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This paper is devoted to the studies of the opportunities for the intensification of the particle diffusion in the periodic structures, for
example the crystals that are exposed to the action of the time-periodic fields of a different nature. These can be acoustic or
electromagnetic fields. The trivial one-dimensional model of the motion of the particles in the potential lattice field under the thermal
equilibrium has been used. The paper studies the interaction of rectangular fields with the frequencies less than 0.01 @, , where @,
is the frequency of natural small vibrations of the particles in the systems with the low dissipation. The selected friction coefficient

in dimensionless units is equal to 7/' =0.03 . The amplitude dependence of the intensification of the diffusion DD under the action of
the fields of a different frequency has been studied. It was shown that the diffusion coefficient can be increased by several orders of
magnitude by applying the field of an appropriate amplitude and frequency. A maximum diffusion intensification is attained at
@ — 0. A maximum attained value of the diffusion coefficient at the periodic force corresponds to the case of the action of the
constant force. However, at low frequencies a maximum intensification is only possible in the narrow range of field amplitudes

F o }/I. A further increase in the field amplitude results in a decrease of the diffusion coefficient and it attains the value of the

coefficient of the particle diffusion in the viscous medium D ;; = KT/ )/', where k' is the Boltzmann coefficient and 7 is the

temperature. An increase in the frequency of the external force results in the extension of the range of forces at which D > D, ,

however the value of the diffusion intensification is decreased. It was shown that the exceed of a certain threshold value of the

amplitude of the external field results in the gain of the diffusion coefficient at least by the value of 77 = (k'T ‘et kT )/(7/'D0) ,

where ¢ is the value of the energy barrier during the passage of the particle from one cell of the one-dimensional lattice to another.
The obtained data open prospects for the development of new technologies to exercise control over diffusion processes. It is of great
importance for the production of nanomaterials with the specified structure, creation of the surface nanostructures, etc.
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The process of the creation of the appropriate micro- and nanostructure of the materials is reduced in many
respects to the finding of an opportunity for the control over diffusion processes [1]. Up to this day, the temperature was
the main parameter of such a control. The diffusion is intensified with an increase in temperature and it results in the
activation of other thermal processes. From the standpoint of the technology, it is important to know how to control the
diffusion of the certain types of defects or atoms without changing the medium temperature. The application of the
external fields of a different nature can solve this problem on the whole.

The latest experimental investigations are indicative of that the diffusion mobility can efficiently be controlled
using external fields. A huge increase in the diffusion was observed during the investigations carried out to study the
motion of paramagnetic particles across the surface of garnet ferrites exposed to the action of external time-periodic
magnetic fields [2]. The intensification of the diffusivity by several orders of magnitude was observed when studying
the particle diffusion in the colloids with optical traps [3]. However, the physical basics of such diffusion intensification
are still not very clear.

Earlier, the diffusion intensification carried out by using theoretical methods was mainly studied under the action
of constant force. It was established that the diffusion mobility of the particles can essentially be increased under the
action of the force both in underdamped [4] and overdamped systems [5]. It was shown in [6] that the particle diffusion
coefficient can be increased in the periodic lattice by many orders of magnitude under the action of the constant external
force in the narrow force range specified by the dissipative properties of the medium. The paper [7] gives analytical
expressions to compute the gaining in the diffusion coefficient depending on the friction coefficient for underdamped
systems. The paper [8] gives the plotted diagram of the existence of the domains that allow for the efficient control of
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the diffusion by external constant fields. It was shown that the phenomenon of the so-called temperature-abnormal
diffusion (TAD) is realized in such domains. In the case of the TAD, the diffusion coefficient is increased with the
temperature drop. At first glimpse, it runs counter to our intuitive notions of diffusion processes. However, it should be
noted that such a phenomenon is realized only in the systems that are far from the equilibrium.

As a rule, it is a rather complicated task to realize the conditions for the action of the constant force on a
technological level. In practice, it is more promising to apply time-varying fields. Acoustic or electromagnetic fields can
be used for such purpose. The authors of [9] showed that the applied periodic field can have a great effect on the
diffusion coefficient in the overdamped system. The paper [10] studied diffusion processes under the action of periodic
fields in underdamped systems. It was shown that considerable diffusion intensification occurs at much lower vibration
amplitudes of the external field in comparison to the overdamped case. Only narrow range of the amplitudes of the
periodic force was studied near a maximum value of the coefficient gain at a constant force. However, a change in the
diffusion coefficient in the wide amplitude range was not studied. The main purpose of this research was to study the
amplitude dependences of the diffusion intensification under the action of the external low-frequency periodic fields.

SIMULATION METHODS
The motion of Brownian particles on the one-dimensional lattice under the action of the time-periodic force F' (t)

was described by the Langevin equation:

mx == U=y F 1)+ [2060), M
X

where ¢ is the time, x is the particle coordinate, m is its mass, ¥ is the friction coefficient, &(¢) is the white Gaussian
noise with the intensity set to unity. The point above denotes the differentiation in time. The thermal energy is O =T,
where k is the Boltzmann constant and 7' is the temperature.

To look into physical causes for the intensified diffusion under the action of the periodic force we will consider by
analogy to [10] the particle motion under the action of the rectangular periodic field.

F,(t) = Fsign(sin(at)) )

Where @ is the angular frequency of the external force and F is its amplitude.

The given type of the external field has an advantage over the sinusoidal field from the standpoint of the simplicity
of the interpretation of physical results, because under such action the particle ensemble moves in the fixed potential at
each half-period. It considerably simplifies the analysis of the obtained data. The use of the sinusoidal dependence, as it
was shown in [10], has no effect on the main physical results that remain unchanged and it only varies the obtained
numerical values.

The potential particle energy of U in the one-dimensional lattice was equal to:

Ux)= —% cos(zﬂ xj s 3)
a

where a is the one-dimensional lattice period, and U, is the potential barrier height.

The moving particle is exposed to the action of the periodic force exerted by the lattice £, :

ou (2
Fuu==""=Fy sm(”xj. @)

a

The value of F, = —U, that is called a critical force corresponds to a minimum acting force required for the
a

overcoming of the energy barrier in the viscous medium and that energy barrier separates two neighboring positions of
the particles on the one-dimensional lattice.

The parameters of the used space —periodic potential were similar to those described in [6-8], i.e. U, =0,08 eV,
a=2,0 A. The particle mass corresponded to the hydrogen mass and it was equal to 1 atomic mass unit.

The stochastic equation (1) was solved numerically for each particle with the time step less than 0.01 of the natural

period of vibrations 7, = a(Zm/U0 )1/2. The statistical averaging was carried out in terms of the ensemble with the
particle number of at least N =5 10*. The initial conditions were the same as in [6-8].

To analyze the simulation data it is convenient to change to non-dimensional values [11-12].
After the transformation of

x‘zzlx f =2 5)
a 75
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and assuming that the non-dimensional mass m =1 , we will obtained a maximum simple equation form (1):

X'= —sin x'—y'x'+F'(t')+ 20T @ (6)
Non-dimensional units are relating to the force, friction coefficient and the temperature as follows:
. 70 . F 2kT
=y— , F=— T=—-.
7=y 27m F, U, )

The value of ' =0.032 for the given investigation was the same as in the case of previous investigations [6-8]. The
diffusion coefficient was calculated in terms of the dispersion o? =<(x' —<x'>)z>for the moving particle ensemble

distribution when the time tends to the infinity:
®)

where the brackets <> denote the ensemble averaging.

To improve the computation accuracy at the limited time the diffusion coefficient was calculated in the following
manner. Each computation anticipated the determination of the time £, required for the attainment of the linear
dispersion-time dependence. The one-dimensional lattice diffusion coefficient was defined as )4 of the curve slope
az(t). The linear dependence was obtained by the simulation data diddling using the method of least squares at the
time of ¢ >100¢;, . The diddling reliability was within 0.999 in all cases.

THE OBTAINED RESULTS AND DISCUSSION
Let’s consider a change in the diffusion mobility of the particles under the external periodic force. To clarify the

gain rate of the diffusion coefficient we calculated first the diffusion coefficients of the particles Dy, (T ) in the

absence of the external force. In Fig. 1, the dependence of D, (T ')is represented by hollow markers. It has the form of

the Arrenius curve that is peculiar for crystalline materials D, (T '):Doe"g/ ' where & is the value of the energy

barrier when the particle passes from one cell of the one-dimensional lattice to another. And the diffusion coefficient of
free particles is exponentially decreased with an increase in the reciprocal temperature.
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Figure 1. The dependences of diffusion coefficients on the Figure 2. The dependences of diffusion coefficients on the

reciprocal temperature. Empty markers denote the external i ation amplitude of the external periodic force F for

force F =0.0, filled markers denote the external periodic

force F =0.1 (it corresponds to a maximum diffusion
coefficient at a constant force), The friction coefficient is

different frequencies of @ . The dotted line shows the value
of the diffusion coefficient in the periodic lattice in the
absence of the external force. The dashed line shows the
value of the diffusion coefficient in the viscous unstructured

}/' =3.10"2. Square markers represent the frequency

, ) medium. 7' =0.388, y =3-107.
@ =107*, circles indicate the frequency @ = 1073,

The use of the external constant field (@ = 0) results in the enhanced diffusion mobility of the particles. This gain
rate depends to a great extent on the value of external force. In Fig. 2, the filled markers show the dependence of the
diffusion coefficient on the value of applied force at a constant temperature of the thermostat. The dotted line in this
Figure shows the value of the diffusion coefficient D,, of the particles in the one —dimensional lattice in the absence of
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the external force. The dashed line in this Figure shows the value of the diffusion coefficient in the viscous medium of
D, =kT'/y in the absence of external forces. It can be seen that the diffusion rises sharply in the narrow range of

applied forces. A maximum value of D' is attained at F ~0.1. Fig. 1 gives the temperature dependences of the
diffusion coefficient of the particles at the same force amplitude value for the two different frequencies. The Figure
shows that the application of external periodic field also increases the diffusion mobility of the particles by several
orders of magnitude in the wide temperature range. Moreover, the diffusion coefficient is increased in the specified
temperature range with the temperature drop. It is the range of the so-called temperature — abnormal diffusion. By
decreasing the external force frequency we extend this temperature range. In other words, by changing the external
force frequency we can efficiently control the diffusion coefficient at the given temperature.

Let’s consider in detail a change in the dependence of the diffusion coefficient on the amplitude of external
vibrations for different frequencies of the external force. Fig. 2 shows such dependencies for the fixed temperature of

T' =0.388. It can be seen that for the frequency range in question, D is always increased from the value of Dy, s

attaining a certain maximum value of D and then it drops to the value of D, . A further increase in the amplitude

max °
results in no change of the diffusion coefficient. It means that in the case of exceed of a certain critical amplitude value
KT ot /KT
we observe the gain in the diffusion coefficient as a minimum by the value of =D,/ D,,, = o
VLo
The highest diffusion intensification is observed at low frequencies. At the frequency of ® =1.6%107, the curve
of D'(F ,a)) coincides with the curve of a change in the diffusion coefficient under the action of the static force

F <0.13. It is well-known [12] that the so-called running and locked solutions can exist simultaneously in
underdamped periodic systems. It was shown earlier [13] that an increase in the diffusion coefficient under the action
of the constant force occurs due to the appearance of the localized and moving particles in the ensemble of the
“populations” particles under the action of the thermal noise. The solution of equation (1) with no random force showed
that running stationary solutions are unavailable in studied frequency and amplitude ranges. At each half-period, the
particles change to the moving state and make long jumps. Afterwards, these are returned to the localized state and
begin their motion from new nodes. As a matter of fact, the diffusion is intensified.

A specific feature of the low-frequency vibrations of a low amplitude is that the particle velocity distributions of

n(V ) coincide during the half-period for constant and periodic forces. Therefore, at low frequencies (@ =1.6*107")

up to the values of F '~0.13 the curve of D'(F ) coincides with the curve for the case of @ =0. At high amplitude
values, the diffusion coefficient scarcely differs from D,,. The increase in the frequency up to the value of

@ =1.6*10"" provides a noticeable difference of the diffusion coefficient in contrast to D'(F o= 0) at F'>0.12. At
the frequencies above @ >1.6%107° the diffusion coefficient of D(w) fails to attain the value of D,,, and it

considerably differs from D'(F ';0). In other words, a certain specific frequency range exists and it permits maximum
diffusion intensification by varying the amplitude of external vibrations. At the same time, the amplitude range in
which D/(a)')> D, is extended with an increase in frequency. In this case, the curve maximum D'(F ';a)) is shifted

towards the range of higher amplitudes.

Hence, we showed that the action of the periodic field always results in the enhancement of diffusion processes. A
maximum intensification is observed al low frequencies in the narrow amplitude range. An increase in the frequency
extends the intensified diffusion domain. It is related to the fact that the diffusion intensification mechanism differs in the
case of constant and periodic fields. In the case of the constant field, the diffusion coefficient is defined by the stationary
particle distribution between the two ensembles, in particular, the “running” and “localized” states. In the case of the action
of the periodic field throughout the period the particle velocity distribution function is changed all the time [14].

CONCLUSIONS
This paper delves into the studies of the intensification of the particle diffusion in the one-dimensional space
lattice exposed to the action of the external low-frequency time-periodic fields. It was shown that the diffusion
coefficient can be increased by several orders of magnitude by applying the field of an appropriate amplitude and
frequency. A maximum diffusion intensification is observed at @ — 0. For the studied frequency range we can state
that the diffusion coefficient tends to the diffusion coefficient in the viscous medium at increased force amplitudes. The
obtained data open prospects for the development of new technologies to exercise control over diffusion processes. It is
of great importance for the production of nanomaterials with the specified structure, creation of the surface
nanostructures, etc.
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MOCUJIEHHS TA®Y3Ii B HETOJAEMII®OBAHUX MPOCTOPOBO-NTEPIOAUYHUX CUCTEMAX
30BHIINTHIMHU HU3bKOYACTOTHHUMMU NTOJIAAMHA
LT. Mapuenko®®, B.JO. Akcenosa?, L.I. Mapuenko®
“Hayionanenuil Haykosuil yenmp «Xapriecokuti (hi3uKo-mexuivHui iIHCmumymy
eyn. Akademiuna, 1 m. Xapxis, Yxpaina, 61108
bXapriecvruii nayionaronuil ynisepcumem iveni B.H. Kapasina
M. Ceob00u, 4 m. Xapkie , Yrpaina, 61022
CHTY «Xapxisckuii norimexniyHuti iHCImumym
eyn. Kupnuuoea, 2, m. Xapxie, Yxpaina, 61002
Po6oTa mnpucBsiueHa NOCIIHKEHHIO MOXKIIMBOCT] OCHIEHHs U(y3ii YaCTHHOK B MEPIOANYHHUX CTPYKTypax, TAKUX SIK KPHUCTANH, 3a
JIOTIOMOTOI0 BIUIMBY Ha HHMX 30BHILIHIMHM NEPIOJMYHMMH B 4aci MOJSIMH Pi3HOI NMPUPOJM. B SKOCTI TakMX MOXYTh BHCTYIIAaTH
aKycTH4Hi a00 eNeKTpoMarHiTHi monis. Bukopucrana HaWnpocrimia OJHOMIpHA MOJENb PYXy 4YacTHHOK, WO 3HAXOIATHCS B
MNOTEHLIHHOMY MOJIi PEelIiTIi Ta B TEIUIOBiH piBHOBa3i 3 TepMocTaToM. B po6oTi BUBYEHO BIUIMB MPSMOKYTHOTO IMOJIS 3 YaCTOTAMH

menme 0.01 @, , ne @), — YacToTa BIACHHX MaIMX KOJIMBaHb YACTHHOK y CHCTEMax i3 Manoro aucumariero. O6panuii koedimient

TepTs B OE3pO3MIPHHUX OJMHHIIX JOPIBHIOBAB }/' =0.03 . BupueHa aMIUTiTyIHa 3aleKHICTh MocHIeHHs nudysii D min srmeoM
noxiiB pisHoi wacroru. Ilokaszano, mo koedimieHT andysii Moke OyTH MOCHWICHHII Ha KiJbKa IOPSAKIB i3 3aCTOCYBaHHSM IIOJIS
BisnoBigHOi amrutitym i yactoru. HaiiGinemie mocwienns audysii gocsraerses npu @ — 0. MakCUManbHO JOCSKHE 3HAYCHHS
koedirieHta audy3ii Npu mepioJUYHOMY BIUIMBI BiJIIOBiNA€ BUIAAKY BIUIMBY IMOCTiHHOT cwin. OJHaK NpH HU3BKHX YacTOTax
MaKCHMaJbHEe MOCHIICHHS MOKIIMBO TUIBKH Yy BY3bKOMY Jiama3oHi amrutityn mons [ Lo )/', IIpn nopampmomMy 30ibLICHHI
aMILTITYId oI Koe(illieHT nudy3ii 3MEHIIYEThCSA Ta JOCSATaE BEIUYUHHE KoedimieHTa audy3il YaCTHHOK Y B’SI3KOMY CEpEIOBHIIT

D, =kT /y ,ne k —xoediuienr Bonbumana, a T — Temneparypa. 36UIbIICHHS YaCTOTU 30BHIIIHBOTO BIUIMBY IPU3BOLHUTH J0

po3mmMpeHHst iHTepBany cui, npu skux D > D OJHAK BEJMYMHA NOCWIEHHS anudy3ii 3MeHmyerbes. [lokazano, mo mpu

Vis >
MEPEBUILICHHI JESIKOTO IIOPOTOBOT0 3HAYEHHS aMILTITYJH 30BHIIIHBOTO TOJISI CIIOCTEPIraeThCsl MOCWICHHs KoedimienTa qudysii sk

MiniMy™ Ha 3uadenns 77 = (kT etk T )/(y Dy), ne & — BenuuMHA CHEPIETHYHOrO Gap’epa HpPH NEPEXOAi YACTHHKU 3 OIHie(

KOMIPKH OIHOBUMIipHOi pemiTku B iHmry. OTpHMaHi pe3ysbTaTH BiAKPHBAIOTH IIEPCIEKTHBH CTBOPEHHS HOBHX TEXHOJOTIH
ynpasiiHHs npouecamu audysii. Ile Mae Bennke 3Ha4YeHHs U1l OTPUMaHHS HaHOMaTepialiB i3 33aHOI0 CTPYKTYPOIO, CTBOPEHHS
MOBEPXHEBUX HAHOCTPYKTYP 1 T.IL.

KurouoBi ciioBa: OpoyHiBehKHi pyX, Iuy3ist, KOMIT FOTepHE MOJICIIOBAHHSI, KPUCTAJIHU, IEPioANYHI Mous, piBHsHHS JlaHKeBeHa.



