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force microscopy and Raman spectroscopy. Model calculations of fractal dimensions have been performed for the

obtained heterogeneous topological surface objects in samples with a controlled dendritic fractal structure. The
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exposure.
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1. Introduction

Materials with surface 2D-nanostructures in complexes

of metals and semiconductors are a fundamental field for

modern physics of solid-body phase states, which is promis-

ing for various applications [1–6]. These micro-nanosystems

of the cluster type, which have various configurations and

topologies regulated during their synthesis, originate specific

localized states with controlled functional characteristics, in

particular, electrophysical ones. It enables using this base

for developing various devices of micro-nanoelectronics and

photonics on new physical principles [4–6].

For regulated production of these structures, experimen-

tal laser diagrams are widely used, which include quite

promising technologies of laser ablation of a solid-body

surface with ejection of a substance under laser impact in

its various modifications (cf. [7,8]). The laser ablation effect

depends on a medium, in which a target is arranged, in

particular, in liquid. Here, extreme conditions may occur,

at which, for example, graphite transits into diamond-like

structures at relatively low-power laser radiation due to local

hydrodynamic shock processes in a laser beam focus in

liquid (see [5,9,10]).

We are talking about synthesized thin-layer micro-

nanostructures on the sample surface, which originate under

direct impact of laser pulses and beams on its material

in various modes. For example, it can happen with

taking into account deposition and condensation of ablation

products to the sample surface from a gas-vapor phase

under thermal impact by a sequence of laser pulses and

beams as well as a result of a two-stage process —
production of nanoparticles in a colloid during laser ablation

of the material in liquid with the subsequent deposition

from the colloid to a solid substrate in a controlled way

when scanning with the laser beam within a volume of

the colloid. At the same time, specifics of physics of

phenomena during deposition of objects to the solid surface

of the substrate is determined by a degree of roughness

of the substrate and thermal conductivity of its material.

When considering electrophysics of these devices, the first

things to be investigated are processes of controlling their

conductance in a dependence on a configuration of the

surface micro-nanotopology.

Transmission of electric current in structures, where

conducting and non-conducting local areas alternate on the

surface, can be described within the framework of represen-

tations of a percolation theory [4,11] that is applicable for

this class of objects and they can be related to topological

insulators [12].

Such cluster structures are of the highest interest for

application in the thin-film metal systems of the type of

ohmic and barrier contacts, thin-film resistors, capacitors as

well as when transferring charge carriers through contact

areas, etc. At the same time, single-electron quantum modes
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can be realized to have mode switching in the same way

as in a various type of diodes, in particular, tunnel ones

(cf. [4,11,12]).

Percolation effects in these metal films are basically

considered with studying the influence of transverse (per-
pendicular to the substrate plane) sizes (thicknesses) on

their conductance. However, electrophysics of this kind of

discrete topological structures with nonuniformities (den-
drites of a micro-nanometer size) depends on their fractal

geometry (cf. [12–14]).

These problems are investigated by us in the present study

for an ensemble of dendrites on the surface of the AISI

304 stainless steel, which are experimentally synthesized

as a result of two-pulse laser ablation (cf. [15]). The

obtained results can be considered also by analogy as for

a solid-state material of a high-entropy alloy (HEA) — with

at least 5 chemical elements in the composition at their

approximately identical percent concentration, cf. [16,17].

In our case, the emphasis is placed on controllability of

functional characteristics of these structures during tempe-

rature phase transformations with variation of symmetry of

crystal lattices [18,19]. We will shortly discuss them here in

a laser-thermodynamic aspect together with various modes

of subsequent processes (which are competitive for multi-

pulse laser radiation) of heating and cooling the stainless

steel material under laser impact on it in the atmosphere

surrounding the sample.

The main subject of research in the present article is

an experimentally detected explicit dependence of the elec-

trophysical characteristics — current-voltage characteristics

(I-V curves) — on a configuration of the laser-induced

topology on the stainless steel surface, which occurs at

various modes of laser ablation.

2. Methods and approaches — basic
physical principles

2.1. Thermodynamic phase transformations under

laser impact on the solid surface

The laser ablation process means that a liquid phase

that is formed during laser melting is ejected from the

surface similar to a process of highly-efficient gas-dynamic

evaporation. It is a non-stationary hydrodynamic process

with a certain velocity of motion of a boundary of the solid

body→ liquid phase transition, which can demonstrate an

explosive exponential growth (cf. [8,20]) that is accompa-

nied by surface deformation with taking into account recoil

pressure and by formation of a crater in a melt bath.

Thermodynamically, similar phenomena can be related

to a specific section of complex-system thermodynamics,

which deals with phase transformations under conditions

of implementation of nonlinear non-equilibrium processes

(cf., for example, [20]). However, we will consider only

the very fact of controlled formation and recording of

heterogeneous topological structures of the dendritic type

on the surface of the stainless steel in the laser experiment.

When the melt bath is formed under laser impact, we

will be interested in formation of a different orientation

of the dendritic objects with a fractal structure on the

target surface as a result of occurred space-heterogeneous

laser ablation with successive laser heating and subsequent

cooling of the medium (cf. [13,15]). It is also necessary

to take into account interaction of incident laser radiation

with the substance when it is ejected during ablation. Fine-

needle structures that are originated at this (with presence of

martensite and residual austenite, similar to crystallographic

phase modifications of metals) [16–18] are determined

by non-equilibrium rates of heating and cooling in a

dependence on the laser radiation modes with heterogeneity

of a process of crystallization over the surface of the material

(cf. [20,21]).

2.2. Specific features of laser impact
on the HEA system

The above-listed reasoning was referred to the material

that is homogeneous in the elemental chemical composition,

whereas the HEA requires comprehensive analysis with

taking into account effects of thermal diffusion for different

components of the alloy and taking into consideration that

a maximum of the temperature of laser heating is shifted

into a less heat-conducting material to a greater extent the

higher duration of the laser pulse [20].
In this aspect, synthesis of the micro-nanoscale surface

structures on the solid-body surface is interesting and a

separate area of research with the dendritic structures is

included here. In this field, laser impact on the target

during laser ablation with subsequent deposition of the

ablation products to its surface with controlled production

of the configuration-pre-defined topology of a certain scale

has already led to some significant results (see, for exam-

ple, [6,14]).
In these tasks, a mechanism of this impact with im-

plementation of the topological phase transitions is based

on thermophysical processes under laser radiation of the

samples. Therefore, thermodynamics of these processes

is crucial for investigating modification of the required

functional characteristics, in particular, electric ones. At the

same time, it is important to maintain a sequence of impact

by laser pulses with different parameters, with a certain

delay between them depending on constitutive parameters

of the medium and its environment. It is related to effects

of preliminary submelting with subsequent thermal diffusion

of particles of different elements, which result in formation

of dendrites with a regulated configuration on the surface of

the material (cf. [13–15]).
For the considered synthesized structure configurations of

a pre-defined type on the solid-body surface, under condi-

tions of the laser experiment we can talk about the specific

area of thermodynamics — laser thermodynamics [5,22].
We mean the processes when it is possible to induce
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various phase states of the medium in subsurface layers in

a regulated way at the various modes of laser impact on the

solid-body surface with variation of the laser radiation char-

acteristics (with its energy and time parameters selected) as
a result of the non-equilibrium thermodynamic processes.

At the same time, it is essential that the local temperature

for heterogeneous areas of the dendritic/fractal type can

significantly differ from the average heating temperature of

the sample, thereby resulting in local melting of the material

in these areas under impact of laser radiation, which is even

relatively weak in terms of energy, on the medium (cf. [6]).
For simplicity and certainty, we used two-pulse laser

ablation for producing dendrites in the thin layers on the

surface of a target substrate of the thickness of 1mm, which

is made of AISI 304 stainless steel and has the following

composition of the chemical elements (in wt.%): C — up

to 0.08; Cr — 17.5−20; Fe — 66.345−74; Mn — up to 2;

Ni — 8−11; P — up to 0.045; S — up to 0.03; Cu — up

to 1 [13,15,23].
We made a number of experiments with this mate-

rial under two-pulse impact in the M-pulse model with

selected duration (cf. [11]). In the area of impact of

the laser beam, the first laser pulse was implementing a

substance pre-melting mode, and along with it oxidative

destruction occurred at slow spontaneous cooling within the

temperature interval from ∼ 1860 (an estimate of start of

melting of one phase) to 1067K (a start of the subsequent

phase transformation) [16,17] upon completion of impact

of the laser pulse. This effect is similar to a process of

intercrystalline corrosion of stainless steel (cf. [16,17,24]).
However, direct measurements in a real time scale can be

made by a brightness temperature in an original procedure

using an additional laser monitor (see [5]), which we used

in our other experiments during laser-induced synthesis of

the allotropic phase of carbon — carbyne, in a carbon-

containing material [9].
In this two-pulse format, the second laser pulse was cre-

ating the crystal structure of the dendrites under conditions

of occurring natural cooling due to a time shift between two

impacts of laser radiation on the surface of the sample and

controllably forming the final configuration of the dendrites.

Their structure and the specific features of the occurring

non-linear non-equilibrium thermodynamic process were

determined by a duration and a rate of cooling, which

were adjusted when selecting parameters of the second laser

pulse, upon completion of its effect the medium is quickly

cooled [13,15,20].
In this diagram of two-pulse laser impact on the material

at the total time of impact with durations of the laser

pulse from 1 to 6ms and at a respective density of the

irradiation energy flux from 3.3 to 0.5 · 106 J/m2/s, our

performed studies of the thermophysical process resulted

in a dependence of the temperature on the irradiated

stainless steel with a temperature variation range from 335

to 1215 ◦C, respectively. We have obtained the given

digital values when simulating distribution of a temperature

field on the stainless steel substrate under conditions of

a parabolic law of the temperature increase during laser

irradiation of the target.

In a more general case, with achieving various thermo-

dynamic modes, the process can be realized under impact

of a sequence of laser pulses with their selected parameters

(see, for example, [5]).
Without dwelling on our used model for analysis [13],

we just note that laser heating results in an increase of

entropy (cf. [25]), which in this case of complex compounds

is entropy of mixing, and in synthesis of ceramic HEA

perovskite with certain concentrations of the components.

It is provided by selecting the heating temperature and the

duration between the two pulses in this case for the stainless

steel after a process of its oxidative destruction, which

occurs, for example, in the air atmosphere. But, on the other

hand, fast cooling upon completion of impact of the second

laser pulse results in origination of thermodynamic states

with chemical transformations, whose products include

martensite with formation of the configurations of the

dendrites. It is possible since martensite for the stainless

steel is formed, as it is known, within the wide range of the

temperatures (when its surface is overcooled from ∼ 900 ◦C

to the room temperature) [16,17].
A fundamental possibility of implementing control of the

topology of the dendrites and their elemental composition

is provided by selecting respective characteristics of impact

in the laser experiment.

3. Results for the configurations of
the laser-induced surface structures
during the thermophysical processes
and discussion

3.1. Synthesis of the micro-nanodendrites on
the surface of the AISI 304 stainless steel

In our case, we have used laser impact in the air

atmosphere on a pre-cleaned surface of the stainless steel

with the following parameters in the laser experiment:

radiation of the Nd : YAG-laser (of the CLW-50CTM type)
with the radiation wavelength λ = 1.06µm; the two-pulse

mode was realized as a M-shaped pulse with intervals

between its two fragments 3ms; the energy in the pulse

was selected by us to be 10 or 12 J; the total duration of this

combined laser pulse had a value of τ from ∼ 6 to 12ms

with an increment of 2ms; the diameter of a light spot in

the laser radiation focus on the sample was ∼ 1mm. It

resulted in origination of a modified layer of the thickness

of ∼ 20 nm on the sample with formation of the dendrites at

the temperature of surface heating of the stainless steel up

to 1860K — as estimated according to the parabolic law

of oxidation (cf. [13,14,23]). According to physics of the

occurring phenomena, during laser ablation of the target

surface not its initial state, but a selected ablation mode and

a target structure after ablation are crucial, including with

taking into account processes of reverse deposition of its
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Figure 1. a) Area of laser impact with the M-pulse. Three zones 1−3 are shown: from the center of the focused laser beam (the zone 0)
to the periphery (the zone R) of the laser beam with its impact on the surface. b) SEM-image of the zone 2 with arrangement of the

dendrites on its surface (the digits denote points).

fragments to the surface. It is this factor that determines

parameters of the appearing dendrites.

Caverns of the size 1× 1mm, which were formed on

the sample surface in the laser impact zones, were first

recorded in an optic digital microscope with revealing

tempering colors that indicated that there was an oxide

film on the surface of the material. Then, a scanning-

electron microscope (SEM) was used to detect an area of

propagation of the very dendrites, which were, inter alia, in

the areas 1 and 3 shown in Figure 1. They were uniformly

distributed, in particular, in the area 2 of the cavern (it is
separately shown in Figure 1, b).

Besides, atomic force microscopy (AFM) was used

to determine sizes of the dendrites (Figure 2). These

parameters are estimated to result in tot following average

values: a diameter of a circle circumscribed around the

dendrite base is 2.7µm, a dendrite height is 1.7µm.

It was found by the results of the performed energy-

dispersive analysis that the areas not processed by laser

radiation were dominated by iron in the same way as

in areas between the dendrites. A percentage of the

components for this grade of the stainless steel was almost

equalized in a location of single dendrites or their clusters

after laser impact (see Table 1 with numbers of points

designated in Figure 1, b).

The point 3 in Table 1 defines an area, in which the

dendrites are clustered on the surface of the stainless steel.

We have also calculated a value of mixing entropy Sdiff

for this composition of the elements with an adiabatic

process assumed, by a procedure that is specified in [15] for
designated parameters of the laser thermodynamic process.

0

0.5

0

1

2

3

1.0

3

2

1

µm
µ
m

Figure 2. Parameters of a single dendrite on the AFM image.

The area of the cluster of the dendrites corresponds to

maximum mixing entropy of components of the elements in

the sample. Calculated distribution of mixing entropy Sdiff

in one of the zones on the surface of the sample is shown

in Figure 3. Thus, it can be concluded that the surface of

the sample has the high-entropy alloy with defects under

the oxide film (cf. [15]).

A study of the thermodynamic conditions for producing

these structures and our performed analysis demonstrated

that the initial stage of laser impact could include synthesis

of the structure with availability of heterogeneities and

defects with a multi-element chemical composition of the

high-entropy perovskite type (with the percentage of the
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Figure 3. Calculated determination of mixing entropy Sdiff over

the surface of the sample in the area 3 in Figure 1, a.

Table 1. Values of the concentrations of the elements, which are

averaged over 20 different measurements of the areas in various

samples of the AISI 304 steel in the fixed points 1−4 on the

surface of the sample after laser impact

No. of point
Portion of the chemical element, %

Fe Cr O Ni Mn C 6

1 63.2 16.7 8.6 7.8 2.2 1.5 100

2 19.0 24.8 32.6 1.3 20.6 1.7 100

3 41.1 18.1 26.2 4.7 8.8 1.1 100

4 69.4 18.0 0 9.7 1.7 1.2 100

elements in our case: ∼ 9% — C, ∼ 14% — Cr, ∼ 9% —
Fe, ∼ 11% — Mn, ∼ 11% — Ni, ∼ 46% — O). At

the same time, the thermodynamic stages of the occurring

processes under laser impact were reduced in terms of

phase transitions (cf. [26]) to the following sequence:

the stainless steel is transformed to become high-entropy

perovskite, from which martensite is formed. We state this

based on using results of the study [26] with taking into

account our own studies of dynamic instabilities during laser

ablation of the sample.

3.2. RS-spectrum of the dendrites on the surface

of the AISI 304 stainless steel

Below is one example of our measured typical spectra of

Raman scattering (RS) in inverse centimeters with intensity

in units of photocounts for surfaces of some samples made

of the AISI 304 stainless steel with the dendrites (only one

of them is shown for brevity — Figure 4: they are almost

identical for our studied samples). The configurations

of the dendrites are obtained at laser impact parameters

given in the previous paragraph. These spectra were

compared by us with RS-spectra of bixbyite — (Fe−Fe2O3)
from the RRUFF database [27] to show good match. At

the same time, the measured spectra include a number

of various lines of rotational and oscillatory resonances,

whose shape and characteristics depend on sizes of surface

heterogeneities — micro-nanoparticles.

It is clear from Figure 4 that strong Raman peaks

(500 and 700 cm−1) correspond to availability of the

substance Fe2O3 (cf. [28]). At the same time, the surface

profiles (for example, along the axis 0X , Figure 3) have a

similar relief in the different samples. These peaks in the

spectra were observed in all the samples. Based on this, it

can be believed that in addition to the phase transformation

of perovskite into martensite, at the same time with it

an iron oxide was formed on the dendrite surface due to

evaporation of carbon in martensite out of a martensite

lattice (cf. [29]).

In the oxide film formed on the surface of the dendrite

during an oxidation-reduction reaction oxygen can appear

from the oxide layer on the target or from air oxygen. As

for lack of atoms of manganese, chromium, nickel in the

spectrum of Figure 4, when digressing from its oscillatory

nature, then it is possible to assume that they diffuse deep

into the substrate, while carbon from molecules CO2 likely

arrives into the sample directly from atmospheric air. We

again note that in a dependence on the laser ablation mode

(energy parameters of affecting laser pulses and beams) a

certain depth of modification of the target surface is realized.

Using measurements of Figure 4, means of confocal

microscopy can be taken to rebuild a scanned surface of

the sample. Then, the most intense peaks that correspond

to Fe2O3 will be also determined by areas of arrangement

of the dendrites along the substrate surface. Thus, indeed,

it can be concluded that by the chemical composition the

dendrites consist of the system Fe2O3.

It is of particular interest to evaluate a fractal dimension

of such dendritic objects. Below, we briefly provide

these results for similar measurements that have been also

performed by us in the experiments with the chromium-

vanadium steel by the same procedure of two-pulse ablation

of its surface.
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Figure 4. RS-spectrum obtained on one of the samples of the

AISI 304 stainless steel with laser-synthesized dendrites on the

surface of the solid sample.
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a b

c d

Figure 5. Optical microscopy of the laser-induced dendritic structure in the cavern on the surface of the stainless chromium-vanadium

steel under different magnification: a) ×125; b) ×250; c) ×500; d) ×1000.

3.3. Evaluation of fractal dimension in the

experiments with the chromium-vanadium

type of the stainless steel

For the chromium-vanadium stainless steel, its chemical

composition with the dendrites synthesized in our experi-

ment under laser impact is shown in Table 2.

The structure of the produced surface in the laser-formed

cavern after such laser impact, which is recorded by an

optical microscope MKI-2M-1, is shown in Figure 5 and

demonstrates that the surface really includes the dendritic

objects.

Results of calculation of the fractal dimension for the

various input parameters of the laser experiments with the

chromium stainless steel are given below in Figure 6, a

for the area on the image of the surface structure shown

in Figure 6, b. At the same time, we used a calculation

procedure (see [30]) in a format shown in Figure 6, c.

It is obtained that during two-pulse ablation in the format

of the dependence (E, t), where E is a laser radiation

energy, t is a duration of its pulse, for the formed

dendrites in some different-composition substrates made of

the stainless steel the fractal dimension had on average the

same value of 1.9.

Table 2. Chemical composition of the dendrites for the chro-

mium-vanadium stainless steel

Element Percentage, %

Fe 81.9

Mn 0.3

V 0.2

Cu 0.1

Cr 17.0

Ti 0.2

Ni 0.1

C 0.2

It can be stated that based on implementation of the

various values of the fractal dimension it is possible

under laser impact to control in a pre-defined way the

configuration of the appearing dendrites and to determine

functional physical characteristics of the produced locally-

heterogeneous solid-state objects.

Physics of the Solid State, 2025, Vol. 67, No. 9
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Figure 6. Conditions and results of calculation of fractal dimension for the chromium-vanadium steel after laser impact. a) The empirical

curve is shown by circles, while the estimated model (a regression curve) is shown by a red line. b) SEM-image of the surface of the

chromium-vanadium steel: a square is used to select an estimated area of fractals. c) Window with numerical results, with designations:

”
Dimension“ — fractal dimension,

”
b“ — a shift parameter in a selected model with space coordinates (log y = Dlog x + b),

”
R2“ —

a coefficient of determination of regression,
”
p-value“ — regression significance (it shall be below 0.001),

”
Confidence“ — a confidence

error,
”
Bootstrap confidence“ — a confidence error as a result of regression self-adjustment.

4. Electrophysics of the dendritic
structures on the sample surface,
which are synthesized in the laser
experiment — I-V curves

In order to study the electrophysical properties of the

considered surfaces with the laser-synthesized dendrites,

their I-V curves were recorded. Measurement microcontacts

to be energized were placed on the samples in various points

of the surface with its respective scanning between selected

local areas by means of a scanning tunnel microscope

(STM) NTEGRA-Aura produced by NT-MDT, in the direct

current mode at normal external conditions (T = 295K)
in a natural environment. Probably, it can be assumed

that between a needle of the tunnel microscope as a

microcontact on the sample surface and the very sample,

to which the second microcontact is applied, electrons are

tunneled in vacuum in our case. The I-V curves were taken

within the range from +1 to −1V. The measurements were

averaged along 200 obtained data per one second in each

point. For a selected set of parameters of laser processing

of the surface, it was analyzed for our studied steel with

selecting at least 100 points on the surface with subsequent

statistical data processing. The results were automatically

processed by means of respective software.

Figure 7 shows a setup for measuring the I-V curves.

After laser impact, the sample with the dendritic structure

in the caverns was placed on a movable optic table with

RC

t, s
I,

 n
A

Z

X

Y

Figure 7. Schematic image of measurements of the I-V curves

using the STM (see explanations in the text).

pre-defined numerical control of its motion with respective

return coupling (RC), and we energized a circuit between

a fixed position of the needle microcontact of the STM and

the very sample that was moving by a certain algorithm

of motion. Thus, we could carry out the measurements in

the local areas with their selected fragmentarily dendritic-

clustered structure.

The I-V curves were measured for the eight caverns

that were formed after laser impact with the different

parameters. Each point on the I-V curve dependence

corresponds to its condition of origination of the dendrites

Physics of the Solid State, 2025, Vol. 67, No. 9
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Figure 8. Graph of the dependence of the I-V curves of the dendritic microstructures formed at the constant energy of affecting laser

radiation, which is 12 and 10 J for the different cases and at specified different durations of the laser pulses t (marked with a different

color): a) when t = 6ms; b) when t = 8ms; c) when t = 10ms; d) when t = 12ms.

in terms of energy and duration of laser pulse radiation

affecting the sample surface.

The below results for the I-V curves are determined by a

dendrite height map that is experimentally obtained under

laser impact on the sample with values of vertical heights

(the axis 0Z) up to 1µm. The dendrites themselves in

this dendrite matrix on the sample surface were recorded

using the STM in the area of scanning over the surface

(the axes X ,Y ), which had the size of up to 1mm with

an increment of energizing between a contact probe and a

displacing sample surface, which was 1µm (100 points).

All the obtained I-V curves demonstrated a pronounced

deviation from the ohmic behavior. Figure 8 shows the

graphs of the I-V curves, which display the dependences

when varying the laser pulse duration at the fixed energy of

laser impact. It is clear that there is a trend of downward

variation of the slope angle of the I-V curve dependence

with the higher duration of laser impact. It can indicate that

the oxide film on the sample surface increases to result in

an increase of a value of electrical resistance. Besides, it

is clear that values of currents at the impact’s laser energy

of 12 J for the surface-formed dendrites are higher than for

the dendrites produced at the laser energy of 10 J.

It has been also experimentally obtained that at the con-

stant duration of the laser pulse and an increase of the laser

radiation energy the I-V curve dependence demonstrates a

decrease of electrical resistance of these dendritic structures.

This trend remained constant irrespective of the laser pulse

duration (Figure 8), but at the same time only the slope

angle for the measured dependence of the current value

is changed at certain voltage, i. e. a value of differential

resistance is changed.

In our considered heterogeneous structures, a relation

between voltage and current is described by a non-linear

I-V curve, i. e. electrical resistance has not a constant

value. Based on the I-V curves, for each point we have

calculated static and differential resistance, wherein static

resistance is a ratio of voltage to current in a specific point,

and differential resistance is defined by a ratio of a small

increment of voltage to a small increment of current in
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Table 3. Estimated maximum and minimum values of static

resistance Rstat and differential resistance rdiff for the energy E of

the laser pulse of duration of t . The data for maximum current Imax

are given.

E, t, Imax , Rstatmin
, Rstatmax , rdiffmin

, rdiffmax ,

J ms mA M� M� M� M�

12 6 66.94 15.0 970 −3.5 +1.7

12 8 33.41 29.7 750 −1.2 +2.2

12 10 12.78 78.2 1000 −2.5 +3.0

12 12 3.65 300.5 6000 −5.1 +5.1

10 6 15.14 65.8 600 −4.1 +4.1

10 8 16.57 60.3 900 −3.9 +6.0

10 10 20.76 48.2 800 −4.0 +2.7

10 12 0.45 2200 40000 −39.6 +1.5

a selected point, and it can be negative at the non-linear

dependence of the I-V curve; it is manifested in solid-state

electrical engineering in diode systems of the various type.

Table 3 shows estimated variations of the maximum and

minimum values of static and differential resistance on the

sample surface with the dendritic structures in various local

areas of a map of their distribution over the sample surface,

which are formed at the various parameters of laser impact.

The value of Imax was selected as the highest one among

all the current values measured in the local areas/points on

the dendritic surface at the various voltages. The respective

voltage was taken from the same array of data along the

surface points, as was the maximum current.

In particular, when the laser energy of surface irradiation

is 12 J, there is the least static resistance of about 15M�

with the short duration of the laser pulse being 6ms. But,

for example, when t = 12ms and at the same laser energy

of 12 J the resistance increases to 6000M�, i.e the sample

surface becomes almost non-conducting.

When the laser energy is 10 J and the duration of

the laser pulse is 12ms, the highest static resistance

is realized — up to 40G�, so is the highest negative

differential resistance, −39.6M�. But with a decrease of

the pulse duration, resistance of the local areas with the

dendrites also decreases.

It enables controlling these electrophysical characteristics

in respective problems for various applications.

Parameters of laser impact on the sample, such as the

energy of the pulse and its duration, determine fundamental

properties of conductance of the configurations of the den-

dritic structures formed on the sample surface. Thus, when

the duration of the laser pulse increases at the energy of 12 J,

the static conductance drops from the maximum level’s

value of 66.7 nS (when the duration of the affecting laser

pulse t = 6ms) to the value of 3.3 nS (when the duration
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Figure 9. Diagram of variation of static conductance in a

dependence on the laser radiation parameters specified on the

abscissa axis (the energy E and the duration of the laser pulses t).

of the laser pulse t = 12ms). Reduction of the energy

to 10 J results in significant reduction of conductance —
when t = 12ms, to the value below 2 nS. However, with

reduction of the duration of the laser pulse, there is a slight

increase of conductance — within 1.11−1.52 nS.

A respective diagram of variation of static conductance,

which is obtained by our data, is shown in Figure 9.

Thus, we have demonstrated that it is possible to

controllably vary a map of conductance on the surface of

the solid sample for the surface dendritic structures of a

various configuration, which are synthesized in the laser

experiment. It allows finding schematics solutions required

in electrophysics and can be used, for example, for applying

new physical principles to develop surface solid-state micro-

nanoelectronics of the next generation based on laser-

formed topological structures of a pre-defined configuration.

It should be specially emphasized that the very values of

local electric fields in the peaks of the dendritic structures

can exceed their values for bulk samples of the same

composition (cf. [6]) by orders of a magnitude. Therefore,

controlling a specific configuration of the dendrites and

a shape of their apexes plays a fundamental role and

can be regulated exactly in a required way in the laser

experiment with taking into account a cross section of the

used microcontact.

It is confirmed by results that are obtained in our

experiments for several solid-state materials (cf. [5,30]).

At the different rates of heating and cooling the material

in the laser experiment, a behavior of the topological

geometrical dendritic parameter α that defines a distance

between the dendrites over the surface is considerably

different for the different materials. At the same time, we

experimentally achieve a sharp decrease of the value of α (in
tens of times) at a selected rate of non-equilibrium cooling

and/or realize almost a plateau for the parameter α in the

different conditions of laser impact (cf. [14,31]). Firstly,

it is a procedure of producing topological insulators with
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micro-nanoscale structures and, secondly, it can exemplify

electroschematics solutions in electrophysics of these laser-

synthesized structures of a different elemental composition.

Here, particular importance is paid to a structure of

electron states, which is varied in a dependence on a surface

topology of the solid sample, and to interrelation of charge

carriers — electrons. Their certain modified quantum states

can result in superconductivity (cf. [32]), in particular, in

a wide class of metal-carbon and diamond-like compounds

(cf. [6]).

5. Conclusion

We have experimentally studied and simulated fractal

structures as per the topological micro-nanostructures that

are synthesized on the solid-body surface and have dendrites

with their controlled configuration in the laser experiment

for the samples made of the AISI 304 stainless steel. It can

be presented as an example of the high-entropy compound

with a percentage of the elements, which depends on ap-

plied laser impact. Raman scattering spectroscopy was used

to determine the elemental composition of the synthesized

surface structures and to estimate values of mixing entropy

for the studied medium in the different conditions. At the

same time, the physics of the occurring phenomena can be

presented as non-equilibrium laser thermodynamics for the

solid body.

It is shown that in the experiments with two-pulse laser

ablation for the studied samples of the various type, at

different modes of impact by laser radiation with a certain

energy in the pulse and its certain duration, the fractal

dimension of the formed high-entropy dendrites is 1.9 on

average and can be regulated in the required ranges.

For electrophysics in such configurations of the dendrite

structures, we have obtained experimental dependences of

the current-voltage characteristics (I-V curves) using near-

field tunneling microscopy with recording images of the

map of the structures that are synthesized on the surface

of the solid-state sample. It is demonstrated that resis-

tance, conductance and the I-V curves depend on several

factors: on the size of the formed fractal structures, their

arrangement on the surface and the chemical composition

of the high-entropy alloy, which varies under laser impact,

as well as on the degree of roughness of the surface of

the target substrate in the experiment. It determines a

number of thermophysical phase transformations that are

induced in such topological objects under impact of laser

radiation and exactly affect the functional characteristics

of the studied objects. At the same time, high local

conductance can be in certain areas on the surface with the

laser-synthesized dendrites for this kind of the topological

phase states with controlled non-linear characteristics at the

room temeperature of the environment.

These dendritic-fractal structures of the high-entropy

alloys with various classes of crystal lattices at phase

transformations, which are synthesized in a regulated way

during the laser experiment, have both fundamental and

applied significance for developing elements and systems

of nanophotonics, micro- and nano-electronics on the new

physical principles using the topological surface structures

of the various configurations.
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