.
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Figure 12. ZIC1 fluctuations during Exp6 in the twinned case.
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Figure 13. Zfl fluctuations during Exp7 in the untwinned case.
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Figure 14. Zlcl fluctuations during Exp7 in the twinned case.

2 Machine-Powered Analyses

In the following figures, we show the complete statistical machine-aided analysis of selected groups of experiments, as detailed
in the captions. The radargram shown in panel (A) is conceived in this way: it shows all the parameters space, starting from
the vertical axis E in a counter clock-wise direction: E is the entanglement state, either tw twinned or un untwinned; V is the
DC stimulus amplitude: 1V, 10 mV, 0 V; D is the distance between vials: 10 cm, 1 m, 10 m; T is the ambient temperature:
10°C, 22°C, 50°C; t is the natural time, since the sample is always the same, it ages linearly. During every comparison machine
analysis, Group 1 (blue) is compared to Group 2 (red), in this specific case we have compared all cases under the twinned state
with all cases under the untwinned state, with a subset of parameters indicated on the other axes. When a parameter is shown in

green, it pertains to the group under study, when it is in black, it is excluded. The statistical sample size n for each group under
comparison is indicated in the captions.
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Figure 15. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 0 V stimulus, at 10 cm distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 48.000.
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Figure 16. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 10 mV stimulus, at 10 cm distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 48.000.

10/30



Group 2 PCA

E Average PCA Loadings
A Group 1 . Group 1 PCA N ‘ B

08

06

Vvl t 804} s
§ ) I é ) IIH II IIH
Pomlim B B IH B

Z 0

Figure 17. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with O V stimulus, at 1 m distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 32.000.
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Figure 18. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 10 mV stimulus, at 1 m distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 32.000.
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Figure 19. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 1 V stimulus, at 1 m distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 32.000.
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Figure 20. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with O V stimulus, at 10 m distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 32.000.
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Figure 21. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 10 mV stimulus, at 10 m distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 32.000.
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Figure 22. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 1 V stimulus, at 10 m distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 32.000.
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Figure 23. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with O V stimulus, at any distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 84.000.
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Figure 24. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 10 mV stimulus, at any distance, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 84.000.
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Figure 25. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 1 V stimulus, at a distance of 1 or 10 m, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting
involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores
for the three principal components. D: kernel density estimates for the three principal components. n = 64.000.
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Figure 26. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with 0 or 10 mV stimulus, at a distance of 10 cm, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting
involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores
for the three principal components. D: kernel density estimates for the three principal components. n = 96.000.
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Figure 27. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with any stimulus, at a distance of 1 m, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 96.000.
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Figure 28. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with any stimulus, at a distance of 10 m, at 22 deg C, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 96.000.
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Figure 29. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed at
10 deg C, with any stimulus, at a distance of 10 cm, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 48.000.
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Figure 30. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed at
50 deg C, with any stimulus, at a distance of 10 cm, for the twinned versus untwinned cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 48.000.
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Figure 31. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed at
22 deg C, with a0 V or 10 mV stimulus, at a distance of 10 cm, for the twinned versus untwinned cases. A: radargram
depicting involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated
PCA scores for the three principal components. D: kernel density estimates for the three principal components. n = 96.000.
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Figure 32. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed at
any twinning state, any temperature and any distance, for the 0 V versus 10 mV cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 288.000.
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Figure 33. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed in
the twinning state, at any temperature and any distance, for the O V versus 10 mV cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 144.000.
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Figure 34. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed in
the untwinned state, at any temperature and any distance, for the 0 V versus 10 mV cases. A: radargram depicting involved
experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores for the
three principal components. D: kernel density estimates for the three principal components. n = 144.000.
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Figure 35. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with any twinning state, any voltage stimulus and at any temperature, for the 10 cm versus 10 m cases. A: radargram depicting
involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores
for the three principal components. D: kernel density estimates for the three principal components. n = 192.000.
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Figure 36. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with the twinned state, any voltage stimulus and at any temperature, for the 10 cm versus 10 m cases. A: radargram depicting
involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores
for the three principal components. D: kernel density estimates for the three principal components. n = 96.000.
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Figure 37. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with the untwinned state, any voltage stimulus and at any temperature, for the 10 cm versus 10 m cases. A: radargram depicting
involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated PCA scores
for the three principal components. D: kernel density estimates for the three principal components. n = 96.000.
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Figure 38. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with any twinning state, any voltage stimulus and at a distance of 10 cm, for the 10 deg C versus 50 deg C cases. A: radargram
depicting involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated
PCA scores for the three principal components. D: kernel density estimates for the three principal components. n = 96.000.
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Figure 39. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with the twinned state, any voltage stimulus and at a distance of 10 cm, for the 10 deg C versus 50 deg C cases. A: radargram
depicting involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated
PCA scores for the three principal components. D: kernel density estimates for the three principal components. n = 48.000.
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Figure 40. Machine-aided statistical analyses of the scattering matrix measurements involving the experiments performed
with the untwinned state, any voltage stimulus and at a distance of 10 cm, for the 10 deg C versus 50 deg C cases. A: radargram
depicting involved experiments over the entire experiment space. B: average PCA loadings of the two groups. C: aggregated
PCA scores for the three principal components. D: kernel density estimates for the three principal components. n = 48.000.
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3 Distance effect

Now, let us discuss the effects of the distance between the two vials (see Fig. 41).

The twinned case responds with a PCA featuring 2 major sign changes and 10 amplitude changes. The closest (group 1, vials
kept 10 cm apart) has higher PC1 and more unbalanced features, while the farthest (group 2 , vials kept 10 m apart) has higher
PC2 and more balanced features. The untwinned case responds with 2 major sign changes and 8 amplitude changes. The
closest (group 1) has more balanced features, while the farthest (group 2) has more unbalanced features. Qualitatively, the PC
structure of the reflection component 2,2 and of the two transmission components 1,2 and 2,1 is preserved in the twinned case
(short distance vials) and the untwinned state (regardless of the distance). Instead, the impedance of the twinned case with
high-distance vials is something very unique.
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Figure 41. Effects of the distance between the two vials. Twinned case: conceptual diagram of the explored physical
parameters space (A); Average PCA loadings for the two experiment groups under comparison: vials in proximity (group 1)
versus vials far apart (group 2) (B); principal features summarized (C). Untwinned case: conceptual diagram of the explored
physical parameters space (D); Average PCA loadings for the two experiment groups under comparison: vials in proximity
(group 1) versus vials far apart (group 2) (E); principal features summarized (F). The statistical sample is composed of 192.000
entries for each of the two groups under comparison.

4 Temperature Effect

To conclude this statistical analysis, let us consider the effect of temperature (see Fig. 42). The twinned case responds with a
PCA featuring 3 sign changes and 7 amplitude changes. Both the cold temperature experiment at 10°C (group 1) and the hot
temperature experiment at 50°C (group 2) are such that unbalanced features occur, involving a difference in both the reflection
components and in the transmission ones. In the untwinned case, we see 1 sign change and 5 amplitude changes. Both the
cold temperature experiment at 10°C (group 1) and the hot temperature experiment at 50°C (group 2) are such that unbalanced
features occur, involving a difference in the transmission components. In contrast, the reflection ones are only very slightly
affected. Most notably, the two reflection components remain affected in the twinned case while almost unaffected in the
untwinned case. We can conclude that temperature has a different effect on impedance, depending on the pre-conditioning of
the sample.
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Figure 42. Effects of the temperature on the pre-conditioning state. Twinned case: conceptual diagram of the explored
physical parameters space (A); Average PCA loadings for the two experiment groups under comparison: vials kept at 10 °C
(group 1) versus vials kept at 50 °C (group 2) (B); principal features summarized (C). Untwinned case: conceptual diagram of
the explored physical parameters space (D); Average PCA loadings for the two experiment groups under comparison: kept at
10 °C (group 1) versus vials kept at 50 °C (E); principal features summarized (F). The statistical sample comprises 96.000
entries for each of the two groups under comparison.
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5 Time Effect

The time-interval effectively taken (and necessary) to perform the experiments ranges over six months. Therefore, one might
compare the first set of measurements (Expl, Exp2, and so on), regardless of other physical parameters, with the last set (Exp 6,
Exp 7 with temperature variation). The outcomes of the analysis, however, would be biased by other varying conditions. To
avoid such biasing conditions, both the twinned and untwinned experiments set have been performed in parallel, therefore the
aging of the sample is homogeneous and linear and can be disregarded.

6 Volume Effect

Testing uneven volume distributions in the two FF reservoirs has been done, with a set of two experiments: in Exp8, vial A
was filled with 2/3 volume and connected to quasi-DC stimulus, and vial A was filled with 1 /3 volume and connected to the
VNA. In Exp9, vial A was filled with 1/3 volume and connected to quasi-DC stimulus, and vial A was filled with 2/3 volume
and connected to the VNA, as sketched in Figure 43. In more detail, in a first experiment we proceeded with the twinning
on Vr,; = 4mL, subsequently separated the FF into A = 8/3 mL and A = 4/3 mL, submitted vial A to the quasi-DC stimulus
and vial A to the impedance measurements according to the following conditions: 1 m distance, 0 V stimulus, and then 10
mV stimulus. The experiment was repeated without twinning preconditioning, and the results are shown in Figure 44A and B,
considering for the sake of simplicity only the reflection component Zg ,- We can see that in the untwinned case, the curves
overlap almost perfectly (there is no correlation and hence no effect induced by voltage). In contrast, in the twinned case,
the curve corresponding to 10 mV appears to shift to lower PSD in the low-frequency range when compared to the curve
corresponding to 0 V, as already observed (there is a correlation and a voltage-induced effect). Worth saying that the twinning
procedure results in an overall reduction of the PSD at any frequency. A similar experiment was performed by submitting to
the quasi-DC stimulus vial A (smaller volume) and to the impedance measurements vial A, with and without the twinning
preconditioning. As shown in Figure 44C and D, the two cases have no relevant difference, as the curves with 0 V and 10
mV cross each other at several points. Nevertheless, the reduction of the PSD by more than one order of magnitude when the
twinning is performed is found in the entire frequency range (there is no voltage-induced effect, but a measurable correlation is
found).

Exp8

: SO S

Exp9 SR,

s
= = cf = ‘-;\ =

MwW MW

Figure 43. Schematic view of the experiments performed for the uneven distribution of liquid volumes. Reservoir A is in
yellow tint, A is in blue. The impedance measurement phase is represented by the "MW label, the quasi-DC stimulus by the
”+” label.

The following figures, from Figure 45 to Figure 48, we show the bilogarithmic plots of the parameter ZIC1 for the set of two
experiments of both the untwinned and twinned groups. The statistical sample shown in every graph is composed by 4.000
entries for each of the plotted curve.
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Figure 44. Effects of the uneven distribution of volumes: comparison between scattering matrix reflection parameter 2,2 (A,
B, C, D). The higher volume vial is submitted to the stimulus, untwinned (panel A) and twinned pre-conditioning (panel B).
The smaller volume is submitted to the stimulus, untwinned (panel C) and twinned pre-conditioning (panel D). Effects of a
hydrocarbon-based solvent: comparison between scattering matrix reflection parameter 1,1 (E, F). The Power Spectral Density
(PSD) of raw data fluctuations in the impedance “response” is plotted as TISA (Time-Integral Squared Amplitude) power,
corresponding to the integral under the curve defined by the square of the raw data against time. The entire sample of 4.000
points is shown for each curve; an adjacent averaging smoothing over 101 points was used.
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Figure 45. Zlc1 fluctuations during Exp8 in the untwinned case.
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Figure 46. ZIC1 fluctuations during Exp8 in the twinned case.
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Figure 47. Zlc1 fluctuations during Exp9 in the untwinned case.
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Figure 48. ZIC1 fluctuations during Exp9 in the twinned case.
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7 Solvent Effect

The last set of experiments involves the use of a hydrocarbon-based ferrofluid (EFH3), Figure 44E and F. In the untwinned
preconditioning, we again notice overlapping curves, while in the twinned preconditioning, there is a gap in the frequency
range between 10 and 30 mHz. Comparing it to Figure 44B, where the gap opens in the range comprised between 10 and 50
mHz, we notice, therefore, a slower coupling. A typical hydrocarbon molecule found in kerosene, the dodecane, is bigger than
a water molecule: a C12 linear alcane is 1.38 nm long and has a molecular weight of 170 g/mol. The distance between the two
hydrogen atoms of a water molecule is 0.28 nm, and the molecular weight is 18 g/mol'.
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Figure 49. Zfl fluctuations for the twinned case, hydrocarbon-based ferrofluid.

8 Relaxation Time

The electrical fluctuations set in the FF by means of the twinning pre-conditioning generate a pattern of measurable noise in the
impedance, that has been monitored during long time measurements. By following the spectral amplitude, it is possible to infer
the relaxation time, as shown in Fig. 50. We have used a simple exponential decay model, that shows that the relaxation time is
equal to 393.761 seconds, equal to 109h 22’ 417, approximately 4d and a half.
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Figure 50. Left: relaxation of the impedance fluctuations measured on the scattering matrix reflection parameter Z; ; right
after performing the twinning pre-conditioning. The raw data fluctuations in the impedance are plotted as mean and median
values in Q. The fit is based on an exponential decay (red curve) and the black dashed line is a guide for the reader. Right:
maximum fluctuation Power Spectral Density (PSD) as TISA (Time-Integral Squared Amplitude) power, corresponding to the
integral under the curve defined by the square of the raw data against time; the red dashed lines are guides for the reader and do
not correspond to a numerical fit. The entire sample is based on 1.6M experimental points; an adjacent averaging smoothing
over 31 points was used after performing the Fast Fourier Transform.
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